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Abstract: Geometrical and optical characteristics of cirrus clouds were studied based on one year of
polarization lidar measurements (3969 h on 228 different days between March 2019 and February 2020)
at Wuhan (30.5◦N, 114.4◦E), China. The cirrus clouds showed an overall occurrence frequency of ~48%
and occurrence mid-cloud altitude of ~8–16 km over the 30◦N plain site. The mean values of their
mid-cloud height and temperature were 11.5 ± 2.0 km and −46.5 ± 10.7 °C, respectively. The cirrus
geometrical thickness tended to decrease with decreasing mid-cloud temperature, with a mean
value of 2.5 ± 1.1 km. With the decrease of mid-cloud temperature, the cirrus optical depth (COD)
tended to decrease, but the depolarization ratio tended to increase. On average, the COD, lidar ratio,
and particle depolarization ratio were respectively 0.30 ± 0.36, 21.6 ± 7.5 sr, and 0.30 ± 0.09 after
multiple scattering correction. Out of a total of the observed cirrus events, sub-visual, thin, and dense
cirrus clouds accounted for 18%, 51%, and 31%, respectively. The cirrus clouds showed seasonal
variations with cloud altitude maximizing in a slightly-shifted summertime (July to September)
where the southwesterly wind prevailed and minimizing in winter months. Seasonally-averaged
lidar ratio and depolarization ratio showed maximum values in spring and summer, respectively.
Furthermore, a positive correlation between the cirrus occurrence frequency and dust column mass
density was found in other seasons except for summer, suggesting a heterogeneous ice formation
therein. The cirrus cloud characteristics over the lidar site were compared with those observed at low
and mid latitudes.
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1. Introduction

Cirrus clouds are composed primarily of ice crystals, that form in the cold upper troposphere
with a variety of forms and shapes [1]. Studies show that cirrus clouds cover on average 30% of the
Earth’s surface [1,2], and play a significant role in the Earth-Atmosphere system radiation budget [1,3].
On the one hand, cirrus clouds can induce relatively high albedos and reflect part of the incoming
solar radiation back into space thus cooling the atmosphere. On the other hand, they can absorb
infrared radiation emitted by the Earth’s surface and, therefore, act as greenhouse components [1,4].
The contribution of each effect depends strongly on cirrus optical properties, vertical and horizontal
coverage [5–7]. However, significant uncertainties with respect to the radiative and climate effect of
cirrus clouds still remain due to our limited knowledge of cirrus geometrical and optical properties [8,9].
Therefore, a detailed study of cirrus clouds is highly essential to climate modeling studies.
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Many sophisticated ground-based and spaceborne techniques have been developed to observe
cirrus clouds [10]. Cloud radars have been used to characterize the vertical location and cirrus optical
depth (COD) of cirrus clouds [11], while passive remote sensors such as the Moderate Resolution
Imaging Spectroradiometer (MODIS), have enabled the investigation of cloud characteristics on a
global scale [12]. However, both of these techniques have difficulty in detecting cirrus with very
low COD [13]. Spaceborne active remote sensors, such as Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP), can provide information about cloud vertical structure worldwide [14], but their
low temporal sampling resolutions over specific regions make the investigation of the diurnal cycle of
cirrus impossible [15]. Thus, ground-based lidar is an indispensable tool for observing cirrus clouds
routinely at fixed locations.

Polarization and Raman lidars have been employed to measure geometrical and optical properties
of cirrus clouds by applying the retrieval methods developed in the earlier works [16–18]. The retrieved
parameters are extinction coefficient, COD, lidar ratio, and depolarization ratio as well as the mid-cloud
height and the corresponding mid-cloud temperature of cirrus clouds. Among others, the lidar ratio
and depolarization ratio are considered to be of great importance since they are associated with cirrus
microphysical properties, such as sphericity, size, and shape of the ice crystals, while the mid-cloud
altitude and temperature play an important role in determining cloud radiative properties [19].
Furthermore, COD is a key parameter in radiative transfer computations [8].

Ground-based lidar observations have revealed the characteristics of cirrus clouds over many
locations around the world during the last decade. There exist differences in cirrus characteristics
and their frequencies of occurrence from one location to another. Hence for climate modeling studies,
it is beneficial to include the statistical characteristics and seasonal variation of cirrus clouds based on
ground-based lidar observations at more geographical locations [13].

In this study, we present the mean of the optical and geometrical characteristics of cirrus clouds
over a 30◦N plain region based on one year of polarization lidar measurements (3969 h on 228 different
days between March 2019 and February 2020) at Wuhan (30.5◦N, 114.4◦E), China. This paper is
organized as follows: Section 2 describes the instruments and the methodology. An observational
example of cirrus clouds and relevant statistics are presented in Section 3. Finally, discussions and
conclusions are given in Sections 4 and 5.

2. Instruments and Methodology

The observation site is located in the central zone of Wuhan. Wuhan is a mega-city in central
China. It lies in the east of Jianghan Plain with hundreds of lakes in and around the city and is the
confluence of the Yangtze River (the third-longest river in the world) and the Han River (one of the
crucial tributaries for the Yangtze River), thus providing abundant water vapor for the local atmosphere.
In summer, frequent deep convective activities that are induced by the high surface temperature as
high as ~40 °C, together with the influence of the East Asian summer monsoon (EASM) from the south,
make cirrus clouds over Wuhan abundant and complex.

2.1. Instruments

2.1.1. Polarization Lidar

As a primary instrument for this study, Wuhan University 532-nm polarization lidar and its
performance have been described in detail by Kong and Yi [20], and therefore only a brief presentation
of its main operational parameters is given here. The lidar transmitter employs a frequency-doubled
Nd: YAG laser to produce linear polarized light of ~120 mJ per pulse at 532 nm with a repetition
rate of 20 Hz. The beam with a divergence of 0.75 mrad is transmitted vertically into the atmosphere.
The backscatter signals are collected by a 0.3 m Cassegrain telescope, with a field-of-view (FOV)
of 1 mrad. Two additional polarizers are utilized for suppressing the crosstalk between the two
orthogonal polarized components. The light exiting from the two polarizers is respectively focused
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onto two photomultiplier tubes (PMTs). The PMT’s output signals are digitized by a two-channel
transient digitizer (TR40-160, manufactured by Licel), with a raw resolution of 3.75 m and 1 min. The
polarization lidar has a waterproof transparent roof window with an automatic rainwater eliminator.
This allows us to conduct all-day aerosol/cloud profiling under unattended conditions. In the past few
years, this lidar system has been widely used in aerosol and cloud studies [20–24].

