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Abstract: This study investigates the cloud macro- and micro-physical characteristics in the
convective and stratiform regions and their different responses to the seeding for mixed
convective-stratiform clouds occurred in Shandong province on 21 May 2018, based on the
observations from the aircraft, the Suomi National Polar-Orbiting Partnership (NPP) satellite,
and the high-resolution Himawari-8 (H8) satellite. The aircraft observations show that there
are deeper convection and significantly enhanced radar echoes with higher tops in response
to seeding in the convective region. This is linked with the conversion of supercooled liquid
droplets to ice crystals with released latent heat, resulting in strengthened updrafts, enhanced
radar echoes, higher cloud tops, and then more and larger precipitation particles. In contrast,
in the stratiform cloud region, after the Agl seeding, the radar echoes become significantly
weaker at heights close to the seeding layer, with the echo tops lowered by 1.4—1.7 km. In
addition, a hollow structure appears at the height of 6.2—7.8 km with a depth of about 1.6 km
and a diameter of about 5.5 km, and response features such as icing seeding tracks appear.
These suggest that the transformation between droplets and ice particles was accelerated by
the seeding in the stratiform part. The NPP and HS satellites also show that convective
activities are stronger in the convective region after seeding; while in the stratiform region, a
cloud seeding track with a width of 1-3 km appears 10 km downstream of the seeding layer

15 minutes after the Agl seeding, which moves along the wind direction as width increases.

Keywords: Airborne Ka-band Precipitation Radar (KPR), mixed convective-stratiform

clouds, convective region, stratiform region, cloud seeding, cloud microphysical properties
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Highlights:

(1) More enhanced convective activities occur with higher cloud tops in response to seeding
in convective cloud region.

(2) Dynamic seeding mechanism involves in the convective cloud region, resulting in more
and larger precipitation particles.

(3) Conversion of liquid to ice particles is accelerated with weaker radar echoes around the
seeding layer in stratiform cloud region.

https://doi.org/10.1007/s00376-022-2003-8

1. Introduction

Water is critical to human society and the natural environment. As water resources are
limited, the continuously-increasing human demands have prompted considerable interests
in the feasibility of increasing water supply through weather modification. To increase the
precipitation, especially for arid and semi-arid regions, cold-cloud seeding experiments have
been conducted since the 1940s (Smith, 1949; Langmuir 1950; Vonnegut et.al., 1971; Hobbs
et al.1981; Bruintjes 1999; Dong et al., 2020). Because the Agl has similar crystal structure
to ice (Vonnegut et.al., 1971), its particles can act as ice nuclei (IN) (DeMott, 1997). Thus,
Agl has been widely used in the cloud seeding both on the ground and in the air. The seeding
with Agl can increase both precipitation and snowfall, thus changing the equilibrium between
the water supply and demand (Xue et. al., 2013a,2013b,2014; Boe et.al., 2014; Jing and
Geerts, 2015; Jing et.al., 2015,2016).

Since weather modification has been attempted, numerous studies have been conducted

on the effects of cloud seeding experiments on the precipitation and cloud microphysical
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characteristics over target areas (Biondini et al., 1977; Nirel et.al., 1995; Gabriel, 1999;
Silverman, 2001; Woodley et al., 2003a,2004; Pokharel et al., 2015; Yao, 2019). In recent
years, with the application of airborne detection equipments, the cloud micro-physical
characteristic (Lawson, et al., 2006,2008,2019; Yang et al., 2019; Zhao et al., 2019) and
variation in cloud responses to seeding (Heymsfield et.al, 2011; Cai et.al., 2013; Dong et.al.,
2020) can be more accurately analyzed. By using the Advanced Very High Resolution
Radiometer (AVHRR) onboard the National Oceanic and Atmospheric Administration
(NOAA) polar orbiting satellites, Rosenfeld et.al. (2005) observed a cloud seeding track
formed after seeding, with a duration of 38 minutes. Through the ground-based X-band radar,
the airborne W-band cloud radar and other aircraft instruments, French et.al. (2018) observed
the process that the cloud seeding with Agl in super-cooled stratus causes the transformation
of surrounding supercooled water into ice crystals, followed by the deposition of water vapor
and the growth of ice crystals.

The studies mentioned above demonstrate that static seeding mechanism can play a
significant role (Bruintjes, 1999). Under the humid, neutral or unstable atmospheric
conditions, the release of latent heat due to the ice formation in clouds causes nearby air
masses to gain buoyancy and further changes the flow field, resulting in deeper convective
clouds, which was known as the dynamic seeding mechanism (Simpson et. al., 1971;
Rosenfeld et. al., 1989). Scientists have studied the dynamic seeding mechanism with
experiments mainly for summer convections (from cumulus to cumulonimbus clouds).
However, due to the limitation of detection methods and the factors such as rapid formation

and dissipation of convective clouds, it was challenging to trace the changes in macro- and
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micro-physical characteristics caused by the seeding of catalysts. Researchers have focused
mostly on the changes of cloud-top height and surface precipitation but not on the detailed
physical processes. Therefore, the dynamic seeding mechanism still lacks the verification
through directly-observed facts (Sax et al., 1979; Hallet 1981; Woodley et al., 1982; Orville,
1996). Due to the complex structural characteristics of mixed convective-stratiform clouds
(Lawson et.al., 2015; Lin et.al., 2019), there have been few studies related to the response of
different cloud parts after seeding, such as the convective and stratiform parts, as well as the
presence or absence of dynamic seeding effects.

