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Abstract Operational cloud seeding has been implemented to alleviate local precipitation shortages
in China for over half a century. Here, we present quantitative evidence for the effect of Agl seeding on
supercooled layer clouds with a top cloud temperature of —15°C in China, as documented for the first time
by a combination of radar, satellite, and disdrometer observations. A radar signature appeared 18 min after
seeding, shortly followed by a visible glaciated seeding track. The seeding signature expanded horizontally
at a rate of ~1.4 and ~0.3 m s™" before and after 04:25 UTC. The radar signature descended to the surface
40 min after seeding. A disdrometer captured the precipitation of the first seeded raindrops that reached
maximum diameter of 2.75 mm compared to the maximum diameter of 1 mm of the light background
rain. The enhanced surface rainfall was observed within the subsequent 100 min. A conceptual model for
the formation and expansion of the seeding track is presented. Although the precipitation was light, it is a
promising step toward the goal of quantifying the impact of cloud seeding in China.

1. Introduction

In recent decades, many countries have performed scientific experiments on the enhancement of rainfall
and/or snow volume. At the same time, many provinces in China have carried out operational precipitation
enhancement to alleviate local precipitation shortages. Supercooled stratiform clouds are good targets for
glaciogenic seeding in northern China during spring and autumn. When ice nuclei are seeded into clouds
with abundant supercooled water, the conversion of supercooled water to ice is promoted, leading to an
increase in precipitation efficiency and amount. This is the theoretical basis for artificially enhancing cold
cloud precipitation.

When seeding materials are injected into the cloud top, the simplest and easiest-to-observe cloud-seeding
feature is the glaciation and collapse of the cloud top (Langmuir, 1961), which indicates that the cloud-seed-
ing materials have altered the microphysical characteristics and structure of the cloud. Radar is a common
tool to identify microphysical changes in cloud properties resulting from cloud seeding (French et al., 2018;
Friedrich et al., 2020; Geerts et al., 2010; Hobbs et al., 1981; Pokharel, Geerts, Jing, Friedrich, Aikins,
et al., 2014). Based on measurements from ground-based X-band radars, an airborne W-band cloud radar
and in situ physical cloud probes, French et al. (2018) provided strong evidence for the conclusion that
initiation and growth of ice crystals results from winter orographic glaciogenic cloud seeding using silver
iodide (Agl).

Satellite methodologies for cloud microphysics retrieval have also been applied to investigate the microphys-
ical impact of cloud seeding and aerosol-cloud interactions (Rosenfeld, Zhu, et al., 2019; Yue et al., 2019).
Rosenfeld (2000) used the advanced very high resolution radiometer (AVHRR) satellite data to study the
impacts of urban pollution on cloud properties. Since 2000, the moderate-resolution imaging spectroradi-
ometer (MODIS) has provided multiple cloud characteristics, including cloud phase, effective particle size,
and cloud optical thickness (Platnick et al., 2017). Morrison et al. (2013) used these MODIS-retrieved cloud
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properties to identify regions of clouds containing supercooled liquid water with potential for glaciogenic
cloud seeding. Satellite observations of glaciogenic cloud-seeding signatures were revealed by a conspicu-
ous cloud track on an AVHRR image for the first time in 2005. The seeding track was produced by a seeding
thick supercooled layer of clouds over central China. The seeding tracks were observed by the retrieval of
cloud microphysical properties and supported by the simulated diffusion of seeding materials (Rosenfeld,
Yu, & Dai, 2005; Yu et al., 2005). An aircraft Agl seeding experiment on supercooled water clouds in Eastern
China was followed by in situ aircraft documentation of the formation of the ice hydrometeors. Concurrent
Himarawi-8 satellite observations detected an increase in the cloud top brightness temperature caused by
the falling of the ice particles and consequential collapse of the cloud top within the seeding track (Dong
et al., 2020).

Rauber et al. (2019) noted that a deficiency in cloud-seeding evaluations remains ground validation of
seeding effects in target experiments. Hobbs (1975) proposed the first physical evidence of the effectiveness
of seeding material in orographic clouds when increased concentrations of silver in snow were detected.
Super et al. (1988), Super and Boe (1988), and Huggins (2007) reported that ground-based Agl seeding has
enhanced the ground precipitation rates (less than 1 mm h™") of stable orographic clouds. The project “Agl
Seeding Cloud Impact Investigating” had 25 experimental units (Pokharel, Geerts, & Jing, 2018). A positive
effect on the surface precipitation amounts was shown by the double ratio methodology (Pokharel, Geerts,
Jing, Friedrich, Ikeda, & Rasmussen, 2017). Although the impacts of cloud seeding on season-long precip-
itation values have been estimated in many experiments (Gabriel, 1999; Manton et al., 2011; Rasmussen
et al., 2018), there are two remaining issues in the verification of the impacts of seeding on ground precipi-
tation. One is the matter of how to clearly identify the time and location of the seeded cloud in the natural
cloud system; the other is the major challenge of accurately detecting increased surface precipitation (Floss-
mann et al., 2018). Gultepe et al. (2014) argued that extracting signals from cloud systems with a high natu-
ral variability presents a major obstacle for researchers. Friedrich et al. (2020) identified areas of orographic
precipitation that were unambiguously generated by cloud seeding through the identification of seeding
tracks with enhanced radar reflectivity, which could then be connected to enhanced surface snowfall.

