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Abstract

Global warming causes droughts to increase in intensity and frequency. In 2021, Taiwan
faced the most serious drought in the past hundred years, prompting Taiwan government to seek
ways to deal with the problems of water scarcity. Hygroscopic cloud seeding seems to be a
possible solution to create more water resources. The goals of this study attempt to investigate
the suitable environmental conditions for hygroscopic cloud seeding and its impacts on cloud
microphysics by both observation and model simulation. Furthermore, based on a case study of
hygroscopic cloud seeding in northern Taiwan catchment, an effective and scientific strategy of

hygroscopic cloud seeding seeks to be proposed.

During 2019-2021, four Dongyan mountain cloud-seeding experiments were executed
with meteorological and aerosol observation, and the results indicate that: the seeding agents
can strengthen the competition effect and the condensation process. Moreover, the
concentration of raindrops increases after doing cloud seeding. For model simulation, the WRF
model with a hybrid cloud-seeding microphysics scheme, WDM6-NCU, which is able to
describe seeded CCNs size distribution by 43 bins and precisely evaluate the activation of
seeded CCNs, is used to simulate the case on 21-22 October 2020 with a series of sensitivity
tests on cloud seeding. Results of model simulation show that: more precipitation is developed
in the scenarios seeding at the in-cloud region, and seeding in a bigger domain and higher
hygroscopic particles concentration are able to increase several folds of rainfall. Regarding the
microphysics processes, the main reason causes the enhancement of precipitation is the
strengthening of the accretion process of raindrops, and those hygroscopic particles bigger than

0.4 um are the main factor contributing to cloud-seeding effects. In conclusion, this study



develops a hybrid cloud-seeding microphysics scheme, which successfully explains the process
from launching cloud seeding to developing rainfall and matches the features of observation
data. In addition, the results of this study can be used as a guidance for the future operation of

cloud seeding in Taiwan.
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Chapter 1. Introduction

Drought happens more frequently due to global warming (Bo-Tao, 2021). In 2021, Taiwan
faced the most serious drought in the past hundred years, prompting Taiwan government to seek
ways to deal with the problems of water scarcity. Cloud seeding, the common method of
weather modification, seems to be a possible solution to create more water resources. According
to Lelieveld (1993), 80 % of cloud droplets are not able to reach the ground, which means that
the transformation of cloud droplets to raindrops is inefficient. Thus, since the 20™ century,
several countries have been committed to cloud-seeding research. However, because of the
different environmental conditions in different countries, it is not suitable to use the same cloud-
seeding strategies all over the world. There are 2 main strategies of cloud seeding that are
always adopted, including ice cloud seeding, which is aimed at ice clouds, and warm cloud

seeding, which is aimed at liquid water clouds.

For the dry season (i.e., October to April) in Taiwan, the clouds are mainly warm clouds,
which base is about 500 m above mean sea level and the thickness is relatively thin. (Chen,
1995). In addition, due to the prevailing northeasterly wind, the weather systems are usually
maintained for a long period and supply plenty of water vapor. Therefore, warm cloud seeding
is the more appropriate way to be applied in Taiwan. Hygroscopic cloud seeding is a type of
warm cloud seeding, and it is also the method that has been used in Taiwan. In hygroscopic
cloud seeding, the seeding agents, which serve as efficient cloud condensation nuclei (CCN) or
giant CCN (GCCN: diameter larger than 1pum), play an important role to strengthen the

condensation and collision-coalescence process to widen the droplet size distribution (DSD)



and increase precipitation efficiency (Jensen and Lee, 2008; Jung et al., 2015; Tessendorf et al.,
2021). The process from spreading seeding agents to developing rainfall spent about 10-20
minutes (Silverman, 2000; Tonttila, 2021). Figure 1.1 displays the theory of hygroscopic cloud
seeding. However, though there are clear theory concepts of cloud seeding, it is still challenging

to observe the convincing scientific evidence.

J

Original in-cloud aerosol
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©

Artificially spread
hygroscopic particles
at cloud base or in-
cloud region.

The seeding agents
are the larger CCNs
to be activated much
easier and become
larger cloud droplets.

Those larger cloud
droplets can enhance
condensation and
collision-coalescence

The larger raindrops
are developed and
increase the surface
rainfall.
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Figure 1.1 The schematic depicts the theory of hygroscopic cloud seeding. The concept of

schematic design comes from: https://biostudizz.weebly.com/haze--cloud-seeding.html.

In the past, the effects of cloud seeding was usually verified by the statistical approach,
which is based on the comparison of multiple observational samples with the scenarios of
seeding and non-seeding, e.g. Silverman (2000) and Tessendorf et al. (2021), etc. However, this
method is sometimes full of high uncertainties (Guo et al., 2015). Recently, due to the
improvement of observation, more instruments, e.g. cloud radar and cloud droplet probe, are
applied to investigate the cloud-seeding effects to find out the direct observational evidence.
However, fewer studies have achieved this goal because it is hard to distinguish whether the
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signal of precipitation is the response of cloud seeding or the meteorological variations (Kerr,

1982; Mather et al., 1997; Silverman, 2003; Flossmann et al., 2019).

On the other hand, model simulation has the ability to generate several realizations of each
scenario and provides the advantage of separating the cloud-seeding signal from the natural
phenomenon. Caro et al. (2002) concluded that the hygroscopic particles with a radius between
0.5 and 6 um are optimal for enhancing precipitation in warm clouds. Moreover, according to
Segal et al. (2004), the increment of precipitation by hygroscopic cloud seeding is mainly due
to the particles with diameters of 1.5-2.5 um. The reason for enhancing precipitation by doing
cloud seeding with giant CCN is due to the strengthening of the auto-conversion and the
accretion process (Tonttila et al., 2021). However, most of the studies of warm-cloud-seeding
simulation are simulated by one-dimensional cloud parcel model or based on the ideal case,

which may be not always represent the environmental condition in reality.

Recently, there is a remarkable improvement of the technique of both observation and
model simulation in Taiwan. Regarding the observation, two new instruments, including LWC-
300 and Aerosol spectrometer, can be set up. Thus, it makes us able to gain more complete in-
situ observational data set. For model simulation, the new microphysics scheme WDM6-NCU,
which is modified from WDM6 by NCU (see section 3.3.3 for more details), can be used to
precisely simulate warm cloud seeding as the realistic cases. With the hybrid scheme the
simulation results should reflect to more realistic outcome. Encouraged by these improvements,

the promising prospect of the results of cloud-seeding experiments are expected.

Taiwan Cloud Seeding Research Project (TCSRP) targets to examine the hygroscopic

cloud seeding effects and funded by Water Resources Agency. There are two experiments in



TCSRP, including the Dongyan Mountain cloud-seeding experiment and the Miaopu validation
experiment. The Dongyan Mountain cloud-seeding experiment is formed to explore the direct
observational evidence of the hygroscopic cloud seeding effects because of several advantages
in the observational site, including the semi-enclosed condition, in-cloud environment, and
well-set instruments (some details will be discussed in section 3.1.1). In the operation, Miaopu
is selected as the region that conducts cloud seeding by drone known as Miaopu validation
experiment, because the location is closer to the reservoir. Moreover, seeding with drones

makes the seeding height more flexible.