In 2014, the University of Wyoming developed the airborne Ka-band precipitation cloud
radar (KPR), which is well known for its high spatio-temporal resolution with 0.1-20 ps
sampling time resolution and 30 m spatial resolution. This radar provides direct observation
of cloud property responses to seeding in the context of both macro- and micro-physical
characteristics (Heymsfield et. al;; 2013; Pazmany et al., 2018). In addition, the Suomi
National Polar-Orbiting Partnership (NPP) satellite in 2011 and the Himawari-8 (HS8) satellite
in 2014 were successfully launched successively, and the resolution of thermal infrared bands
of the NPP/ VIIRS (Visible Infrared Imaging Radiometer Suite Sensor) has been improved
by a factor of 3 compared with sensors such as the Moderate Resolution Imaging
Spectroradiometer (MODIS), providing unique advantages in accurately resolving small
convective clouds during their initial/developing stages, and also in monitoring the cloud
track (Hillger et al., 2013; Rosenfeld et al., 2014). In this study, to our best knowledge, for
the first time in China, we use the airborne KPR to monitor the evolution characteristics of

radar echoes before and after the seeding for a spring mixed convective-stratiform cloud
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occurred in Shandong Province on 21 May 2018. Moreover, we combine the satellite
observations and other data to comprehensively analyze the cloud characteristics in the
stratiform region and the role of possible dynamic seeding mechanism in the convective
region.

The remainder of this paper was organized as follows. The data sources used are
introduced in section 2. Section 3 presents the synoptic situation and experiment overview.
Section 4 shows the main results of this study. A conceptual model of seeding at different
parts of mixed convective-stratiform clouds was proposed in section 5. Finally, the
conclusions and discussion are given in section 6.

2. Data

The data used in this study are obtained from aircraft, satellite and ground observations.
The experiment area for cloud detection and seeding was the region bounded by 117°E—
119°E, 36.5°N-37.5°N. The ground observations include the synoptic meteorological
observation data in Shandong Province and 6-minute S-band Doppler weather radar data
from Binzhou in Shandong on 21 May 2018. Here, the airborne data and satellite data are
described.

2.1 Airborne data

The KingAir aircraft was used for the cloud seeding and observation. This aircraft is
owned and operated by the Shanxi Province Weather Modification Office. The aircraft was
equipped with instruments for measuring the cloud, precipitation and other meteorological
elements, including the airborne KPR, the particle size probes from Droplet Measurement

Technologies (DMT) and 20 Hz Aircraft-Integrated Meteorological Measurement System
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(AIMMS-20). It was also equipped with the Beidou satellite navigation and position system
and a flare rack with positions for 24 flares, as shown in Fig. 1. The airborne KPR
(ProSensing, USA) is the Ka-band precipitation cloud radar, which scans vertically, both
upward and downward, and employs a data processing technique using the coherent power
spectrum to reduce the noise. The Cloud Droplet Probe (CDP, DMT) based on forward-
scattering theory, has 30 size bins, with a sampling frequency of 1 Hz, a measurement range
of 2-50 um with a resolution of 1-2 pm. It can measure particle number concentrations in the
range of 0—1.0x10* cm 3, with the uncertainty of approximately 20% (Lance, 2012; Yang et.
al, 2019; Yang et. al., 2020). The Cloud Imaging Probe (CIP, DMT) has 62 size bins, with a
sampling frequency of 1 Hz, a measurement range of 25—-1550 um and a resolution of 25 um.
The Precipitation Imaging Probe (PIP, DMT) has the same number of size bins and sampling
frequency as the CIP. However, the PIP has a measurement range of 100-6200 um with a
spectral resolution of 100 um. The specifications for main instruments used in this study are
listed in Table 1, including the measurement ranges, temporal resolution and the particle size
spectral bin resolution. Note that both cloud and precipitation particle probes are calibrated
in the ground laboratory before every flight.
2.2 Satellite data

The NPP VIIRS satellite observations at 05:25 UTC on 21 May 2018 are used in this
study, which is provided to the public by the NOAA  website
(http://www.bou.class.noaa.gov/saa/products/welcome). It has five channels with central
wavelengths at 0.64, 0.865, 1.615, 3.745 and 11.45 um, with high spatial resolution of 375

m. When the NPP satellite passed by the study region at 05:25 UTC on 21 May 2018, the
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time gone away from the aicraft seeding and detection at A-B—C-D—-E—F—G is about 33-28—
27-16—15—-6—6 minutes.

The 10-minute full-disc data from the H8 on 21 May provided by the Data Service
website (http://www.bou.class.noaa.gov/saa/products/welcome) are also used in this study.
The Advanced Himawari Imager (AHI, ftp:/ftp.ptree.jaxa.jp) onboard the H8 completes
each full-disc scan within 10 minutes, greatly facilitating the tracking of the developing cloud
seeding tracks. The H8/AHI sensor has 16 channels ranging from 0.46 to 13.3 pm.
Meanwhile, the spatial resolution of visible and near-infrared channels ranges from 0.5-1
km, and the spatial resolution of infrared channel is only 2 km.

3. Synoptic situation and experiment overview
3.1 Synoptic situation

Figure 2 shows that Shandong was dominated by westerly flow at 500 hPa at 00:00 UTC
on 21 May 2018. There were two weak waves in the west successively moving eastward to
affect Shandong. At 700 hPa, there was a warm shear around Shandong in the morning,
causing the precipitation. Meanwhile, a significant cold shear near the Hetao region moved
eastward and continued to affect Shandong, with the wind direction of 300° and wind speed
of 11 m's™!, resulting in the persistent precipitation in Shandong to the afternoon of the 21st.
At the surface, Shandong was located at the back of the anticyclone circulation over the sea
during 00:00-12:00 UTC on 21 May, dominated by the easterly wind. There was a surface
convergence line near the flight track at that time, and the accumulated rainfall at regions
near the flight track was 1-7 mm during 03:00-06:00 UTC.

