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Abstract: Evaluation of the cloud seeding effect is a challenge due to lack of directly physical obser-
vational evidence. In this study, an approach for directly observing the cloud seeding effect is pro-
posed using a 1548 nm coherent Doppler wind lidar (CDWL). Normalized skewness was employed
to identify the components of the reflectivity spectrum. The spectrum detection capability of a
CDWL was verified by a 24.23-GHz Micro Rain Radar (MRR) in Hefei, China (117°15" E, 31°50’ N),
and different types of lidar spectra were detected and separated, including aerosol, turbulence,
cloud droplet, and precipitation. Spectrum analysis was applied as a field experiment performed in
Inner Mongolia, China (112°39" E, 42°21' N ) to support the cloud seeding operation for the 70th
anniversary of China’s national day. The CDWL can monitor the cloud motion and provide wind-
shear and turbulence information ensuring operation safety. The cloud-precipitation process is de-
tected by the CDWL, microwave radiometer (MWR) and Advanced Geosynchronous Radiation Im-
ager (AGRI) in FY4A satellites. In particular, the spectrum width and skewness of seeded cloud
show a two-layer structure, which reflects cloud component changes, and it is possibly related to
cloud seeding effects. Multi-component spectra are separated into four clusters, which are well dis-
tinguished by spectrum width and vertical velocity. In general, our findings provide new evidence
that the reflectivity spectrum of CDWL has potential for assessing cloud seeding effects.

Keywords: Doppler wind lidar; spectrum skewness; cloud seeding; precipitation

1. Introduction

Cloud seeding is a common technique that changes the amount or type of precipita-
tion, dispels fog, suppresses hail and weakens hurricanes [1-3]. Precipitation modification
activities are usually performed by dispersing seeding agent particles into the air, which
can increase cloud condensation or ice nuclei to enhance surface precipitation [4]. Cold
clouds that contain supercooled liquid water (temperature below 0 °C) are seeded by sil-
ver iodide (Agl) [5], dry ice (frozen carbon dioxide) [6], and other agents [7-9]. The pre-
ferred agent is Agl, with a crystal structure similar to ice that can contribute to the freezing
of supercooled water [10]. One method of cloud seeding is using ground-based burners,
rockets, or cannons. The seeding agent is then launched into the upper part of the target
cloud [11]. Another method uses aircraft flying around the target region and spraying
seeders into the cloud [12,13]. The integrating autonomous unmanned aircraft system is
applied to weather modification activities [14].

Direct observation of ice crystal formation and evolution is one of the most critical
issues in supercooled stratus cloud seeding operations. It is still a challenge to
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distinguishing between the impacts of cloud seeding and the natural variability of
weather systems on the cloud-precipitation process [15], which requires multi-platform
simultaneous observations [4,16]. For instance, only two of 36 experiments for seeding
effects were confirmed by the research aircraft, radar, and surface instrumentation, mainly
due to the natural fluctuations in ice crystal concentrations [17]. Radars are widely applied
to obtain supercooled cloud seeding processes [5,18,19]. After Agl being released, the pro-
cesses of supercooled liquid converting into ice particles, subsequent growing into pre-
cipitation are analyzed by combined with in-situ measurements and radar [20]. Satellites
play an important role in detecting some seeding effects, such as Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO), Ice, Cloud, and land Elevation Sat-
ellite (ICESat) [21-25]. Other measurements such as polarization lidar [26-28], unmanned
aerial vehicles [29], C- and W-band dual-polarization radars [30,31] can help ice cloud
detection and the tracking of cloud seeding. The process of cloud seeding has strong com-
plexity and variability in time and space. More detection methods need to be developed
in order to obtain details of the cloud phase transformation and ice crystal evolution with
high spatial and temporal resolution.