2.1.2. Radiosonde

The radiosondes (GTS1-2 made by China) are launched daily around 0800 at local time (LT)
and 2000 LT at Wuhan Weather Station (~23.4 km away from our lidar site). Profiles of air pressure,
temperature, relative humidity, horizontal wind speed, and direction from near-surface up to ~30 km
are measured. The measurement error for temperature and wind speed is less than 1 °C and 1 m/s
respectively [25]. For each lidar-observed cirrus case, radiosonde data nearest in time is utilized to
estimate the corresponding ambient meteorological conditions, such as temperature, wind speed, and
direction, at cirrus base/mid/top height.

2.1.3. Cloud Camera

An all-sky camera has been installed at our lidar site. Photographs of the sky are taken at every
30 s and stored automatically, which are used for identifying cloud type. All of the cirrus cases in this
study have been visually surveyed as an additional check with altocumulus clouds being ruled out.

2.2. Methodology

2.2.1. Cloud height

Cirrus clouds were identified from the lidar signal by the cloud detection method proposed by
Zhao et al. [26], which showed good performance for noisy data [27]. With this method, we searched
for significant abrupt changes in the noise-subtracted lidar signal under the assumption that the signal
intensity decreased with increasing altitude for clear air. An abrupt change with the signal gradient
being larger than a threshold (3.0 km−1 in this study) was taken as the cloud base. Then, the cloud top
was defined as such an altitude where the lidar signal decreased to an air molecular level as one moved
from the cloud layer inside to its high border. If one cirrus cloud lasted for more than 20 min [28],
the lidar signals were averaged to yield a single profile for further analysis, otherwise, they were
discarded. For discontinuous cirrus clouds, they were registered as a single cirrus event when their
separation was less than 5 min in time and less than 500 m in altitude. When more than one layer
was present in the same profile, and their top and base were separated more than 500 m, they were
considered as individual clouds.

The mid-cloud height for a cirrus was defined as:

Zmid =

∫ Zt

Zb
zR(z)dz∫ Zt

Zb
R(z)dz

(1)

where Zt and Zb represented the cloud top and cloud base height respectively. R(z) was the backscattering
ratio which was defined as the ratio of the sum of aerosol and molecular backscatter coefficients to the
molecular one.

In light of the earlier cirrus observational results from both the ground-based lidars and space-borne
radar at locations with latitudes similar to our site, we restricted the present analysis to cirrus clouds
with: (i) cloud base height larger than 7 km [10,15,29], (ii) cloud top temperature below −38 °C [30],
and (iii) a COD less than 3 [31] to avoid the interference of water clouds to the statistics.
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2.2.2. Particle Depolarization Ratio

The volume depolarization ratio (δv) was defined as:

δv(z) =
FδP⊥(z)

P‖(z)
, (2)

where P⊥ and P‖were the cross- and parallel-polarized signals, respectively, and Fδwas the relative gain
which was determined using a method described by Freudenthaler [32]. Considering that δv contains
contributions from both air molecules and cirrus particles, we utilized the particle depolarization ratio
δp to represent the characteristics of cirrus particles. Its expression was given by [33]:

δp(z) =
(1+δm)δv(z)R(z)−(1+δv(z))δm

(1+δm)R(z)−(1+δv(z))
, (3)

where δm was the depolarization ratio of air molecules and δm= 0.004 was used here according to the
instrument setup [34].

2.2.3. Lidar Ratio and COD

The retrieval of the optical properties of cirrus needed to solve the standard lidar equation, which
had been well developed [16,35,36]. In order to retrieve the optical properties such as the COD and
backscattering ratio of cirrus clouds, the lidar ratio (extinction-to-backscattering ratio) was needed first.
We applied the so-called Klett-Fernald method [16] to retrieve the mean lidar ratio, which was the ratio
of the COD to the backscatter coefficient integrated over the cirrus layer. Since all the cirrus clouds in
our study were penetrable by laser beam (with COD less than 3), once the base and top of a cirrus
cloud was identified, the mean lidar ratio could be determined by achieving the same backscatter
coefficient in the cloud by using the forward and backward integration [16]. This method had been
confirmed by comparing with the Raman method and transmittance method [16,19] and applied in the
cirrus retrieval [7,19,28]. The uncertainty of the lidar ratio derived from this method was less than
20% [37]. The uncertainty for other parameters, such as the COD and backscattering ratio, caused by
the assumption of particle-free air below and above the cirrus was less than 10% [7].

Note that the Klett-Fernald method could only be applied in cases with a COD larger than ~0.03.
For cases with a COD less than 0.03, the values for the effective mean lidar ratio ranging from 1 to 60 sr
or even larger values could produce almost the same backscatter coefficient profile, thus causing an
extremely large uncertainty [7,16]. In these cases, we applied an effective lidar ratio of 20.4 sr, which
was the mean value of all cirrus clouds with a COD less than 0.1.

2.2.4. Multiple Scattering Correction

Multiple scattering from a dense cloud layer could produce enhanced backscatter [38]. It could
induce significant errors (as large as 200%) for the extinction coefficient and lidar ratio of cirrus
clouds [7,39,40]. Therefore, such an effect had to be considered in the retrieval of lidar data. The strength
of the multiple scattering effects depended on cloud height, laser penetration depth, scattering coefficient,
mean effective radius of ice particles, laser beam divergence, and the receiver field of view of the
lidar [7,40–42]. By using an effective numerical model developed by Hogan [43], we made a multiple
scattering correction for each of the lidar-observed cirrus cases. In this model, the receiver field of view
of 1.0 mrad and the laser beam divergence of 0.75 mrad of our lidar system was used. The effective
radius of cirrus particles as an input parameter of the model was taken from Wang and Sassen [44].

