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Classification of Cloud Phase Using Combined
Ground-Based Polarization Lidar and Millimeter

Cloud Radar Observations Over the Tibetan Plateau
Yuxuan Bian , Liping Liu, Jiafeng Zheng, Songhua Wu , and Guangyao Dai

Abstract— The distributions of cloud phases play an impor-
tant role in influencing the weather and climate system. The
characteristics of clouds above the Tibetan Plateau (TP) can
profoundly affect regional and global atmospheric circulation.
To research the distributions of cloud phases in the TP region,
a retrieval algorithm was developed based on the combination of
polarization lidar and millimeter cloud radar measurements and
applied to the data from a comprehensive field campaign on the
central TP in the summer of 2014. The structure and phase of
four different types of clouds were retrieved accordingly, which
validates the reliability of the algorithm. The result shows that
the occurrence frequency of low clouds remains around 50%,
which is very high throughout the whole day in Nagqu, Tibetan
in summer. The liquid and mixed cloud frequencies are higher in
the morning and afternoon, while ice cloud mainly occurs from
the afternoon to midnight. Liquid and ice phase distributions
show an inverse relationship in the atmospheric layer from 2 to
8 km in height. Meanwhile, the proportion of the liquid phase
to the cloud top is significantly higher than that to the cloud
body, which indicates that the supercooled water is more likely
to appear at the cloud top than in the cloud. The fractional
probabilities of the ice phase and liquid phase in the total cloud
top phase intersect at about −26.7 ◦C.

Index Terms— Atmospheric measurements, cloud phase clas-
sification, cloud radar, lidar.

I. INTRODUCTION

CLOUDS are water droplets, supercooled liquid water,
ice crystals, or a mixture of them condensed (deposited)

from water vapors in the atmosphere [1]. Clouds in the atmo-
sphere determine the surface precipitation and the balance of
atmospheric radiation and play an important role in the climate
system [2]. The Fifth Assessment Report of the Intergov-
ernmental Panel on Climate Change states that aerosol-cloud
interaction is the largest uncertainty factor in the research of
the global radiation balance [3], [4]. To classify the clouds
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with the phase properties of cloud particles, there are liquid
clouds composed of water droplets, ice clouds composed of
ice crystals, and mixed-phase clouds composed of both super-
cooled water and ice crystals. Mixed-phase clouds dominate
the distribution of global cloud covers [5]. In a mixed-phase
cloud system, the complicated interactions and phase changes
among water vapor, liquid droplets, and ice crystals inside
the cloud make its structure particularly complex and difficult
to be simulated accurately [6], [7]. Because of the lack of
sufficient understanding of the fine phase distribution in the
cloud, the Bergeron process in the mixed-phase cloud is also
considered to be the most important source of error when the
global climate model is used to simulate the phase distribution
in the cloud [8].

The Tibetan Plateau (TP) is the tallest (average elevation
of more than 4000 m above sea level) and largest (area of
about 2.5 × 106 km2) plateau in the world [9]. The high land
surface supports the vigorous exchanges of heat and moisture
with the middle troposphere, which profoundly influences the
regional and global atmospheric circulation, especially the
Asian monsoon, through its thermal and dynamic forcing [10].
Compared with those in other regions, the special atmospheric
thermodynamics, circulation, and high topography can cause
significant differences in the microphysical characteristics of
clouds and precipitation [11]. The cloud and precipitation
microphysical processes over the TP are different from those in
low-altitude areas [12]. The occurrence frequency of cumulus
convection in the TP is higher than that in the plain area, while
the convective cloud top and strong echo top are both lower
from the ground, and the horizontal scale of the convective
system is also smaller [13].

For a long time, many studies have pointed out that the lack
of observational data related to the microphysical properties
of mixed-phase clouds is an important factor restricting the
accuracy of model simulations [14]. The most direct way to
detect the cloud phase is aircraft observation. Early aircraft
observations found that in the temperature range of −40 ◦C
to 0 ◦C, water in both liquid and ice phases coexisted.
Moss and Johnson [15] developed an automatic technique
that can differentiate between liquid water droplets and ice
particles and calculate the ratio between ice and liquid phase
based on data from the Particle Measuring System (PMS)
probes carried on the aircraft. Because part of the ice phase
particles appears spherical, this method of analyzing the phase
state based on 2-D cloud particle probe images may lead to
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errors of up to two or three times [16]. Aircraft observations
can provide information on important microphysical features
in clouds; however, due to their low spatial and temporal
resolution and the difficulty of carrying out long-term con-
tinuous observations, high-resolution remote sensing detection
methods are essential to analyze the vertical distribution and
temporal evolution of particles in different phases in the
cloud [17].