3.2 Overview of the seeding and detection experiment



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

The flight track was over north-central Shandong Province, close to the northern edge of
central Taishan Mountains (Fig. 3a). In addition, the flight altitude was 5300 m, the flight
speed was 101-113 m-s™!, and the height of the freezing level was 4200 m. At 04:37 UTC,
the aircraft was flying at the height of 1800 m over point O1, and the KPR began to make
observations. At 04:45 UTC, the aircraft was circling over point O2 and ascended to 5300 m.
During 04:52-05:19 UTC, the aircraft performed the seeding operation along the zigzagging
path of A-B—C-D—-E-F-G. At 04:52 UTC, 2 Agl flares were burned and released at 5300 m
(1 on each side) simultaneously at point A, and totally four flares (2 on each side) were burned
till 05:00 UTC. Note that the lasting time length for every flare is 5 minutes. Each flare
consists of 27 g Agl, and the nucleation rate of Agl is 1.08 X 10! per gram at -10°C. The Agl
in each flare can effectively play the role of ice nucleus at temperature below -4°C. At 05:00
UTC, within the clouds with sufficient super-cooled water (abundant super-cooled water
particularly within the convective core part about 1-2 km below the aircraft), the aircraft
burned totally 8 Agl flares also at 5300 m (4 on each side) with 2 Agl flares (1 on each side)
burned simultaneously at a given time. The aircraft finished the seeding operation at point G
at 05:19 UTC. Note that short overlap time could exist between two adjacent flares, which
could introduce some uncertainties to the quantitative response of cloud properties to seeding.
Afterwards, it descended gradually from 5300 m to point I (2800 m) to conduct a backward
detection experiment for the seeding effect. The seeding was carried out along three lines of
the zigzagging flight track (A—G), with a seeding duration of 27 minutes and a seeding rate
of 0.6g's™!, consuming 972 g Agl (36 flares with 27 g for each). Note that different total

amount of Agl flares have been released sometimes at two parts of clouds although the
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released Agl amount at a given time is roughly similar, which could affect the response of
clouds to the seeding and make the quantitative comparison of cloud seeding effect at two
locations challenging. To minimize this impact, we mainly analyze the differences in cloud
seeding effect at two locations qualitatively while some quantitative results about the changes
of cloud microphysical properties will also be provided.

The aircraft returned to the point O at 05:48 UTC. To compare and analyze the situation
before the seeding and the backward detection results in detail, S1-S3 (04:54:30-04:55:30
UTC) and S4-S6 (05:01:22-05:02:22 UTC) are marked in Fig. 3a as the two periods of Agl
seeding. The middle points of the two seeding periods are marked as S2 and S5, respectively.
And the time nodes of the backward detection are determined based on the wind direction
and speed at the seeding layer. The purple dashed line was the line segment between S2 and
S5 moving at 11 m's™! along the wind direction of 300°. It intersects with the line segment
G—H of the backward detection, with the crossover points marked as R5 and R2, respectively.
Taking the two points R5 and R2 as middle points, respectively, the corresponding backward
detection periods are determined as R4-R6 (05:26:25-05:27:25 UTC) and R1-R3 (05:24:25—
05:25:25 UTC), respectively. Note that the magenta lines represent the parallel lines of
system movement with winds for the period between forward and backward flight time.

The cloud macro-physical characteristics during the seeding operation were obtained 02
km above the cloud top. The temperature was between —5°C and —8°C, and the relative
humidity was all about 100% (Fig. 3b). Note that at 04:37 UTC, a moderate-intensity
turbulence occurred. The aircraft experienced light, moderate, and then severe icing,

indicating that the super-cooled water content varied along the flight track.
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Fig. 3¢ shows the cross-section of radar reflectivity along the aircraft flight track from
04:37 to 05:49 UTC measured by the ground radar at Binzhou. Section A-B (seen from Fig.
3b) of the zigzagging flight track was mostly covered with convective clouds, with
convective centers at the height of 3—5 km and echo centers reaching above 30 dBZ at limited
locations that are not clearly shown in Fig. 3c. Section C-D (seen from Fig. 3b) of the
zigzagging flight track was mostly covered with stratiform clouds with radar echoes below
25 dBZ. In addition, convection was observed during period S1-S3 (within A-B), while more
stratiform clouds were observed during period S4—-S6 (within C-D) (Fig. 3c¢).

4. Analysis and Results
4.1 Evolution characteristics of airborne KPR echoes

During the two seeding periods of S1-S3 and S4-S6 as well as the corresponding
backward detection periods of R4-R6 and R1-R3 (Fig. 3a), the evolution characteristics of
the real-time radar echoes by the airborne KPR were analyzed (Fig. 4). From Figs. 3c and 4c,
it can be seen that the mixed convective-stratiform cloud is the target object for seeding
operation. The convective region and the stratiform region in the mixed convective-stratiform
clouds were selected for the seeding during S1-S3 and S4-S6, respectively. In addition, a
bright band (temperature around 0 ‘C) can be found within the height of 42004300 m. By
comparing Figs. 4a and 4b, it can be found that during S1-S3 the radar echoes in the
convective region were significantly enhanced after the seeding. An echo center of 20-35
dBZ appeared at the height of 2—4 km, and the echo top became dense and was uplifted by
0.5-1.0 km. The differences between Figs. 4d and 4e show that the echoes became

significantly weaker above the seeding layer (5200 m) after the seeding operation in the
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stratiform region during S4-S6, and an hollow structure of echoes appeared at the height of
6.2-7.8 km, with the largest depth reaching about 1.6 km and a diameter of about 5.5 km
(calculated as follows: 05:24:30-05:25:20 UTC — 50 s x 110 m's’! = 5.5 km). The
mechanism that the hollow structure forms will be discussed in section 5. In addition, the top
of the hollow part was covered by a thin layer with echoes being —5 dBZ (Fig. 4e). By
comparing Figs. 4a and 4b as well as Figs. 4d and 4e, it shows that the echoes were
significantly enhanced at the height of 2—4 km at time 22-32 minutes after the seeding
operation, with the enhancement amplitude exceeding 5 dBZ in all areas. In addition, a strong
echo center of 35 dBZ appeared in the convective region.

