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19 Abstract: Warm cloud-precipitation plays a vital role in the hydrological cycle, weather, and
20 climate. Comprehensive observation and study of warm cloud-precipitation can advance our
21 understanding of the internal physical processes and provide valuable information for developing
22 the numerical models. This paper mainly focused on a study of characteristics of warm cloud-
23 precipitation in South China during the pre-flood season using datasets observed from a Ka-band
24 cloud radar, laser ceilometer and disdrometer. Eighteen kinds of quantities from these three
25 instruments were used to precisely elucidate the distribution, diurnal variation, vertical structure,
26 and physical property of warm cloud-precipitation. The results showed that the occurrence of aloft
27 cloud-precipitation decreased with the increase of height, and most of the hydrometeors were
28 distributed below 2 km. During the observation period, the ground rainfall mainly came from light
29 precipitation; however, short-time and sharp showers contributed to the majority of rain amounts.

30 Most of the cloud layers were single-layer, with base heights below 2.2 km, thickness thinner than
31 2.1 km, and top heights within 0.6-4.2 km. Warm cloud-precipitation owned certain diurnal

32 variations, with a rising trend of cloud base heights in the afternoon and midnight. During 0230-
33 1100, 1200-1800, and 2100-2300, the convections were relatively active with higher cloud tops,
34 thicker cloud thickness, and higher rainfall occurrences. Separation and statistical results of cloud
35 and precipitation indicated that they owned different vertical structures and physical properties,
36 exhibiting different value ranges and changes of radar reflectivity, vertical air motion, particle size,
37 number concentration, liquid water, and rain rate at different height levels. The particle size
38 distributions of cloud and precipitation both were exponential. Radar-derived raindrop size
39 distribution was very coherent with the ground measurement when the reflectivity of precipitation
40 was within 10-20 dBZ. However, for other reflectivity regimes, instrument sensitivity, sampling
41 height, attenuation, and non-precipitating weak targets can affect the comparison.

42

43 Keywords: warm cloud-precipitation; cloud radar; ceilometer; disdrometer; South China;
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45 1. Introduction
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Warm cloud-precipitation consisting of liquid hydrometeors through condensation, collision,
and coalescence processes [1], lies in the low level of atmosphere. It covers a large part of the earth’s
surface and thus directly affects the global hydrological cycle, energy budget, and climate [2,3]. Warm
cloud-precipitation also can adjust the atmosphere stability and provide sufficient energy and water
vapor for the formation and development of the convection systems [4]. Exceptional detection and
study of warm cloud-precipitation by remote sensing can be valuable ways to promote our
understanding of the concerned cloud-precipitation physical and dynamic issues, provide valuable
information for current numerical weather and climate models, and also help conduct realistic
missions of weather modification.

In recent years, radiosonde, aircraft, satellite, and ground-based remote sensing techniques have
been used to observe and study the cloud-precipitation with certain purposes under specific scientific
backgrounds [5-8]. The radiosonde is usually used to obtain in-situ measurements of temperature,
relative humidity, wind, and pressure profiles. Those measurements can be utilized to estimate the
vertical structures of the cloud, such as cloud base height, cloud top height, cloud layer number, and
cloud thickness, as balloons penetrate the cloud layers [9-12]. Nevertheless, the number of radiosonde
stations is relatively limited, and each radiosonde can only be operated twice per day, which largely
limits the observation of the cloud in both temporal and spatial space. [13,14]. Aircraft carries sensors
that typically yield a detailed description of the horizontal structure of cloud-precipitation and also
can obtain the hydrometeor properties in the vertical direction by making multiple passes at different
height levels [15,16]. Compared with other sounding means, aircraft penetration is a more reliable
way for the sophisticated detection of cloud-inner properties. It provides plenty of high-quality
microphysical and dynamic quantities, such as particle size, particle number concentration,
hydrometeor type, hydrometeor phase, water content, and vertical air motion, which are very
valuable for the study of cloud-precipitation physical issues [17,18]. However, aircraft penetration is
very costly and can only provide instantaneous measurements during a specific period and over
particular regions; thus, it is not the optimal choice for the long-term or the large-regional observation
of cloud-precipitation [19]. Satellites equipped with passive and active remote sensors have nearly
become a development tendency of the atmosphere sounding due to its significant advantage in the
spatial coverage. They can provide data without any topographic limitations, especially over oceans
and plateaus, where are difficult for other technologies to achieve [20]. For instance, geostationary
satellites like Himawari series, Geostationary Operational Environmental Satellite (GOES) series,
Fengyun-2 (FY-2) series, and Fengyun-4A (FY-4A) can offer real-time cloud maps over the fixed areas
with large regional coverages and provide multispectral measurements, including cloud top height,
cloud temperature, cloud types, cloud movement, and et al. These measurements play key roles in
weather forecasting and severe weather monitoring [21-24]. Nonetheless, the spatial and temporal
resolutions of geostationary satellites are still relatively low and can hardly satisfy the request of the
fine-scale observation and research of cloud-precipitation [25]. Besides, due to the shallow and small-
scale characteristics, the low-level warm cloud-precipitation often reflects similar radiation properties
as the ground targets, leading uncertainties and retrieval biases existed in the corresponding products
of geostationary satellites [26,27]. As a contrast, polar-orbiting satellites can be more prevalently used
in cloud-precipitation vertical detection, especially when they equip with meteorological radars, such
as the Tropical Rainfall Measuring Mission (TRMM), Cloudsat, Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO), and Global Precipitation Measurement (GPM) [28-30].
These on-board radars are designed with high sensitivities and spatial resolutions to ensure the
capability of detecting weak meteorological targets, such as non-precipitating clouds and aerosols.
They can profile the nether cloud layers as satellites moving in orbits, and obtain many precise
measurements, including radar reflectivity, hydrometeor type, particle number concentration, water
content, rain rate, and et al. [31-35]. These measurements have been applied in many atmospheric
science fields, such as evaluating the cloud radiative effect and their influence on regional and global
climate, investigating the features of high-impact severe weather systems, revealing the physical
features of different cloud-precipitation types, and elucidating vertical structures of cloud-
precipitation in specific regions [36-39]. Although the satellite-based radars have been widely used,
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there are some deficiencies of those radars for warm cloud-precipitation detection. First, as moving
along with satellites, the spaceborne radar only profiles cloud layers in the same regions with limited
times per day, which lead to time discontinuity of measurements. Thus, they cannot supply the in-
situ study of the diurnal variation of cloud-precipitation. Second, in low altitude, spaceborne radars
tend to suffer from the contamination of surface clutter, for which the radar signals are wholly invalid.
For instance, the lowest three or four bins in the profile of radar on Cloudsat are invalid, leading to
the incapability of cloud detection below 1 km, which is a sizeable blind altitude and can cause the
incomplete detection of a large part of warm cloud-precipitation [40,41].

In the continental region, ground-based remote sensing technologies, such as millimeter-wave
cloud radar (MMCR), laser ceilometer, and disdrometer, can be better alternatives for the long-term
in-situ observation of cloud-precipitation. The MMCR typically involves Ka-band and W-band with
wavelengths of ~8 mm and ~3 mm, respectively. These short-wavelength radars own a high-
sensitivity ability to detect the small particle in weak cloud layers, such as cirrus, small-scale cumulus,
and low-level stratiform cloud, because of the scattered ability of a hydrometer is inversely
proportional to the fourth power of the electromagnetic wavelength [42-45]. By operating in the
vertically pointing mode with the transmission of narrow pulses, MMCRs also have very high spatial
and temporal resolutions, which are only a few decameters and seconds. That means the radars can
continuously profile the aloft cloud-precipitation in a short-time interval and provide subtle vertical
observations. MMCRs can provide not only target reflectivity but also Doppler velocity and spectrum,
based on which many macro- and microphysical quantities of cloud-precipitation can be further
obtained by using specific retrieval methods [46]. Due to its continuous observation capability,
ground-based MMCRs have been used in many significant science programs in many countries, such
as the Atmospheric Radiation Measurement (ARM) projects in the USA, the Third Tibetan Plateau
Atmospheric Science Experiment (TIPEX-III) in China, and the Cloudnet in Europe [47-49]. However,
it is a remarkable fact that the MMCR is generally deployed in conjunction with other instruments,
such as ceilometer and disdrometer, because it suffers from attenuation and is incapable of detecting
the cloud base height under precipitating conditions. In contrast, the ceilometer can provide accurate
cloud base height in the low-level atmosphere, and the disdrometer can offer sophisticated rainfall
and raindrop information; therefore, these two instruments can be the complements [50,51]. Previous
studies have proposed that the comprehensive observation of these instruments can provide more
confident and high-quality data sources for elucidating the cloud-precipitation diurnal variations,
vertical structures, and cloud-precipitation physical properties [25,52,53].