3. Observational Results

3.1. A Typical Cirrus Cloud Example

For a detailed study of the optical and geometrical properties of cirrus clouds, one measurement
case observed by our polarization lidar which started at 1800 LT on 25 July 2019 and lasted for
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190 min is presented in Figure 1. The time-height contour plots of range-corrected signal and volume
depolarization ratio with 1 min and 30 m resolution are shown in Figure 1a,b. The cirrus cloud base
and top height were 11.9 and 14.4 km respectively, yielding the mid-cloud height of 13.3 km. Figure 1c
shows a photograph of the cirrus taken at 1840 LT, with a semitransparent, whitish cloud veil of smooth
appearance, partly covering the sky. The time-average profiles of volume depolarization ratio (blue
line) and particle depolarization ratio (red line) are presented in Figure 1d, note that only the particle
depolarization ratio inside of the cirrus are provided. The mean values for volume depolarization ratio
and particle depolarization ratio were 0.34 ± 0.04 and 0.41 ± 0.03 respectively. The time-average profile
of extinction coefficient is presented in Figure 1e. The layer’s mean multiple scattering factor was 0.87
calculated by the model mentioned above, yielding the multiple scattering corrected COD and lidar
ratio of 0.44 and 21.3 sr, respectively. The temperature profile shown in Figure 1f was provided by the
radiosonde launched at 2000 LT, which revealed the cirrus base, top, and mid temperatures as −41.5,
−64.2, and −52.9 ◦C, respectively.
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Figure 1. A cirrus cloud example as observed by Wuhan University ground-based 532-nm polarization
lidar and all-sky camera on 25 July 2019. Time-height (1 min /30 m resolution) contour plots of (a)
range-corrected signal and (b) volume depolarization ratio. (c) A photograph of the cirrus taken at
1840 LT; (d) The time-average profile of depolarization ratio (blue curve for volume depolarization
ratio, red line for particle depolarization ratio); (e) the time-average profile of extinction coefficient and
backscatter coefficient with (red) and without (blue) multiple scattering correction; (f) temperature
profile from radiosonde launched at 2000 LT. The white horizontal lines in panel (a) denote the cloud
base and top heights, respectively. This example shows a dense cirrus cloud with a COD of 0.44 and
mean particle depolarization ratio of 0.41 ± 0.03. It occurred in an altitude range of ~12–14 km with
temperature values varying from −42 to −64 ◦C, lasting for 190 min.



Remote Sens. 2020, 12, 3998 6 of 23

In the analysis below, optical properties such as the COD, extinction coefficient, and lidar ratio
are referred to as multiple scattering corrected ones, and the depolarization ratio is referred to as the
particle depolarization ratio.

3.2. Frequency of Cirrus Occurrence

From March 2019 to February 2020, 228 days with a total of 3969 hours’ measurements were used
for cirrus detection. A total of 168 cirrus layers were observed from 110 days, yielding an average
frequency of cirrus occurrence, which was the ratio of days with cirrus present to the total days
observed, which was 48% during the whole observation period. It should be noted that noon-time
(1000 to 1400 LT) data were not included because of the poor signal-to-noise ratio at high altitude.

The monthly occurrence frequency of cirrus, and the monthly mean dust column mass density
from MERRA-2 Model [45], which was calculated from daily values, are shown in Figure 2a. A clear
seasonal cycle could be noticed. The frequency of cirrus occurrence showed a maximum value greater
than 75% in June and July during the summer, and reached its minimum in winter (December to
February) with a mean value of 24%. Dust column mass density, however, was largest during spring
(March to May) with values larger than 1.0 × 10−4 kg/m3, followed by an abrupt drop in summer.
The reason for the change was that dust which originated from the Taklimakan and Gobi Deserts was
transported long-distance to Wuhan from the northwest mainly in the spring [46,47]. In summer, due
to the move of the subtropical high to the north [48], Wuhan started to be dominated by warm and
humid southern airflow, which inhibited the transport of Asian dust from the northwest. It was found
that, except for the data for the summer months, the monthly cirrus occurrence frequency followed
the same trend of the dust column mass density, with a positive correlation as shown in Figure 2b.
This indicated that dust particles may be a dominant factor for cirrus formation in our site, suggesting
a heterogeneous ice formation therein [49].
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Figure 2. (a) Monthly occurrence frequency of cirrus clouds (green curve) measured by lidar at Wuhan,
and monthly mean dust column mass density from MERRA-2 Model (blue bars). (b) Scatterplots
showing their relationship except for the data in the summer months. The occurrence frequency shows
a seasonal cycle with the highest frequency in summer (marked by grey shadow) and the lowest in
winter (December to February). A positive correlation between the cirrus occurrence frequency and
dust column mass density is found for the data except in the summer months.

However, although the dust column mass density was less in summer, the cirrus occurrence
frequency was the largest. This may be explained because cirrus clouds can be generated as
outflowing ice crystals or the remains of the cirriform anvils of cumulonimbus associated with deep
convection [10,50]. In summer, regional deep convective activities would frequently occur, thus produce
more and frequent cirrus and transcend the influence of cirrus formation on dust particles.
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3.3. Geometrical and Meteorological Properties

Monthly-mean values of cirrus top and base heights, geometrical thickness, the corresponding
mean temperature, wind direction, and speed magnitude at cloud base and top are presented in
Figure 3. The cirrus top and base heights (temperatures) showed maximum (minimum) values in
slightly–shifted summer months (July to September), while they reached minimum (maximum) values
in winter (see Figure 3a,c). As for cirrus geometrical thickness, the variations were less obvious, but
larger mean thickness values still occurred in the summer months (see Figure 3b). The wind directions
shown in Figure 3d depict a distinct change from July to September with a southwesterly flow, while
in other months, the winds were from the northwest. Additionally, wind speeds in these months
reached their minimum with an average of about 12 m/s at cloud base and 15 m/s at cloud top (see
Figure 3e). The distinct change of wind direction and wind speed should be the indicator of the arrival
of the EASM.
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Figure 3. Seasonal variations of (a) monthly-mean cirrus top (red) and base (blue) heights,
(b) monthly-mean geometrical thickness of cirrus clouds, (c) corresponding mean temperatures
at cirrus top (red) and base (blue) heights, (d) monthly-mean wind direction and (e) wind speed
magnitude at the two heights. The integers shown on the Figure’s top denote respectively cirrus- cloud
occurrence number in each month. Note that the cirrus top/base heights maximize in slightly-shifted
summer months (from July to September) where the southwesterly wind prevailed, while the cirrus
heights minimize in winter months (from December to February).