The Doppler wind lidar as an active optical remote sensing instrument measures the
radial velocity accurately; these are primarily applied in detecting windshear [32], turbu-
lence [33-36], aircraft vortex [37], fog [38,39], the atmosphere boundary layer [40], and
gravity waves [41] under clear air conditions [42—45]. Recently, lidars have been extended
to precipitation detection for their ability to detect the aerosol and precipitation signals
simultaneously under rain conditions [46-50]. By deep analysis of the power spectrum,
the CDWL can provide precise wind and rain detection with high spatial and temporal
resolutions [51]. Based on accurate spectral measurements, the CDWL has the potential to
reflect cloud phases, and thus it can be developed as a new way for cloud seeding detec-
tion.

In this work to support the cloud seeding operation, a CDWL was applied to detect
wind, precipitation, and clouds simultaneously. The paper is organized as follows: the
instruments are described in Section 2. In Section 3, the verification experiment using a
CDWL and a MRR is presented. In Section 4, the application of the CDWL in a cloud
seeding operation is presented. Finally, a conclusion is drawn in Section 5.

2. Instruments

A compact all-fiber CDWL system operating at an eye-safe wavelength of 1548 nm
was used. The pulse duration and pulse energy of the laser was 200 ns and 110 pJ, respec-
tively. The radial spatial resolutions were set at 30/60/150 m in the range of 0-2.5/2.5-
5.5/5.5-13.0 km. The range-varying resolution is designed to improve the detection prob-
ability in the high altitude where the aerosol concentration is low. More detailed parame-
ters and applications of the CDWL are introduced in previous work [41,47,51].

The MRR is a frequency modulated continuous wave (FMCW) radar (MRR-2,
METEK GmbH). It operates at 24.23 GHz with a transmitting power of 50 mW. The main
advantage of the MRR is that very small amounts of precipitation are detectable [52]. It
provides profiles of drop size distribution, rain rate, falling velocity, and other precipita-
tion parameters resolved into 30 range gates. In this study, the temporal and spatial reso-
lution of the MRR was set as 1 min and 100 m, respectively.

3. Verification Experiment

The verification experiment was conducted at the campus of the University of Science
and Technology of China, Hefei, China (117°15"' E, 31°50" N). Measurements observed by
the CDWL and MRR on 17 June 2019, 20 June 2019, and 12 July 2019 are shown in Figures
1 and 2, respectively.

The CNR represents signal intensity and determines the accuracy of other retrieved
results, as shown in Figure la—c. Clouds are characterized by a steep increase of carrier-
to-noise ratio (CNR) at the cloud base, followed by a strong decrease of CNR at the cloud
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top. Spectrum broadening due to multiple scattering of clouds is observed, for instance,
from 1:00 to 9:30 p.m., 20 June 2019 at an altitude of 0.5 km, as shown in Figure le. Spec-
trum broadening is obvious under precipitation for both aerosol and rain spectral compo-
nents detected, as shown in Figure 1d—f. In addition, clear air turbulence, windshear, and
aircraft wake lead to spectrum broadening due to strong velocity dispersion. Spectrum
broadening due to multiple spectral components is more obvious than that of other fac-
tors, as statistically analyzed in [51]. The normalized skewness (Sk) is introduced to im-
prove measurement of spectra shape, as in the following:

Sk = (M, — M)/(M, + M) (1)
where
M, = f CPUFm— S M= [ PUD - f)df @)
i=m-1 i=m+1

fi and P(f;) are the Doppler frequency and power spectrum intensity at sampling
point i, respectively. f;, is associated with the maximum signal intensity. The calculation
contains 2N + 1 samples around f,,,, which are determined by the spectrum width and
sample rate. The positive skewness means the spectrum is a right-tailed curve, and vice
versa. Cubic spline interpolation can be pre-performed to smooth the spectrum curve and
improve the robustness of the skewness calculation.
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Figure 1. Precipitation processes observed by the CDWL on 17 June 2019, 20 June 2019, and 12 July
2019. (a)-(c) CNR. (d)-(f) spectrum width. (g)—(h) skewness. (j)—(1) surface rain rate provided by a
Davis weather station.