This study attempts to investigate the direct observational evidence by the Dongyan
Mountain cloud-seeding experiment and conduct a series of cloud-seeding sensitivity test in
Miaopu by model simulation to evaluate the cloud-seeding impacts in the Shihmen region.
Table 1 shows the advantage and purpose of the experiments in TCSRP. Furthermore, based on
a case study of hygroscopic cloud seeding in northern Taiwan catchment, an effective and

scientific strategy of hygroscopic cloud seeding would be proposed.

Table 1 The advantage and purpose of the field campaigns in Taiwan Cloud Seeding Research

Project (TCSRP).
TCSRP Advantage Purpose
Dongyan Mountain | Carefully selected environment Investigate the direct
cloud-seeding and comprehensive observation | observational evidence of cloud
experiment seeding effects.
Miaopu validation | More practical and closer to the | Investigate the impacts of cloud
experiment reservoir seeding by the model simulation.




Chapter 2. Cases overview

On 21-22 October 2020, the typhoon Saudel, was located in southwestern Taiwan, and
accompanied the co-movement of the northeast monsoon, which caused the stronger
northeastern wind and brought plenty of water vapor to northern Taiwan. Figure 2.1 shows the
weather map at 00 UTC on 22 October 2020. The skew T diagrams at 12:00 UTC on 21 October
2020, 00:00 UTC on 22 October 2020, and 12:00 UTC on 22 October 2020 (Figure 2.2) also

display that the environment was saturated below the mean sea level height of about 3000 m.

Figure 2.1 The weather map at 00 UTC on 22 October 2020. Source: CWB.



Figure 2.2 The skew T diagrams at (a) 12:00 UTC on 21 October 2020, (b) 00:00 UTC on 22

October 2020, and (c) 12:00 UTC on 22 October 2020.

At 20:00 UTC on 21 October 2020, the stratiform precipitation in northern Taiwan was
observed by the radars (Figure 2.3), and the infrared image of Himawari8 (Figure 2.4) shows
that northern Taiwan was mainly affected by lower clouds. In addition, the site in Dongyan
Mountain is wrapped by clouds, and the relative humidity is above 90 %. Therefore, the cloud-
seeding experiment had been carried out at the Dogyan Mountain during 20:00-22:00 UTC on

21 October 2020.



(a)

(©)

Figure 2.3 Composite maximum radar reflectivity at (a) 20:00 UTC, (b) 21:00 UTC, and (c)

22:00 UTC on 21 October 2020. Source: CWB.

Figure 2.4 The infrared image of Himawari8 at (a) 20:00 UTC, (b) 21:00 UTC, and (c) 22:00

UTC on 21 October 2020. Source: CWB.

Also, at 06:00 UTC on 22 October 2020, the stratiform precipitation in northern Taiwan is
still sustained and observed by the radars and Himawari8 (Figure 2.5 and Figure 2.6). Therefore,
the cloud-seeding validation experiment had been executed in Miaopu during 14:30-16:30 UTC

on 22 October 2020. Furthermore, this case is selected to do a series of sensitivity test on cloud



seeding in the model simulation.

(a) (b) (©)

020/10/22 1400, * ° - FesmEnE : - 2020/10/22 16509 * °
] S ! | 1

&

Figure 2.5 Composite maximum radar reflectivity at (a) 06:00 UTC, (b) 07:00 UTC, and (d)

08:00 UTC on 22 October 2020. Source: CWB.

Figure 2.6 The infrared image of Himawari§ at (a) 06:00 UTC, (b) 07:00 UTC, and (c) 08:00

UTC on 22 October 2020. Source: CWB.

Another event is on 28 April 2021. In this event, there was a cold front near northern
Taiwan, and plenty of water vapor was brought by southwestern wind. Figure 2.7 displays the
weather map at 12 UTC on 28 April 2021. The skew T diagrams at 00:00 UTC on 28 April 2021
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and 12:00 UTC on 28 April 2021 (Figure 2.8) also show that the environment was saturated
below the mean sea level height of about 7000 m. At 11:00 UTC on 28 April 2021, the
precipitation in northern Taiwan was observed by the radars (Figure 2.9), and the infrared image
of Himawari8 (Figure 2.10) depicts that northern Taiwan was mainly affected by lower clouds.
In addition, the site in Dongyan Mountain is wrapped by clouds, and the relative humidity is
above 90 %. Therefore, the cloud-seeding experiment had been conducted in Dongyan

Mountain during 11:00-13:00 UTC on 28 April 2021.

Figure 2.7 The weather map at 12 UTC on 28 April 2021. Source: CWB.
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Figure 2.8 The skew T diagrams at (a) 00 and (b) 12 UTC on 28 April 2021. Source: CWB.
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Figure 2.9 Composite maximum radar reflectivity at (a) 11:00 UTC, (b) 12:00 UTC, and (c)

13:00 UTC on 28 April 2021. Source: CWB.
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Figure 2.10 The infrared image of Himawari8 at (a) 11:00 UTC, (b) 12:00 UTC, and (c) 13:00

UTC on 28 April 2021. Source: CWB.
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Chapter 3. Data and method

3.1 Dongyan Mountain cloud-seeding experiment

3.1.1 Experiment design and data description

Dongyan mountain is located at the region near Shihmen reservoir, which is extremely
important to supply water resources in northern Taiwan. In addition, the site we choose to
conduct the cloud-seeding experiment has the advantages of being located at a semi-enclosed
area and nearing clouds base. Thus, this site is appropriate to investigate the impacts of the
hygroscopic particles in clouds and to study the cloud-seeding effects near the Shihmen region.

Figure 3.1 shows the location of the Dongyan mountain site.

12



* Low-lying area
" Near tloud base
*- Semi-enclosed space

Figure 3.1 The location of Dongyan mountain site (Red circle).

In the Dongyan mountain cloud-seeding experiment, several instruments were deployed,
including LWC-300, Aerosol Spectrometer (MODEL 11-D), Automatic weather stations, and
Joss-Waldvogel Disdrometer (JWD). LWC-300, an instrument implemented by Droplet
Measurement Technologies (DMT), is the hot-wire liquid water sensor that calculates liquid
water content from the heat losses which is caused by the vaporization of water droplets that
collide on the coiled wire maintained at 150 ° C. Aerosol Spectrometer (MODEL 11-D),

developed by GRIMM, is based on the light scattering at single particles with diode laser to
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resolve the particles with diameter ranging from 0.25 - 35.1 pm. Automatic weather stations,
developed by Vaisala, is able to measure the basic parameters, e.g. temperature, pressure,
relative humidity, etc. JWD takes the vertical momentum of raindrops impact on the surface of
rubber membrane and evaluates the concentration of raindrops size from 0.359 — 5.373 mm.
Table 2 gives the list and details of the instruments in this research. Figure 3.2 shows the pictures

of the instruments.

Table 2 List and details of the instruments used in this research.