Normalized histograms of cloud base and top heights, geometrical thickness, mid-cloud height, and
mid-cloud temperature in terms of seasonal and annual statistics are shown in Figure 4. As Figure 4a–e
shows, the cloud base height distribution was wider in summer and autumn (September to November)
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from 7 to 16 km, while most of the cirrus in spring (79%) and all the cirrus layers in winter had their
cloud base height less than 10 km. Cirrus layers with cloud base height above 14 km only occurred
in summer and autumn. As for cloud top height distribution (see Figure 4f–j), there was a peak at
14.5 km in summer, while the peak was around 11 km in other seasons. Cirrus clouds with cloud
top height above 14 km were observed only in summer and autumn with a probability of 45% and
16% respectively. The distribution of geometrical thickness showed that there were more cirrus layers
thicker than 4 km in summer with a probability of 18%, while the probability was about 7% in other
seasons and showed little difference (see Figure 4k–o). Mid-cloud height distribution showed that
cirrus in summer were obviously higher than that in other seasons. The probabilities of mid-cloud
height larger than 11 km were 22% (spring), 77% (summer), 43% (autumn), 0 (winter), and 52% (annual),
respectively (see Figure 4p–t). Figure 4u-v shows that the majority of the cirrus have the mid-cloud
temperature fallen in the range between −30 to −60 ◦C. Cirrus with mid-cloud temperature less than
−60 ◦C only occurred in summer and autumn with probabilities of 20% and 12%. Mean values of
cirrus geometrical properties and corresponding temperatures from seasonal and annual statistics are
summarized in Table 1.
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Note that the cirrus clouds arise in a broad height range (9–17 km for mid-cloud height) in summer,
while they lie in a narrow height region (8–11 km) in winter.
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Table 1. Mean values and standard deviations (in parentheses) of cirrus geometrical properties and
corresponding temperatures from seasonal and annual statistics.

Cloud Base
Height, km

Cloud Top
Height, km

Geometrical
Thickness, km

Mid-Cloud
Height, km

Mid-Cloud
Temperature, ◦C

MAM 9.2 (1.3) 11.3 (1.4) 2.1 (1.0) 10.4 (1.2) −43.8 (6.4)
JJA 11.2 (2.0) 13.9 (1.6) 2.7 (1.2) 12.6 (1.7) −49.0 (11.7)

SON 9.8 (2.3) 12.1 (2.0) 2.3 (1.0) 11.1 (2.0) −44.5 (12.1)
DJF 7.8 (0.8) 10.3 (0.8) 2.5 (0.9) 9.2 (0.7) −41.2 (5.4)

Annual 10.2 (2.2) 12.7 (2.0) 2.5 (1.1) 11.6 (2.0) −46.4 (10.7)

Cirrus were more likely to occur at higher altitudes and have the largest mean values of cirrus
base/top/mid heights in summer compared to that in other seasons, followed by autumn, and the
least in winter. Additionally, cirrus in summer had the largest mean value of geometrical thickness.
The reason was that from June to September (which included the summer months and part of autumn),
the local convective activities were more frequent and intense because of the high surface temperature,
together with the abundant water vapor supply from the Yangtze River and many lakes nearby, and a
large amount of upper tropospheric water vapor induced by the EASM from Indochina Peninsula and
the South China Sea [51,52]. These convective activities produced cumulonimbus clouds which could
reach a higher altitude with a large vertical scale. Cirrus formed by these cumulonimbus clouds could
occur at high altitude and with large geometrical thickness. On the other hand, in situ formations
of cirrus by supersaturation promoted by mesoscale uplift [53] with mid-cloud height larger than
~14km, which mainly occurred in summer, would also contribute to larger mean values of cloud
base/top/mid-cloud height. A more detailed discussion of these two cirrus formation mechanisms will
be presented in Section 4.

The dependence of cirrus geometrical thickness and mid-cloud temperature based on all cirrus
events is presented in Figure 5a. Cirrus geometrical thickness tended to decrease with the lowering
mid-cloud temperature. The maximum mean value of thickness (grouped in 10 ◦C intervals) was
2.6 km observed at ~−35 ◦C. Referring to other studies, Giannakaki et al. [19] observed a maximum
thickness of ~3.5 km at −47.5 ◦C at Thessaloniki (40.6◦N, 22.9◦E). Platt et al. [54] showed a peak of
cirrus thickness in the −30 ◦C to −40 ◦C range for mid-latitude cirrus and −55 ◦C to −70 ◦C for tropical
cirrus. Sunilkumar et al. [55] observed cloud thickness of ~1.7 km for temperatures between −55 ◦C to
−70 ◦C of tropical cirrus. It could be concluded that cirrus in middle and high latitudes were generally
warmer and thicker than those over the tropics.
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Figure 5. Scatterplots (red dots) showing the relationships between cirrus geometrical thickness, and
(a) mid-cloud temperature and (b) mid-cloud height based on a total of 168 cirrus cloud events from
one-year lidar observations at Wuhan. Blue dots and vertical bars are the associated mean values and
standard deviation grouped in every 10 ◦C and 1 km respectively. Note that the cirrus geometrical
thickness tends to decrease with the lowering mid-cloud temperature.
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The relationship between cirrus geometrical thickness and mid-cloud height is presented in
Figure 5b. Mean cloud thickness of ~2.7 km was observed at a mid-cloud height between 9 to 13 km,
and decreased to ~1.5 km for clouds higher than 13 km or lower than 9 km. It had to be noted that the
point of mid-cloud temperature higher than -30 ◦C and the point of mid-cloud height lower than 8 km
were not taken into consideration here because of low statistical significance since it referred to only
one measurement.