The skewness deviates from 0 under precipitation, as shown in Figure 1g—i. Both
spectrum width and skewness have vertical strip structures under the precipitation, sim-
ilar to the MRR results shown in Figure 2. The spectrum skewness is more accurate to
indicate precipitation with respect to the spectrum width. For instance, from 2:30 a.m. to
4:00 a.m. local time on 20 June 2019, the variation of spectrum width is not significant
compared with that of skewness at an altitude of 0.1-0.5 km, while precipitation is de-
tected by MRR. The precipitation time identified by the skewness is matched well with
the real-time surface rain rate, as shown in Figure 1j-1. Precipitations at a high altitude of
0.5-2 km is detected by CDWL between 17 June 2019 and 12 July 2019. In these situations,
the variation of skewness is significant at high altitudes, while little water is accumulated
at the surface. Since the skewness is sensitive to the Doppler spectrum component, the
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CDWL can be used to detect precipitation and cloud structures accurately when com-
pared with MRR. The CDWL can reflect cloud characteristics, while the detection range is
affected by cloud attenuation.

Height(km)

0:00  6:00 12:00 18:00 24:00 6:00 12:00 18:00 24:00 6:00 12:00 18:00 24:00
17 June 2019 (Local Time) 20 June 2019 (Local Time) 12 July 2019 (Local Time)

Figure 2. Precipitation processes observed by the MRR on 17 June 2019, 20 June 2019, and 12 July
2019. (a)—(c), radar reflectivity. (d)—(f) vertical velocity. (g)—(i) rain rate.

In order to illustrate the ability of the CDWL to identify spectral components, differ-
ent types of Doppler spectra sampled from Figure 1 are shown in Figure 3. Figure 3a—c
show the general spectrum in stable air conditions, the broadened spectrum due to the
multiple scattering of clouds, and the Doppler spectrum with spectrum broadening due
to turbulence at 12:00 p.m., respectively. Figure 3d-1 shows different types of Doppler
spectra during precipitation as identified by skewness. In detail, Figure 3d-h exhibit Dop-
pler spectra with distinct double-peak distribution, which are easy to separate into aerosol
and raindrop components with double-peak fitting. Figure 3i, j presents biased unimodal
structures with spectrum broadening, in which overfitting may occur and cause mislead-
ing results for too many freedom degrees in double-peak fitting. To address it, it is neces-
sary to reduce the scope of the fitting solutions by restrictions. Union double-peak fittings
are applied with fixed f, — f;, to separate aerosol and rain components for these over-
lapped spectra at the same altitude, because the main difference of Doppler velocity is
caused by vertical velocity.

Figure 3k, 1 shows biased single-peak Doppler spectra with small spectrum broaden-
ing, indicating that the signal intensity of one component is significantly weaker than that
of the dominating component. The hidden peak is searched for using the residual spec-
trum between the observed spectrum and a Gaussian spectrum [46]. Compared with spec-
tra shown in Figure 3d—j, the spectrum broadening is not obvious in Figure 3g, h, k, 1,
while the normalized skewness significantly deviates from 0.

The verification experiment indicates that the CDWL shows a good performance in
power spectra measurement. Different types of components can be accurately identified
and separated by multiple parameters derived from lidar spectra, which are useful for
studying aerosol, precipitation, and clouds.
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Figure 3. Examples of different types of Doppler spectra. (a) General aerosol spectrum; (b) cloud
spectrum; (c) spectrum under strong turbulence; (d)—(l) precipitation spectra and its separation re-
sults. Circles stand for the raw data of spectra. Black lines represent fitting results. The yellow
shadow and light blue shadow represent separated aerosol and rain components, respectively.