Figure 5 shows the contoured frequency by altitude diagrams (CFADs) of the radar
reflectivity Ze for the two seeding periods. The CFADs explain the joint probability
distribution function of height and reflectivity and represent the frequency distribution in a
coordinate system of reflectivity bins (x axis) and altitude (y axis). In each CFAD, the
distribution was normalized by dividing the observed frequency by the maximum frequency
for all height - reflectivity bins, to compare the CFADs among different cases. During S1—
S3, the differences of the echoes in the convective region between before and after the
seeding show that the echoes became stronger with a denser layer at heights within 3 km
around (both above and below) the seeding layer, and the echo top height increased by 1-2
km. In addition, the median Ze was 5—7 dBZ larger than that before the seeding operation,
and the echo near the surface increased to 28 dBZ from 12 dBZ (Figs. 5a and 5b). In contrast,
Figs. 5c and 5d show that the echoes in the stratiform region got significantly weaker at

heights within 2—3 km around (both above and below) the seeding layer after the seeding
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during S4-S6. In addition, the median Ze was 2-3 dBZ lower than that before the seeding,
and the echo top height decreased by 1.4—1.7 km. Before the seeding operation, the median
Ze reached the peak of 21.2 dBZ at the height of 3.5 km, and the Ze decreased with increasing
height above this level while decreased with decreasing height below this level, falling to 9
dBZ at the surface. During the period R1-R3, the variation trend of the Ze median value was
similar to that before the seeding. However, the peak Ze value of 19.7 dBZ appeared at about
2.1 km, and Ze was about 8.5 dBZ near the surface, which were both smaller than those
before the seeding. We would like to mention that natural evolution could also play some
roles to the variation of cloud properties indicated here and other places over seeded area,
which are difficult to separate and further discussed later in discussion section.

Figure 6 shows the CFADs of the Doppler radar velocity, with the same analysis method
as shown in Fig. 5. The range of Doppler radar velocity widens after the seeding. Specifically,
the velocity changes from 3-5 m:s7! to 5-8 m's™! in the convective region, and from 3-5
m-s! to 4-7 m-s™! in the stratiform region. Besides, the median, 25th and 75th percentiles of
the Doppler radar velocity are very close to each other before the seeding, but after the
seeding, the intervals between them distinctly increase. This implies that the micro-physical
processes play a role. After the seeding operation, the Agl was rapidly nucleated. In addition,
in the environment with relatively abundant super-cooled water, the Bergeron and collision-
coalescence processes are accelerated, which favors the formation of large-size precipitation
particles. Therefore, the particle spectrum was broadened, leading to different falling
velocities of particles and a significant broadening of the velocity spectrum. As for the

CFADs of Doppler radar velocity, there was a broadening of the overall Doppler radar
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velocity range and a significant increase in the terminal velocities of precipitation particles.
About 30 minutes after the seeding in the convective region, the median terminal velocity
increases from 0.5 m's™! to 5.0 m's™! in the convective region and from 1.0 m's™ to 1.25
m-s~! in the stratiform region.

4.2 Analysis of cloud microphysical properties from aircraft observations

The above analysis of airborne KPR data shows that the seeding operation over different
parts of the mixed convective-stratiform clouds leads to different evolutions of cloud macro-
physical characteristics. In this section, we focus on the evolutions of micro-physical
characteristics after seeding in the convective parts of cloud and the stratiform parts of cloud.
However, we should note that the aircraft did not pass through the convective core part for
safety consideration. Instead, it went through the upper part of the convective region and
made the measurements of cloud microphysical properties there. This would result in
relatively low liquid water content and small droplet number concentration over the
convective region. Thus, the analysis here mainly focuses on the evolutions of micro-physical
characteristics after seeding over two regions, rather than their comparisons.

As shown in Figs. 7a—7c, before the seeding, the convective cloud during S1-S3 and the
stratiform cloud during S4—S6 were mainly composed of super-cooled droplets. Specifically,
the average diameter from the CDP was 7.4 um during the period S1-S3, and the liquid water
content (LWC) was 0.04 g'm 3, with a concentration of 25.5 cm™3. During S4-S6, the average
diameter from the CDP was 7.5 um, and the LWC was 0.09 g'm™3, with a concentration of
79.6 cm™3. The CIP concentrations were lower in both cloud regions, and the ice water

contents (IWC) were also lower (4.0x107¢ and 5.7x1073 g'm3, respectively). The diameters
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of graupel particles and dendritic snow crystals in the stratiform cloud were larger than those
in the convective cloud. After the seeding operation, the mean concentration, diameter and
LWC from the CDP in both regions decreased significantly. In contrast, the mean
concentration and diameter from the CIP and the IWC increased significantly. Therefore,
snow crystals and droplets with diameters above 300 um appeared, and the PIP concentration
also increased by one order of magnitude. The CIP in Fig. 7d shows that the cloud was mainly
composed of graupel particles and columnar ice crystals before the seeding. While after the
seeding, it was noted that on the ice crystal surface there was a gas-phase riming process to
form dendritic snow crystals, causing the coexistence of ice crystals and rimed snow crystals.