Instrument Measurement Range
LWC-300 Liquid water content 0-3 gm?
Aerosol Spectrometer (11-D) Aerosol size distribution 0.25-35.1 um
JWD Droplets size distribution 0.359 — 5.373 mm
Automatic weather station Basic parameters

(b) (©) (d)

. GRIMMTe ! DISTROMET LTD VAISKLA

Figure 3.2 The pictures of the instruments, (a) LWC-300, (b) Aerosol Spectrometer (MODEL

11-D), (¢) JWD, and (d) Automatic weather station.

Regarding the seeding agents, the hygroscopic cloud seeding agent named Chemical
Systems Research Division (CSRD) flare, which developed by National Chung-Shan Institute
of Science & Technology, is used in the experiment. The material in CSRD flare is mainly the

component of NaCl. The combusted seeding agents of CSRD flare have been certified no
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harmful to the environment.

In this research, two cases, including the case on 21 October 2020 and 28 April 2021, are
selected to execute the Dogyan Mountain field campaign. In these 2 events of cloud-seeding
experiments, 2 CSRD flares were burned in each experiment in the Dongyan Mountain site,
which is about 800 m above mean sea level, and the instruments measured the data for each
event during 20:00-22:00 UTC on 21 October 2020 (04:00-06:00 LST on 22 October 2020) and

11:00-13:00 UTC on 28 April 2021 (19:00-21:00 LST on 28 April 2021).

3.2 Chamber sampling experiment of seeding agent

3.2.1 Experimental description and design

The size distribution of CCN plays an influential role to affect cloud microphysics
processes. Several studies mention that the different sizes of CCNs will cause the entirely
different features of clouds and precipitation, e.g. Yin (2000), Bruintjes (2003), Segal et al.
(2004), Rosenfeld and M. (2008), Rosenfeld et al. (2014), Guo et al. (2016), and Lee et al.
(2016). According to the research above, the larger CCNs (larger than 2 pm) are optimal for
increasing precipitation, but the high concentration of small CCNs can suppress rainfall or
postpone the onset of precipitation. Therefore, the chamber sampling experiment was
conducted to better characterize the size distribution of CCN, which is extremely important in

the cloud-seeding experiment for both observation and model simulation.

In this experiment, ten combustions of small fraction CSRD seeding agents (about 0.3
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gram of each piece) are conducted in the smoke chamber, which volume is about 62 liters, and
the particles were sampled per 6 seconds by Aerosol Spectrometer (Model 11-D). To make the
hygroscopic particles be evenly distributed in the chamber, five small fans are designed and set
in the chamber (Figure 3.3 and Figure 3.4 (a)). In addition, there are totally 200 samples of
CSRD seeding agents and 10 minutes between each burn, to ensure the consistency of the size
distribution and reduce the bias of the sampling. Based on the design of chamber sampling
experiment, the aerosol size distribution and concentration are able to be evaluated more

accurately (the results show in section 4.2).

Figure 3.3 The schematic of designed chamber.
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Figure 3.4 (a) The picture of our designed chamber and (b), (¢) the experiment situation.

3.3 Model simulation of Miaopu validation experiment

3.3.1 Model configuration

This study uses the fully compressible and non-hydrostatic Weather Research and

Forecasting (WRF) model version 3.9.1 to simulate 3-dimensional meteorologic parameters,
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e.g. wind, perturbation potential temperature, water vapor, hydrometeor variables, etc. In the
WRF model, it uses eta coordinate which allows the grids to follow the complex terrain and
applies the third-order Runge Kutta numerical method for solving the time split integration of
governing equation. In addition, the grids of simulation are engaged with Arakawa C grid,
which makes the thermal parameters be arranged at the center grids but makes wind speed

variables be arranged at the staggered grids.

In this research, five nested domains are built (Figure 3.5) with 52 vertical levels that are
below 10 hPa and the horizontal resolutions are 27, 9, 3, 1, and 0.333 km corresponding to
190x 151, 301x250, 301x301, 271x406, and 202x202. Besides, the initial and boundary
conditions are generated from NCEP FNL operational model global tropospheric analysis with
0.25° resolution. Regarding the first to the fourth domain (D01-D04), the simulation is
integrated from 12:00 UTC 21 October 2020 to 12:00 UTC 22 October 2020 with the time step
0t 90, 30, 10, and 10/3 s respectively. However, for the fifth domain (D0S5), it is simulated from
06:00 UTC 22 October 2020 to 09: 00 UTC 22 October 2020 with the timestep of 1 s. Figure

3.6 displays the timeline of the simulation.
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Figure 3.5 Setting of the nested domain. Five nested domains are built.

2020/10/21 2020/10/22 [ 2020/10/22
1200 UTC 0000 UTC 0630 UTC 1200 UTC

D01-D04

2020/10/22 2020/10/22
0600 UTC 0900 UTC

Figure 3.6 The schematic of the timeline in the simulation

19



The physics parameterizations used in this study include Rapid Radiative Transfer Model
(RRTM) longwave scheme (Mlawer et al., 1997), Dudhia shortwave scheme (Dudhia, 1989),
Yonsei University (YSU) planet boundary scheme (Hong et al., 2006), Grell Devenyi ensemble
cumulus scheme (Grell and Dévényi, 2002), Monin-Obukhov land surface scheme (Monin and
Obukhov, 1954), and WRF Double Moment 6-category scheme (Lim and Hong, 2010)
modified by NCU (WDM6-NCU) microphysics scheme, which will be discussed in more
details in Chapter 3.3. Regarding the cumulus scheme, it is only used in DO1 and D02. For the
planet boundary scheme, Yonsei University (YSU) is used in D01-D04 and Large Eddy
Simulation (LES) is used in D0S. Table 3 is the summary of the model configuration. According
to Weigel et al. (2007) and Xue et al. (2014), the simulation with high-resolution (the resolution
is smaller than 800 m) LES has the good ability to reproduce flow characteristics over complex

terrain. Thus, the model configuration could have better simulation toward reality.

Table 3 The summary of the model configuration.

WREF 3.9.1 D01 D02 D03 D04 D05
Horizontal resolution 27 km 9 km 3 km 1 km 333 m
Timestep 90 s 30s 10s 10/3 s Is
Vertical level 52 eta levels
Microphysics scheme WDM6 NCU
PBL scheme YSU LES
Initial and boundary NCEP FNL
condition (0.25°x 0.25%)

3.3.2 The WDM6 scheme (Lim and Hong, 2010)

The WDM6 scheme is a semi-double-moment bulk microphysics scheme, that cloud
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droplets and raindrops are able to be prognosed not only mixing ratio but also number

concentration, and the cloud-raindrop size distribution are assumed to follow the function as

/'{axlixDaxlix 1 —(lxDx) x

-
* xF(u)x

(1)

in which the x represents the type of hydrometeor, including clouds and rain. In Eq. (1), A, i,
and a, are slope parameter and two dispersion parameters respectively, and N, and D, represent
the predicted value of total number concentration and diameter of the certain hydrometeor
category. Moreover, the dispersion parameters of rain, ug, and ag, are set as 2 and 1 which

provide the advantage of simulating the more reasonable shape of raindrop size distribution.