South China is one of the moistest regions of mainland China. Under influences of pacific
subtropical high, East Asian monsoon, shear line system, and front action, plenty of cloud-
precipitation events are happened in this region during the pre-flood season from April to June to
account for 40-50% of the annual rain amount [54]. For cloud-precipitation observation in South
China, despite an S-band weather radar network and many weather stations have been constructed
for severe weather monitoring, the cloud-precipitation observation in the vertical detection is still
lack of capability. As a consequence, in 2016, a scientific experiment was carried out by Chinese
Academy of Meteorological Sciences and other institutions, the experiment deployed the Ka-band
MMCR, laser ceilometer, laser ceilometer, radiometer, wind profiler, and C-band vertically pointing
radar in Longmen site of Guangdong province, to constitute a suite of vertical observation system for
cloud and precipitation [55]. Based on the experiment observation, vertical structures, raindrop size
distribution, and microphysical properties of different convection types have been studied by some
scientists [25,56,57]. However, specific researches on the warm cloud-precipitation have not been
investigated yet. Besides, according to the statistical result from MMCR, a large part of hydrometeors
are concentrated in the low altitude in this region, indicating the warm cloud-precipitation can
account for a large occurrence of the entire cloud-precipitation events [25].

The main purpose of this paper is to investigate the diurnal variation, vertical structure, and
macro- and microphysical properties of warm cloud-precipitation in South China during the pre-
flood season in 2016, using the long-term measurements of Ka-band MMCR, laser ceilometer, and
disdrometer. The remainder of the paper is organized as follows. Section 2 presents detailed
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descriptions of the three instruments, data processing and quality control technologies, and warm
cloud-precipitation determination and physical quantity retrieval methods. Section 3 provides the
results of data quality control and analyzes the general characteristics, diurnal variation, vertical
structure, and particle size distribution of warm cloud-precipitation. Section 4 makes a discussion of
the differences between the radar-derived results and disdrometer measurements. Section 5 ends the
paper with a summary.

2. Materials and Methods

2.1. Instruments and measurements

During the experiment period from 14 April to 18 June in 2016, the Ka-band MMCR, ceilometer,
and disdrometer, were simultaneously deployed at Longmen weather observatory (LM, 23.783°N,
114.25°E, 86 m above sea level) of Guangdong Province, a coastal site near the Pearl River Delta of
China. The three instruments were expected to provide continuous, long-term and high-resolution
measurements of cloud-precipitation over the site. The experiment location and equipment
appearance are shown in Figure 1.

28°7'30"

Latitude
25°18745"

22°30"0"

9 7
LM site

i

= 100 km

o ey
106°52'30”  109°41'15" 112°30'0"" 115°18'45" 118°7'30” 120°56'15"

Longitude

Figure 1. Experiment location of Longmen weather observatory (LM, 23.783°N, 114.25°E, 86 m above
sea level), and appearance of the Ka-band MMCR, disdrometer, and ceilometer.

2.1.1. Ka-band MMCR

The Ka-band MMCR is a Doppler, solid-state and polarimetric radar. It works at 33.44 GHz, with
a wavelength of 8.9 mm and a peak power over 100 W. By operating in a vertically pointing mode,
the radar can continuously observe vertical profiles of Doppler spectrum (SP), radar reflectivity (Z,
dBZ), mean Doppler velocity (Vm, m-s?), spectrum width (Sw, m's?), and linear depolarization ratio
(LDR, dB) of cloud-precipitation over the site, with a spatial resolution of 30 m and a temporal
resolution of ~9 s. To largely meet the requirement of cloud-precipitation observation at different
heights with different intensities, multiple radar operational modes were designed by configuring
with different radar parameters and signal processing technologies. Detailed descriptions of their
differences can be found in previous work [58]. Herein, for the sake of the study of warm cloud-
precipitation, measurements observed by radar precipitation mode were used. Table 1 presents the
main technical parameters of the MMCR and precipitation mode.

Table 1. The main technical parameters of the MMCR and precipitation mode.

MMCR and M3 Items Technical Specifications
Frequency (Wavelength) 33.44 GHz (8.9 mm)
Radar system Transmitted peak power >100 W

Beam width 0.3 degree
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Pulse repetition frequency 8333 Hz
Gate number 510
Vertical resolution 30 m
Horizontal resolution 26 m at 5km
Temporal resolution ~9s
Transmitted pulse width 0.2 pus
Spectrum bin number 256
Detectable height range 150 - 15.3 km
Detectable reflectivity range  -33 — 30 dBZ
Radar precipitation  Detectable velocity range -18.67 — 18.67 m s
mode Spectrum velocity resolution  0.145 m s

Doppler spectrum, reflectivity,
mean Doppler velocity, spectrum
width, and linear depolarization
ratio

Measurements

2.1.2. Ceilometer and disdrometer

The ceilometer was made by Vaisala company (Finland) and designed using a pulsed diode laser
Light Detection and Ranging (LIDAR) technology. It emits laser pulse in a vertical direction and
receives the backscattered signal reflected from the cloud, precipitation, or other targets. The
ceilometer provides backscatter profile and cloud base height, with a vertical resolution of 10 m and
a temporal resolution of 2-3 s. The disdrometer was made by OTT Hydromet company (Germany).
It equips a laser-optical transmitter that can simultaneously detect the particle size and falling speed
based on signal attenuation caused by the passing hydrometeor. The measuring height is 1.4 m above
the ground, and the sampling time is 60 s. The diameter and velocity information of hydrometeor
were recorded by division into 32 non-equidistant channels, respectively. Besides, the disdrometer
can also provide rainfall quantities, including drop size distribution (DSD), reflectivity (Z, dBZ), rain
rate (Rg, mm-h') and rain amount (Rvm, mm). The main technical parameters of these two instruments
are listed in Table 2.

Table 2. The main technical parameters of ceilometer and disdrometer.

Ceilometer /

Disdrometer Items Technical Specifications
Sensor type Laser, pulsed
Wavelength 910+10 nm
Peak power 27 W

Ceilometer Sampling volume 834x266x264 mm?

Detection range 0-15 km
Spatial resolution 10 m
Temporal resolution 2s
Measurements Backscatter profiles, cloud base height
Sensor type laser
Peak power >2W
Sampling height 1.4 m
Sampling area 54 cm?

Disdrometer Measurable diameter range  0.062 — 24.5 mm
Measurable velocity range 0.05-20.8m st
Temporal resolution 60 s

Drop size distribution, reflectivity, rain

Measurements .
rate, rain amount, weather code

2.2. Methods of data processing, quality control and physical quantity retrieval

Previous studies indicated that data quality issues can affect the application of Ka-band MMCR
and laser disdrometer [57, 58]. Therefore, appropriate technologies of data processing and quality
control (QC) are adopted in this study. Besides, specific retrieval methods are also used to obtain


https://doi.org/10.3390/rs11243045

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 October 2019

199
200
201
202
203
204
205
206
207
208
209

210

211
212
213
214
215
216
217
218

219

220
221
222
223
224
225
226
227
228
229

6 of 30

physical quantities concerned cloud-precipitation. Figure 2 shows a brief flowchart of data
processing, QC, and cloud-precipitation physical quantity retrieval for MMCR and disdrometer we
adopted. After processing, eventually, 18 kinds of instruments’ measurements and retrievals are
produced, including radar quality-controlled SP, Z, Vv, Sw, and LDR, new-calculated radar spectral
skewness (Sx) and spectral kurtosis (Kr), and radar-derived (or disdrometer/ceilometer-measured)
cloud-precipitation physical quantities of cloud base height (CBH, km), cloud top height (CTH, km),
cloud thickness (CTK, km), cloud layer number (CLN), Rg, Rv, DSD, vertical air velocity (Va, m's?),
particle mean terminal velocity (V1, m's?), particle mean diameter (Dv, mm), particle total number
concentration (N1, m?) and liquid water content (LWC, g-m-). For convenience, abbreviations are
used in this manuscript which can be found in the appendix (Table A). Each step in Figure 2 is
explained in detail in the following subsections.