For the convective cloud during S1-S3, Fig. 8 shows that the mean concentrations from
the CDP, CIP and PIP changed from 212.8 L~ L.um™, 0.017 L~ ".um™! and 1.04x1076 L1 um’!
to 139.2 L Lum’, 0.005 L™".um™" and 1.64x10™* L l.um’ after the seeding operation,
respectively. The particle size from the CDP peaked at 5.5 um both before and after the
seeding; and the size of large-size cloud particles, i.e., the particle size recorded by the CIP,
increased with maximum value changing from 225 pm to 1250 pum after the seeding.
Moreover, the maximum precipitation particle size increased from 400 pm to maximum
measurable size, 6200 um. For the stratiform cloud during S4-S6, the mean concentrations
from the CDP, CIP and PIP changed from 561.7 L™'.um!, 0.09 L™".um! and 1.0x1078
L 'um! to 210.5 L™".um!, 0.05 L .um™! and 3.57x10% L '.um’! after the seeding,
respectively. In addition, the maximum precipitation particle size increased from 700 pm to
5700 pm. The concentrations from the CDP and CIP decreased significantly after two seeding

operations. However, the PIP concentration increased by 2—4 orders of magnitude, and its
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maximum particle size increased by 8—15 times. Together with Fig. 7d, it can be found that
there are deposition processes to form dendritic snow crystals on the surface of ice crystals.
It suggests that after seeding the Agl, the transformation of water from liquid to ice phase
was accelerated, and the transformation was quite efficient. Note that the aircraft observation
locations during S1-S3 are about 1-2 km above the convective core, which cannot represent
the convective cloud properties reliably, thus the differences in cloud microphysical
properties measured by aircraft between regions S1-S3 and S4-S6 cannot indicate anything
about cloud response differences between convective and stratiform parts. Instead, as
indicated earlier, the information from aircraft is mainly used for investigation of temporal
evolution of cloud properties by seeding. The differences between Figs. 6a and 6b show that
the upward Doppler velocity at the height of 1.0—4.5 km in the convective cloud increased
from 0-0.5 m's™! to 3-5 m's™!. The larger upward velocity favors the upward transport and
condensation of water vapor. During this process, updrafts may also carry the Agl to higher
levels where there are lower temperature, greater supersaturation and greater super-cooled
water content. Note that the latent heat released by the deposition of supercooled water
enhances the convective cloud development further because this heat release can lead to
stronger updrafts and higher cloud tops. These factors accelerate the Bergeron and collision-
coalescence processes to form large-size precipitation particles after seeding of the Agl,
thereby increasing the precipitation (Simpson et.al., 1971; Sax et al., 1979; Woodley et al.,
1982; Rosenfeld et.al., 1989; Bruintjes, 1999).

4.3 Evolution of seeding-producing ice monitored by satellites

(1) Analysis of NPP observations
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To analyze the characteristics of the microphysical structure of cloud tracks in detail,
the high resolution data from the NPP/Visible Infrared Imaging Radiometer Suite sensor at
05:25 UTC on 21 May 2018 are processed based on microphysical principles (Figs. 9a—9b).
The flight tracks are colored in green, superimposed on the surrounding super-cooled water
cloud which was shaded in yellow and orange. Figs. 9a—9b show that there was a clear cloud
seeding track (referred to as the cloud track) on the cloud top along a line (around the dashed
line in Fig. 9c) which is almost parallel to the section C-D in the flight track, and the cloud
track extended about 15 km away from point C. Actually, the dashed line in Fig. 9c is around
the location where section C—D moved to after 28—7 minutes of cloud seeding when the
satellite passed by. The visible channel in Fig. 9b shows a southwest-northeast oriented
seeding track 15-20 km southeast of section C—D. It indicates that the super-cooled water in
the cloud was at least partially glaciated into ice particles, and the cloud particles became
larger and sank, thus lowering the cloud top. In Fig. 9a, the shallow depth in cross-section 4
and the almost zero depth in cross-section 2 may be caused by the veiling of newly-formed
thin super-cooled water cloud with small particle size. Fig. 9c shows that the section C-D,
which had moved along the wind direction of 300° at a speed of 11 m-'s™! for 7-28 minutes
from the original positions, was just inside the cloud track during 04:58:42—-05:09:04 UTC.
This result was consistent with the above analysis. Moreover, the brightness temperature
(TBB) during the period R1-R3 was significantly higher than that during the period R4-R6,
indicating the strong convective activity in the convective cloud region.

(2) Analysis of the H8 satellite data

To track the evolution and movement of the cloud tops after the seeding operation, the
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high-resolution data from the HS satellite are adopted for further examination. The 10-minute
TBB at 12 pm channel from the H8 satellite (Fig. 10) shows that the convective clouds in
section A—B became blocky after the seeding operation during 04:52—04:57 UTC, and the
TBB gradually decreased (note that seeded “A—B section” moves downwind with time),
indicating the stronger convective activity. The stratiform cloud in section C-D for seeding
operation was located in the front of a large block of mixed convective-stratiform clouds
during 04:58—05:09 UTC. About 15 minutes after the seeding, a seeding track with a width
of 1-3 km appeared 10 km downstream the seeding layer. Another 7 minutes later, a cloud
seeding track with a width of 3—5 km was found at locations about 15-20 km downstream
the seeding layer and continued to move southeastward at 11 m's™! along the wind direction
of 300°. At 05:50 UTC, the seeding track already moved out of the flight area. Moreover, the
seeding track below section G—H became narrow after its formation, which is likely due to
the diffusion of the water cloud near the seeded volume to the cloud track center. It is also
likely associated with the coverage of the newly-formed thin super-cooled water cloud with
quite small particle size.

To examine the evolution trend of the cloud seeding tracks more clearly, the every-10-
minute moving-downstream trajectory of section C—D along the wind direction of 300° at 11
m-s~! was calculated. Then, the TBB values at 12-um channel from the H8 satellite for each
moving trajectory were extracted, and the boxplot of the TBB values was further obtained,
as shown in Fig. 11. The 50th percentile of the TBB values shows a gradually increasing
trend with time with a linear fitting line of TBB = 0.5068 X AT +234.87, where AT is the

number of time intervals from 05:00 UTC with the interval being 10 minutes. Note that the
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correlation coefficient between the 50th percentile of TBB and AT was 0.87. The TBB had
increased by 4.1 K until 06:00 UTC, which indicates that the seeding track became more and
more obvious, along with significant increases in its width and depth. Besides, the TBB
decreased slightly at 05:40 UTC, which was likely attributed to the coverage of the newly-
formed thin super-cooled water cloud. This result was consistent with the conclusions above.
5. Conceptual model for seeding operations of the mixed convective-stratiform clouds

Based on the above analysis results, a conceptual model of the Agl seeding for mixed
convective-stratiform clouds is proposed, as shown in Fig. 12. Before the seeding operation
(Fig. 12a), there are few ice crystals but many small cloud droplets in the two parts. In
addition, there is a strong updraft in the convective region, resulting in the appearance of
convective core. After the seeding of Agl (Fig. 12b), the ice crystals, snow crystals and
precipitation particles rapidly increase in both parts. Moreover, due to the potential dynamic
seeding mechanisms, enhanced updraft appears near the convective core, leading to a
significant enhancement of convections.