Moreover, for CCNs effects, the relationship of the number of activated CCN (n,) and the

supersaturation (Sy) is used in WDMB6 as the following equation (Twomey’s relationship):

S
n, =M+ Nc)(ﬁ)", 2)

where n, Nc, and Sy are the total CCN number concentration, the cloud droplets number
concentration, and the supersaturation needed to activate the total particle count respectively.
In Eq. (2), k is typically set as the range from 0.3 to 1.0. In addition, in order to predict the
production rate of the cloud water mixing ratio by the CCN activation (Pcac:), it can be expressed

as

AT Py 3

Poger = act XNg . (3)

where p,, and p, are the density of water and air. Besides, in Eq. (3), 74 1s the radius for activated
droplets, which is set as the fixed value, 1.5 um, in WDMS6. In fact, seldom of microphysics
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schemes have the ability to describe CCNs effects. Therefore, the WDM6 scheme gives us the
opportunity to improve the method of evaluating CCNs effects and investigate the hygroscopic

cloud-seeding effects.

3.3.3 The WDM6-NCU scheme

Because the cloud-seeding impacts is extremely sensitive on the CCNs size distribution
and the value 74, therefore, in WDM6-NCU microphysics scheme, more precisely method, that
the seeded CCNs are described by 43 size bins (Bin-resolving method), is used to evaluate
CCNe s effects. Figure 3.7 displays the schematic of the two different methods to describe aerosol
size distribution. In addition, the size distribution of the seeded CCNss is based on the sampling
measurement in a chamber as mentioned in section 3.2 and section 4.2, which is fitted into a

trimodal lognormal function as

dN 3 n; Inrp—InR;\ o
d inry, B =127 loga; 10 © l G ner V2 Ino; ) ] @

where r,, n;, R;, and o; are the radius of the particle, the total number concentration, geometric
mean radius, and geometric standard deviation for each mode (indicated by subscript 7). The
complete CCNss size distribution can provide the advantage to precisely calculate the critical
radius based on Kohler theory, and the bins of CCNs extending the critical radius will be able
to be activated to the corresponding liquid bins. The function of critical radius (r.-) can be

expressed as

A/ 4 \1/3
TCTZE(BSWZ) > O
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where A4 is the parameter that relates to temperature, B is the parameter standing for different
chemical matters, and S represents the supersaturation ratio. After calculating the number
concentration and mixing ratio of the liquid bins, they will be contributed to the mixing ratio
and number concentration of cloud and rain, and the microphysics processes will continue as
the original WDM®6. Thus, in WDM6-NCU, it has the advantages of not only reasonably taking

CCNs effects into consideration but also helpfully investigating the cloud-seeding impacts.

(a) Twomey type method (b) Bin-resolving method
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Figure 3.7 the schematic of the two different methods to describe aerosol size distribution. (a)
Twomey type method is used in the WDM6, and (b) bin-resolving method is used in WDM6-

NCU.

3.3.4 Experiment design

Regarding the model experiment, two parallel sets of realizations, including a control
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simulation without seeding (Control run) and a set of experiments with the emission of seeding
agents (Seed run) with CSRD size distribution (Section 4.2: Figure 4.14), are created to analyze
the effects which caused by the aerosol perturbation. In addition, this study attempts to examine
the impacts of executing cloud seeding in different heights and areas. Thus, in domain four
(D04; 1 km horizontal resolution), five simulations are developed, including one Control run
(Ctrl) and four Seed runs (Seed1 to Seed4), to study the cloud seeding effects that introducing
hygroscopic particles into one horizontal grid (1 km X 1 km) at different seeding levels. In Seed
1, it seeds at about 500 m above mean sea level (cloud base), which is the most similar run to
the field experiment. Seed 2 and Seed 3 are the simulation seeding between 1000 to 2000 m,

and Seed 4 seeds at about 2200 m. The model experiments in D04 are summarized in Table 4.

Table 4 The summary of the experimental design in domain four (D04).

Experiment Description Seeding area | Seeding height
(km?) (n/m)

Ctrl Normal aerosol concentration none None
Seed 1 0.9865/500 m
Seed 2 Introduce CCN (with CSRD size 0.9365/1000 m
Seed 3 distribution) into a certain region. 1 km? 0.905/1300 m
Seed 4 0.824/2200 m

However, the resolution of 1 km sometimes is not precise enough to interpret the
microphysical products, and several studies attempt to investigate cloud-seeding effects by the
simulation with finer grid resolution, e.g. Yin (2000), Tonttila et al. (2021), and Xue et al. (2014).
Thus, this study develops domain five (D05) with a horizontal resolution of 333 m aims to
explore much more detail of microphysics properties. The seeding heights in D05 are based on
the results of D04, and two levels, which increase the least and the most rainfall in D04, are

chosen (500 m and 1300 m are selected). Six runs are developed to introduce hygroscopic
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particles in different areas, including 1, 10, 100 km?, at these two seeding levels we chose. In
addition, more two runs seeding in 1 km? but 100 times concentration of seeding agents are
created. The model experiments in D05 are summarized in Table 5. The flow chart of the

experimental procedure is given in Figure 3.8.

Table 5 The summary of the experimental design in domain five (D05).

Experiment Description MUL factor of | Seeding Seeding
Concentration | area (km?) | height (n/m)
Ctrl Normal aer?sol none none None
concentration
Seed 500(1km?) 1 km?
Seed_500(10km?) x1 10 km? 0.9865/500 m
Seed 500(100km?) Introduce CCN 100 km?
Seed 500(1km?*) HC | (with CSRD size x100 1 km?
Seed 1300(1km?) distribution) into a 1 km?2
Seed 1300(10km?) certain region. x1 10km? | 0.905/1300 m
Seed 1300(100km?) 100 km?
Seed 1300(1km?) HC x100 1 km?
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Figure 3.8 The schematic of the experiment design in the model simulation.



Chapter 4. Results and discussion

This study investigates the direct observational evidence after doing cloud seeding by
Dongyan Mountain cloud-seeding experiment (the results show in section 4.1). In addition, to
better characterize the CCN size distribution of the flare agents, the chamber sampling
experiment was conducted (the results show in section 4.2). After achieving the CCN size
distribution, it was applied to the model simulation with the hybrid cloud-seeding
microphysics scheme, WDM6-NCU, and conducted a series of sensitivity tests on cloud
seeding (the results show in section 4.3 and section 4.4). Finally, the suggestions for the criteria

of cloud seeding are made (the results show in section 4.5).

4.1 Dongyan mountain cloud-seeding experiment

In this research, two cases, including the case on 21 October 2020 and 28 April 2021 (more
details are discussed in Chapter 2: Case overview), are selected to execute the Dogyan

Mountain cloud-seeding experiment. Table 6 displays the list of instruments in each event.

Table 6 The list of instruments in each event.