e
MM VIZ Doppler

spectra

Radar noise level
calculation

l

Disdrometer data

Cloud-precipitation
signal extraction

l

Signal attenuation

Deformation
correction

|

Unreasonable data

correction | removal
; 1
Spectral moments V, retrieval -
recalculation Data standa.rdlzed
1 processing
CBH, CTH, CTK Non-meteorological Vi, Dy, N, R and -
and CLN retrieval target removal LWC retrieval Rainfall parameter

recalculation

Radar measurements: SP, Z, Vy,, Sy, LDR, S, K¢
Macrophysical retrievals: CBH, CTH, CTK, CLN
Microphysical retrievals : V,, V4, Dy, N, Ry, LWC, DSD

Rainfall quantities: DSD, Z, Ry,
Ry, IWC, Dy, Ny

Figure 2. A flowchart of data processing, quality control and cloud-precipitation physical quantity
retrieval for MMCR and disdrometer. The SP, Z, Vv, Sw, LDR, Sk, and Krrepresent radar Doppler
spectrum, reflectivity, mean Doppler velocity, spectrum width, linear depolarization ratio, spectral
skewness, and spectral kurtosis, respectively; the CBH, CTH, CTK, and CLN denote radar-derived
cloud base height, cloud top height, cloud thickness, and cloud layer number, respectively; the Va,
V1, DM, N1, Rz, R, LWC , and DSD are vertical air velocity, particle mean falling velocity, particle
mean diameter, particle total number concentration, rain rate, rain amount, liquid water content, and
drop size distribution, respectively.

2.2.1. MMCR data processing, QC and physical quantity retrieval

The Ka-band MMCR undergoes attenuation as its electromagnetic wave passes through cloud-
precipitation. Non-meteorological echo caused by plankton also contaminates radar data in the low-
level atmosphere. Besides, the radar originally provides SP, Z, Vv, Sw and LDR, the other 12 kinds of
measurements and retrievals remain to be further produced. Considering these, the following
techniques were implemented.

(1) Radar noise level calculation. The cloud-precipitation signal is overlapped by radar noise in
Doppler spectrum. For separation, an objective technology proposed by Hildebrand and Sekhon was
utilized to estimate radar noise level [59].

(2) Cloud-precipitation signal extraction. All continuous spectral bins above radar noise level
were picked out and further judged by a signal-to-noise ratio (SNR) threshold (=-12 dB) and a bin-
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number threshold (=5), because cloud-precipitation signal typically has a higher power and larger
spectral width than radar noise [57]. Only consecutive signals with the first two powers were reserved,
as well as their SNRs, left endpoints, right endpoints, and peaks were also recorded.

(3) Signal attenuation correction. The radar returned signal is attenuated by hydrometeors,
causing underestimations of the measured SP and Z. For correction, an iterative procedure was
implemented [46, 57].

Ki = aZ.()F (1)
T; =T;_1 X exp(—2 X K; X AR) (2)

o Ly (D)
Z.() = - x exp(K; X AR)  (3)
) SIIJ_l(n, i)
SP.(n,i) = — x exp(K; X AR) (4)
i-1

In Equations (1-4), i and n denote the radar range gate number and spectral bin number, respectively,
K; (dB-km™) is the attenuation coefficient, t; is the radar wave two-way transmissivity, AR (30 m)
is the gate length, Z,, and Z. represent radar-measured and corrected reflectivity, respectively, SB,
and SP. represent the radar-measured and corrected Doppler spectra, respectively. To start the
iteration, the initial t, and Z.(0) were set to 1 and Z,,(0), respectively. The coefficients & and f
were set to 0.00334 and 0.73, respectively [60].
(4) Spectral moment recalculation. After attenuation correction of SP, six radar moments
including Z, LDR, Vv, Sw, Sk and Kr were recalculated by the following formulas,
v=V,
Pap = ) B =P) ()
v=V)
Peep X R? P X G2x0x@xhxm x|k|?
C ) T 1024 xI2x 2 XL,
LDR=2,-2Z, (7)
ooy, v X (SP(v) = Py)

v=V;

Z=10x log10 ( (6)

Vy = - 8
"I SR@) — Py) ©
S0 V)? X (SR.(v) — Py)]
SW = v=V; (9)
Tosv(SP.(v) = Py)
2T = Vi)® X (SP.(v) = Py)
o SW3 X ZZ:KZ(SPc(U) - Py) (19)
K - Sy (7 Vi)' X SRW) —Py) an

Sw* X Tozy (SP(v) = Py)
where, v denotes the Doppler velocity of spectral bin, V; and V, (m's?') denote the left-endpoint and
right-endpoint Doppler velocities of cloud-precipitation signal in spectra, respectively, SP.(n) (mW)
is the signal power of each spectral bin, Py (mW) is the noise level, P, (mW) represents total
power of cloud-precipitation signal in spectra, R (km) is the distance from radar to target, C is the
radar constant, P, (W) is the radar transmitted power, G (dB) is the antenna gain, 6 and ¢ (degree)
are the radar horizontal and vertical beam widths, respectively, I (km) represents the spatial pulse
length, A (mm) for the radar wavelength, |k|?> for the refractive index, L, (dB) is the feeder loss,
Zy and Zy (dBZ) are two reflectivity received by radar parallel and cross-polarization channels.

(5) Non-meteorological echo removal. Non-meteorological echo in MMCR caused by low-level
plankton, which consists of dust, insect, pollen, and other targets, were commonly observed in the
low- and mid-latitude regions [61,62]. MMCR-measured Z can be used in conjunction with
ceilometer-measured CBH to identify and remove the plankton echo [25]. However, this approach
cannot get rid of the entire plankton echo, since partial of plankton actually exist above the CBH.
Herein, we used a simple technology named “Z-LDR double-threshold” to eliminate the plankton
contamination in MMCR data. This method is based on an observational fact that the Z and LDR
distributions of plankton and warm cloud-precipitation are apparently different. Namely, the
plankton echo can exhibit a very large LDR with a relatively small Z, in contrast, the warm cloud-
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precipitation echo generally owns a relatively small LDR with a wide range of Z. According to the
realistic statistical result from MMCR data (as shown in Figure 3), the Z and LDR thresholds were
simultaneously set to -8 dBZ and -14 dB, respectively. In this case, any radar range gate
simultaneously owned a Z smaller than -8 dBZ and an LDR larger than -14 dB can be judged as
plankton and then be removed. Under the action of “Z-LDR double-threshold”, all plankton echo in
LDR field can be fully filtered out as excepted, whereas, a part of scattered plankton will remain in
other radar moments (Z, Mv, Sw, Sk, and Kr), which own a larger echo amount than LDR. Therefore,
a 3x3 filtering window is further implemented to eliminate the remained scattered plankton [63].

(6) Retrieval of cloud-precipitation macrophysical quantity. The cloud-precipitation CBH, CTH,
CTK, and CLN, were derived by using radar-measured Z. For each radar radial, continuous segments
with more than 10 gates (300 m) of valid Z were distinguished and the segment base height and top
height were taken as CBH and CTH, respectively. The segment number and length were regarded as
CLN and CTK, respectively.

(7) Retrieval of cloud-precipitation microphysical quantity. Seven key microphysical quantities
of warm cloud-precipitation, including Va, V1, Dm, N1, Rt, LWC, and DSD were further deduced
using processed radar Doppler spectra. First, a technology named “small-particle-traced” was
applied to estimate Va from Doppler spectra. This approach has been applied and verified by Gossard,
Kollias, Shupe, Zheng, and Sokol in different cloud-precipitation studies [64-68]. The Vr was then
obtained by subtracting Va from Vm. Second, shifting the Doppler spectra according to Va and
converting the spectra unit from dBm to dBZ using Equation (5-6). A relationship between particle
terminal velocity and diameter must be determined before further retrieval. For liquid hydrometeor,

the used relationship can be written as [69,70],
1 10.3
D=—XxXInt——~ 12
06~ Mogs—v sy 12
S(h) =1+ 368 x 105k + 1.71 x 107°h%  (13)
where D (mm) and V; (mm-s') denote the diameter and terminal velocity of the particle, & (m) is the
radar sampling height above sea level, and 0() is a correction factor. Based on the above, radar-

derived Dwm, N1, Rz, LWC, and DSD can be acquired by using the following formulas [46],

C x Df
PDi = R2 (14)
N(D)) = i 15
Y7 Py, X AD; (15)
D.
D, zi:";)?nDi x N(D;) x AD; (16)
Tmax N(D;) x AD;
Dmax
Ny = > ND)XBD  (17)
i=Dmin
Dmax
6n 3
Rp=1o D DEXV(D)XN(D)XAD,  (18)
i=Dmin
Dmax
T
W = g Z px DI X N(D) X AD;  (19)
1=Dmin

where AD; (mm) is the diameter interval, P,, (mW) is the power caused by a single particle with a
diameter of D;, P; (mW) is the radar-measured power for the particles with a diameter of D;, Dy,
and Dy,,, (mm) represent the detected minimum and maximum diameters in Doppler spectra, and
p (g-cm?) is the water density.