The model shows distinct responses of different parts in mixed convective-stratiform
clouds to the seeding operation. Specifically, the convective region has more vigorous
convective activities after the seeding operation, with significantly enhanced echoes and
higher echo tops. In addition, the dynamic seeding mechanism may also be involved, favoring
the growth of particle size and broader full-spectra. The concentration of precipitation
particles is higher and thus more precipitation forms. In contrast, after the seeding of Agl in
the stratiform region, the transformation between droplets and ice crystals is accelerated,

causing the surrounding super-cooled water to condense into ice crystals. Subsequently, the
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ice crystals grow up and fall under the effects of the Bergeron and collision-coalescence
processes. At that time, the echoes significantly weaken at heights within 2-3 km around the
seeding layer, with the echo top lowered, and obvious icing seeding tracks with a hollow
structure appeared. Eventually, large-size particles fall onto the ground as surface
precipitation. In this process, the static seeding mechanism plays the crucial role.

6. Conclusion and discussion

In this study, based on observations from the airborne KPR, NPP satellite and high-
resolution H8 satellite, the cloud macro- and micro-physical characteristics as well as
responses to the seeding operation in the convective and stratiform regions for a mixed
convective-stratiform cloud occurred in Shandong during spring are analyzed. The main
conclusions are as follows.

Based on the in-situ aircraft (equipped with the KPR) observations, different physical
responses to the seeding in the convective and stratiform regions of the mixed convective-
stratiform clouds are tracked and investigated. In terms of the convective region, the radar
echoes became stronger with a denser depth, and the echo top height increased by 0.5-1.0
km. The median Ze was 5—7 dBZ higher than that before the seeding, and the near-surface
Ze increased to 28 dBZ from 12 dBZ. The concentrations from the CDP and CIP both
decreased significantly. However, the PIP concentration increased by 2-4 orders of
magnitude, and the maximum size of precipitation particles increased from 400 um to 6200
um by more than 15 times. It implies that the Agl seeding in the convective region accelerates
the formation of large-size precipitation particles by the Bergeron, riming and collision-

coalescence processes. In the stratiform region, there were obvious icing seeding tracks after
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the seeding operation. The echoes became significantly weaker at heights within about 2-3
km around the seeding layer, and the echo top height was lowered by 1.4-1.7 km. The median
Ze was 2-3 dBZ lower than that before the seeding. In addition, a hollow structure of the
echoes appeared within the height of 6.2—7.8 km, with the largest depth reaching about 1.6
km, a diameter of about 5.5 km and a duration of 1 hour. The size of precipitation particles
increased from 700 pm to 5700 pm by more than 8§ times. Moreover, there were gas-phase
riming process to form dendritic snow crystals on the surface of ice crystals, causing the
coexistence of ice crystals and rimed snow crystals. This phenomenon indicates that after
seeding the Agl, the transformation between cloud and water was accelerated, which was
quite complete and efficient.

The tracking and monitoring by the NPP and HS satellites show that the convective
clouds became blocky after the seeding: In addition, the TBB decreased, indicating stronger
convective activities in the convective region. 15 minutes after seeding the Agl in the
stratiform region, a cloud seeding track with a width of 1-3 km appeared 10 km downstream
the seeding layer. Another 7 minutes later, a cloud seeding track with a width of 3-5 km
appeared 15 km downstream the seeding layer, and moved southeastward at the speed of 11
m-s~! along the wind direction of 300° for 1 hour.

Comparing the physical responses to the seeding in two regions, it is found that in the
convective region there were significant upward Doppler radar velocities of 3—5 m-s™! at the
heights of 1.0—4.5 km, which are favorable for the upward transport and further condensation
of the water vapor. Moreover, the updrafts of convections may also carry the Agl to higher

levels where there are lower temperature, higher supersaturation and higher supercooled
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water content. Note that the latent heat released by the condensation of supercooled water
should enhance the effect of seeding on the convective cloud further, because this heat release
can lead to stronger updrafts and higher cloud tops. These factors may result in the formation
of large-size precipitation particles by accelerating the effects of Bergeron and collision-
coalescence processes after seeding the Agl, thereby increasing the precipitation. However,
in the stratiform region, the static seeding mechanism played the dominant role. That is, the
surrounding supercooled water condensed into ice crystals by seeding the Agl, and then
through the deposition process the ice crystals grew up and fell onto the ground as surface
precipitation.

A challenging question we should note is the relative contribution of cloud seeding and
natural variability to the observed phenomenon after cloud seeding. In principle, it is almost
impossible to answer from observational view since we do not have two same clouds to
compare between with and without cloud seeding. Thus, we here have simply attributed the
cloud property changes mostly to cloud seeding, which warrants further investigation in

future with mesoscale weather model simulations.
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Figures

Figure 1. Photos of the KingAir aircraft probes, including Agl flares equipment, Ka-band
cloud radar (KPR), cloud combination probe (CCP), cloud imaging probe (CIP), precipitation
image probe (PIP), 20 Hz Aircraft-Integrated Meteorological Measurement System
(AIMMS-20), Passive Cavity Aerosol Spectrometer Probe (PCASP), cloud condensation
nuclei (CCN) counter and Hot-Wire Liquid Water Content Sensor (LWC-100).