Due to the advances in the performance of numerical models, numerical models are becoming an indis-
pensable tool for the developing technologies related to the two aforementioned issues and the ability to
assess cloud seedability in precipitation enhancement studies. Xue et al. (2013) found different effects be-
tween aircraft-based and ground-based seeding by using a two-dimensional version of the Weather Re-
search and Forecasting model coupled with a cloud-seeding parameterization. Large eddy simulation
models have been implemented in many studies to investigate the Agl seeding of orographic clouds (Chu
et al., 2014, 2016, 2017; Xue et al., 2016). The results show that the vertical dispersion of the seeding mate-
rial is a limitation of effective seeding and suggest that seeding does not significantly impact the dynamics
of orographic clouds. While the numerical model simulations provide some evidence of the effects of Agl
seeding, their validation in the real atmosphere is necessary.

For the case presented in this study, we focus on the effects of cloud seeding on supercooled stratiform
clouds over central China on March 19, 2017. Our study is unique due to the following factors: (a) it com-
bines radar, satellite, and disdrometer observations of the spatial and temporal evolution of seeded strati-
form clouds, (b) the light precipitation generated by cloud seeding is isolated since there is very little natural
background precipitation, (c) the raindrop spectra of the seeding-induced precipitation are observed for the
first time, and (d) a conceptual model of the evolution of the seeded clouds and precipitation is presented.
This study is divided into three parts. Section 2 briefly describes the operational cloud-seeding methods,
implemented technologies, and atmospheric conditions. Sections 2.1-2.3 provide observations and analyses
from radar, satellite retrieval, and surface precipitation, respectively. Section 3 generically summarizes the
hypothesized chain of events and discusses relevant important issues.

2. Operational Seeding on March 19, 2017

In the Shaanxi Province, located at the center of China, operational cloud seeding has been carried out
continuously every spring and autumn since 1978. The accompanying observational instruments have con-
stantly improved. On March 19, 2017, operational cloud seeding was conducted in the region and covered
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Figure 1. Topography, aircraft flight track, and observational instruments on the ground around the cloud-seeding region on March 19, 2017. (a) The triangles
represent the particle size velocity (PARSIVEL) disdrometers located at the Chunhua (red) station (108.55°E, 34.83°N) and the Tongchuan (black) station
(109.08°E, 35.06°N). Wind barbs plotted below the aircraft track illustrate the mean wind direction and speed (in meters per second) at a flight level of 3,944 m.
A full barb equals 4 m s™". (b) Three-dimensional plot and ground projection of the flight path of the cloud-seeding aircraft. The solid blue line shows the
seeded segment (02:41-03:14 UTC) of the flight track. The gold and red segments represent the ascending and descending stages, respectively.

parts of the Guanzhong Plain and the Loess Plateau (Figure 1a). The Agl aerosols were released by a YUN-
12 transport aircraft (Y-12) equipped with a GPS.

The Y-12 aircraft took off from Xi'an-Xianyang Airport (the blue sign with an airplane symbol in Figure 1a)
at 02:25 UTC and flew 33 km to the north (Figure 1a). The aircraft began cloud seeding after turning west-
ward at 02:41 UTC. The average seeding altitude of the aircraft was 3,944 m during the period of 02:41-03:03
UTC with a horizontal flight distance of 97 km. At 03:04 UTC, the aircraft descended to 3,663 m and then
climbed to approximately 3,900 m. The aircraft then reversed course and flew eastward at 03:06 UTC due to
instruction from airspace control. From 03:06 UTC to 03:14 UTC, the flight altitude was at its lowest, averag-
ing at 3,191 m (Figure 1b). The airborne cloud seeding lasted 34 min and terminated at 03:14 UTC. During
the operation of the cloud-seeding aircraft, the Agl aerosols were released by burning 750 g of burn-in place
pyrotechnic flares at a seeding rate of 0.368 g s~ within an ambient temperature near —15°C (Figure 3).