4. Application in an Artificial Precipitation Operation

The method was integrated into the CDWL to support the cloud seeding operation.
The field experiment was performed at an airport of Xilin Gol grassland, Inner Mongolia,
China (112°39' E, 42°21' N), from 28 August to 1 October 2019. The velocity azimuth dis-
play (VAD) technique was used to retrieve the vertical wind profile. The lidar operated in
the VAD scanning mode with an elevation angle of 60° and a period of 2.5 min. The VAD
technique was used to retrieve the vertical wind profile. The azimuth angle scanned from
0° to 300°, with an angle step of 5°. The CDWL results of cloud, precipitation, windshear,
and turbulence intensity during the experiment are given in [51,53].

A cloud seeding event was conducted locally to accelerate the development of the
precipitation process within the clouds. The cloud seeding operation started at 5:30 p.m.
local time, 12 September 2019. The seeding was conducted by burning about 60 silver io-
dide cigarette strips carried by five aircraft. Each strip weighed 4.2 kg, including 125 g of
silver iodide. Aircrafts seeded Agl into the cold cloud from the altitude of 4.0-4.5 km to
help increase the probability of ice crystal formation and growth into precipitation hydro-
meteors.

The cloud phase is provided by the Advanced Geosynchronous Radiation Imager
(AGRI) in FY4A satellites [54], with a spatial resolution of 4 km, as shown in Figure 4.
Figure 4a shows the cloud phase across the China region at 5:30 p.m. local time. The seed-
ing was conducted by the five aircraft simultaneously in the target region, which is repre-
sented by the yellow square in Figure 4a. Cloud phase distribution of seeding regions at
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different times are shown in Figure 4b—e. The black triangle indicates the location of the
CDWL. The orange arrows represent the wind vector. Mixed clouds were dominant at the
beginning of seeding operation, as shown in Figure 4a. Then the obvious growth of ice
crystals was detected after the seeding near the lidar location.

Clear  Water Supercooled Mixed Ice  Uncertain Space Fillvalue
T T

W
n

Latitude

70 80 90 100 110 120 130 112 113 114 112 113 114
Longitude Longitude Longitude

Figure 4. Cloud phase provided by FY4A satellite in 12 September 2019, local time. (a) shows the

cloud phase across the China region at 5:30 p.m. local time, the yellow square indicates the seeding

region. (b)—(e) show cloud phase distribution of seeding regions at different times. The black trian-

gle indicates the location of the CDWL. The orange arrows and black triangle represent the wind

vector and the location of the CDWL, respectively.

Atmospheric profiles provided by the microwave radiometer (MWR) are shown in
Figure 5. Application and detail specifications of the MWR are provided in [51]. Temper-
ature, water-vapour, and liquid water content of the seeding region at 5:30 p.m. were
-5.8~-9.3 °C, 2.5-3.2 gm, and 0.12-0.15 gm=, respectively. Temperature and water-va-
pour were decreasing while liquid water content was increasing after the seeding opera-
tion. The liquid water content reached 1.22 gm=3, when precipitation occurred.
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Figure 5. Continuous MWR observation results during 12-13 September 2019.
The cloud seeding is documented by the CDWL, as shown in Figure 6. The cloud

base is marked by black circles in Figure 6a. The cloud and wind speeds are shown in
Figure 6d—f, which are retrieved by single peak fitting. The detection of the cloud
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boundary and its velocity contributed to determine the time and position of the seeding
operation. Before the cloud seeding, the cloud base moves downward from about 6 km to
3 km. During the cloud seeding, the CNR at 4.0-4.5 km altitude was increased from 5:30
p-m. to 6:00 p.m. local time. The corresponding vertical velocity had significant changes
in the ice region near 4 km, as shown in Figure 6f. The injection of Agl particles into a
supercooled cloud layer released latent heat, forming buoyancy in the ice-affected region
[4,13]. Thus, a small-scale and persistent updraft airflow was accompanied by downdrafts
on the outside edges [55]. There was a vacancy region in the ice-affected region near 6:00
p-m. local time. It might be that rising and descending airflow were neutralized, causing
the cloud water to erode by evaporation, and leading to formation holes in clouds [56].
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Figure 6. A cloud seeding operation process detected by CDWL during 12-13 September 2019. (a)
CNR, (b) spectrum width, (c) skewness, (d) horizontal wind speed, (e) horizontal wind direction,
(f) vertical wind velocity, (g) turbulent kinetic energy dissipation rate (TKEDR), (h) shear intensity.
The TKEDR is used to estimate turbulence intensity [35]. The vertical red dash-dotted line in (a)
represents the moment (5:30 p.m.) when seeding begins. The vertical black dash-dotted line repre-
sents the moments half an hour before and after seeding. The vertical white dash-dotted line stands
for the moment (6:40 p.m.) when precipitation begins.