2.2.2. Disdrometer data processing and QC

Parsivel disdrometer overestimates the size of a large non-spherical particle and suffers from
bias under several unfavorable circumstances [51]. Therefore, to improve its data quality and
recalculate rainfall quantities, the raw DSD was further post-processed as follows.
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(1) Deformation correction. The measured raindrop diameter which exceeds 1 mm will be
overvalued because the disdrometer can measure only in the horizontal direction with an assumption
that the passing hydrometeor is spherical. However, in nature, a large raindrop can distort to be
ellipsoidal. Thus, a correction equation was utilized to correct the raindrop diameter [71],

D, (D, £ 1mm)
D =1{(1.075-0.075 X D,) X D, (1mm <D, < 5mm) (20)
0.7 x D, (D, > 5mm)

where D, (mm) is the original diameter and D (mm) represents the equivalent spherical diameter
after correction.

(2) Unreasonable data removal. Three kinds of unreasonable data need to be removed from the
dataset. First, removing any data with diameters greater than 6 mm, based on a fact that a raindrop
will break up before growing up to 6 mm in the sea-level atmosphere. Second, any raindrop owns a
normal falling velocity but with an excessively large or small diameter is treated as a problematic
data, which can be produced when a large raindrop partially or multiple raindrops parallelly pass
through the laser beam. Third, in contrast, any raindrop exhibits as a normal diameter but with an
extremely large or small falling velocity is also regarded as an unrealistic data, which can be caused
by strong wind shear or splashing from instrument surface during rainfall. The latter two kinds of
unreasonable data were recognized by comparing the disdrometer-measured result with the
theoretical V1-D relationship shown in Equations (12-13). Any measured result outside +60 % of the
relationship was removed.

(3) DSD standardization. The DSD was further normalized by the following formula,

32
nl-j

NDD = 2, XAt x v, x aD,

j=1
where D; (mm) is the raindrop diameter for channel i; N(D;) (m™®-mm™') is the number
concentration of raindrop per unit volume with diameters in an interval from D; to D; + AD;, n;;

21

3

represents the raindrop number within size channel i and velocity channel j, A (m?) is the sampling
area, and At (60 s) is the sampling time.

(4) Rainfall quantity calculation. Based on steps (1-3), six rainfall physical quantities, including
Z, Rv, Rr, LWC, Dm and Nr, were recalculated using Equations (22-26).

32 32
n..
Z:ZZDﬁxi” 22
Lt AXAEXY; 22)
i=1j=1
R 67‘[ 32 32 n
M 3 ij
Rp = —2 x = D3 x —— 2
R =3¢ X 3600 1052_2! axa B
i=1j=1
32 32
LWC=LZZ XDFx—U__ (4
6000,1_1” CAX At XV
=1 j=

232D} x N(D;) X AD;
YT I3 NDy) x AD;
2

(25)

3

i=1
2.3. Warm cloud-precipitation determination

The whole dataset collected from April 15 to June 18 at the LM site were processed by the
methods mentioned above, for our study purpose, only warm cloud-precipitation events were
selected. A cloud-precipitation was determined as a warm event according to its MMCR-derived CTH,
which should be lower than a height threshold of the zero-degree layer. According to the radiosondes,
the zero-degree height of the atmosphere over the site was in a range from 4.2 km to 5.1 km during
the observation period. Therefore, the height threshold was set to 4.2 km.

3. Results
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3.1. Data QC result

Plankton target occurs in the low-level of atmosphere and can affect the data usage of Ka-MMCR
for cloud-precipitation observation. For separation of the plankton contamination from radar dataset,
Z-LDR probability distributions of plankton and warm cloud-precipitation were respectively
investigated. The statistic results were shown in Figure 3, and it indicates that the distributions of
plankton and warm cloud-precipitation are obviously different in Z and LDR fields. Namely, the
plankton owns a smaller Z mainly ranged from -41 to 1 dBZ with a remarkably large LDR within -
22-18 dB. In contrast, the warm cloud-precipitation has a larger Z ranged from -9 to 38 dBZ with an
apparently narrow scope of LDR from -29 to -22 dB. Based on these differences, a couple of thresholds
for Z and LDR were set to -8 dBZ and -14 dB by preferentially considering that the warm cloud-
precipitation should not be accidentally deleted. Verification demonstrates that 92.22% of the entire
plankton targets can be removed from the Ka-MMCR dataset using this Z-LDR threshold combined
with a 3x3 filtering window, meanwhile, the warm cloud-precipitation echo remains well. Form
another view, Figure 4 shows the cumulative probability of Z and LDR of the radar dataset before
and after QC. By comparing the LDR and Z curves, we can find that the LDR mainly distributes
within -27-15 dB before QC, whereas, it concentrates in a range from -27 to -11 dB and the probability
of Z lower than -1 dB is decreased after QC, as a result of plankton elimination. Besides, the result
shows the probability of Z from 0 to 27 dBZ is increased after QC because of attenuation correction.

50 -
1
40 : Z=-8dBZ L 40
Plankton i 30
301 \ i 2
20 ! 20
i 15 =
~ 10 i 10 £
g i 7 &
S £
=1 5 =
3 -10 4 E
............................................. 3
0] LDR=14 dB i L W,
30l b e T
; 05
-40 I Cloud-precipitation Sl
, 0.0
-50 a
-50 -40 -30 -20 -10 O 10 20 30 40 50

Z.(dBZ)

Figure 3. Ka-MMCR reflectivity-linear depolarization ratio (Z-LDR) probability distributions of warm
cloud-precipitation and plankton. A couple of Z and LDR thresholds are set to -8 dBZ and -14 dB to
eliminate the plankton.

208]

F 0.41

—O—Z before QC
—1+LDR before QC|[
-O—Z after QC

oy -0~ DR after QC

0 .
50 -40 -30 20 -10 0 10 20 30 40 50
Z/LDR (dBZ/dB)

Figure 4. Cumulative probability curves of Ka-MMCR reflectivity (Z) and linear depolarization ratio
(LDR) before and after data quality control (QC).
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In order to present the impact of the radar QC, a typical case that contains different types of
warm cloud-precipitation and plankton is plotted in Figure 5. It can be seen that there exist warm
convections, several cumuli, and layers of fracto-cumulus successively passed over the site in the low-
level atmosphere during the observation period. The warm convection (1200-1330 BJT) has a
relatively large scale and a high CTH and was hardly surrounded by plankton, because of the
influences of rain wash and downdraft. The hydrometeors in convection contribute to radar-
measured LDR with a small value range from -26 to -24 dB [Figure 5(c)]. Whereas, after 1330, scattered
plankton targets gradually appear around the small-scale cumuli and fracto-cumuli. The plankton
targets mainly located under 1.5 km with an extremely large LDR greater than -14 dB. From Figure
5(c-d), it can be clearly seen that the scattered plankton targets are well eliminated (as marked by the
arrows) after QC, meanwhile, the small-scale cloud-precipitation such as the weak cumuli and thin
fracto-cumuli during 1800-2000 remains unchanged. Deviation of Z before and after QC as shown in
Figure 5(e) illustrates that most Z of cloud-precipitation suffers from small attenuation with a value
lower than 0.1 dB. However, for stronger and thicker precipitating cumuli and convection (as marked
by the circles), the Z attenuation can be slightly larger than the other clouds with a value within 0.2-
0.4 dB under the cloud top.
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Figure 5. Time-height cross sections of original reflectivity (a), original linear depolarization ratio (b),
reflectivity after QC (c), linear depolarization ratio after QC (d), and the deviation (e) between (a) and
(c), observed by Ka-MMCR on May 21, 2016.