The C-band China new generation weather radar (CINRAD/CB) and the L-band sounding radar were lo-
cated at the Jinghe meteorological station (108.97°E, 34.45°N, 410 m above sea level, red star in Figure 1a).
The height of the CINRAD/CB antenna from the ground was 48.6 m. CINRAD/CB operates for collecting
rain measurements at 5,300-5,500 MHz (with a center operating frequency of 5,400 = 15 MHz) with a
wavelength of 5.6 cm. The composite radar reflectivity products of CINRAD/CB from the Jinghe station
in Xi'an, Shaanxi Province, are used in this study. Composite reflectivity is a product in which the largest
reflectivity detected from constant elevation-azimuth scans within a volume scan has been projected onto
a Cartesian grid point. The C-band radar had an antenna beam width of 1°, and it adopted the volume scan
mode of nine elevation angles at 0.5°, 1.5°, 2.4°, 3.4°, 4.3°,6.0°, 9.9°, 14.6°, and 19.5°. The radar completed
one volume scan every 6 min. The radar data were quality controlled by filtering basic electromagnetic in-
terferences, including interferences of land objects.

The L-band sounding data provided information on temperature, humidity, air pressure, wind direction,
and wind speed. Soundings were launched twice at 00:00 UTC and 12:00 UTC every day. The real-time
sounding data were only analyzed for physically implausible values, and those with gross errors were re-
moved. Two particle size velocity (PARSIVEL) laser disdrometers were sited at the Chunhua (108.55°E,
34.83°N, and 1,013 m above sea level) and Tongchuan (109.08°E, 35.06°N, and 979 m above sea level) sta-
tions on the north (downwind) side of the seeding region (red and black triangles in Figure 1a). They
continuously recorded the spectral characteristics of the rain with a sampling interval of 1 min. As long as
precipitation particles passed through the laser beam (3 X 18 cm) of the PARSIVEL, their diameter and fall
speed were recorded instantaneously (Loffler-Mang & Joss, 2000).
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Figure 2. Synoptic conditions over the seeded area on March 19, 2017: (a) 500 hPa and (b) surface map for 00:00 UTC. The geopotential height lines (10 gpm,
blue solid line, 40-gpm interval), isotherms (in degrees Celsius, red dotted line, 4° interval), surface temperature (red numbers), weather conditions (shown
using the standard synoptic symbols), and sea level pressure (black solid line, 2.5 hPa) are shown here. The cloud-seeding region with two PARSIVEL stations
(red and black triangles) and the Jinghe meteorological station (red star, 108.97°E, 34.45°N) is presented by the green dash-outlined region.

The primary synoptic system was an upper level trough and a warm ridge flank located over central China
on March 19, 2017 (Figure 2a). Because the seeded region was located downstream of the tilted shortwave
trough and the eastern flank of the upper trough, the horizontal warm advection was associated with the
generally rising motion of the air in this part of the trough.

The surface temperature was greater than 0°C with a maximum of 12°C in the seeded region (Figure 2b). At
00:00 UTC, sporadic precipitation began falling to the west of the seeded area on the ground.

The sounding profile showed that the surface temperature at the Jinghe station (108.97°E, 34.45°N) was
9.7°C at 00:00 UTC. The altitudes of the 0°C, —4°C, and —8°C isotherms were 1,943, 2,682, and 3,944 m,
respectively (Figure 3). The temperature of the cloud top derived from the sounding measurements was
—10.6°C and —11.9°C as derived from the 11.2-um brightness temperature (7},) of the Himawari-8 satellite,
which are in relatively good agreement. From 02:00 UTC to 06:00 UTC, the cloud top temperature was very
homogenous near —15°C according to MODIS Terra. There was a strong temperature inversion layer pres-
ent between 3,990 and 4,382 m.

The wind direction was southeast below 2.5 km and shifted southwest above 2.5 km. The wind speed in-
creased with increasing altitude. The average wind speed was 12.3 m s~ from 239° between 3,500 and
3,933 m (Figure 3). This mean wind speed and direction govern the transport of the seeding material but
not the dispersion.

The relative humidity (RH) measurement of the sounding was saturated at 90%, indicating in-cloud pas-
sage. The vertical profile of the RH indicated that there was a single-layer cloud with a cloud base altitude
near 1,500 m and a cloud top altitude of 4,100 m present at 00:00 UTC (Figure 3).