After the seeding began, the CNR at the 0-1.5 km altitude was increased from 5:30
p-m. to 7:00 p.m. local time (Figure 6a). There was a large amount of silver iodide-type
aerosols in the boundary layer via wet deposition over large areas [57], which were not
completely injected into the cloud environment. These silver iodide-type aerosols were
washed out near the atmospheric boundary layer (ABL), with variation of wind speed and
direction, which served as an inadvertent transporter of the seeding agent that sometimes
happens in weather modification practices [58]. The lidar using VAD scanning can only
detect the seeding particles in the inverted cone. Low altitude particles are detected at
first, and then higher altitude particles can be detected with particle transport. Silver
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iodide-type aerosols might serve as cloud condensation nuclei (CCN) and thus have a
substantial effect on cloud properties and the initiation of precipitation [59-61]. After a
while, the precipitation began (6:40 p.m.), which can be seen from the broadened spectrum
width and increased skewness in Figure 6b, c, indicating the positive effectiveness of the
cloud seeding. The airport was experiencing strong winds, with ground-level wind speed
exceeding 15 m/s frequently, as shown in Figure 6d. It can easily produce wind shear and
turbulence, which may threaten the safety of aircraft operation. For instance, strong low-
level jets were detected during the experiments, as presented in [51]. Therefore, an im-
portant role of lidar is to provide windshear and turbulence alerts, as shown in Figure 6g,
h.

Phase transformation and precipitation formation in seeded clouds are associated
with the Wegener-Bergeron-Findeisen (WBF) process. The equilibrium vapor pressure of
water vapor with respect to ice is less than that with respect to liquid water at the same
subfreezing temperature [62]. Before cloud seeding, supercooled liquid water and ice
crystals coexist in mixed phase clouds, but the concentration of natural ice nuclei is very
small. There is a competitive relationship between the rate of generation and scavenging
of supercooled liquid water in the target region [63]. After the seeding flight, Agl particles
are injected into supercooled water supplying a large number of tiny artificial ice nucleus,
and the process of supercooled liquid water scavenging by evaporation and vapor con-
densing into ice crystals is greatly strengthened. Thus, the ice crystals would gain mass
by vapor deposition, at the expense of the supercooled water that would lose mass. Upon
attaining sufficient weight, the ice crystals would fall. As altitude descends with temper-
ature gradually increasing, the ice crystals generate liquid cloud droplets by melting. Sub-
sequently, a mixed layer is formed, which makes the lidar signal difficult to penetrate, as
shown in Figure 6a. In particular, the cloud spectrum width and skewness after seeding
have a two-layer structure, and this continues for several hours, as shown in Figure 6b, c.
The skewness of the lower layer (cloud base) is close to 0, with little spectrum width
broadening, indicating that the lower layer is comprised of liquid cloud droplets. How-
ever, the skewness of the upper layer deviates from 0, with obvious spectrum width
broadening, indicating that multiple components are mixed in this layer. This mixed layer
might contain big cloud droplets, raindrops, melting ice particles, graupels, and small hail
[59,61].