3.4. Optical Properties

3.4.1. Optical Depth

According to our results, the COD had a broad range from 0.001 to 2.02 of all cirrus events.
The most prevalent region of the COD was below 0.1 with a percentage of 35% (see Figure 6a). 70%
of all layers had a COD less than 0.3. The trend that most cirrus clouds have a smaller COD was
applicable for all seasons. Cirrus clouds in summer had the most widespread COD while nearly all
cirrus clouds in winter had a COD less than 0.6. A total of 10 cirrus layers had a COD larger than 1.0,
of which 6 of them were from summer. The seasonal mean CODs were 0.30 ± 0.31 (spring), 0.29 ± 0.29
(summer), 0.30 ± 0.31 (autumn), and 0.33 ± 0.46 (winter), respectively, which did not show an obvious
seasonal cycle.
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Figure 6. (a) Histogram of cirrus optical depth with seasonal proportion, and (b) seasonal and annual
frequency of occurrence of sub-visual, thin, and dense cirrus clouds. Out of a total of 168 cirrus cloud
events, 70% have optical depth values of 0.001–0.3. The occurrence frequency is relatively highest for
thin cirrus and lowest for sub-visual cirrus.

Cirrus can be classified as sub-visual (COD < 0.03), thin (0.03 < COD < 0.3), and dense (COD > 0.3)
according to Sassen and Cho [56]. The seasonal and annual frequency of occurrence of different cirrus
categories is presented in Figure 6b. Thin cirrus clouds occurred most frequently while sub-visual
cirrus the least for all seasons. Sub-visual cirrus clouds had the highest (lowest) fraction in summer
(spring), while thin cirrus had the highest (lowest) fraction in spring (summer). The fraction for dense
cirrus remained the same for all seasons. The detailed values are summarized in Table 2.
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Table 2. Mean values and standard deviations (in parentheses) of cirrus optical properties from seasonal
and annual statistics.

Optical
Depth

SBV/Thin/Dense
(%)

Extinction
Coefficient, km−1

Lidar Ratio,
sr

Depolarization
Ratio

MAM 0.30 (0.31) 8/61/31 0.13 (0.10) 25.4 (9.6) 0.29 (0.10)
JJA 0.29 (0.39) 23/46/31 0.09 (0.09) 21.2 (6.4) 0.33 (0.08)

SON 0.30 (0.31) 19/50/31 0.12 (0.11) 18.9 (7.0) 0.26 (0.10)
DJF 0.33 (0.46) 13/56/31 0.13 (0.16) 20.4 (6.0) 0.26 (0.05)

Annual 0.30 (0.36) 18/51/31 0.11 (0.11) 21.6 (7.5) 0.30 (0.09)

The relationship between the COD and mid-cloud height is presented in Figure 7a. The COD was
larger for cirrus clouds with a mid-cloud height range between 8 and 13 km and with a mean value of
0.36 ± 0.38, followed by a rapid decrease for mid-cloud height larger than 14 km. The mean COD for
cirrus clouds higher than 14 km was 0.05 ± 0.07. A similar trend that the COD decreased at higher
cloud height was also found by Lakkis et al. [28], Wang et al. [57], and Das et al. [58].
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3.4.2. Lidar Ratio 

Figure 7. Scatterplots (red dots) showing the relationships between cirrus optical depth and
(a) mid-cloud height and (b) geometrical thickness based on a total of 168 cirrus cloud events
from one-year lidar observations at Wuhan. Blue dots and vertical bars are the associated mean values
and standard deviation grouped every 1 km. Note that the cirrus optical depth tends to decrease with
decreasing mid-cloud height, but increased with increasing geometrical thickness.

The relation between the COD and geometrical thickness is presented in Figure 7b. Excluding the
point of geometrical thickness above 6 km (which was of low statistical significance since it referred to
only one measurement), a positive linear relation of the COD and geometrical thickness was found.
The linear relationship was also reported by other researchers [19,28,57,59].

The low values of the COD (shown in Figure 7a) and geometrical thickness (shown in Figure 5b)
at high altitude, especially at mid-cloud height larger than 14 km, may be due to the different cirrus
formation mechanism compared to those at a lower altitude. A detailed discussion will be presented
in Section 4.

The dependence of the COD and layer-mean extinction coefficient (ratio of COD to geometrical
thickness) to mid-cloud temperature are shown in Figure 8. Both of them tended to decrease with the
lowering mid-cloud temperature, which was in agreement with other studies [8,19,55,58,59]. Moreover,
Sassen et al. [60] found a linear relationship between mid-cloud temperature and the COD as well as
the extinction coefficient for mid-latitude cirrus, while Sunilkumar et al. [55] suggested a second-order
polynomial function for tropical cirrus. Here we applied linear functional forms as τ = 0.712 + 0.009 T
and σ = 0.257 + 0.0033 T (τ for COD, σ for mean extinction coefficient and T for mid-cloud temperature
in ◦C). The results are shown by the dashed line in Figure 8.
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3.4.2. Lidar Ratio 

Figure 8. Scatterplots (red dots) showing the relationships between (a) cirrus optical depth and
mid-cloud temperature, and (b) layer-mean extinction coefficient and mid-cloud temperature. Blue
dots and vertical bars are the associated mean values and standard derivation grouped every 10 ◦C.
Note that the COD tended to decrease with the lowering mid-cloud temperature.

3.4.2. Lidar Ratio

The lidar ratio was closely linked to ice crystal sizes and shapes [61]. Sassen et al. [62] simulated
simple hexagonal ice crystals and found the lidar ratio of 38.5 sr for thin-plate, 11.6 sr for thick-plate,
and 26.3 sr for column shape ice crystals. Reichardt et al. [63] used ray-tracing calculations and found
the lidar ratio was sensitive to particle-shape distortions, which was the deviation from the ideal
hexagonal structure (pristine ice particles). Generally, an increase in shape distortion leads to a higher
lidar ratio. Seifert et al. [7] found that the lidar ratio for larger, more complex ice crystals tended to
show a higher degree of distortion than small ice crystals. Laboratory experiments and in situ particle
sampling have indicated that temperature is one of the principal factors that control ice crystal shape
thus affecting the cirrus lidar ratio [64,65].