2.1. Evolution of Radar Echo

The evolution of the composite radar reflectivity (Figures 4a, 4c, 4e, 4g, and 4i) shows the radar composite
reflectivity (i.e., the maximum reflectivity in the vertical direction) at 02:59, 03:16, 03:27, 04:47, and 05:49
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the additional Movie S1 and show that the seeding line was detectable for
234 min. It transitioned from the initial seeding line seen at the beginning
of the period to a much larger and wider area of enhanced composite re-
flectivity as the seeding material dispersed. The seeding line marked with
a gray rectangle first appeared at 02:59 UTC (Figure 4a); it was 13.4 km
long and had an echo of 10-15 dBZ. The clear cloud-seeding signature
started with an echo reflectivity of 10-15 dBZ on the downwind side of
the aircraft flight trajectory. At 03:27 UTC (Figure 4e), the length and
echo reflectivity of the line increased to 83.7 km and 25-30 dBZ, respec-
tively. The width of the region of enhanced composite reflectivity greater
than 15 dBZ exceeded 15 and 19 km at 04:47 UTC and 05:49 UTC (Fig-
ures 4g and 4i). The expansion rate, defined as one-half of the seeding
line width in unit time, of the seeding line on the left panel in Movie S2,
was 1.4 m s and slowed to 0.3 m s™" after 04:25 UTC (Figure 5). The
seeding track split into a double peak band after 03:44 UTC. The max-
imum distance between the two reflectivity peaks greater than 20 dBZ
was nearly 10 km (Figure 5). Under the prevailing southwest wind, the

seeding line moved toward the northeast (from 239°) and gradually dissi-
g\ pated after moving 100 km after 3.5 h from the initial seeding time, near
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Temprature (°C) An investigation of the evolution of the radar seeding signature in the

horizontal and vertical directions allowed us to better understand the mi-

Figure 3. Temperature profile (red solid line), relative humidity profile crophysical changes within the seeded clouds. The vertical cross section
(blue solid line), and wind speed and direction (black wind) determined of radar reflectivity along the orange solid line shown in Figure 4a, which

from soundings at 00:00 UTC on March 19, 2017. The full barb equals

4ms™t

, and the triangular flag equals 20 m s™".

is parallel to the wind direction, was used to track the vertical evolution
of the seeding signature, in Figures 4b, 4d, 4f, 4g, and 4j. The full temporal
resolution (6 min) of the horizontal and vertical radar seeding signatures
is provided in Movie S1. The reflectivity of the seeded cloud increased
from the background values of approximately 10 dBZ to almost 30 dBZ. Before 02:59 UTC (Figure 4b), the
radar reflectivity was less than 10 dBZ, reached 25-30 dBZ near the surface after 47 min and remained at
that intensity for another 2 h. At 03:04 UTC, radar echoes with reflectivity values between 10 and 20 dBZ
began to appear in the layer between 2 and 4 km. The first appearance of enhanced radar reflectivity (03:04
UTC) occurred 18 min after the Agl aerosols were released at 02:46 UTC (Figure 5), which roughly repre-
sented how long the precipitation particles needed to grow to be large enough for the growth to be discerned
by the radar. After 03:10 UTC, the base of the enhanced reflectivity started to descend as the particles grew
and fell. The seeding signature reached the surface approximately 40 min after seeding, with a reflectivity
value between 20 and 25 dBZ. The tops of the radar echoes above the seeding tracks at a height of 6 km
seen in Figures 4d and 4f were caused by the radar beam width, where a strong echo expands with the radar
beam pattern (Atlas et al., 1963).

1

When the seeded clouds moved with the prevailing wind, they were extended not only in the vertical direc-
tion but also in the horizontal direction. Rosenfeld, Yu, and Dai (2005) calculated that the fall speed of cloud
ice particles from the cloud top after seeding is 0.4 m s™". The fall speed curve of ice crystals measured by

Nakaya and Terada (1935) indicates that the fall speed of pure ice crystals is less than 1 m s™.

The reflectivity range of 20-25 dBZ expanded approximately 1,000 m downward from 03:04 UTC to 03:33
UTC. Based on this, it is estimated that the hydrometeors fall speed was approximately 1.7 m s™*. There-
fore, it is possible that the hydrometeors above the melting level were composed of aggregates and grau-
pels. The location of the Chunhua station was such that the descending reflectivity had just reached the
surface when the seeding track passed over it. Therefore, the largest hydrometeors, which fell the fastest,
were conspicuously large. The enhanced precipitation reached the surface further downwind of Chunhua
station. The largest raindrops of the seeding track captured by the Chunhua station disdrometer reached a
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Figure 5. The temporal variation of the widths of the radar seeding tracks. The width is defined by composite
reflectivity greater than 15 dBZ across sections (A and B) in Movie S2, marked with solid red and violet lines,
respectively. The approximation to slopes is given by the blue broken lines, with an initial expansion rate of 1.4 m s~
which moderated to 0.3 m s™" after 04:25 UTC. The broken lines show the distance between their two reflectivity
peaks that exceeded 20 dBZ for part of the time. The seeding time of sections A and B were 02:52 UTC and 02:46 UTC,
respectively, as denoted on the abscissa. The time when the seeding lines of cross sections A and B first appeared on
radar was 03:10 and 03:04 UTC, respectively.