In order to investigate specific components of the mixed layer, these multi-compo-
nent spectra including mixed cloud spectra and precipitation spectra are identified by
skewness. Then Doppler velocity and spectrum width are separated from these spectra
by two-peak fitting, as demonstrated in Section 3. For the precipitation spectrum, the left
peak with smaller Doppler velocity is grouped as cluster A (aerosol component), and the
corresponding right peak with larger Doppler velocity is grouped as cluster B (raindrop
component) [47,51]. For the mixed cloud spectrum, the left and right peaks are grouped
as cluster C and cluster D. Then, velocity components are retrieved from Doppler velocity,
using the filtered sine wave fitting (FSWF) method [64], as shown in Figure 7. The hori-
zontal speed and direction of spectrum components are close because of the drag effect,
as shown in Figure 7b, ¢, f, g. The spectrum width and vertical velocity of cluster C are
different from these of cluster D, but close to these of cloud base, as shown in Figure 7a,
d. It indicates that cluster C is comprised of liquid cloud droplets as well.
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Figure 7. (a) The spectrum width of aerosol and cluster C; (b) horizontal speed of aerosol and cluster
C; (c) horizontal direction of aerosol and cluster C; (d) vertical velocity of aerosol and cluster C; (e)
the spectrum width of raindrop and cluster D; (f) horizontal speed of raindrop and cluster D; (g)
horizontal rain direction of raindrop and cluster D; (h) vertical velocity of raindrop and cluster D.

To analyse the differences of these clusters, the density distribution of the spectrum
width and vertical velocity are shown in Figure 8. These four clusters can be clearly dis-
tinguished from Figure 8. Distributions of the aerosol and raindrops are consistent with
the result in [51]. There is a slight decrease in speed (0.9 m/s) and spectrum broadening
(5.2 MHz) in aerosol in the precipitation condition. The spectrum width and vertical ve-
locity of cluster C (cloud droplet) are concentrated at 0 m/s and 4.0 MHz. The characteris-
tics of cluster D are significantly different from raindrops below the cloud base. The spec-
trum width of cluster D is concentrated at 11.2 MHz, which is larger than that of the
raindrops (8.4 MHz). The vertical velocity of cluster D is concentrated at 1-2 m/s, while
that of raindrop is concentrated at 3—4 m/s. It is consistent with results of cloud ice and
liquid precipitation observed in [30,65]. Cluster D falls faster than cluster C, which is sim-
ilar to the general mixed-phase cloud results observed by aircraft [66] and remote sensors
[65,67]. Thus, cluster D is likely to be cloud ice (crystal, graupel or small hail) [59]. Another
possible explanation is that ice particles melt gradually when they fall through layers
warmer than 0 °C. The ice particle is wrapped in water, which has a larger vertical velocity
and wider particle spectrum distribution than cluster C. But these melting ice particles fall
more slowly than raindrops with the same mass [68]. Similar to the relation between aer-
osol and rain, the vertical velocity of the cluster D is larger than that of small cloud drop-
lets [69].
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Figure 8. The density distribution of the spectrum width and vertical velocity. The circle, square,
triangle, and pentagram represent aerosol, raindrops, and clusters C and D.

If it's drizzling below the cloud, it still has skewness increasing and spectrum width
broadening, unless the weaker component is completely submerged by the stronger one.
Generally, aerosol signals are dominant in the early stage of drizzling, and raindrops are
dominant later as aerosols are washed. If the liquid layer is below the cloud, the power
spectrum is symmetric with little skewness. A notable feature of the liquid water layer
below the cloud is that the reflection signal intensity is significantly greater than that of
drizzling. Clouds are usually extracted first by CNR, using the Haar wavelet covariance
transform (HWCT) algorithm [51]. Examples of detected cloud spectra from cloud middle
to cloud base are shown in Figure 9. Figure 9a—c show cloud spectra before cloud seeding
at T1 (5:17 p.m.). That cloud is in liquid phase with skewness close to 0. In Figure 9e, f, i,
j, cloud spectra extracted from the upper layer have largely normalized skewness and
spectrum width, which indicates that multiple components exist. It is probable that cloud
seeding generates a large number of ice crystals [70], resulting in big cloud droplet or that
raindrops coexist below the melting layer [71]. Considering that cluster D falls slower than
raindrops, it also could be that cloud seeding intensified the process of cloud-precipitation
and generated graupel or small hail [59]. As the altitude continues to decrease, the reflec-
tion strength of cluster D decreases and cloud droplet dominates, as shown in Figure 9f,
j- Only the cloud droplet exists at the cloud base with small normalized skewness and
spectrum width, as shown in Figure 9g, k, which subsequently produces precipitation
(Figure 91). This change process is very similar to the melting layer detected by radar [30].