Weather radars (S, C, and X-band meteorological radars)
mainly observe the 3-D structure of precipitation echoes but
have limited ability to detect clouds, while remote sens-
ing instruments with relatively short wavelengths, such as
millimeter-wave cloud radar (MMCR) and lidar, are the main
means of detecting clouds. In the early 1990s, the Microwave
Remote Sensing Laboratory developed a dual-wavelength
(35/94 GHz) cloud radar, which was mainly used to observe
ice clouds, supercooled water, and raindrop spectra [18]. The
dual wavelength ratio, which was not sensitive to droplets
smaller than 500 µm diameters, was used to distinguish ice
clouds from liquid clouds in this study. In the mid-1990s,
the U.S. Department of Energy launched a long-term Atmo-
spheric Radiation Measurement Program (ARM), and some
unattended, vertically oriented Ka-band (35 GHz) cloud radars
were placed in several regions where climate characteristics
changed significantly. This radar can observe nonprecipitation
clouds and weak precipitation clouds with reflectivity between
−50 and 29 dBZ, and the data quality is reliable [19], [20].
It is used to analyze the macro and micro characteristics of
clouds, radiation characteristics, and their relationship with
climate change [21]. Shupe et al. [22] measured and retrieved
the liquid and ice phases in mixed-phase clouds with the
combination of this radar and another W-band cloud radar.
Their study found that when both supercooled water and ice
crystals were significantly present in mixed-phase clouds, the
Doppler spectra of cloud radars showed a bimodal distribution,
and the signals of these two peaks came from liquid phase and
ice phase particles, respectively [22].

In recent years, lidar has gradually been widely used for
remote sensing detection of atmospheric composition charac-
teristics [23]. Compared with weather radar and cloud radar,
the detection signal band used by lidar technology is way
shorter; therefore, lidar has outstanding detection sensitivity
on aerosols, water vapor, and other atmospheric components
of smaller size, and also has good detection ability on cloud
droplets [24], [25], [26]. The elastic scattering lidar can usually
receive elastic backscattering signals in the 355/532/1064 nm
band and derive the backscattering coefficient of cloud par-
ticles. Combined with the polarization detection technology,
by separating the parallel polarization component and the
perpendicular polarization component of the scattered signal,
the depolarization ratio can be solved, to distinguish the
scattering of spherical particles and nonspherical particles and
distinguish the aerosols, cloud droplets, and ice crystals [27].
Noel et al. [28] retrieved the spatial distribution of ice phase
particles with different forms in the cloud based on airborne
polarization lidar measurements. Xie et al. [29] used a polar-
ization lidar to observe in northwestern China. By combining
the backscattering coefficient and depolarization ratio data for

inversion, the ratio of the ice phase to the liquid phase in the
cloud was calculated [29].

Combining the instrument principle and a series of obser-
vational research results, it can be found that MMCR and
polarization lidar have their advantages in observing cloud
microphysical properties, but they also have obvious defects.
The signal of MMCR has a strong response to ice crystals,
but it is relatively difficult to detect small droplets; lidar
has a strong detection ability for droplets, but the signal
attenuates too fast in the cloud, making it difficult to detect
the interior characteristics of the entire cloud [30]. Because
of the difference in wavelength between these two types of
instruments, the scattering of cloud droplets to their signal
should be described with different theories. The scattering of
cloud droplets to cloud radar signal (millimeter-wave) should
be categorized into Rayleigh scattering, which means the
intensity of the scattering light is proportional to the sixth
power of the particle size, while the intensity of the scattering
light to lidar signal (visible to near-infrared) is proportional to
the square of the particle size according to the Mie scattering
theory [31]. This difference suggests that millimeter-wave
cloud-measuring radar is more sensitive to particle size and has
difficulty identifying cloud bases [32]. Meanwhile, Mie scat-
tering of lidar signal results in stronger attenuation; therefore,
the combination of cloud radar and lidar can make up for the
respective deficiencies of the two instruments when observing
mixed-phase clouds that contain both ice and liquid-phase
hydrometeors. Wang and Sassen [33] built a parameterization
scheme based on the extinction coefficient profiles from lidar
and the echoes from cloud radar to retrieve ice water content
and effective ice crystal size. Khanal and Wang [34] evaluated
the errors of this parameterization by comparing the results
with aircraft observations. Shupe et al. [35] identified cloud
phases with MMCR and polarization lidar at an ARM site.
Zhao et al. [36] systematically expounded the advantages and
errors of various algorithms to retrieve cloud microphysical
properties. It can be seen that the retrieval algorithm based
on millimeter-wave radar and lidar is the most suitable for
the retrieval of cloud phase states, especially for mixed-phase
clouds [36]. By combining lidar measurements and cloud radar
Doppler spectra data, Luke et al. [37] derived the distribution
of the supercooled water into mixed-phase clouds.