To illustrate the QC effect of disdrometer, the measured diameter (D) and falling velocity
(V) of raindrops in different channels were counted. Figure 6 shows the D-V: frequency
distributions before and after QC. Comparing their differences, it is seen that the distribution of
raindrops with a diameter greater than 1 mm has been corrected, exhibiting a slightly left shift
along the diameter coordinate. A part of raindrops, which own a normal D/Vt with an unrealistic
Vi/D and distribute far away from the theoretical curve, are eliminated after QC. In addition, any
large raindrops greater than 6mm, which actually will break up under sea level pressure of the
atmosphere, were also removed. Statistical results in Figure 6 also indicates that the disdrometer-
measured Vr of raindrops is mostly greater than the result of the theoretical relationship because
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the latter is inferred under a still air condition, whereas, the former is actually overlapped by air
downdraft. To further evaluate the QC effect, Figure 7 presents frequencies of raindrops in
different D and V¢ before and after QC, comparisons declare that a large part of small raindrops
with D less than 0.312 mm related to unrealistic Vi were excluded, as well as some large
raindrops with D greater than 2.75 mm were also regarded as unreliable measurements. For Vi,
a large part of small raindrops with Vt less than 1 m/s and a small part of large raindrops with
Vi greater than 15.1 m/s were both taken as problematic data under abnormal circumstances as
detailedly described in subsection 2.2.2. Totally, 19.41 % of the entire DSD of the disdrometer is
removed after QC.

20 20
18{ (b)

O P N W B~ O
1log10(number of drops)

D (mm)

Figure 6. Raindrop diameter (D) -falling velocity (V) frequency distributions before (a) and after QC
(b) for the entire disdrometer dataset. Do represents the raw raindrop diameter, D represents the
corrected raindrop diameter, Vr is the raindrop falling velocity, the solid line represents the D-V¢
theoretical relationship under a still air condition.

6 6
(a) -@-Before QC —-Before QC (b)

—@— After QC - After QC
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w
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10 10

Figure 7. Frequencies of raindrops in different diameter (D) channels (a) and falling velocity (Vr)
channels (b) before and after QC.

3.2. General characteristics of hydrometeor distribution

The QC dataset of Ka-MMCR and disdrometer was used to investigate the general characteristics
of hydrometeor distribution over and on the LM site during the observation period. Figure 8(a)
presents a statistical result of radar observation rates at different height levels (defined as the ratio of
radial number with valid cloud-precipitation echo to the total radial number at each range gate). It
shows that the majority of warm cloud-precipitation lies in the low-level atmosphere under 4.2 km
with radar observation rates gradually increase as altitude decreases. 78.78% of the entire
hydrometeors are concentrated below 2 km. Radar observation rates basically tend to be stable within
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431  0.84-0.39 km; subsequently, they continue to increase to a maximum of 12.4 % at 0.21 km. Figure 8(b)
432  presents disdrometer-measured accumulated rain duration and rain amount under five Rr regimes
433  (0-0.1 mmh?, 0.1-1 mm-h?, 1-5 mm-h?, 5-10 mm-h, >10 mmh). The result reveals that the ground
434 rainfall is dominated by light precipitation most of the time, with 77.64 % of the entire duration owns
435  an Rr smaller than 1 mmh. This part of rainfall is produced by weak cumulus and stratocumulus.
436  22.36 % of the entire duration has an Rr greater than 1 mm-h, and they can be contributed by strong
437  cumulus and convection. Despite a large contribution in time, light precipitation with a Rr smaller
438  than 1 mmh only occupies 10.08 % of the total rain amount, in contrast, the stronger precipitation
439  with an Rr greater than 1 mm-h produces 89.92 % of the total rain amount. Especially under an Rr
440 greater than 10 mm-h?, 3.58 % of the rain duration can induce 52.75 % of the entire rain amount,

441  which corresponding to short-time strong showers. In detail, contributions to the entire rain duration
442 and rain amount under five Rr regimes are (40.88%, 36.76%, 15.76%, 3.02%, and 3.58%) and (1%, 9.08%,
443  23.12%, 14.05%, and 52.75%), respectively.
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= € 1000 40 £
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& 500} e . &
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14 : 405% | 2
— g 250f 358% 1103
: < <
0 I O " " " " O
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MMCR observation rate (% R_(mmh?
444 (%) R (MM A1)
445 Figure 8. Ka-MMCR observation rates of warm cloud-precipitation at different height levels (a) and
446 disdrometer-measured accumulated rain duration and rain amount under five rain rate (Rr) regimes
447 (b).
448  3.3. Diurnal variation of warm cloud-precipitation
449 The 18 kinds of measurements and retrievals of the three instruments were further utilized to

450  synthetically elucidate the diurnal variation of warm cloud-precipitation events that happened
451  during the pre-flood season over the LM site.

452 Firstly, the diurnal time series of three macrophysical quantities, including CBH, CTH, and CTK,
453  were investigated as shown in Figure 9. The statistics of ceilometer-measured results [Figure 9(a)]
454 show that warm cloud-precipitation owns an average CBH ranging from 0.95 to 1.6 km. Despite
455  exhibiting a quite low cloud base, a gradually rising trend of CBH during 1200-2300 can be found
456  attributed to the intensification of solar radiation. Comparing the ceilometer-measured CBH with the
457  MMCR-derived counterpart, the latter is perceived to be basically reliable with a similar variation
458  trend and a bias approximately within 0.5 km. Whereas, the MMCR-derived CBH is more fluctuant
459  due to the limitations of radar sensitivity and precipitation effect. For weak cloud layers, MMCR
460  overestimates the CBH to some extent, because the radar sensitivity (the minimum detectable
461  reflectivity of radar precipitation mode at 1km is -32.1 dBZ) is limited to observe some very small
462  particles near cloud base, such as the results during 1500-1700. For another case, under precipitating
463 condition, MMCR can underestimate the CBH, because it takes the echo base as the CBH, such as the
464  results from 1800 to 2100. Overall, the CBH during 1200-2300 is approximately 0-0.5 km higher than
465  other times. Figure 9(b-c) present the MMCR-derived CTH and CTK; they reveal that warm cloud-
466  precipitation is shallow with an average CTH from 1.2 to 2.25 km and an average CTK from 0.5 to 1.6
467  km.The CTH and CTK also frequently fluctuate in time series and exhibit a generally increase during
468  1200-1900 in the afternoon. At other times, there exist some periods with higher but discontinuous
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CTH and CTK, such as during 0300-1030 and 2100-2230.
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Figure 9. Diurnal time series of cloud base height (CBH) (a), cloud top height (CTH) (b), and cloud

thickness (CTK) (c) measured by MMCR and ceilometer during observation period.

Secondly, MMCR spectral moments and microphysical retrievals are counted to form mean time-
height results to analyze the diurnal variation of aloft cloud-precipitation properties. Figure 10 the
diurnal statistics of the MMCR-measured Z, Vv, Sw, Sk, and Kr. The Z image [Figure 9(a)] indicates
that most of the warm cloud-precipitation is lower than 3 km; however, a small part can approach to
3.5-4 km. The relatively strong echo mainly concentrates on three periods, namely, 0230-1100, 1200-
1800, and 2100-2300, which is a similar feature with the result from Figure 9. During these three
periods, the Z discontinuously fluctuates, and its value can reach up to 5-20 dBZ, which
corresponding to higher cloud tops and attributed to short-time convections. The convections
actually occupy a small proportion of the entire cloud-precipitation events and are the most frequent
during 1200-1800 as a result of the solar radiation heating effect. At other times, the Z is relatively
weaker in a range from -10 to 0 dBZ, with lower cloud tops and fewer convections. Radar-measured
Vu [Figure 10(b)] is all negative, implying the updraft is weak in the cloud body; radar Doppler
velocity is basically dominated by downdraft and particle terminal velocity. Radar-measured Sw
[Figure 10(c)] exhibits relatively high values exceeding 0.75 m-s to the convections, especially in the
middle and upper part of the cloud body, suggesting cloud droplet growth in this area. The Sk [Figure
10(c)] is small within -0.4-0.4 for the entire time-height image, indicating that physical processes in
warm cloud-precipitation are temperate, which can lead to forming symmetrical hydrometeor signal
in radar spectra. However, the Krshows a difference between the cloud middle-upper part and lower
part, that is the cloud middle-upper part mostly has a negative Kr reflecting mild cloud droplet
growth process to form obtuse radar spectra, in contrast, the lower part of cloud owns a positive Kr
due to raindrop rapid collision and coalescence processes to produce peaky radar spectra.
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Figure 10. Diurnal time-height statistics of MMCR five spectral moments, reflectivity Z(dBZ) (a),
mean Doppler velocity VM (m-s?) (b), spectrum width Sw (m-s) (c), spectral skewness Sk (unitless) (d),

and spectral kurtosis Kr (unitless) (e).