Case Instrument
2020/10/21 20:00-22:00 UTC LWC-300, 11-D, AMS
2021/04/28 11:00-13:00 UTC LWC-300, 11-D, AMS, JWD
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4.1.1 Casel on 2020/10/22

In this event, two CSRD flares were combusted at 04:45 LST and 05:00 LST on 22 October
2020, and two seeded periods are defined as the intervals of 15 minutes after doing cloud
seeding. In addition, the pre-seeding period and post-seeding period are the times of 20 minutes
before the first seeded period and after the second seeded period respectively. During the
experimental period, the environment was relatively calm, and the relative humidity was higher

than 90 %.

Figure 4.1 shows the time series of aerosol size distribution and the four defined intervals
that correspond to the different colors. It is obvious that the aerosol concentration becomes
much higher after doing cloud seeding (Figure 4.1 and Figure 4.2). According to Figure 4.1 and
Figure 4.2, the aerosol concentration in the first seeded period is much higher than the second
seeded period, which means more hygroscopic particles were trapped in the Dongyan mountain
site in the first seeded time. Therefore, the first seeded period is probably the better time to
study the impacts of in-cloud hygroscopic aerosols, and this research also focuses on this

interval in this event.

Pre- seedlng First seeded period Second seeded perlod Post- seeding

1 I\I“ ,'l.Hn il \M\H I! N@ ' |

R gt I W ||:\!:||| |L||.,| |i‘ ‘Jh

I I I
|llIl 0 I 3 [

.#.i;.;-.ue.i'-km'n" I Y

Aeresol Diameter (um)
w
—
—————
L R S S

log 10 of dN/dlog(D) (cuy” pur'y

o

o AL,

o

04341 ﬁ =
045241 F—

gl
g g

04:16:41 T -
04:25:41 '.:,
M:28:41
04:31:41
M:34:41
M:3741
04:46:41
4:49.41
05:07:41
5:10:41
5:13:41
5:16:4.
05:19:4
5:22:41
5:25:41
05:28:41
05:31:41

45541

04:40:41

T\me (LST)

Figure 4.1 The time series (LST) of aerosol size distribution and the four defined periods that
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correspond to the four different colors (Pre-seeding: black; First seeded: red; Second seeded:

blue; Post-seeding: green).
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Figure 4.2 The average aerosol size distribution in four different periods that correspond to the
four different colors (Pre-seeding: black; First seeded: red; Second seeded: blue; Post-seeding:

green). The error bars represent the value of one standard deviation.

Figure 4.3 illustrates the increasing of liquid water content (LWC) (Figure 4.3: red arrow)
that corresponds to the decrease of mixing ratio of water vapor (Figure 4.3: black arrow) during
the first seeded period. This phenomenon is able to be interpreted by the competition effect,
which is the process that the hygroscopic particles compete for water vapor to be activated to
cloud droplets. In addition, there is a signal of temperature increment (Figure 4.3: pink arrow)
in the first seeded period that seems to imply the latent heat release caused by the condensation
process.
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Figure 4.3 The time series (LST) of several parameters provided by AMS (Vaisala) and LWC-

300. The shaded of red and blue means the periods of first and second seeded time.

In order to prove the existence of the condensation process, the equation of the pseudo
adiabatic process relating to temperature variation (d7) is used to examine whether the
increment of temperature in the first seeded period is reasonable. The equation of the pseudo

adiabatic process is described as

30



dP L
—=—(K X—— X dw).
T p P TxCp

where T, p, P, dP, and dw are environment temperature, air density, pressure, the variation of
pressure, and the variation of water content respectively. In Eq.6, K and C,, are the constant, and
L is 2453 (J g'!) in this event. According to Eq.6, the variation of temperature is about 0.11 K,
if the assumption of dw that equals 0.05 g m™, which represents the increment of LWC in the
first seeded period, is made. Thus, having this additional evidence gives us more confidence

that the condensation process is strengthened after doing cloud seeding.

4.1.2 Case2 on 2021/04/28

Also, in this event, two CSRD flares are combusted at 19:48 LST and 20:22 LST on 28
April 2021, and two seeded periods are defined as the intervals of 20 minutes after doing cloud
seeding. In addition, the pre-seeding period and post-seeding period are the times of 20 minutes
before the first seeded period and after the second seeded period respectively. During the

experimental period, the environment was relatively calm, and the relative humidity was higher

than 90 %.

Figure 4.4 shows the time series of aerosol size distribution and the four defined intervals
that correspond to the different colors. As expected, the aerosol concentration becomes much
higher after doing cloud seeding (Figure 4.4 and Figure 4.5). Moreover, due to the almost calm
environment (Figure 4.6: wind bar), the hygroscopic particles are surprisingly stagnant
suspension around the experimental site in both seeded periods, particularly for the first seeded
period.
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green). The error bars represent the value of one standard deviation.
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However, though the decrease of water vapor mixing ratio (Figure 4.6: black arrow) and
the enhancement of liquid water content (LWC) (Figure 4.6: red arrow) is still found in this
event, there are not the signals of the increase of temperature as that we saw in Casel. We
believe that due to the higher LWC in Case2 (~0.4-0.5 g m™) than Casel (~0.3-0.4 g m™), the
hygroscopic particles will probably experience totally different microphysics process. For
instance, in the higher LWC environment, after the hygroscopic particles go through the
activation process, they will directly turn into droplets and grow up by the collision-coalescence
process but not the condensation process. It might be the reason that there are no obvious
features of the condensation process (e.g. involving latent heat release and the enhancement of
liquid water) in this case. Besides, regarding the raindrops size distribution observed by JWD
(Figure 4.7), the number concentration of droplets that ranges from 1 to 1.5 mm increases in

the second seeded period.
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seeding: green). The error bars represent the value of one standard deviation.

Furthermore, this research also compares the JWD data of the Dongyan mountain site to
the data of the Xiayunping site, which is about 5 km far from the Dongyan mountain site (Figure
4.8). The Xiayunping site is not only close to the Dongyan mountain site but also has a similar
rainfall pattern during the experiment (Figure 4.9). In this case, the Xiayunping site is located
upstream so that precipitation happened about 4 minutes earlier than the Dongyan mountain
site. After shifting the data of the Xiayunping site to correspond to the rainfall periods of the
Dongyan mountain site, the correlation coefficient reaches to 0.89 (Figure 4.10) as compared
to 0.76 without shifting (Figure 4.9). Therefore, the Xiayunping site must be a great reference
point to investigate the cloud-seeding impacts on raindrops in the Dongyan mountain site. In

order to evaluate the effects of cloud seeding on raindrops, the following function (Eq. 7) is
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used and described as

Ni,Dongyan_Ni,Xiayunping

Fraction = , ()

N t,Xiayunping

where N, pongyan, Ni, Xiayunping, and N, Xiayunping r€present the raindrops number concentration of a
particular bin (7) in the Dongyan mountain site, the raindrops number concentration of a
particular bin (7) in the Xiayunping site, and the total (¢) raindrops number concentration in the
Xiayunping site respectively. By Eq.7, the fraction can be calculated per minute as Figure 4.11,
and it depicts that the fraction of each bin before doing cloud seeding is mainly negative (Figure
4.11: blue color). However, the fraction of several bins turns positive (Figure 4.11: the red color
grids pointed by red arrows) after doing cloud seeding. This result suggests that those

hygroscopic particles cause more raindrops to be developed in the Dongyan mountain site.