Because of the relative lack of field observational exper-
iments on the microphysical characteristics of clouds and
precipitations on the TP, little is known about the cloud
phase behavior there [38]; moreover, the specific natural
environment on the TP results in unique cloud and precip-
itation properties, especially when compared to low-altitude
regions [39], and can prominently limit the simulation capabil-
ities of numerical weather prediction models. He et al. [40] and
Zhao et al. [41] investigated the microphysical properties of
clouds on the TP based on lidar and cloud radar observations,
respectively. Because of the limitation of each instrument,
it is, however, very difficult to effectively classify the cloud
phases on the TP with only one of these remote sensing
instruments [40], [41].

To develop the understanding of this field, a classification
algorithm to classify the phase distribution of hydrometeors
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in the cloud was established in this study, relying on the
observations with polarization lidar and MMCR in the TP.
The vertical and temporal distributions of cloud phase states
in the TP in summer were investigated accordingly.

The remainder of this article is organized as follows.
Section II introduces the experiment, instruments, and method-
ologies used in this study; Section III shows the details of the
phase classification results for four different types of cloud,
and also the statistical analysis of cloud phase classification
results. Finally, a conclusion is drawn in Section IV.

II. DATA AND METHODOLOGY

A. Data and Instrumentation

The Third TP Atmospheric Scientific Experiment (TIPEX-
III), which began formally in 2014, was initiated jointly by the
China Meteorological Administration (CMA) and several other
scientific institutes [10]. The main purpose of this experiment
is to research the cloud microphysical characteristics of the
TP.

Within the TIPEX-III framework, an intensive field cam-
paign was conducted from July 8th to August 16th in
2014 at Nagqu Meteorological Bureau (31.48◦N, 92.06◦E;
4508m above the sea level) over the central TP. An elastic-
backscatter lidar and a vertical pointing MMCR were deployed
at the weather station during the campaign to detect the
vertical structures and microphysical properties of clouds. The
GTS1 radiosondes (Nanjing Bridge Machinery Company Ltd.,
China) were launched two times per day (00:00 and 12:00
UTC) at the station [42]. Chinese standard time (UTC +8) is
used in this study as local time. The height used in this study
represents the altitude above ground level.

Water vapor, cloud, and aerosol lidar (WACAL) is a mobile
Raman and elastic scattering lidar used to detect and investi-
gate water vapor, clouds, and related atmospheric components.
The system development and joint debugging were completed
in June 2013 by the Ocean University of China and the Chi-
nese Academy of Meteorological Sciences. This lidar adopts
a three-wavelength emission system, which can continuously
detect the vertical profiles of water vapor in the troposphere
(within a height of 0.2–5 km) and clouds (within a height of
0.2–15 km), and obtain the mixing ratio of water vapor, cloud
depolarization ratio, cloud base height, atmospheric extinction
coefficient, and atmospheric backscattering coefficient profile.
This system is installed in a container, which is convenient
to be carried on the vehicle-mounted mobile platform for
movement and can observe under different environmental
conditions stably and reliably.

The POWERLITE DLS 9030 laser, which is a high-power,
narrow-linewidth triple-frequency Nd:YAG pulsed laser pro-
duced by Continuum Company in the United States, is used
as the laser emission system of WACAL, which can simultane-
ously emit pulsed lasers with three wavelengths of 355, 532,
and 1064 nm. The elastic scattering signals (including 355,
532, and 1064 nm) and Raman scattering signals (including
386.7 and 407.5 nm) are received by a telescope array system
composed of four Newtonian telescopes. Detailed information
about WACAL can be found in [43].

In 2013, the Chinese Academy of Meteorological Sciences
and the 23rd Research Institute of 2nd Academy, China
Aerospace Science and Industry Corporation developed a new
Ka-band MMCR. The radar frequency is 33.44 GHz, while the
sensitivity can reach below −30 dBZ at 5 km, the detective
range of height is from the ground to 15.3 km altitude, the
echo intensity detective range is from −45 to 30 dBZ, and
the maximum detective windspeed can reach ±18.54 m/s.
The spatial and temporal resolution of MMCR is 30 m and
3 s, respectively. The detective quantities of MMCR include
raw Doppler radar spectra data and reflectivity factors, mean
Doppler velocity, Doppler spectrum width, and signal-to-noise
ratio. Detailed information about MMCR can be found in [44].