1

diameter of 2.75 mm, whereas they reached a diameter of 1 mm outside the track. These hydrometeors fall
speeds were much larger than the calculations above based on the descent rate of the reflectivity core. The
site of the Tongchuan station was 100 min farther downwind of the Chunhua station. During that time,
the seeding signature expanded, weakened, and diffused to the point that there was no clear separation of
seeded and unseeded rainfall at the surface, where the rainfall was already very light.

2.2. Seeding Track Observed by Satellite

The signature of cloud seeding was captured not only by the radars but also by the MODIS images onboard
the TERRA satellite and visible and infrared radiometer (VIRR) images on the FengYun-3C (FY-3C) sat-
ellite. The data utilized were from the TERRA satellite MODO021KM at 03:19 UTC and the FY-3C satellite
VIRR L1 1000M at 03:30 UTC on March 19, 2017.

The methodology of satellite retrieval proposed by Rosenfeld and Lensky (1998) was used to retrieve cloud
microphysical properties. The “day microphysical color” scheme was used to identify the seeding signature.
It assigned a reflectance of 0.6-, 1.6-, and 3.7-pm reflectance and 11-um brightness temperature to the colors
of red, green, and blue, respectively, to form the composited RGB images. The colors of this scheme enabled
the qualitative representation of the cloud microstructure. Yellow represents supercooled clouds with small
droplets, orange represents supercooled water clouds with medium droplets, and red represents ice clouds

Figure 4. Composite radar reflectivity at the Jinghe radar station (red star, 108.97°E, 34.45°N, 410 m above sea level) at (a) 02:59 UTC, (c) 03:16 UTC, (e) 03:27
UTC, (g) 04:47 UTC, and (i) 05:49 UTC on March 19, 2017. In (a, ¢, e, g, and i), the cloud-seeding signature observed by radar is marked by a gray rectangular
box. The seeding tracks are shown with blue dashed lines. The arrowed orange solid line (the length of 85.2 km) shows the path of cloud motion aligned with
the wind over the Chunhua station (red triangle, 108.55°E, 34.83°N). The radar reflectivity in the vertical section (the vertical section along the arrowed orange
line was roughly to the northeast) through Chunhua station overlying a part of the Loess Plateau (terrain is gray shaded) in (b, d, f, h, and j). The red and black
triangles represent the PARSIVEL rain disdrometer located at the Chunhua and Tongchuan stations (109.08°E, 35.06°N), respectively.
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Figure 6. The RGB microphysical composite image from TERRA/MODIS at 03:19 UTC (a and b) and FY3-C at 03:30 UTC (c and d) on March 19, 2017. The
RGB microphysical composite images are composed of red (R) for the 0.6-um visible reflectance, green (G) for the 3.7-um reflectance in (a and c) and the 1.6-
um reflectance in (b and d), and blue (B) for the inverse of 11-um brightness temperature (T;;). The ice cloud is represented by red, the water cloud with small
drops is represented by yellow, and the water cloud with medium sized drops is represented by orange. The seeding track shifted to the time of the satellite
overpass is marked by the blue dashed line. The discontinuities of the cloud trace in (a and b) are artifacts caused by the bowtie effect of the MODIS data near
the edge of the swath. It also contributed to the mismatch between the aircraft seeding track and shifted seeding track in (a and b). The white lines mark the
locations of the cross sections in Figure 7.

(Rosenfeld & Lensky, 1998; Rosenfeld, Liu, et al., 2014). Because the measured 1.6 um radiation came from
clouds deeper than 3.7 um (Rosenfeld, Cattani, et al., 2004), the RGB composed of reflectances at 3.7 um
(RGB 3.7, Figures 6a and 6¢) and at 1.6 um (RGB 1.6, Figures 6b and 6d) was set to display the cloud micro-
structures at different depths within the cloud.

The microphysical properties of the seeded cloud and its surroundings were revealed by the TERRA satellite
at 03:19 UTC (Figures 6a and 6b) and the FY-3C satellite at 03:30 UTC (Figures 6¢ and 6d). By using a sim-
ilar method as in Rosenfeld, Yu, and Dai (2005), these composite images display the cloud top microstruc-
ture, with an evident contrast between the flat-top background supercooled layer clouds and the glaciated
clouds in the seeded track. The glaciated line marks the seeding track, which appears conspicuously in
deeper red, embedded in the ambient supercooled layer clouds in lighter orange colors. The seeding track
on the satellite image terminated slightly east of the western edge of the seeder aircraft track because the
aircraft descended below the cloud top toward the west end of the leg (Figure 1).