36



wew TAPE O J

Xiayunpingsite

g

- 4 o 4
e
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Figure 4.9 The time series (LST) of rainfall in the Dongyan mountain site (blue line) and the

Xiayunping site (red line).
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Figure 4.10 The time series (LST) of rainfall in the Dongyan mountain site (blue line) and the

Xiayunping site (red line) which data is shifted 4 minutes later.
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Figure 4.11 The time series (LST) of raindrops variation fraction, which is calculated by Eq.7,

in each bin. The blue and red shaded in x-ticks present the first and second seeded period.

4.2 Chamber sampling experiment of seeding agent

4.2.1 The size distribution and number concentration of the seeding

agent

Figure 4.12 displays the time series of aerosol spectrum, and it depicts that there are ten
sampling periods of the seeding agents. After averaging the size distribution of those periods
and removing the concentration of background, which calculates the mean value of one-hour
sampling before combusting the seeding agents (Figure 4.13: black dash line), the size

distribution of CSRD can be evaluated. The result shows that most of the seeding agents are
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Figure 4.12 The time series (LST) of aerosol size distribution and the ten sampling periods of

the seeding agents.
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Figure 4.13 The average aerosol size distribution of ten sampling periods of the seeding agents

(red line) and the aerosol size distribution of background (black dashed line).
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In the chamber sampling experiment, a mass fraction of ~1/2000 CSRD seeding agent was
combusted in a 62 liters volume (¥) chamber, and was sampled by Aerosol Spectrometer (11-
D). Though the size distribution of CSRD can be directly known, the number concentration
estimated by Aerosol Spectrometer (N) in the chamber sampling experiment must be far from
the concentration of operational experiments (e.g. Dongyan Mountain cloud-seeding
experiment and Miaopu validation experiment), because not only the combusted mass of
seeding agents but the volume of spreading domain in this experiment are different from the fie.
In order to evaluate the number concentration closed to the operational experiments (N*), the
assumptions of about 10 complete CSRD flares are burned and the hygroscopic particles are
evenly distributed in a slab of about 100 m x 100 m and 10 m in depth are made. Thus, the
number concentration closed to the reality (N*) can be estimated as a function of the number

concentration estimated by Aerosol Spectrometer (N), and the volume of chamber (V) as

V(liter)

N* =N Xx2000 X 10 X ——,
108(liter)

(8)

and the N* is closed to the value that N multiplies 1/100, known as the diluted factor of 100.
The diluted factor of 100 was also used in the numerical study by Cooper (1997) and Tessendorf
et al. (2021). After figuring out the information of both number concentration and size
distribution of CSRD seeding agent, they can be applied to the model simulation as the trimodal
lognormal types (Eq. 4) CCNss size distribution (Figure 4.14: red line). Later, we further apply

the observed aerosol concentration and size distribution to the model simulation.
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Figure 4.14 The CCNs size distribution (red line), which is based on the observation result

(black line), applies in the model simulation.
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4.3 Modeling of Miaopu validation experiment in 1 km horizontal

resolution domain

4.3.1 Control run (Ctrl)

Before doing the sensitivity test, the comparison between control run and observation is
conducted to make sure that the simulation is close to reality. In this research, it takes
accumulative rainfall, radar reflectivity, water vapor mixing ratio, temperature, and pressure
into consideration. Regarding accumulative rainfall (Figure 4.15), the main features of it are
successfully captured by the model, particularly in northern Taiwan where we are interested.
Moreover, in order to consider the precipitation pattern with height, the radar reflectivity of
RCWEF is used. Figure 4.16 and Figure 4.17 depict the radar reflectivity of RCWF and model
simulation respectively, and both of them present that most of the reflectivity appears below 5
km, which implies the precipitation is dominated by warm-rain processes. The intensity and
location of the simulated and observed reflectivity are also close. Furthermore, the similarity of
temperature, pressure, and water vapor mixing ratio between the observational data and a
simulated data in the Dongyan mountain site are found (Figure 4.18). Overall, the simulation
well captures the atmospheric condition and features of this event. In addition, Figure 4.19
displays the meridional mean (0.1° of latitude cross the Shihmen) of liquid water content (LWC)
at 06:30 UTC on 22 October 2020, and depicts the cloud base is at about 500 m height above

the mean sea level.
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Figure 4.15 The accumulative rainfall of (a) observation and (b) model simulation from

2020/10/21 12:00 UTC to 2020/10/22 12:00 UTC.
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Figure 4.16 The RCWF radar reflectivity of different altitudes (1.5, 2, 3, and 5 km) at different

times (0630, 0700, 0730, and 0800 UTC).
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Figure 4.17 The simulative radar reflectivity of different altitudes (1.5, 2, 3, and 5 km) at

different times (0630, 0700, 0730, and 0800 UTC).
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Figure 4.18 The time series (LST) of temperature, pressure, and water vapor mixing ratio of the

(a) observation and (b) model simulation in the Dongyan mountain site.
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Figure 4.19 The meridional mean (0.1° of latitude crosses the Shihmen region) of liquid water
content (LWC) at 06:30 UTC on 22 October 2020. The black dash line means the longitude of

the Shihmen region.
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4.3.2 Sensitivity of precipitation

In order to examine the cloud-seeding impacts at different seeding heights, four Seed runs
(Seed1 to Seed4) that seeding in one horizontal grid (1 km x 1 km) at different seeding levels
(~500, 1000, 1300, and 2200 m above mean sea level height) are developed. In Figure 4.20, it
shows the difference of accumulative rainfall between Seed runs and Control run, and presents
that only seeding above 1000 m but below 2000 m enhances accumulative rainfall (red shaded)
in the Shihmen region (red rectangular) in one hour after executing cloud seeding. However,
regarding Seed4, though it does not have a positive rainfall signal in the Shihmem region, the
enhancement of precipitation appears at the downstream area (Figure 4.20: red arrow). In
addition, after evaluating the average of rain rate of Seed runs and Control run in the Shihmen
region (Figure 4.21), it indicates that Seed3 enhances a little bit more precipitation than Seed?2.
Thus, in this study, seeding at 500 m and 1300 m, corresponding to Seed1 and Seed3, are chosen
as the least and most rainfall enhancement runs to do the extending sensitivity test and detail
analysis in domain five (D0S5). The results of different seeding heights also mean that seeding
at the in-cloud level (Seed2, Seed3, and Seed4) is more efficient than seeding at cloud base

(Seed1) in northern Taiwan.
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Figure 4.20 The difference (Seed runs minus control run) of accumulative rainfall between Seed
runs and Control run for one hour after doing cloud seeding in domain four (D04) show as the
shaded and the wind field at 850 hPa also display. The red rectangular means the Shihmen

region, and the rivers show on the map are Dahan creek and Danshui river.
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Figure 4.21 The time series (UTC) of averaged rain rate of the rainy grids in Shihmen region

for Seed runs and Control run.
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4.4 Modeling of Miaopu validation experiment in higher

horizontal resolution domain (333 m)