B. Cloud Phase Classification Algorithm for the Combined
Measurement of WACAL and MMCR

Based on WACAL and MMCR, a joint retrieval algorithm
for the classification of the cloud phases is established. Fig. 1
shows an example of this classification process. The ver-
tical profile of attenuated backscattering coefficient β with
three-wavelength can be derived from WACAL measurement
[see Fig. 1(b)]. This parameter is related to both the amount
and the size of particles. The profile of depolarization ratio
δ, which can indicate how spherical the particle is, can
be calculated from the ratio between scattering signals of
two different polarization directions with 532 nm wavelength
[see Fig. 1(c)]. These two parameters include backscattering
information from both clouds and aerosols. To determine
the cloud boundary with lidar measurements, an automated
method combining a “differential zero-crossing algorithm”
and a “threshold algorithm” was considered [45]. The zero
crossings of the first derivative of the backscatter intensity
and a range-dependent threshold are used to identify the
cloud base and top heights. For a detailed cloud boundary
identification method and related comparative study, please
refer to Wu et al. [46]. The cloud boundary estimated with this
method are shown by the gray solid line in Fig. 1(b) and (c).

The zero-order and second-order moments of Doppler radar
spectra, which are the radar reflectivity factor Ze and the
Doppler spectrum width σv , respectively, can be obtained from
MMCR measurement [see Fig. 1(e) and (g)]. In the previous
related studies, the mean Doppler velocity, as the first-order
moment of Doppler radar spectra, always be used to evaluate
the particle size with the assumption that the vertical air
velocity can be ignored. This assumption is well suited for
regions like the Arctic because the lower atmosphere tends to
have high stability, but it cannot be used in this study because
there is significant convective activity over TP [20]; therefore,
the vertical air velocities have been retrieved from MMCR
Doppler radar spectra in this campaign [44]. The particle fall
velocity Vp shown in Fig. 1(f) can be directly calculated by
subtracting vertical air velocity from Doppler velocity. Here,
negative velocities represent downward motion.

According to the different responses of products like δ, β,
Ze, Vp, and σv to particles with different sizes and phases,
a cloud phase classification algorithm has been built. Since
WACAL cannot pass through thick clouds, phase identification



4105413 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 61, 2023

Fig. 1. Example of the cloud phase classification algorithm. (a) Radiosounding temperature profiles (shadow zone shows the zone with temperature
between 0 ◦C and −40 ◦C). (b) 532 nm attenuated backscattering coefficients retrieved from WACAL measurement (gray line shows the estimated cloud
boundary). (c) 532 nm lidar depolarization ratios retrieved from WACAL measurement (gray line shows the estimated cloud boundary). (d) Cloud phase
distributions classified with WACAL and MMCR measurements in a lidar-detected zone (liquid phase: blue color; mixed phase: cyan color; and ice phase:
brown color). (e) Radar reflectivity retrieved from MMCR measurement. (f) Particle fall velocities retrieved with MMCR measurements (positive velocities
represent upward motion and negative velocities show downward motion). (g) Doppler spectrum widths retrieved with MMCR measurements. (h) Cloud phase
distributions classified with WACAL and MMCR measurements in lidar-detected zone (liquid phase: blue color; mixed phase: cyan color; and ice phase:
brown color), while both MMCR-detected and WACAL-detected regions are included.

is first performed in the area that lidar can detect. Nonspher-
ical particles such as ice crystals have much higher δ than
spherical particles like water droplets, while β of droplets
are always higher due to the number concentration. By estab-
lishing reasonable thresholds of these parameters, the phase
distribution of hydrometers at different heights in the cloud
can be analyzed. Compared with applying fixed thresholds to
attenuated backscattering coefficient and depolarization ratio
separately, a better way is to separate liquid from ice phase
with varying thresholds of β and δ. Following the discrimi-
nation method introduced by Hu et al. [47], the relationship
between depolarization and backscatter measured by WACAL
in this campaign is investigated under different conditions.
Fig. 2(a)–(d) shows the depolarization-backscatter relationship

at an altitude of 0–1, 1–4, 4–7, and 7–12 km, respectively.
According to the statistics of the vertical temperature profile
during this campaign, the temperature below 1 km altitude
was always higher than 0 ◦C, indicating that there was no
ice-phase cloud in this layer [see Fig. 2(a)]. On the contrary,
there was no liquid-phase cloud in the layer with a height of 7–
12 km [see Fig. 2(d)]. In the altitude range of 1–7 km, liquid,
ice and the mixed phase exist simultaneously [see Fig. 2(b)
and (c)]. Based on this statistical characteristic, the varying
depolarization-backscatter (δ–β) thresholds shown by the gray
solid line in Fig. 2 were derived and used in the comprehensive
cloud phase classification algorithm.

On this basis, since Ze is more sensitive to the response
of ice crystals, by adding the threshold of this parameter into
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Fig. 2. Frequency of occurrence of clouds as a function of attenuated
backscattering coefficient and depolarization ratio for four different height
ranges. (a) 0 – 1 km. (b) 1 – 4 km. (c) 4 – 7 km. (d) 7 – 12 km.