Figure 9 shows the histogram of the cirrus lidar ratio in every 5 sr interval with seasonal proportion.
The lidar ratio had a wide range from 5.3 to 57.0 sr, distributed primarily in 5–40 sr, and peaked at
~22.5 sr. It should be noted that the lidar ratio of sub-visual cirrus, which cannot be determined by
the Klett-Fernald method was set as ~21 sr manually. When sub-visual cirrus cases were excluded,
the percentage of the lidar ratio range between 20 and 25 sr was 24%, which was still the peak of the
distribution. As for seasonal variance, the most prevalent value for winter cirrus was between 15 and
20 sr, while in other seasons it fell to a range between 20 and 25 sr.
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The seasonal mean values of the lidar ratio were 25.4 ± 9.6 (spring), 21.2 ± 6.4 (summer),
18.9 ± 7.0 (autumn), and 20.4 ± 6.0 (winter), respectively. The larger value in spring may be due to the
influence of dust, which reached its maximum amount in spring as Figure 2a shows. Heterogeneous
ice nucleation caused by dust particles would lead to a growth in crystal sizes [66], thus resulting in a
relatively larger lidar ratio.

The relationships between the lidar ratio and mid-cloud temperature and mid-cloud height are
shown in Figure 10. No clear dependence was found on mid-cloud temperature (shown in Figure 10a)
and mid-cloud height (shown in Figure 10b).
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Figure 10. Scatterplots (red dots denote thin and dense cirrus clouds, green dots denote sub-visual
cirrus clouds whose lidar ratios are set as ~21 sr manually) showing the relationships between cirrus
lidar ratio and (a) mid-cloud temperature and (b) mid-cloud height. Blue dots and vertical bars are the
associated mean values and standard derivation grouped in every 10 ◦C and 1 km respectively.

3.4.3. Depolarization Ratio

The depolarization ratio was sensitive to crystal shape, especially aspect ratios [67]. Noel et al. [68]
classified ice crystals into three shape groups. Low values of depolarization ratio less than 0.25 were
attributed to thin plate-like particles (aspect ratio < 0.1). High values of depolarization ratio > 0.5 were
found to be the signature of column-like particles (aspect ratio > 1.5) and crystals of high complexity,
such as bullet rosettes. Irregular particle shapes (aspect ratio ~1.0) produced a depolarization ratio
ranging from 0.25 to 0.5. They also pointed out that particles close to sphericity, which are in the early
stage of ice formation or through the riming process, would also produce low polarization values.
The shape of ice particles was highly sensitive to temperature and their relations have been well
analyzed in former studies. In general, smaller size and larger aspect ratio ice crystals with a larger
depolarization ratio, preferred a lower temperature and were found in higher cirrus clouds [61,67,68].

A histogram of cirrus particle depolarization ratio with seasonal proportion is shown in Figure 11.
The depolarization ratio ranged from 0.07 to 0.49, with the most frequently observed values between
0.3 and 0.4, indicating that these cirrus clouds were mostly composed of ice crystals of irregular shapes.
For seasonal variation, cirrus in autumn and winter preferred smaller values and were most frequently
observed between 0.2 and 0.3, while in spring and summer they were most frequently observed
between 0.3 and 0.4. Values of mean depolarization ratio for different seasons were 0.29 ± 0.10 (spring),
0.33 ± 0.08 (summer), 0.26 ± 0.10 (autumn), and 0.26 ± 0.05 (winter), respectively. The higher value in
summer was due to the larger percentage of cirrus at higher altitudes thus a lower ambient temperature.
Ice crystals in low temperatures were more likely to have a large aspect ratio thus a large depolarization
ratio [68].
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Figure 11. Histogram of cirrus particle depolarization ratio with seasonal proportion. Note that the
cirrus particle depolarization ratio is distributed in the range of 0.07–0.49 with the most probable values
being 0.3–0.4.

In Figure 12, the dependences of the depolarization ratio on mid-cloud temperature and mid-cloud
height are presented. Excluding the points of mid-cloud temperature higher than −30 ◦C (shown
in Figure 12a) and mid-cloud height below 8 km and above 16 km (shown in Figure 12b), which
was of low statistical significance since they were referred to in one or two cases, the depolarization
ratio tended to increase with the lowering mid-cloud temperature and increasing mid-cloud height,
as expected. The reason for this trend was that as the cloud height increased and the temperature
dropped, the irregular shape crystals with smaller size and greater aspect ratio were formed, which
resulted in the enhancement of the depolarization ratio. Additionally, the depolarization ratio was
found to be more sensitive to mid-cloud temperature (mid-cloud height) in warmer (lower) cirrus
clouds, which was in accordance with the findings by Dai et al. [8]. This indicated that ice crystal
shapes may be more stable with decreasing temperature in a colder environment.
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Figure 12. Scatterplots (red dots) showing the relationships between cirrus depolarization ratio, and
(a) mid-cloud temperature and (b) mid-cloud height. Blue dots and vertical bars are the associated
mean values and standard derivation grouped every 10 ◦C and 1 km respectively. Note that the cirrus
depolarization ratio tends to increase with the lowering mid-cloud temperature.
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As the depolarization ratio and lidar ratio were both connected to the ice crystal shape, their
relationship was further examined as shown in Figure 13. The depolarization ratio tended to increase
with the increasing lidar ratio for a lidar ratio value less than 30 sr. For larger lidar ratios, the cirrus
event number was not sufficient enough to deliver a clear relationship.

Horizontally-oriented ice crystals produced a near-zero depolarization ratio and low lidar ratio
values ~3 sr when detected by a vertically pointed lidar beam [69,70]. However, only falling ice crystals
with a planar shape (except for Parry arc, which is rarely observed and not considered in this paper [71])
and large size (>100–200 mm, depending on shape [72]) can bring this effect [69,73], which was more
likely to be generated at a relatively higher temperature [68]. Cirrus that contain horizontally-oriented
ice crystals, which could be determined by those with low values of both depolarization ratio and lidar
ratio, are marked by a green rectangle in Figure 13. All these layers were located at altitudes less than
10.5 km (for mid-cloud height) and a mid-cloud temperature higher than −42 ◦C.
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4. Discussion

Cirrus can be formed by the outflow or remains of cirriform anvils of cumulonimbi associated
with deep convection, which is common in tropical and subtropical areas [13,74]. Such cirrus clouds
appear as rather opaque, textured clouds with irregular boundaries [7].