The satellite seeding signature in the form of a glaciated line appeared not later than 15 min after seeding,
shortly followed by the appearance of a radar seeding track. The glaciated track was apparent by the strong
absorption of solar radiation at 1.6 and 3.7 um by the ice compared to the adjacent supercooled water cloud.
This strong absorption by the ice was depicted in red in the RGB color scheme. The ice absorption of solar
radiation is evidenced by the black and green lines of the cross section shown in Figure 7b.

The falling ice crystals produced a trench in the cloud, which induced the warming of cloud tops by nearly
1°C (Figure 7), similar to what was observed in the case documented by Rosenfeld, Yu, and Dai (2005). Ap-
proximately 30 min after seeding began, new water clouds with small droplets formed in the cloud trench
that were formed by the precipitation of the glaciated cloud particles. These clouds are evidenced by their
small cloud drop effective radius, which are shown with a yellow filling in the RGB composite at 3.7 um, as
shown in Figures 6a and 6c. Figure 7 shows the filling of the trench with clouds by the enhanced 3.7-um
reflectance represented by the green line in panel a compared to the reduced 3.7-pum reflectance within the
cloud-free channel shown in panel b. The water cloud filling of the seeded trench propagates westward with
time following the aging of the seeding track, as evidenced by the comparison of Figure 6c to Figure 6a,
which is later by 15 min. The same phenomenon was already documented previously by Rosenfeld, Yu, and
Dai (2005). They ascribed it to latent heat release as the glaciation advances downward with the falling ice
hydrometeors. The warmed air rose to the cloud trench left by the falling ice particles and formed a new
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Figure 7. Microphysical properties of the seeding track and its surrounding clouds for two cross sections (marked with white numbers in Figure 6). The 1.6-
and 3.7-um reflectances are shown as black and green lines, respectively. The indicated effective radius (r.) is red. The 11- and 12-um brightness temperatures
are shown in blue and purple, respectively. The glaciated seeding track (b) is evident with a reduced solar reflectance due to ice absorption and a 1°C increase in
the cloud top temperature due to the collapsed glaciated cloud tops. The formation of new water clouds within the seeded cloud trench (a) is evidenced by the
increased solar reflectance and decreased 7, at 3.7 um. The cold cloud tops on the left part of the cross section (a) belong to a separate upper layer.

supercooled water cloud within the trench, which is shown as the yellow filling of the seeding track in
Figures 6a and 6c¢. The rising air diverged under the inversion and brought the ice nuclei to the walls of the
trench and seeded them, which led to the expansion of the seeding track as occurs in the case of punch hole
clouds (Heymsfield et al., 2011). The newly formed precipitation on both sides of the expanding seeding
track produced two reflectivity peaks. Figure 5 displayed the distance between the two peaks on two parallel
cross sections on the left panel in Movie S2 from 02:59 UTC to 06:06 UTC. A conceptual model of the forma-
tion of the seeding trench and its filling with water clouds is illustrated in Figure 8.

An alternative explanation might be that the new formation of water clouds in the trench was due to the
gentle orographic uplift of the air mass, including the air in the trenches. While possible, it is unlikely to
be the main reason because cloud filling is a transient phenomenon that occurs with a lag of ~30 min after
seeding and clears after up to an additional 30 min later (Rosenfeld, Yu, & Dai, 2005), likely due to the dissi-
pation of the latent heat. The westward propagation of the cloud filling evident between Figures 6a and 6c
further supports this hypothesis.

2.3. Surface Precipitation Measurements

Based on radar analyses, the seeding line of composite radar reflectivity >15 dBZ passed over the Chunhua
station between 03:25 and 03:35 UTC (Figure 9a and Movie S1). The three periods/stages of seeding, namely
Preseed, Seed, and Postseed, are 03:15-03:24, 03:25-03:35, and 03:36-03:45 UTC, respectively, for the Chun-
hua station. The passage time of the seeding line with composite reflectivity >15 dBZ over the Chunhua
station was 11 min (Figures 9a and 9c). At 03:30 UTC, the composite reflectivity over Chunhua station
reached the maximum of 26 dBZ (Figure 9c). One minute later, the reflectivity calculated from PARSIVEL
data reached the maximum of 22.7 dBZ, and the maximum of the mean volume drop diameter appeared at
the same time. It indicated that there was a short time delay of the raindrop from the height of radar volume
scan to be caught by the PARSIVEL caused by the height difference.
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Figure 8. A conceptual model of the formation of the glaciated seeding track, the trench, and its filling with water
clouds. The seeding creates a large number of small ice crystals that grow at the expense of supercooled water drops
and falls (a). The precipitation of the ice crystal from the cloud top leaves a glaciated trench in the cloud. The crystals
grow as they fall, rime and aggregate, and some of them transition into graupels, which fall through the cloud column
(b). The latent heat of freezing causes the air to rise and fill the trench with new water clouds, which glaciate later.
The rising air keeps the seeding at walls of the trench and expands the seeding track (c). The cloud at the center of