TABLE I
CRITERIA FOR CLOUD PHASE CLASSIFICATION ALGORITHM IN THE

“LIDAR MEASURED” REGION

the algorithms, the mixed-phase cloud containing both ice and
liquid phase that is not identified by lidar products can be
identified. Vp is first used to subtract signals from precipitation
particles (rain, snow, etc.) due to their significantly faster fall
velocities. Vp < −3 m s−1 is recognized as an indicator of
precipitation. Because of the small diameter of liquid cloud
droplets, the fall velocity of liquid phase particles is assumed
to be approximately zero. To make this classification algorithm
clearer and more intuitive, here, the influence of ice particle
shapes on the fall velocity has not been considered. The
uncertainty introduced by this approach can be reduced by
adding additional parameters to the algorithm. Since super-
cooled water mainly exists in the temperature range of −40 ◦C
to 0 ◦C, assumptions have been introduced that there is no ice
phase above the 0 ◦C layer and no liquid phase below the −40
◦C layer [shadow zone in Fig. 1(a)]. Based on the statistics of
various detection parameters in these layers, combined with
the previous studies, the thresholds of each parameter in the
retrieval algorithm were determined (see Table I). The cloud
phase can be classified accordingly based on both WACAL
and MMCR measurements. The smaller piece of cloud, which
cannot be detected by MMCR, is in the liquid phase, while
the larger piece is mainly in the ice phase, except at the cloud
top [see Fig. 1(d)].

TABLE II
CRITERIA FOR CLOUD PHASE CLASSIFICATION ALGORITHM OUT OF THE

“LIDAR MEASURED” REGION

In the zones where cloud existed but WACAL measurement
could not reach, MMCR measurement is used to classify the
cloud phases. The value of σv represents the distributions of
velocities within a single radar pixel, which are influenced
by the size of hydrometeor, turbulence, and wind shear [see
Fig. 1(g)]. When the hydrometeor in the cloud is in a single-
phase state, the Doppler spectra tend to show a unimodal
distribution. Among them, the Doppler spectra of ice clouds
have an especially narrow peak; therefore, when σv is large,
it means that the hydrometeor in the cloud is not only in a
single phase. Combined with the values of Ze and Vp, the
cloud phase in this area can be classified by training with the
data from the area identified by both WACAL and MMCR.
The thresholds for the classification algorithm are shown in
Table II. Then, the cloud phase can be classified in both
WACAL-detected and MMCR-detected zones [see Fig. 1(h)].
This algorithm may lead to some uncertainty because MMCR
makes it difficult to detect some thin liquid cloud layers.
In the region where WACAL measurement cannot reach, the
cloud layer classified as the ice phase may still contain some
liquid droplets in small quantities. Fig. 1(h) shows the cloud
phase classification result of the example by the introduced
retrieval algorithm. This retrieval algorithm was only used to
classify the cloud phase for nonprecipitating clouds. In situ
precipitation measurements from weather stations were used
to remove data from precipitating clouds. Fig. 3 shows the
flowchart of the cloud phase classification algorithm based on
the combined measurement of WACAL and MMCR.

III. RESULTS

A. Phase Classification of Stratiform Clouds

Based on the retrieval algorithm introduced in Section II-B,
the cloud phase distribution of several cases with different
cloud types was analyzed. It can be seen that during the
period shown in Fig. 4, the cloud generally had a stratiform
structure over the observation station. The cloud-base height
was around 2–3 km, while cloud geometrical thickness was
basically kept at around 1–3 km. Fig. 4(a) shows that the
atmospheric temperature at the height of 1–6 km was in
the range of −40 ◦C to 0 ◦C, and the relative humidity
at the height where clouds appeared was above 90%. Both
WACAL and MMCR captured the echo signals of the clouds
completely from midnight to 3:30. During this period, the
thickness of the cloud increased with time, while the cloud
base height did not change. After 3:30, the signal from ice
crystals increased significantly in clouds around 3 km. This
caused the attenuation of the lidar signal at this altitude so that
it could not pass through the entire cloud layer. An obviously
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Fig. 3. Flowchart of the cloud phase classification algorithm.

narrow layer of supercooled water was existing at the top of
this stratiform cloud. The existence of this layer may be due
to the imbalance between the condensate supply rate and the
bulk ice crystal mass growth rate [48]. It should be noted
that when this supercooled water layer appeared, the cloud
top heights detected by MMCR were 100–200 m lower than
WACAL, which means that MMCR cannot detect this thin
layer. It is reasonable that MMCR has a weak sensitivity to
thin liquid clouds. From 3:30 to 5:30, this layer cannot be
detected because the lidar signal has been attenuated so much
that it cannot reach the “real” cloud top. The cloud top detected
by WACAL during this time period (3:30–5:30) cannot be
classified as liquid phase due to the higher depolarization ratio
there.