For directly characterizing the diurnal variation of cloud-precipitation microphysical properties.
Figure 11 presents diurnal time-height statistics of MMCR-retrieved V1, Va, Dm, N1, LWC, and Rwm.
Figure 11(a) shows that the particle mean terminal velocity VT is generally small within -3-0 m-s™. In
relative terms, the Vris larger during the three periods than other times, relating to convections which
own larger particles. Comparing Va results in Figure 11(b-d), it is found that the vertical air motions
in the warm cloud-precipitation are very weak. The downdraft (the negative Va) and the updraft (the
positive Va) are within -3-0 m-s' and 0-3 m-s?, respectively. The downdraft mainly distributes
throughout the entire cloud-precipitation, especially for some convections, the larger downdraft even
concentrates in the mid- and upper part of the cloud body. However, the updraft mainly located in
the lower part of the cloud-precipitation, only for few individual convections, the updraft can be
larger than 2-3 m/s. The Dmand Nr [Figure 11(e-f)] results illustrate that the mean diameter and
number concentration of warm cloud-precipitation are in ranges from 0.1 to 0.5 mm and from 102 to
105m=. The larger particles consist of raindrops are mostly distributed under CBH with diameters
from 0.25 to 0.5 mm and number concentrations from 102 to 3.16x103m?=3. In contrast, above the CBH,
the cloud droplets are relatively small and mostly own diameters from 0.1 to 0.25 mm and number
concentrations from 3.16x10% to 10°m. The derived LWC and Rr images [Figure 11(e-h)] demonstrate
that the warm cloud-precipitation averagely own liquid water content and rain rate in ranges from 0
to 0.5 gm™® and 0 to 3 mmh", respectively. During the three periods (0230-1100, 1200-1800, and 2100-
2300), the frequent convections own relatively large liquid water and produce relatively stronger
rainfall, whereas, at other times, the LWC and Rr are very limited. Overall, the derived LWC and Rz
present coherent features as the counterparts of Z and Vr, which can imply that the warm cloud-
precipitation events have more water content and stronger rainfall during the three periods.
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521 Figure 11. Diurnal time-height statistics of MMCR retrievals, particle mean terminal velocity Vr (m-s-
522 1) (a), vertical air velocity Va(m-s™) (b), downdraft velocity (negative Va) (c), updraft velocity (positive
523 Va) (d), particle mean diameter Dm (mm) (e), particle total number concentration Nt (m?) (f), liquid
524 water content LWC (g'm-) (g), and rain rate Rv (mm-h) (h).
525 The ground-measured rainfall quantities obtained by disdrometer were also calculated to

526  complement the radar observations. Figure 12 shows the diurnal cycles of ground rainfall occurrence,
527 diameter channel occurrence, Z, Dm, N1, Rr, RM, and LWC. Herein, the rainfall occurrence is defined
528  as the ratio of the rainy minute number to the total operation minute number, and the diameter
529  channel occurrence is defined as the ratio of the minute number of each diameter channel with valid
530  raindrops to the total operation minute number. These two variables can reflect the occurrence of
531  rainfall events in the time domain and contributions of different diameter channels, respectively.
532  Figure 12 (a-b) indicates that the rainfall frequently occurs during the same three periods as MMCR,
533  the rainfall occurrences gradually reach up to peaks of 9.21%, 9.2%, and 6.58% at moments of 0427,
534 1550, and 2200 during these periods. The rainfall occurrence mostly represented by small raindrops
535  with diameter channels within 1.06 mm. The mean DSD image [Figure 12(c)] proposes that the
536  raindrops are inhomogeneous at different moments with apparent variations of their diameters and
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number concentrations, implying multiple types of warm cloud-precipitation both contribute to the
ground rainfall. The raindrops of warm precipitation are quite small and sparse, with most of their
diameters smaller than 1.75 mm and number concentrations from 102 to 10* m3mm-. Only a small
part of raindrops can reach up to 1.75-3.85 mm but with a limited number of concentrations of lower
than 10> m3mm-. The mean Z [Figure 12(d)] irregularly distributes in a range from -10 to 30 dBZ
with an inconspicuous diurnal variation trend. The mean Nt and Dw of raindrops [Figure 12(e-f)] are
mostly less than 10° m* and in a range from 0.5 to 1.5 mm, respectively. The mean Rg, Ry, and LWC
[Figure 12(g-i)] have great variations in ranges from ~0 to 34.4 mm-h", from ~0 to 1.61 mm, and from
~0 to 1.21 g-m3, respectively. They both exhibit several peaks during the three periods, at which their
values are much larger than their counterparts at other moments as a result of more frequent
convections. Theoretically, Z, Rr, and LWC are proportional to the 6th/3rd/3rd power of particle
diameter and the 1st/1st/1st power of particle number concentration, respectively. Therefore, to
further view the contributions of particle size and number concentration to rainfall quantities, herein,
two groups of correlation coefficients (CCs) of Dm-Z, Dm-Rg, and Dm-LWC (group 1), and Nrt-Z, Nr-
Rg, and N1-LWC (group 2) are calculated, respectively. In general, a CC can represent the variation
trend of two variables; specifically, herein, it can also imply either particle size or number
concentration of raindrops dominate the Z/ Re/LWC. The CCs of two groups are 0. 8169, 0. 67, and
0.6815 (group 1), and 0.6266, 0. 4777, and 0.5844 (group 2), respectively. They conclude that the rainfall
Z is mostly dominated by raindrop diameter, as usual. However, Rk and LWC are not greatly
dominated by particle diameter, but also with quite apparent contributions of particle number
concentration. In addition, the CC of Rr and Rwm is 0.8544, which indicates the rain amount of warm
precipitation is not induced by rainfall duration but produced by strong showers with large Rr. This
find is agreed with the result of Figure 8(b).
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561 Figure 12. Diurnal variations of ground rainfall occurrence (a), raindrop diameter occurrence (b),
562 raindrop size distribution (c), reflectivity Z(dBZ) (d), particle mean diameter Dm(mm) (e), total
563 number concentration Nt(m-) (f), rain rate Rr (mm:-s™) (g), rain amount Rm (mm) (h), and liquid water
564 content LWC (g-m?) (i) measured by ground disdrometer.
565  3.4. Vertical structures of warm cloud and precipitation
566 The vertical structure reflects the thermodynamic and microphysical processes in cloud-

567  precipitation. Although basic results of vertical structures of warm cloud-precipitation have been
568  described in subsection 3.3, clearer features and differences between cloud and precipitation are
569  further studied in this subsection. Figure 13 shows the occurrences of CBH, CTH, CTK, and CLN at
570  different height levels measured by the ceilometer and MMCR. The ceilometer-measured results
571  [Figure 13(a)] indicate that the CBH of warm cloud-precipitation is in a range from 0.3 to 4 km, and
572  the occurrence rapidly increases along with height between 0.3 and 0.9 km to reach up to a maximum
573 0of 8.47%. Whereas, after that, the occurrence gradually decreases as height increases. Most of the CBH
574  with an accumulated occurrence of 90.23% is below 2.2 km. The CTH presented in Figure 13(b)
575  demonstrates that the MMCR-measured CTH is relatively decentralized and distributes in a range
576  from 0.6 to 4.2 km. The CTH occurrences at different heights both seem to be nonnegligible with
577  values from 1% to 5% as a result of the certain existence of various types of cloud-precipitation over
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the observation site. Considering the advantages and disadvantages of the MMCR and ceilometer,
the CTK is a synthetic result obtained by subtracting the ceilometer-measured CBH from the MMCR-
measured CTH. The result [Figure 13(c)] presents a similar variation trend as the CBH with a value
range from 0.15 to 3.6 km. A majority of CTK with 91.72% is thinner than 2.1 km, and a maximum of
13.8% is located at 0.6 km. For the cloud layer number, Figure 13(d) proposes that 76.1% of CLN is
single, the occurrences of two-layer and three-layer CLN are 20.6% and 3.29%, respectively.
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Figure 13. Occurrences of ceilometer-measured cloud base height CBH (a), MMCR-derived cloud top
height CTH (b), synthetic cloud thickness CTK (c), and cloud layer number CLN (d).