Figure 2. Synoptic weather situation along with the surface meteorology observations on 21
May 2018. (a) Geopotential height at 500 hPa and the wind at 700 hPa at 00:00 UTC, with
the thick purple lines representing the weak waves and red dotted lines representing
warm/cold shear lines. (b) Surface map that shows weather conditions using the standard
synoptic symbols and rainfall at 06:00 UTC. The turning points of the seeding track are
denoted by the characters O—A—K, and O points marks Jinan Yaoqiang Airport. The seeding
area was carried out along the magenta lines of the zigzagging flight track (A—G), and the
other magenta lines (O—A and G—-O) were the detection area.

Figure 3. (a) Region DEM and the aircraft flight track from 04:37 to 05:49 UTC on 21
October 2018. The colored line was the flight track, the black box was the location of Binzhou
radar, and the letters A-I and red points are the flight turning points. Note that the magenta
lines represent the parallel lines of system movement with winds for the period between
forward and backward flight time. (b) The characteristics of flight height (black line), in-
cloud (red dot), flight speed (light blue), temperature (blue lines), relative humidity (green
line) parameters from 04:37 to 05:49 UTC. (c) Vertical cross-section of radar reflectivity
along the aircraft flight track from 04:37 to 05:49 UTC measured by the ground radar at

Binzhou. The blue line was the flight track.
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Figure 4. Evolution characteristics of real-time airborne KPR radar echoes during (a) S1-S3,
(b) R4-R6 (30-32 minutes after the seeding in S1-S3), (c) the whole detection period, (d)
S4-S6, and (e) R1-R3 (22-24 minutes after the seeding in S4-S6). The positions pointed by
the blue arrows are points S2 and S5 before the seeding operation, and the positions pointed
by the red arrows are the points R5 and R2 after the seeding operation.

Figure 5. Evolutions for the CFADs of the radar reflectivity factors during (a) S1-S3, (b)
R4-R6, (¢) S4-S6 and (d) R1-R3. Green, black and purple dashed lines represent the 25th
percentile, median and 75th percentile respectively, and the blue dashed line represents the
freezing level and the red dashed line represents the seeding level.

Figure 6. Same as Fig. 5, but for the Doppler radar velocity. The positive velocity indicates
downward motion and the negative velocity indicates upward motion.

Figure 7. Evolution of each microphysical variable at different operational time during the
horizontal flight stage at 04:52:30-05:28:30 UTC. (a) LWC and IWC. (b) CDP, CIP, and PIP
measured cloud particle concentration. (¢) the particle size from CDP, CIP, and PIP. (d) CIP
measured cloud particle image.

Figure 8. Cloud particle size spectra during (a) S1-S3 and R4-R6 in convective cloud, and
during (b) S4-S6 and R1-R3 in stratiform cloud. The black line segments are the
measurements during the seeding operation, and the blue segments during the detection
period. The squares denote data from the CDP, from the CIP and triangles from the PIP.
Figure 9. S-NPP VIIRS microphysical seeding track over central China at 05:25 UTC on 21
Oct 2018. The aircraft flew eastward so that the seeding track becomes older from right to

left. (a) The red color composite for the visible reflectance, green for the 3.7 um reflectance,



671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

and blue for the 10.8 pm brightness temperature. Note that the six blue lines except the one
labeled with “4” represent the moving tracks of cloud parts seeded (at location 1-6 except 4)
with winds; and the blue line labeled with “4” represents the flight track in which aircraft
measured the response of cloud properties after seeding for locations between 4 and 5 and
between A and B (such as S1-S6 as shown in panel c). (b) 0.6 um reflectance. (c) TBB at
12-um channel with black line for the flight track and blue dotted line for the flight track
moved along the wind direction of 300° after 7-28 minutes from the original position A—H.
Figure 10. Evolution characteristics of the 10-minute TBB at 12-pm channel from H8 satellite
during (a—h) 04:50-06:00 UTC. Blue dashed lines are the actual flight track, and letters A—
K are turning points.

Figure 11. Evolution characteristics of the 10-minute TBB at 12 um channel from H8 satellite
extracted along the moving section C—D. The solid line inside the box represents the 50th
percentile, the lower line was the 25th percentile, the upper line was the 75th percentile, the
dotted line was the mean value, and the lower and upper whiskers denote the 10th and 90th
percentiles, respectively.

Figure 12. Conceptual model of seeding Agl at different parts of the mixed convective-
stratiform clouds. The left panel shows the situation before seeding, and the right panel shows
that after seeding. Green solid line was the flight track, and black dashed line was the freezing
level. Signs such as particle category and airflow are shown in the legend.

Tables

Table 1. The main instruments and their detection variables used in this study, along with the

measurement ranges, spatio-temporal resolution and the particle size spectral bin resolution.
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Figure 1. Photos of the KingAir aircraft probes, including Agl flares equipment, Ka-band
cloud radar (KPR), cloud combination probe (CCP), cloud imaging probe (CIP), precipitation
image probe (PIP), 20 Hz Aircraft-Integrated Meteorological Measurement System
(AIMMS-20), Passive Cavity Aerosol Spectrometer Probe (PCASP), cloud condensation

nuclei (CCN) counter and Hot-Wire Liquid Water Content Sensor (LWC-100).
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704  Figure 2. Synoptic weather situation along with the surface meteorology observations on 21
705  May 2018. (a) Geopotential height at 500 hPa and the wind at 700 hPa at 00:00 UTC, with
706  the thick purple lines representing the weak waves and red dotted lines representing
707  warm/cold shear lines. (b) Surface map that shows weather conditions using the standard
708  synoptic symbols and rainfall at 06:00 UTC. The turning points of the seeding track are
709  denoted by the characters O—A—K; and O points marks Jinan Yaoqiang Airport. The seeding
710  area was carried out along the magenta lines of the zigzagging flight track (A-G), and the

711  other magenta lines (O—A and G-O) were the detection area.