4.4.1 Sensitivity of precipitation

To examine more details of microphysics processes, domain five (D05) is constructed. In
domain five (D05), eight runs are conducted to investigate the impacts of cloud seeding in
different seeding heights (500 and 1300 m), different seeding areas (1, 10, and 100 km?), and
different seeding concentrations. First of all, regarding the seeding height, seeding at 1300 m
enhances more rainfall than seeding at 500 m (Figure 4.22 and Figure 4.23), and it is consistent
and similar to the result of domain four (D04). In addition, in the scenarios of seeding at 1300
m, seeding in a bigger domain and higher aerosol concentration are able to increase several
folds of rain rate in the Shihmen region (Figure 4.23), particularly for introducing seeding
agents into 100 km?. However, this phenomenon is not obvious in the scenarios that seeding at
500 m. Thus, it revalidates that seeding height plays an extremely important role to impact the
cloud-seeding effects. If we do cloud seeding at the appropriate altitude, more precipitation will
be developed when we execute cloud seeding in a bigger seeding area or higher aerosol

concentration.
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Figure 4.22 The difference (Seed runs minus control run) of accumulative rainfall between Seed
runs and Control run for one hour after doing cloud seeding in domain five (D05) show as the
shaded and the wind field at 850 hPa also display. The red rectangular means the Shihmen
region, and the rivers show on the map are Dahan creek and Danshui river.
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Figure 4.23 The time series (UTC) of averaged rain rate of the rainy grids in the Shihmen region

for Seed runs and Control run.

4.4.2 Seeding effects on the microphysics properties

This study investigates the sensitivity of microphysics products to understand the reasons
of the cloud-seeding impacts on rainfall. To better describe the parameter features of vertical
profile and ensure the fair comparisons between eight scenarios, three steps are implemented.
First, we evaluate the difference of microphysical parameters between Seed run and Control

run. Second, the value of zero is filtered out. Finally, the average for each vertical level is

calculated.

Due to the execution of cloud seeding in the simulation, there is a peak value of seeded
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CCN concentration at their seeding height (Figure 4.24). In Figure 4.24, it depicts that there are
different transportation patterns between the scenarios that seeding in different heights. The
scenarios seeding at 1300 m (Figure 4.24: warm color) show that the distribution of seeded
CCNs is thicker and able to transport to higher levels than the scenarios seeding at 500 m
(Figure 4.24: cold color). Regarding the mixing ratio of cloud (QCLOUD), Figure 4.25 shows
that both scenarios of seeding at 500 m and 1300 m enhance QCLOUD in ten minutes (from
06:30 to 06:40) after doing cloud seeding. However, QCLOUD starts to decrease after 06:40
(ten minutes after doing cloud seeding) in the scenario seeding at 1300 m, but this phenomenon
is not obviously found in the scenario seeding at 500 m. For the mixing ratio of rain (QRAIN),
Figure 4.26 depicts that seeding at 1300 m increases QRAIN in 30 minutes (from 06:30 to 07:00)
after doing cloud seeding, but seeding at 500 m only has a weaker signal of enhancing QRAIN.
This phenomenon also explains that cloud droplets are able to turn into raindrops in the scenario
seeding at 1300 m and causes QCLOUD starts to decrease after 06:40. In addition, due to the
advantage of the double-moment microphysics scheme, we are able to calculate the mean-

volume-drop diameter of rain (Dr) by the functions as

4TTN,-
Palr

1
L= (=0 1 Dy =— (28, 0
r
where N;, O, and p, are number concentration of rain, mixing ratio of rain, and density of air
respectively. Figure 4.27 displays that D, increase more obviously in the scenarios seeding at
the in-cloud region (the warm color lines). If more bigger raindrops are developed, chances are
more liquid water can reach the ground and enhance the surface rainfall. Last but not least, the
model shows the little change of supersaturation ratio between the experiments (Figure 4.28),

and it indicates that though the seeding agents are able to compete for water vapor, only a little
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water vapor is needed and it cannot cause the extreme impacts on the saturation state of the

environment.
. G(a) NCCNSEED 2020-10-22-06:35 UTC 20 (b) NCCNSEED 2020-10-22-06:40 UTC . D(C) NCCNSEED 2020-10-22-06:45 UTC
1s 5 mins after seeding - 35
304 3.0 3.0
€25 €25 €25
= & &
220 220 20
k= = =
@15 015 015
I R T I
1.0 1.04 104
05 05 05 ) y
----- P e - S
0.0 - - . . . 0.0 - . - 0.0 - . .
[=] ~N < e} w [=] ~N =] o~ < 0 L] o ~ =] o~ < 0] L] o ~N
— — — ~ — —

4 O(d) NCCNSEED 2020-10-22-06:50 UTC

20 mins after seeding 35

3.0 3.0 3.0
£25 €25 €25
X £ £
£20 220 20
o . o o
15 015 015
I I I
104 el 1.0 1.04%
05 05 05
———————— —sspmmne e
0.0 - 0.0 - 0.0
(=] o~ < [l+] © 2 g (] o~ L3 0 [+] S g o ~ L3 (] [+] S g

X-axis: log10 (number concentration)

Figure 4.24 The vertical profile of averaged CCN concentration in the Shihmen region after
doing cloud seeding (0635 to 0700 UTC). The colors of each scenario are the same as the legend
of Figure 4.23 (warm colors represent seeding at 1300 m, and cold colors represent seeding at

500 m). (a) to (c) are the time in 15 mins after doing cloud seeding. (d) to (e) are the time of 20

to 30 mins after doing cloud seeding.
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Figure 4.25 The vertical profile of averaged difference between control run and seed runs of
QCLOUD (mixing ratio of cloud) in the Shihmen region after doing cloud seeding (from 06:35
to 07:00). The colors of each scenario are the same as the legend of Figure 4.23 (warm colors
represent seeding at 1300 m, and cold colors represent seeding at 500 m). (a) to (c) are the time
in 15 mins after doing cloud seeding. (d) to (e) are the time 20 to 30 mins after doing cloud

seeding.
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(a) QRAIN 2020-10-22-06:35 UTC (b) QRAIN 2020-10-22-06:40 UTC (C) QRAIN 2020-10-22-06:45 UTC
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Figure 4.26 The vertical profile of averaged difference between control run and seed runs of
QRAIN (mixing ratio of rain) in the Shihmen region after doing cloud seeding (from 06:35 to
07:00). The colors of each scenario are the same as the legend of Figure 4.23 (warm colors
represent seeding at 1300 m, and cold colors represent seeding at 500 m). (a) to (c) are the time
in 15 mins after doing cloud seeding. (d) to (e) are the time 20 to 30 mins after doing cloud

seeding.
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Figure 4.27 The vertical profile of averaged difference between control run and seed runs of Dr
(mean-volume-drop diameter of precipitation) in the Shihmen region after doing cloud seeding
(from 06:35 to 07:00). The colors of each scenario are the same as the legend of Figure 4.23
(warm colors represent seeding at 1300 m, and cold colors represent seeding at 500 m). (a) to
(c) are the time in 15 mins after doing cloud seeding. (d) to (e) are the time 20 to 30 mins after

doing cloud seeding.
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Figure 4.28 The vertical profile of averaged supersaturation ratio in the Shihmen region after
doing cloud seeding (from 06:35 to 07:00). The colors of each scenario are the same as the
legend of Figure 4.23 (warm colors represent seeding at 1300 m, and cold colors represent
seeding at 500 m). (a) to (c) are the time in 15 mins after doing cloud seeding. (d) to (e) are the

time 20 to 30 mins after doing cloud seeding.