Cloud and precipitation own different hydrometeors and experience different physical processes.
Therefore, to investigate their features and differences in the vertical orientation, the MMCR
measurements and retrievals were further divided into two groups, that is a group for cloud and
another group for precipitation. The division is based on the ceilometer-measured CBH; namely, the
MMCR result at any range gate is determined as a cloud target when it locates above the CBH,
oppositely, it was taken as a precipitation target when it lies under the CBH. Furthermore, for
convenient analysis of the vertical structures of cloud and precipitation, herein, the normalized
contoured frequency by attitudes diagrams (NCFADs), which is a kind of diagram typically used to
show the occurrence frequency distribution of radar measurements at each height level, are
calculated and analyzed.

Figure 14 presents the NCFADs of MMCR five measurements, including Z, Mv, Sw, Sk, and Kr.
Comparing the results between cloud and precipitation, as shown in Figure 14(al-el) and (a2-e2),
respectively, several conclusions can be addressed as follows: (I) these measurements of cloud and
precipitation have certain differences of frequency distributions in the height and value ranges. (II)
Their height ranges of cloud mostly distribute within 0.3-4.2 km. However, the counterparts of
precipitation located at lower height levels approximately below 2.3 km. (III) For convenience,
occurrences greater than 0.3 %o are used to represent the majority distribution of the five
measurements. In this case, for Z [Figure 14(al) and (a2)], it can be seen that the cloud reflectivity is
in a narrower range from -15 to 10 dBZ within 0.57-2.55 km, in contrast, the precipitation reflectivity
is in a broader range from -22 to 24 dBZ with lower height levels below 1.26 km. The reflectivity
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frequency centers of cloud and precipitation appear at (1km, -10 dBZ) and (0.51km, -14 dBZ),
respectively, and most of the precipitation is stronger than the cloud despite a part of weaker targets
attributed to fogs, water vapor, and turbulence. (IV) The Mv of cloud and precipitation mostly
distribute within 0-4 m/s and 0-6.4 m/s, respectively, indicating the precipitation consisted of
raindrops owns larger terminal falling velocity than the cloud, which composed of cloud droplets.
The cloud and precipitation have comparable Sw with ranges from 0 to 0.9 m's™! and 0 to 1.05 m-s”,
respectively. The Mv and Sw of precipitation decrease more rapidly than the cloud counterparts as
heights declines, implying the collision and coalescence processes of raindrops are remarkable within
a falling path near 2 km and the cloud particle growth with formation of large cloud droplets mainly
occurs in the middle part of cloud body. (V) The cloud particle spectrum changes more moderately
than the precipitation along with height, with majorities of Sk and Kr concentrate within -0.6-0.4 and
-2.4-2, whereas, Sk and Kr of the latter are relatively unconcentrated and distributed in ranges from -
2 to 1.2 and from -2.4 to 6, respectively. These differences denote that the small and large cloud
droplets contribute to comparable radar signals corresponding to relatively symmetrical and flat
radar Doppler spectra. In contrast, the raindrop changes more complicatedly, relating to both the
small-raindrop dominated DSD and the large-raindrop dominated DSD can be both appeared under
different circumstances. Besides, the ranges of Sk and Kr of cloud and precipitation both increase as
height decrease, suggesting the particle spectrum both become wider as a result of cloud particle
growth and raindrop collision/coalescence.
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Figure 14. Normalized frequency by altitude diagrams (NCFADs) of Ka-MMCR measurements. (al-
el) are radar reflectivity Z, mean Doppler velocity Mv, spectrum width Sw, spectral skewness Sk, and
spectral kurtosis Kr, respectively, for cloud. (a2-e2) are the same quantities as (al-el), but for
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630 precipitation.

631 The NCFADs of MMCR-derived VT, Va, Dy, N1, LWC, and Rr are further shown in Figure 15 (al-
632  fl1) and (a2-f2) to compare the features and differences of dynamic and microphysical properties of
633  cloud and precipitation. Comparisons of the six retrievals reveal that: () these retrievals of cloud and
634  precipitation concentrate in different value and height ranges with a similar feature as found in
635  Figure 14. (II) For clearer comparison, occurrences higher than the 3rd tick in color bar of the NCFADs
636  are used to represent the majority distributions of the retrievals. In this case, it can be seen that the
637  cloud droplets own much slower terminal falling velocities than the precipitation raindrops due to
638  smaller sizes. The Vr of cloud droplets and raindrops are in ranges from -1.8 to 0 m-s* and from -4.2
639  to 0 ms?, respectively. The Vr of raindrops in precipitation rapidly decrease along with height as a
640 result of collision and coalescence effects, whereas, the Vr of cloud droplets decreases much slowly
641  and conversely turns to increase near the cloud base due to evaporation effect. (III) Despite the vertical
642  air motions are both small in the interior of cloud and precipitation, the updraft and downdraft in
643  the latter are stronger than that in the former. Their Vas are in ranges from -1.4 to 1.2 m's! and from
644  -0.8 to 0.6 m's, respectively. The updraft and downdraft in precipitation both increase as height
645  decreases, the updraft mainly occurs in the low level and gradually weakened by the rainfall scour,
646  and the downdraft increase mainly attributed to the rainfall drag and evaporation effects. (IV) The
647  precipitation has much larger hydrometeor than the cloud, their Dws are in ranges from 0.18 to 0.48
648 mm and from 0.152 to 0.216 mm, respectively. Oppositely, the cloud owns more particle number than
649  the precipitation, their Nts are in ranges from 6.3x102 to 2x104 m* and from 6.3x10! to 3.98x10% m?,
650  respectively. The droplets in the cloud middle part can be slightly larger than that in the cloud lower
651  and upper part because of the particle growth process. The larger raindrops gradually yield as height
652  decreases attributed to the collision and coalescence processes. The particle numbers of cloud and
653  precipitation are both gradually decrease along with height. (V) The cloud and precipitation both
654  own comparable LWCs with values range from 0 to 0.45 g-m? and from 0 to 0.5 g/m?3, respectively.
655  Due to the larger terminal falling velocity, the precipitation has relatively a larger Rr than the cloud,
656  their values range from 0 to 1.4 mm-h? and from 0 to 2.2 mmh, respectively.
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Figure 15. Normalized frequency by altitude diagrams (NCFADs) of Ka-MMCR retrievals. (al-f1) are
particle mean terminal velocity Vr, vertical air velocity Va, particle mean diameter Dw, particle total
number concentration N1, liquid water content LWC, and rain rate Rg, respectively, for cloud. (a2-{2)

are the same meaning as (al-f1), but for precipitation.

3.5. Particle size distributions of warm cloud and precipitation

Particle size distributions of cloud and precipitation are vital information for numerical models.
The MMCR can simultaneously derive high-spatiotemporal resolution of particle diameter and
number concentration from Doppler spectra. However, as shown in Figure 15, the cloud droplets
smaller than 0.12 mm are unavailable because of the limitation of radar sensitivity. Therefore, herein,
particle size distributions only for large cloud droplets and raindrops are mainly concerned. Note
that the above mentioned CBH-based classification approach of cloud and precipitation can
misclassify a partial of particles and cause unideal statistical results of cloud and precipitation. Thus,
the particles in both cloud and precipitation can be contaminated by each other to some extent.