Cirrus clouds can also be generated due to homogeneous freezing by a slow, synoptic-scale uplift
of a humid layer at a higher altitude, where the ambient temperature is low [75]. Cirrus induced by
these processes usually appear as rather tenuous, laminar layers of low COD spreading over large
areas [7]. These kinds of cirrus clouds are usually found in a mid-latitude region [76,77] and are also
common in tropical areas [7,13].
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In Wuhan, both types of cirrus can be observed. The broad distribution of the COD and geometrical
thickness for cirrus with a mid-cloud height lower than 14 km (see Figures 5b and 7a), can be evidence
that these cirrus clouds are formed from cumulonimbus cloud due to deep convection. However,
cirrus with a mid-cloud height larger than 14 km are more likely to be formed by the other mechanism.
These cirrus clouds have their COD and geometrical thickness trapped in a limited range (COD < 0.3,
geometrical thickness < ~2.5 km) with a small mean value (0.05 ± 0.07 for COD, 1.8 ± 1.0 for geometrical
thickness). Additionally, these clouds only occur in summer and autumn (as shown in Figure 4), when
water vapor is abundant in the upper troposphere, together with a low ambient temperature, which
are the two key elements for the second formation mechanism [74,78]. Moreover, Liu and Zipser [79]
showed that only 1.38% of convective systems, and consequently their generated cirrus clouds, could
reach 14 km of altitude.

According to our observations, the annual mean values for cloud base height is 10.2 ± 2.2 km,
for cloud top height, 12.7 ± 2.0 km, and for cloud geometrical thickness, 2.5 ± 1.1 km. These values
are similar to those reported by Lakkis et al. [80] for Buenos Aires (34.6◦S, 58.5◦W): 9.63 ± 0.92 (base
height), 11.82 ± 0.86 (top height), 2.41 ± 0.95 (thickness). Gouveia et al. [13] reported for cirrus in
Amazonia (2.89◦S, 59.97◦W) a base and top height of 12.9 ± 2.2 km and 14.3 ± 1.9 km, while Sassen
et al. [31,69] showed mean values of 8.8 and 11.2 for cirrus base and top height respectively at Salt
Lake City (40.8◦N, 111.8◦W). Some cirrus characteristics reported around the world are summarized in
Table 3 for comparison. It can be concluded that cirrus in the tropics are generally higher than those at
mid latitudes or even higher latitudes.
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Table 3. Cirrus cloud statistical characteristics from long-term (at least a few months) ground-based lidar measurements at different locations around the world.

Location Measurement
Period

Wave-Length
(nm) CBH 1 (km) CTH 2 (km) GT 3

(km)
Temperature

(°C) COD SBV/Thin/Dense 4

(%)
Lidar Ratio

(sr)
Depolarization

Ratio

Kuopio [81]
62.74◦N, 27.54◦E Nov. 2012–2019 355/532/1064 8.6 ± 1.1 9.8 ± 1.1 1.2 ± 0.7 −43 ± 10 (base)

−57 ± 9 (top) 5 0.24 ± 0.20 3/71/26 31 ± 7 0.38 ± 0.07

Thessaloniki [19]
40.6◦N, 22.9◦E 2000–2006 355/532 9.0 ±1.1 11.7 ± 0.9 2.7 ± 0.9 −52 (mid) 6 0.31 ± 0.24 3/57/40 30 ± 17

Salt Lake City
[31,69]

40.8◦N, 111.8◦W
1986-1996 694 8.8 11.2 1.81 −34 (base)

−54 (top) - 16/35/48 24 ± 38 0.33 ± 0.11

Seoul [82]
37.5◦N, 127. 0◦E

Jul. 2006–Jun.
2009 532/1064 8.8 ± 1.4 10.6 ± 1.2 - - 0.42 ± 0.40 50 (<0.3) 25

(assumption) 0.30 ± 0.06

COVE [83]
37◦N, 76◦W 2006–2008 532/1064 9.8 ± 1.8 11.6 ± 1.6 1.85 ± 0.97 - - 10/50/40 - -

Wuhan (this study)
30.5◦N, 114.4◦E

Mar.2019–
Feb.2020 532 10.2 ± 2.2 12.7 ± 2.0 2.5 ± 1.1 −46 ± 11 (mid) 0.30 ± 0.36 18/51/31 21.6 ± 7.5 0.30 ± 0.09

Gwal Pahari [81]
28.43◦N, 77.15◦E

Mar. 2008–Mar.
2009 355/532/1064 9.0 ± 1.6 10.6 ± 1.8 1.5 ± 0.7 −33 ± 6 (base)

−45 ± 4 (top) 0.45 ± 0.30 0/20/80 28 ± 22 -

Chung-Li [84]
24.58◦N,121.10◦E 1999–2006 532 12.3 ± 2.2 14.4 ± 1.9 2.08 ± 1.2 - 0.16 ± 0.27 38/47/15 23 ± 16 0.2 (peak

occurrence)

Gadanki [85]
13.5◦N, 79.2◦E 1998–2013 532 13.0 ± 2.2 15.3 ± 2.0 2.3 ± 1.3 −65 ± 12 (mid) - 52/36/11 25

(assumption) -

Hulule [7]
4.1◦N, 73.3◦E, 1999, 2000 532 11.9 ±1.6 11.9 ± 1.6 1.8 ± 1.0 −58 ± 11 (mid) 0.28 ± 0.29 15/49/36 32 ± 10 -