B. Phase Classification of Shallow Cumulus Clouds

Typical shallow cumulus clouds were observed by both
WACAL and MMCR from 16:00 to 21:00, July 17th (see
Fig. 5). Shallow cumulus clouds are characterized by small
size, relatively weak convection, and no precipitation, which
are dramatically different from those of deep convective clouds
(case in Section III-C) [49]. These shallow cumulus clouds
were formatted in the afternoon and kept developing during
the observed period in Fig. 5. The cloud base was kept stable
under 2 km while the cloud top was increased from under
3 km to above 5 km. After 19:00, this cloud system can be

regarded as deep cumulus clouds after rapid growth. Through
the phase identification of this cloud system, it can be seen
that there was also a supercooled water layer on the top of the
cumulus clouds, which is similar to the observation results
of stratiform clouds introduced in Section III-A. The main
body of the cumulus cloud was dominated by liquid phase
and mixed phase. As the cloud system developed from shallow
cumulus to deep cumulus, the proportion of ice phase in the
cloud increased significantly. In the layer from −40 ◦C to 0
◦C, the proportion of the ice phase did not increase with the
decrease in temperature. In this case, a potential reason for
the rapid cumulus growth is the water vapor transportation
from the subcloud mixed layer into the clouds [50]. Because
of the signal attenuation, the signal-to-noise ratio of WACAL
to the gradually developed cloud was low, while MMCR did
not capture the liquid-phase cloud signal below 2 km from
19:00 to 21:00.

C. Phase Classification of Deep Convective Clouds

Deep convective clouds produce a significant proportion
of precipitation. These clouds were observed from 16:00 to
19:30 on July 30th (see Fig. 6). Fig. 6(b) shows that the
lidar signal was weakened significantly in the deep convective
clouds. It could just provide the information of the cloud base,
while the radar signal could detect the whole cloud from base
to top. The cloud top and cloud base were about 8–11 and
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Fig. 4. Characteristics of several parameters in the observation period of
00:00–07:00, August 14th, 2014. (a) Profiles of temperature and relative
humidity from the radiosonde, which has the nearest time with remote
sensing measurement. (b) Attenuated backscattering coefficients retrieved
from WACAL measurements (gray line shows the estimated cloud boundary).
(c) Radar reflectivity retrieved from MMCR measurements. (d) Cloud phase
classification results (liquid phase: blue; mixed phase: cyan; and ice phase:
brown).

1–2 km above the ground, respectively. The liquid droplets
were present in the region of the cloud base close to the layer
with 0 ◦C temperature. The mixed-phase regions existed in the
layer of 2–8 km in the cloud. Especially from 17:30 to 19:30,
there was a mixed-phase layer around 5–6 km height, and this
height was also the height where the lidar signal attenuated to
zero. Besides, most of the cloud body, in this case, was in the
ice phase.

D. Phase Classification of Multilayer Clouds

Except for the phase classification of single-layer clouds,
the multilayer clouds are also important targets to be observed.
Fig. 7 shows the multilayer clouds observed by WACAL and
MMCR at 10:00–13:00 on August 14th. It can be seen from
Fig. 7(b) and (c) that it was difficult for WACAL to effectively

Fig. 5. Characteristics of several parameters in the observation period
of 16:00–21:00, July 17th, 2014. (a) Profiles of temperature and relative
humidity from the radiosonde, which has the nearest time with remote
sensing measurement. (b) Attenuated backscattering coefficients retrieved
from WACAL measurements (gray line shows the estimated cloud boundary).
(c) Radar reflectivity retrieved from MMCR measurements. (d) Cloud phase
classification results (liquid phase: blue; mixed phase: cyan; and ice phase:
brown).

detect the upper cloud when detecting a multilayer cloud,
while MMCR observation would lose the liquid part at the
cloud edge of the lower cloud. Generally, the lower cloud
was dominated by a liquid phase below 2 km, and the cloud
body of 2–5 km had a structure with an internal ice phase and
external mixed phase. There was a liquid-phase layer detected
at the top of the lower cloud, which shows similar properties
to the stratiform cloud. The upper cloud was in the ice phase.
In this case, the cloud system was kept at a stable height from
10:00 to 13:00 without obvious development or dissipation.

E. Statistical Characteristics of Cloud Phase in the
TIPEX-III

In the TIPEX-III campaign, data within 39 days was
obtained. Among them, MMCR ran all day, and WACAL
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Fig. 6. Characteristics of several parameters in the observation period
of 16:00–19:30, July 30th, 2014. (a) Profiles of temperature and relative
humidity from the radiosonde, which has the nearest time with remote
sensing measurement. (b) Attenuated backscattering coefficients retrieved
from WACAL measurements (gray line shows the estimated cloud boundary).
(c) Radar reflectivity retrieved from MMCR measurements. (d) Cloud phase
classification results (liquid phase: blue; mixed phase: cyan; and ice phase:
brown).

mainly ran between 10:00 and 24:00. The MMCR operated
alternately in three detection modes with different blind zones,
among which the highest blind zone was 2 km. Considering
that different amounts of data at different heights would cause
deviations in the analyzing results, here, only cloud detections
of above 2 km height were selected for statistical analysis.