Figure 16 (a) and (b) present the radar-derived mean particle size distributions of cloud and
precipitation in five Z regimes. It can be seen that the particle spectra in cloud and precipitation
gradually becomes wider with both increases of particle size and number concentration as radar-
measured Z increases. The cloud owns narrower spectra than the precipitation, for the number
concentration greater than 1 m3-mm-, the particle diameter of cloud and precipitation in five Z
regimes are within (0.12-0.54 mm, 0.12-0.64 mm, 0.12-0.73 mm, 0.12-0.86 mm, and 0.12-Imm) and
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(0.13-0.97 mm, 0.13-1.19 mm, 0.13-1.35 mm, 0.15-1.48 mm, and 0.15-1.84 mm), respectively, and their
maximums of number concentrations are (7.7625x10* m3mm, 1.6596x105 m3mm-, 1.7378x105 m-
3mm-, 2.3442x10° m3-mm-?, and 2.2909x10° m3mm") and (7.9433x10°> m3mm-, 3.02x10* m3mm-,
5.8884x10* m3mm, 9.3325x10* m3-mm, and 1.1749x10° m?mm-'), respectively. In addition, the
derived particle size distributions of cloud and precipitation both seem to be exponential as a study
by Marshall and Palmer [72]. Therefore, herein, the formulas of particle size distributions for warm
cloud and precipitation in different reflectivity regimes are further fitted and proposed. The
expression can be written as,
N(D) = a x exp(B x D) (27)

where D (mm) is the particle diameter, N(D) (m*mm-) is the number concentration of the diameter
D, a and B are the intercept and slope parameters. The fitting results are shown in Table 3. It
presents that the particle size distribution in both warm cloud and precipitation can be quite well
expressed by the exponential formula with high fitting rates within 0.82-0.9985.

6 6
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Figure 16. MMCR-retrieved mean particle size distribution of cloud (a) and precipitation (b) in five
different Z regimes.

Table 3. The fitting results of particle size distribution expression N(D) = a X exp(B x D) for warm
cloud and precipitation.

Cloud Precipitation
Z (dBZ) a B Fitting rate =~ Z (dBZ) a p Fitting rate
<-15 6.841x10>  -31.97 0.9985 <5 5.747x10>  -17.18 0.9463
<-10 1.874x10¢  -29.01 0.9851 5-10 5.138x105  -11.72 0.9036
<-5 2.202x106  -25.62 0.9656 10-15 4.481x10°> -9.587 0.854
<0 1.927x106  -22.1 0.9284 15-20 6.498x10°>  -8.126 0.82
<5 1.629x10°  -19.59 0.9122 >20 4.946x105  -7.504 0.9014

4. Discussion

As analyzed in subsection 3.4 and 3.5, the MMCR combined with ceilometer can separate the
warm cloud and precipitation, which consist of cloud droplets and raindrops, respectively. However,
a small part of hydrometeor is still unsuccessfully classified and can affect the statistical results of
vertical structures and particle size distributions of cloud and precipitation. As shown in Figure 14-
16, the related statistics of cloud and precipitation exhibit no clear boundaries. This deficiency may
be caused by the measuring bias of ceilometer CBH, which misclassifies a part of raindrops as cloud
droplets, as well as mistakes a part of cloud droplets as raindrops. In addition, some low-level weak
targets detected by the MMCR, such as clutter, turbulence, fog and et al.,, which lie under the
ceilometer-measured CBH, can also be incorrectly misclassified as raindrops. Therefore, herein,
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MMCR-derived particle size distributions under CBH (150-300 m) in different Z regimes are further
compared with the disdrometer measurements in order to discuss the misclassification of
precipitation and verify the reliability of MMCR-derived result. The comparisons are shown in Figure
17, which indicate that: (I) despite a much higher resolution of MMCR, the derived particle size
distribution with no Z limitations [Figure 17 (a)] is different with the disdrometer measurement, the
former presents higher/lower number concentrations as the particle diameter less/greater than 0.4
mm. (I) While, for the results in the posterior four Z regimes as drawn in Figure 17 (b-f), the radar
gradually draws near to the disdrometer as Z increase from 5 to 20 dBZ. Especially for Z within 15-
20 dBZ, the radar result is quite well with small deviations compared with the disdrometer
counterparts. For Z greater than 20 dBZ, the radar result is more fluctuant because of the decrease of
data volume. (IlI) For large raindrops, the radar-derived result underestimates the number
concentration because of the limitation of signal attenuation and oversaturation at low levels.
However, for the small targets, such as the particles in the first and second diameter channels of
disdrometer, as shown in Figure (a-d), the radar-derived number concentrations of targets are greater
than the reality of raindrops, indicating that the radar retrievals contain some contaminations
induced by the non-rainfall targets. Furthermore, it can be found that the contamination seems to be
disappeared as Z increasing to 15 dBZ, under which reflectivity the radar signal impossibly contains
a noticeable part of the non-raindrop weak targets.

5 5
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724 Figure 17. Comparisons of MMCR-retrieved (150-300 m) and disdrometer-measured (on the ground)
725 mean particle size distributions of precipitation in five different Z regimes.
726 5. Conclusions
727 The vertically pointing Ka-MMCR in conjunction with the laser ceilometer and disdrometer

728  provides continuous and high-spatiotemporal-resolution measurements of cloud-precipitation. In
729  this paper, appropriate data processing, quality control and retrieval technologies for the MMCR and
730  disdrometer were presented to improve the data quality and obtain additional macrophysical and
731  microphysical parameters of cloud-precipitation. Subsequently, 18 kinds of quantities of these three
732  instruments were used to study the distribution, diurnal variation, vertical structure, and physical
733  property of warm cloud-precipitation in South China during the pre-flood season.

734 The results showed that the proposed technologies can eliminate the plankton target
735  contamination and alleviate signal attenuation of MMCR, and correct overestimation and remove the
736  problematic data of disdrometer. The occurrence of aloft warm cloud-precipitation gradually
737  decreased as height increased, and most of hydrometeors were concentrated below 2 km. The ground
738  rainfall was dominated by light precipitation most of the time. However, short-time strong showers
739  contributed to the majority of rain amounts. The cloud mostly had base heights below 2.2 km,
740  thicknesses thinner than 2.1 km, and decentralized top heights within 0.6-4.2 km. Most of cloud-
741  precipitation with 76.1% were single-layer, 20.6% and 3.29% were double-layer and triple-layer. The
742  cloud-precipitation had certain diurnal variations. The cloud base height had a rising trend during
743 the afternoon and midnight because of solar radiation heating. Convections were more frequent
744 during three periods, namely, 0230-1100, 1200-1800, and 2100-2300, with higher cloud tops, thicker
745  cloud thickness, higher rainfall occurrences, stronger radar reflectivity, larger hydrometeors, higher
746  concentrations, faster particle terminal velocities, larger water contents, and stronger rain rates. At
747  other times, the convections were relatively rare and weak.

748 Cloud and precipitation were separated and dividedly calculated. The results indicated that they
749  had different vertical structures and physical properties, exhibiting different value ranges and
750  changes along with heights of radar reflectivity, terminal falling velocity, vertical air motion, particle
751  size, particle number concentration, liquid water, and rain rate. It was also found that air motions in
752 warm cloud and precipitation were both weak, the updrafts mainly occurred in the low level and
753  weakened along with height by rainfall scour, the downdraft gradually increased as height decreased
754  attributed to the rainfall drag and evaporation effects. For physical processes, the cloud particle
755  spectrum changed more moderately along with height than the precipitation, with the particle
756  growth process mainly occurred in the middle part of cloud body. In contrast, the collision and
757  coalescence processes of raindrops in precipitation were more rapidly, especially in a 2-km falling
758  path near the ground. The particle size distributions of warm cloud and precipitation can both be
759  well fitted by exponential expressions.

760 Verification of radar-retrieved raindrop size distribution showed that the radar result was very
761  coherent with the ground measurement when the reflectivity of precipitation was within 10-20 dBZ.
762  However, for other reflectivity regimes, radar retrievals underestimated large raindrops and
763  overestimated small raindrops, as a result of reasons, including differences in instruments’ sensitivity
764  and sampling height, contamination of other non-precipitating weak targets, and attenuation under
765  strong rainfall condition.
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Appendix A
Table A. Abbreviations used in this paper
No. Abb. Meaning No. Abb. Meaning
1  MMCR millimeter-wave cloud radar 13 Kr  spectral kurtosis
2 SP Doppler spectrum 14 CTIK cloud thickness
3 V4 reflectivity 15 CLN cloud layer number
4 VM mean Doppler velocity 16 Va  vertical air velocity
5 Sw spectrum width 17 Vr  particle mean terminal velocity
6 LDR  linear depolarization ratio 18  Dwm  particle mean diameter
7 CBH  cloud base height 19 Nr  particle total number concentration
8 CTH  cloud top height 20 LWC liquid water content
9 DSD  drop size distribution 21 LM, Longmen weather observatory
10 Rr rain rate 22 Ve falling velocity
11 Rm rain amount 23 QC  quality control
12 Sk spectral skewness
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