the seeding line is completely glaciated so no new latent heat of freezing is released, leading to the dissipation of the
cloud above the channel. The lateral mixing of the remaining IN keeps spreading the glaciation sideways, widening
the glaciated seeding track, and keeps releasing additional latent heat on the expanding edges, in a similar mechanism
documented for “punch hole” clouds (Heymsfield et al., 2011). The released latent heat can lead to growth of additional
clouds near the edge of the widening trench (d).
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The 0.02-mm surface accumulation at the Chunhua station was likely related to the change in raindrop di-
ameter, which sharply increased from 1.0 to 2.75 mm (Figure 9e) over a very short time after cloud seeding.
There was almost no accumulated precipitation recorded before 03:28 UTC and after 03:34 UTC. A total
of only 0.02 mm accumulated, with a maximum and mean rates of approximately 0.35 and 0.19 mm h7,
respectively, during the 6-min period just after the seeded cloud line passed over the disdrometer. However,
according to the vertical radar cross sections, the descending seeded precipitation shaft barely reached the
surface when the seeding track passed over the Chunhua station. Therefore, the largest drops were prefer-
ably precipitated, and rain enhancement at the ground was not fully realized at the Chunhua station but
rather some distance farther downwind.

Although the accumulated precipitation of 0.02 mm is very small, based on the analysis of radar reflectivity
and disdrometer data, we concluded that the light precipitation (0.02 mm) observed by the Chunhua station
disdrometer could be unambiguously attributed to cloud seeding. The raindrop spectrum obtained by the
Chunhua station disdrometer shown in Figure 9e might have been the first raindrop spectrum image of
precipitation generated by cloud seeding.

As the lines propagated downwind, the seeding line of composite reflectivity >15 dBZ passed over the
Tongchuan station between 04:32 and 05:11 UTC (Figure 9b). The Preseed, Seed, and Postseed periods were
04:12-04:31, 04:32-05:11, and 05:12-05:31 UTC for Tongchuan station, respectively. The seeding line split
into a double band when it passed over Tongchuan station (Figure 9b). Correspondingly, there was a tran-
sition from a single peak reflectivity to two peaks of reflectivity, as seen in Figure 9d and in the right panels
in Movie S2. Compared with the passage time of the seeding line with composite reflectivity >15 dBZ over
the Chunhua station, the passage time over the Tongchuan station increased to 40 min. The big difference
between the composite reflectivity and reflectivity calculated from PARSIVEL data is attributed to the large
vertical distance between radar observation and disdrometer. The raindrop spectrum measured on the sur-
face at this station (Figure 9f) showed that cloud seeding had a positive contribution to the precipitation
enhancement (Figure 9f).

3. Discussions and Conclusions

This study provided documentation of the evolution of a glaciogenic seeding track in supercooled layer
clouds over central China. Observations from satellite, ground-based weather radar, and laser raindrop dis-
drometers were presented that additively provide the spatial and temporal evolution of the cloud-seeding
line and the strongest evidence available so far for the mechanisms by which glaciogenic seeding can affect
precipitation-forming processes in China. The combined observations offer physical evidence for the pro-
cesses leading from cloud seeding to additional rainfall reaching the ground.

A seeding airplane released Agl aerosols from 02:41 to 03:14 UTC. The radar detected a seeding line of
enhanced reflectivity within 18 min after seeding began. The seeding signature, as evidenced by enhanced
radar reflectivity, moved with the prevailing wind at the seeding level and expanded. The reflectivity seed-
ing signature increased to 25-30 dBZ appeared in 46 min, and its length was then 84 km and its width was
5 km. The width reached 15 km by 126 min after cloud seeding began. The seeding signature disappeared
234 min after cloud seeding began. The expansion rate of the seeding line/area was at approximately ~1.4
and ~0.3 m s™* before and after 04:25 UTC as it moved to the northeast. The seeding altitude was mostly
4 km and descended to 3 km near the end. The radar echo of the seeding signature was initially observed at
an altitude of 3,700 m, where the temperature was near —15°C.