Fig. 8 shows the diurnal variations of cloud frequencies
at different heights during the TIPEX-III campaign. It rep-
resents that the frequency of cloud occurrence in Nagqu
in summer is obviously high. In particular, the occurrence
frequency of low cloud is very high, which is about 50%
throughout the day. One obvious reason for the higher low
cloud frequency at Nagqu is large-scale convergence and
orographic uplift. This finding is consistent with the research

Fig. 7. Characteristics of several parameters in the observation period of
10:00–13:00, August 14th, 2014. (a) Profiles of temperature and relative
humidity from the radiosonde, which has the nearest time with remote
sensing measurement. (b) Attenuated backscattering coefficients retrieved
from WACAL measurements (gray line shows the estimated cloud boundary).
(c) Radar reflectivity retrieved from MMCR measurements. (d) Cloud phase
classification results (liquid phase: blue; mixed phase: cyan; and ice phase:
brown).

results of Wang et al. [50] based on satellite products on the
low cloud cover on the TP in summer. Clouds with larger
vertical scales also occurred with high frequency, especially
in the afternoon. This trend may be related to the elevated
land surface with strong radiative heating [51]. Liquid-phase
clouds mainly appeared below 4 km height, and the base
heights of these clouds were usually below 2 km. The cloud
frequencies of liquid and mixed clouds were relatively high in
the morning and afternoon. Among them, the cloud frequency
of liquid clouds could be up to 0.2 or more during this period
and between 0.1 and 0.2 during other periods. Since these
low clouds are typically cumulus, this result agrees with the
statistical results of Li and Zhang [52] on the frequency of
cumulus clouds over the TP in summer based on satellite
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Fig. 8. Diurnal variations of cloud frequencies at different heights during the TIPEX-III campaign. The cloud frequencies of (a) total clouds, (b) liquid phase
clouds, (c) mixed-phase clouds, and (d) ice phase clouds are shown, respectively.

data transmitted in the early morning and afternoon. Ice-phase
clouds mainly occurred from the afternoon to early morning,
with a peak height of 6–8 km. Some of these ice clouds
belonged to the upper parts of deep convective clouds devel-
oped from shallow cumulus clouds in the afternoon (case in
Section III-B). Others belonged to cirrus clouds. This diurnal
variation of high-altitude ice clouds shows a similar pattern to
ice water content variations investigated by Zhao et al. [13] in
the same period in Nagqu.

Fig. 9 shows the frequency distribution of clouds and cloud
tops with different phases observed at different heights during
the field campaign. It can be seen that liquid, mixed, and ice
cloud frequencies were about 0.18, 0.12, and 0.18 at 2 km
height above the ground, respectively. Liquid and ice water
distributions show an inverse relationship in the atmospheric
layer from 2 to 8 km height, where water can exist as a
liquid, ice, or a combination of the two. The maximum value
of ice cloud frequency, which is approximately 0.3, appeared
at 8 km height. The changes in cloud top percentages with
altitude show similar patterns [see Fig. 9(b)]. Within the
mixed-phase temperature regime (2–8 km), the proportion of
liquid phase in the cloud top is significantly higher than that in
the cloud body. In the range of 2–5.5 km height, the proportion
of liquid phase in cloud top phase is greater than 50%.
This phenomenon shows that under similar meteorological
conditions (temperature, pressure, et al.), the probability of
supercooled water at the top of the cloud is higher than that
in the cloud. The existence of this supercooled water may be
caused by the imbalance between the condensate supply rate
and the bulk ice crystal mass growth rate.

Meanwhile, Fig. 9(b) represents the average temperature
profiles measured by radiosonde measurements during this
campaign. It can be found that the fractional probabilities

Fig. 9. Occurrence frequency distribution of (a) clouds and (b) cloud
tops with different phases observed at different heights during the TIPEX-III
campaign (liquid: red; mixed: green; and ice: blue).

of the ice phase and liquid phase in the total cloud top
phase intersect at about 5.5–6 km with an average temperature
of −26.7 ◦C. Campbell et al. [53] analyzed the relationship
between temperature and cloud top phase with global CALIOP
data. This intersection point is −27 ◦C in their study, which is
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Fig. 10. Raw Doppler spectra data measured by MMCR. (a) Vertical spectrogram at 16:50, July 30th, 2014, along the vertical black line in (c). (b) Time
spectrogram at 3.5 km along the horizontal black line in (c). (c) Reflectivity (Ze) field.

close to the point found in this work. The relationship between
the frequency fraction of ice-containing clouds (ice and mixed-
phase cloud) in total clouds and the averaged temperature
profile is also similar to results from previous studies about
heterogeneous ice formations in middle latitudes [54], [55].