Amazonia [13]
2.89◦S, 59.97◦W

Jul. 2011–Jun.
2012 355 12.9 ± 2.2 14.3 ± 1.9 1.4 ± 1.1 −60 ± 15

(max. back) 7 0.25 ± 0.46 41.6/37.8/20.5 23.3 ± 8.0 -

1 CBH = cloud base height. 2 CTH = cloud base height. 3 GT = geometrical thickness. 4 SBV = sub-visual cirrus, Thin = optically thin cirrus, Dense = optically dense cirrus.
5 base = temperature at cloud base, top = temperature at cloud top. 6 mid = mid-cloud temperature. 7 temperature at the maximum of backscattering coefficient.
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The annual percentages of sub-visual, thin, and dense cirrus are 18%, 51%, and 31%, respectively.
These values are very similar to those reported by Seifert et al. [7] observed for Hulule (4.1◦N, 73.3◦E):
15% (sub-visual), 49% (thin), and 36% (dense). However, other studies of tropical and subtropical
cirrus show a larger percentage of sub-visual ones, yielding the distribution of 41.6%, 37.8%, and 20.5%
at Amazonia (2.89◦S, 59.97◦W) [13], 52%, 36%, and 11% at Gadanki (13.5◦N, 79.2◦E) [85] for sub-visual,
thin and dense cirrus, respectively. Observations by Sassen and Campbell [31] for mid-latitude cirrus at
Salt Lake City (40.8◦N, 111.8◦W) showed a percentage of 16% (sub-visual), 35% (thin), and 48% (dense).

The annual mean COD is 0.30 ± 0.36, which is similar to the mean values of 0.31 ± 0.24 reported by
Giannakaki et al. [19] at Thessaloniki (40.6◦N, 22.9◦E) and 0.30 ± 0.30 reported by Voudouri et al. [81]
at Elandsfontein (26.25◦S, 29.43◦E). However, the mean value found in this study is significantly larger
than the value of 0.16 ± 0.27 reported by Das et al. [58] at Chung-Li (24.58◦N, 121.10◦E) and slightly
less than the value of 0.42 ± 0.40 reported by Kim et al. [82] at Seoul (37.5◦N, 127. 0◦E).

By comparing the results obtained in different sites globally, the occurrence of dense cirrus in mid
latitudes is clearly enhanced compared with that in the subtropics and tropics, thus yielding a larger
mean COD value.

The annual mean lidar ratio is 21.6 ± 7.5 sr. Observations at other sites show that the lidar
ratio varies greatly from ~10 to 33 sr. The typical values are ~20 to 25 sr for tropical and subtropical
areas [13,58,81,86], and ~30 sr for mid latitudes [19,81,87]. The reason for the latitudinal variation may
be explained by the difference in the dominant cirrus formation mechanism mentioned above, which
results in different crystal shapes. In the tropics, most of the cirrus are associated with convection
systems [88]. Stronger convection may initiate the formation of a larger number of crystals that then
show a smaller mean size and more simple forms with regular structures (hexagonal columns and
plates), which show a small lidar ratio [7].

The mean annual depolarization ratio is 0.30 ± 0.09. For other observation sites, the mean
depolarization ratio of cirrus is 0.30 ± 0.06 at Seoul (37.5◦N, 127. 0◦E) [82], 0.33 ± 0.11 at Salt Lake City
(40.8◦N, 111.8◦W) [69] and 0.38 ± 0.07 at Kuopio (62.74◦N, 27.54◦E) [81]. The increasing depolarization
values with increasing latitude may indicate the change of dominating crystal shapes of cirrus at
different latitudes.

It has to be noted that the measurement sensitivities are relevant to the laser wavelength and
energy of the lidar. The most widely used laser wavelengths for aerosol and cloud measurements are
355 nm, 532 nm, and 1064 nm nowadays. However, as backscatter of molecules (Rayleigh scattering) is
inversely proportional to the fourth power of the wavelength, lidars with shorter working wavelengths
suffer from a larger impact of Rayleigh scattering, which makes them less suitable for sub-visual cirrus
detection. Lasers of 532 nm and 1064 nm are capable of detecting very thin cirrus layers (with COD
as small as 0.0001) when the laser energy is strong enough. If the laser energy is weak, the small
signal-to-noise ratio may influence the detection of thin cirrus at a high altitude, too.

5. Concluding Remarks

The geometrical/optical properties and seasonal variations of cirrus clouds over a 30◦N plain area
were obtained from ground-based polarization lidar measurements between March 2019 and February
2020 at Wuhan (30.5◦N, 114.4◦E), China. A total of 168 cirrus events were identified from ~3969 h
worth of lidar data on 228 different days with an overall occurrence frequency of 48%. These cirrus
clouds appeared at heights from ~7 to 17 km above ground level where the ambient temperature was
between −26 ◦C and −79 ◦C. The cirrus geometrical thickness tended to decrease with decreasing
temperature. Mean values of their cloud base, cloud top, mid-cloud height, and mid-cloud temperature
were 10.2 ± 2.2 km, 12.7 ± 2.0 km, 11.6 ± 2.0 km, and −46.4 ± 10.7 ◦C respectively.

The cirrus optical properties were determined by taking account of the multiple scattering
correction. The COD ranged from 0.001 to 2.02 with a mean of 0.30 ± 0.36, while the layer-mean
extinction coefficient varied from 7 × 10−4 to 0.70 km−1 with a mean of 0.11 ± 0.11 km−1. In terms
of the magnitude of the COD, the sub-visual, thin, and dense cirrus clouds accounted respectively
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for 18%, 51%, and 31% of the total of the observed cirrus events. There was a positive correlation
between the COD and cirrus geometrical thickness. The cirrus clouds had the lidar ratio between 5.3
and 57.0 sr (a mean of 21.6 ± 7.5 sr) and particle depolarization ratio varying from 0.07 to 0.49 (a mean
of 0.30 ± 0.09). There existed a positive correlation, with the correlation coefficient of 0.56, between the
particle depolarization ratio and lidar ratio for the lidar ratio value being less than 30 sr.

At the 30◦N plain site, the observed cirrus clouds showed some seasonal dependence with the cloud
altitude maximizing in a slightly-shifted summertime (July to September) where the southwesterly
wind prevailed and minimizing in winter months. In addition, a positive correlation between the
cirrus occurrence frequency and dust column mass density was found in other seasons except for
summer, suggesting a heterogeneous ice formation therein. The seasonally-averaged cirrus lidar
ratio showed the maximum value in spring when the dust column mass density was the largest.
The depolarization ratio maximized in summer and showed similar values in other seasons. However,
the seasonally-averaged cirrus optical depth appeared to be independent of seasons.
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