The analysis of the data measured by the MODIS satellite overpass at 03:19 UTC on March 19, 2017, cap-
tured the seeding line after seeding began. A simultaneous radar observation took place at 03:16 UTC. The

Figure 9. The seeding signatures at the rain gauge sites. Composite radar reflectivity around the Chunhua station (red triangle, a) and Tongchuan station
(black triangle, b) during the passage of seeding line. The temporal variations of rain properties in Chunhua (c) and Tongchuan (d) are shown as green lines

for the radar composite reflectivity (dBZ) from the radar above the rain gauge sites, and as black lines for reflectivity calculated from PARSIVEL. Rain intensity
(mm h™") and mean volume drop diameter (mm) are shown by the red and blue lines, respectively. (e and f) The seeded versus preseeded and postseeded drop
size distributions are shown for Chunhua (e) and Tongchuan (f) rain gauges. The times are shown by the rectangles in panels (c and d). PARSIVEL, particle size
velocity.
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seeding track was embedded in the ambient supercooled layer clouds. The satellite observations at that time
(Figures 6a and 6b) showed that the seeding track was a glaciated trench in the clouds caused by the sinking
of the glaciated particles at the cloud top. New water clouds with small droplets formed within the seeding
track (shown in yellow in Figure 6a). The formation of these clouds implied that air rose within the seeding
tracks, likely as a result of the latent heat release of freezing of the seeding track. A similar phenomenon
was previously observed by Rosenfeld, Yu, and Dai (2005).

The enhanced radar echo descended and reached the surface 40 min after seeding started as it passed the
location of the laser raindrop disdrometers at Chunhua station. The seeding effect was indicated by the
disdrometer as a small concentration of abnormally large raindrops (up to 2.75 mm in diameter) compared
to those less than 1 mm before and after the passage of the seeding signature. The reflectivity continued to
increase and expand further downwind of the measuring site, indicating that the effect on the surface rain
rate was probably much larger there than that measured at the Chunhua station disdrometer. It appears
that only the largest hydrometeors had sufficient time to reach the ground at the Chunhua station. By the
time (100 min after passing Chunhua station) that the seeding track reached the Tongchuan disdrometer,
with clearly evident excess surface precipitation rate. This chain of events following the seeding of super-
cooled layer clouds supports the full microphysical chain of events due to airborne glaciogenic seeding of
orographic clouds demonstrated by French et al. (2018).

A conceptual model is presented in Figure 8 and constituted of the following steps:

1. The seed agent initiates ice crystals which glaciate the cloud after ~15 min and produces ice hydromete-
ors detectable by radar (>20 dBZ) shortly (few minutes) after that.

2. The aggregated and rimed hydrometeors precipitate and leave a visible channel at cloud top.

3. While descending, the ice particles rime the cloud water at lower levels and grow while releasing addi-
tional latent heat of freezing.

4. The warmed air rises into the channel and fills it with a newly formed cloud with small supercooled
water droplets.

5. The rising air which contains ice nuclei and small ice crystals diverges under the inversion which marks
the top of the general field of clouds and impinges and mixes with the ambient supercooled layer clouds,
thereby expanding the seeding track at a two sided rate of ~1.4 ms™".

6. The expansion to the ambient clouds generates fresh ice hydrometeors, which form a widening double
peak band of precipitation intensity.

7. After ~90 min, the expansion rate decreases from ~1.4 to ~0.3 m s~
ice nuclei available to seeding additional clouds at the periphery.

Y probably due to exhaustion of the

The added surface rainfall was probably small. However, the results demonstrate that adding ice nuclei can
transfer a cloud on the verge of precipitating or lightly precipitating to precipitate. This has importance to
climate studies because of its implications for cloud lifetime and radiative properties, so it may be related to
the effect of changes in the ice nuclei concentration on climate.

In view of these findings and their importance, it is necessary to utilize cloud microphysical observation
equipment and design thorough scientific and field experiments in future studies. Such studies will enable
a more comprehensive understanding of artificial enhancement precipitation operations to better conduct
scientific operations and improve program effectiveness.

Data Availability Statement

Composite radar reflectivity and sounding data were obtained from China Meteorological Data Service
Center (CMDC). Composite reflectivity data used can be downloaded publicly online (http://data.cma.
cn/en/?r=data/detail&dataCode=J.0012.0003). The sounding data used in this study are archived online
(http://data.cma.cn/en/?r=data/detail&dataCode=B.0011.0001C). The FY-3C/VIRR data were obtained
from National Satellite Meteorological Center (NSMC) of China Meteorological Administration (http://
satellite.nsmc.org.cn/portalsite/default.aspx). The TERRA/MODIS data were obtained from Atmosphere
Archive & Distribution System (LAADS) Distributed Active Archive Center (DAAC) (https://ladsweb.
modaps.eosdis.nasa.gov/search/).
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