Applications of the lidar in cloud seeding are summarized into three aspects: (1) as
an auxiliary measurement for cloud monitoring before operation., the lidar can well iden-
tify the cloud base and even penetrate the cloud when the cloud layer is thin. The cloud
velocity provided by the lidar is useful for the preliminary preparation of cloud seeding;
(2) providing windshear and turbulence alerts. The site is prone to windy weather, and
the lidar plays an important role in ensuring safety of aircrafts during operation, espe-
cially in taking off and landing; and (3) tracking the cloud seeding, which is the focus of
this paper. First, the transport of Agl leads to a significant increasing of CNR in the ABL
after seeding, which proves that the detection range of lidar is within the seeding influence
region. And changes in CNR and vertical velocity are detected at 4.0-4.5 km altitude. Sim-
ilar to the linear polarization ratio related to the ratio of ice to water particle concentration,
which is used to reflect ice-water balance due to seeding effects [26,27], the CDWL spec-
trum also reflects the change of cloud phase to a certain extent. The spectrum width and
skewness of cloud show a two-layer structure below 0 °C contour, which is similar to the
melting layer structure. Combining characteristics of separation components, it could be
inferred that seeding enhanced the development of the precipitation process, resulting in
the detection of the two-layer structure at such a low altitude. Therefore, the CDWL
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provides multiple measurements, such as CNR, wind field, spectrum width, skewness,
and separated components, which are indicated to be quite useful supplements for cloud
seeding detection.
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Figure 9. Examples of cloud spectra from cloud middle to cloud base. (a)-(c) show cloud spectra of
unseeded at T1 (5:17 p.m.); (e)—(g) show cloud spectra of after seeded at T2 (5:56 p.m.); (i)-(k) show
cloud spectra at T3 (6:43 p.m.), when precipitation formed. (d), (h), (1) are aerosol or precipitation
spectra below cloud base. Circles stand for the raw data of spectra. Black lines represent fitting re-
sults. The light purple shadow and pink shadow represent separated cloud droplet and cluster D,
respectively. The yellow shadow and light blue shadow represent separated aerosol and rain com-
ponents, respectively.

5. Conclusions

In this study, a method based on spectra analysis using a CDWL was developed for
cloud-precipitation measurements, incorporating satellite and MWR. Multiple parame-
ters derived from the lidar power spectrum provide potential evidence for the cloud-
seeding effect. Transport of seeding particles in the ABL and cloud changes are character-
ized by CNR and velocity at the early stages of the seeding. Although the clouds were not
penetrated completely, the two-layer structure of normalized skewness and spectrum
width is detected in the layer warmer than 0 °C after seeding, which is similar to the melt-
ing layer structure. Multi-component spectra including cloud and precipitation are sepa-
rated into four clusters, which have distinguishable distribution characteristics of spec-
trum width and vertical velocity. Clusters from the multi-component spectrum of cloud
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might be cloud water or melting ice, which is possibly related to a large amount of ice
crystals produced by cloud seeding. Nevertheless, our findings provide evidence that
CDWL has potential in monitoring the microphysical process of cloud-precipitation due
to cloud seeding. With these multiple parameters retrieved from the lidar spectrum, the
lidar can be extended to the research of melting layer characteristics, cloud phase identi-
fication, and classification, which is important for climate models, weather modification,
and aviation safety. In future work, we will try to improve cloud penetration ability by
increasing the power of the laser to study the cloud seeding process combined with other
measurements. We also plan to integrate polarization detection into the lidar system[72].
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