712
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715  Figure 3. (a) Region DEM and the aircraft flight track from 04:37 to 05:49 UTC on 21
716  October 2018. The colored line was the flight track, the black box was the location of Binzhou
717  radar, and the letters A—I and red points are the flight turning points. Note that the magenta
718  lines represent the parallel lines of system movement with winds for the period between
719  forward and backward flight time. (b) The characteristics of flight height (black line), in-

720  cloud (red dot), flight speed (light blue), temperature (blue lines), relative humidity (green



721 line) parameters from 04:37 to 05:49 UTC. (c) Vertical cross-section of radar reflectivity
722 along the aircraft flight track from 04:37 to 05:49 UTC measured by the ground radar at

723 Binzhou. The blue line was the flight track.
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725  Figure 4. Evolution characteristics of real-time airborne KPR radar echoes during (a) S1-S3,
726 (b) R4-R6 (30-32 minutes after the seeding in S1-S3), (¢) the whole detection period, (d)
727 S4-S6, and (e) R1-R3/(22-24 minutes after the seeding in S4-S6). The positions pointed by

728  the blue arrows are points S2 and S5 before the seeding operation, and the positions pointed

729 by the red arrows are the points R5 and R2 after the seeding operation.

730
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732 Figure 5. Evolutions for the CFADs of the radar reflectivity factors during (a) S1-S3, (b)
733  R4-R6, (c¢) S4-S6 and (d) R1-R3. Green, black and purple dashed lines represent the 25th
734  percentile, median and 75th percentile respectively, and the blue dashed line represents the

735  freezing level and the red dashed line represents the seeding level.

736
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737

738  Figure 6. Same as Fig. 5, but for the Dopplerradar velocity. The positive velocity indicates

739  downward motion and the negative velocity indicates upward motion.

740



A 518283 B C  s18s58 D E FG RIR2R3R4RSRE H

— - B : Tl 0. 08 —
e o (a) —Eiiag W(“_IV\FC 4 e
8 0.2 — -Lwe—i| 10.06
- ?. 8 -1 I ; : 4 LA™ Lla a &' = .: 3 _- %: %O __
D 9 i (b) ——Cong | | Concjiftip =Conc_PIP q 0C s 1.00 =
g 1204 o E 1249 =075 2
& ' 1180 © =
a ] 1 0.7
S 1120 2799 ¢
% 60 © q 0.25 35
~ =10 20,00
_ 5400 — 3 1000 _
E : E ] E
E? 300 27890 2
S ¥ 200 5,1°% £
5 i £400 £
2 i b / ] 199 = 1900
3  E— o T — T — — 0 =0
04:54 05:00 05:06 05:12 05:18 05:24
TR LRI KT W (OB IO Y P L W TP TE SRR
741 Time [hh:mm]

742 Figure 7. Evolution of each microphysical variable at different operational time during the
743 horizontal flight stage at 04:52:30-05:28:30 UTC. (a) LWC and IWC. (b) CDP, CIP, and PIP
744 measured cloud particle concentration. (c) the particle size from CDP, CIP, and PIP. (d) CIP

745  measured cloud particle image.

746
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Figure 8. Cloud particle size spectra during (a) S1-S3 and R4-R6 in convective cloud, and
during (b) S4-S6 and R1-R3 in stratiform cloud. The black line segments are the
measurements during the seeding operation, and the blue segments during the detection

period. The squares denote data from the CDP, from the CIP and triangles from the PIP.
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Figure 9. S-NPP VIIRS microphysical seeding track over central China at 05:25 UTC on 21
Oct 2018. The aircraft flew eastward so that the seeding track becomes older from right to
left. (a) The red color composite for the visible reflectance, green for the 3.7 um reflectance,
and blue for the 10.8 um brightness temperature. Note that the six blue lines except the one
labeled with “4” represent the moving tracks of cloud parts seeded (at location 1-6 except 4)
with winds; and the blue line labeled with “4” represents the flight track in which aircraft
measured the response of cloud properties after seeding for locations between 4 and 5 and
between A and B (such as S1-S6 as shown in panel c). (b) 0.6 um reflectance. (c) TBB at
12-um channel with black line for the flight track and blue dotted line for the flight track

moved along the wind direction of 300° after 7-28 minutes from the original position A—H.
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764

765  Figure 10. Evolution characteristics of the 10-minute TBB at 12-um channel from HS satellite
766 during (a—h) 04:50—06:00 UTC. Blue dashed lines are the actual flight track, and letters A—

767 K are turning points.
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Figure 11. Evolution characteristics of the 10-minute TBB at 12 um channel from H8 satellite
extracted along the moving section C—D. The solid line inside the box represents the 50th
percentile, the lower line was the 25th percentile, the upper line was the 75th percentile, the
dotted line was the mean value, and the lower and upper whiskers denote the 10th and 90th

percentiles, respectively.
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Figure 12. Conceptual model of seeding Agl at different parts of the mixed convective-
stratiform clouds. The left panel shows the situation before seeding, and the right panel shows
that after seeding. Green solid line was the flight track, and black dashed line was the freezing

level. Signs such as particle category and airflow are shown in the legend.



782  Table 1. The main instruments and their detection variables used in this study, along with the

783  measurement ranges, spatio-temporal resolution and the particle size spectral bin resolution.

Measurement
Instrument Variables detected Resolution
range
Spatial:
Airborne Ka-band Reflectivity -25-55dBz
30m;
Radar (KPR) Radial velocity -21-21m/s
Time: 0.2s
CDP Droplet size distribution 2-50pum lum
CIP Cloud particle image 25-1550pum 25um
PIP Precipitation particle image 100-6200um 100um

Meteorology (temperature,
AIMMS-20 -
humidity, and wind)

784