IV. CONCLUSION AND DISCUSSIONS

To better identify and classify the cloud phase, a cloud phase
classification algorithm is developed in this study based on the
cooperative measurement of lidar and cloud radar. The cloud
phase in 2014 at Nagqu over the central TP is classified into
three categories, ice, liquid, and mixed phase, by this algorithm
based on the field campaign established with a WACAL
and a Ka-band MMCR. The cloud phase of different cloud
types classified by this algorithm is analyzed. The statistical
analysis of the cloud phase classification in the TIPEX-III
campaign is investigated and compared with results in other
studies.

The cloud phase classification was based on WACAL and
MMCR measurements in the TIPEX-III campaign (Nagqu,
Tibetan; July–August 2014). Four cases that represent different
cloud types were analyzed: stratiform cloud, shallow cumulus
cloud, deep convective cloud, and multilayer cloud. Among
them, there was an obvious supercooled water layer at the top
of the stratiform cloud, while the main parts of cloud bodies
remained in the ice phase. This structure was also reported

by previous studies about cloud phase measurements all over
the world. A case of retrieved shallow cumulus cloud also had
this layer at the top, while the main body of this cloud was
composed of liquid, mixed, and ice phases. A deep convective
cloud retrieved in Section III-C was mainly built by the ice
phase, and there were liquid-phase and mixed-phase particles
in the middle-lower part of this cloud. For the multilayer cloud
case, the upper cloud was mainly in the ice phase, and the
lower cloud was similar to the stratiform cloud, which had
a supercooled water layer at its top and ice phase particles
in the rest part of the cloud body. There is a liquid phase
layer that is difficult to be detected by MMCR below 2 km.
These case studies show that the WACAL signal could not
pass through the thick clouds, while MMCR always missed
the cloud droplets at the cloud edge. The retrieval algorithm
based on the combination of these instruments can better detect
the entire cloud layers.

Based on the data from the TIPEX-III campaign, the
diurnal and vertical variations of cloud phase distributions
were analyzed. It is obvious that cloud frequency was high
at Nagqu in summer, especially the frequency of low cloud,
which was around 50% throughout the day. The occurrence
frequency of clouds with a larger vertical scale was higher
in the afternoon. Liquid-phase clouds always appeared below
4 km height, and the cloud base height was below 2 km
typically. The cloud frequencies of liquid and mixed-phase
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clouds were relatively higher in the morning and afternoon.
Ice clouds mainly occurred from the afternoon to the next
morning with a peak height of 6–8 km. Liquid and ice water
distributions show an inverse relationship in the atmospheric
layer from 2 to 8 km height, where water can exist as a
liquid, ice, or a combination of the two. The maximum value
of ice cloud frequency, which is approximately 0.3, appeared
at 8 km height. The proportion of liquid phase to the cloud
top was obviously higher than the proportion to the entire
cloud. This phenomenon indicates that the probability of
supercooled water at the cloud top is higher than that in the
cloud under similar conditions. The fractional probabilities of
the ice phase and liquid phase in the total cloud top phase
intersect at about −26.7 ◦C. These statistical analyses provide
useful information for further studies about the microphysical
characteristics of different cloud phases in the TP.

In future research, the classification algorithm developed in
this study has the potential to be continuously modified and
optimized. Further parameters can be retrieved from WACAL
and MMCR measurements and then added to the algorithm.
WACAL-based detection of multiwavelength Raman scattering
enables the retrieval of lidar ratio and color ratio indicative the
size and types of particles. These parameters can help in dis-
tinguishing aerosols, cloud droplets, and horizontally oriented
ice crystals [56]. The Doppler spectra measured by MMCR
include information about the cloud phase [57]. Fig. 10 shows
the raw Doppler spectra data for the deep convective clouds
introduced in Section III-C. There was an obvious bimodal
distribution of Doppler spectra at the layer with an altitude
of 2.5–4 km from 16:45 to 17:30 [see Fig. 10(a) and (b)].
This distribution indicates the presence of mixed-phase clouds.
The subjective interpretation of radar Doppler spectra can be
effective but inefficient for large datasets; therefore, several
statistical descriptors of Doppler spectra that can be used in
an automated algorithm are needed [30]. In addition to the
Doppler spectrum width used in this study, other descriptors
such as left/right slope or Gaussian fitting parameters (one
mode or two modes) are also worth adding to the algorithm
after processing.

The current cloud phase classification algorithm in this
study is specifically designed for nonprecipitating clouds.
Based on these expanded retrieval parameters, the classifica-
tion algorithm can be extended to research related to precipi-
tating clouds and further used to distinguish different types of
precipitation particles, such as rain, snow, graupel, and hail.
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