Regarding the microphysical processes, five products are taken into consideration,
including cloud activation (Pcact), cloud condensation (Pcond), evaporation of rain (Prevp),
auto-conversion of rain (Praut), and accretion of rain (Pracw). Figure 4.29 displays the
schematic of the warm rain process in WDM6-NCU after executing cloud seeding. To
investigate the major microphysics processes, we do the integration with heights below 5 km

for the averaged difference between control run and seed runs of each parameter. Figure 4.30,
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sampled 10 minutes after doing cloud seeding, indicates that the seeding effect mainly goes
through three products, including Pcact, Praut, and Pracw. For Pcact, Figure 4.31 depicts that
the activation process is intense at the height introduced the seeding agents, which mainly
happens in 10 minutes after doing cloud seeding. Moreover, because the supersaturation ratio
at 1300 m is higher than the supersaturation ratio at 500 m (Figure 4.28), seeding at 1300 m has
a stronger Pcact than seeding at 500 m. Regarding Praut, only the scenarios seeding into 100
km? at 500 m and 1300 m have the obvious but opposite signals. In Figure 4.32, it displays that
the auto-conversion process obviously strengthens in Seed 500(100km?) but weakens in
Seed 1300(100km?) in 15 minutes after doing cloud seeding. However, regarding Pracw, the
scenarios seeding at 1300 m (Figure 4.33: warm color) have a more intense accretion process
than the scenarios seeding at 500 m (Figure 4.33: cold color). Thus, in our model simulation,
introducing the seeding agents with CSRD size distribution can enhance the activation process
(Pcact), and seeding at 1300 m is able to activate more seeded CCNs into clouds. In addition,
because of the strengthening of accretion process (Pracw), more precipitation can be developed
in the scenarios seeding at 1300 m. However, for the scenarios seeding at 500 m, it is capable
to enhance a little bit rainfall which is mainly caused by the enhancement of auto-conversion
process (Praut) when we introduce seeding agent into the area of 100 km?, whereas sometimes
seeding into such a big domain is not practical and effective. Therefore, doing cloud seeding at

1300 m (in-cloud area) seems to be the better choice to increase the rainfall.

More details of the cloud-seeding impacts on the cloud microphysical properties are
obtained by the figure of seeded CCN size distribution with time in Seed 1300(100 km?)
(Figure 4.34). Figure 4.34 depicts that the fraction of hygroscopic particles with the size larger
than 0.4 pm decreases over time. This phenomenon indicates those particles bigger than 0.4 um
are the main factor contributing to cloud-seeding effects.
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Figure 4.29 The schematic of the warm rain process in WDM6-NCU after executing cloud
seeding. The arrows represent the conversion pathways that experience different microphysics

processes as the texts.
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2.5- Production term of rain
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Figure 4.30 The integration with height below 5 km for the averaged difference between control
run and seed runs of each parameter. Blue and red shaded areas represent the production term

of cloud and rain respectively.
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Figure 4.31 The vertical profile of averaged difference between control run and seed runs of
Pcact (cloud activation process) in the Shihmen region after doing cloud seeding (from 06:35
to 07:00). The colors of each scenario are the same as the legend of Figure 4.23 (warm colors
represent seeding at 1300 m, and cold colors represent seeding at 500 m). (a) to (c) are the time
in 15 mins after doing cloud seeding. (d) to (e) are the time 20 to 30 mins after doing cloud

seeding.
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Figure 4.32 The vertical profile of averaged difference between control run and seed runs of
Praut (auto-conversion process of rain) in the Shihmen region after doing cloud seeding (from
06:35 to 07:00). The colors of each scenario are the same as the legend of Figure 4.23 (warm
colors represent seeding at 1300 m, and cold colors represent seeding at 500 m). (a) to (c) are
the time in 15 mins after doing cloud seeding. (d) to (e) are the time 20 to 30 mins after doing

cloud seeding.
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Figure 4.33 The vertical profile of averaged difference between control run and seed runs of
Pracw (accretion process of rain) in the Shihmen region after doing cloud seeding (from 06:35
to 07:00). The colors of each scenario are the same as the legend of Figure 4.23 (warm colors
represent seeding at 1300 m, and cold colors represent seeding at 500 m). (a) to (c) are the time
in 15 mins after doing cloud seeding. (d) to (e) are the time 20 to 30 mins after doing cloud

seeding.
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Figure 4.34 The size distribution of seeded CCNs in different time after doing cloud seeding.

The black dash line is the line separating the size of particles larger than 0.4 um and smaller

than 0.4 pm.
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4.5 Discussion and advice for TCSRP

In this study, two key points are gained. First, introducing the seeding agents at in-cloud
levels can enhance more precipitation than seeding at cloud base due to the increase of the
accretion process. Second, spreading the hygroscopic particles into the bigger areas in the in-
cloud region is more effective to enhance more rainfall. However, for the operation of cloud
seeding, two questions are extremely important, including that: 1) what kinds of environmental
conditions are appropriate to execute hygroscopic cloud seeding in the stratiform system? 2)

what is the suggestion of the seeding area for the operational works?

Regarding the first question, the environmental condition of 1300 m above mean sea level
(the in-cloud region) in the simulation, which is able to increase the most rainfall after doing
cloud seeding, can be seen as the reference. In this case, the cloud base is at about 500 m, and
the supersaturation ratio is in the range of 1.5 % to 2 % near the altitude of 1300 m in the
Shihmen region (Figure 4.28). However, after executing the cloud seeding, the supersaturation
ratio can be consumed up to 0.5 % (Figure 4.28 e). Moreover, the LWC is about 0.6 gm=to 1
g m~ near the altitude of 1300 m in the Shihmen region. Therefore, in the stratiform system,
we suggest introducing hygroscopic particles into the in-cloud region where the supersaturation
ratio should be more than 0.5 % and LWC is higher than 0.6 g m™. For the second question, in
order to find out the reasonable seeding area with the effective increment of precipitation, two
more runs, which do cloud seeding into the seeding area of 36 km? and 64 km? at the altitude
of 1300 m, are created. Figure 4.35 displays the average of enhancement rain rate in the
Shihmen region in one hour in the scenarios with different seeding areas, and the results show

that when the seeding area is smaller than 64 km? the rain rate obviously enhances with the
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bigger seeding area. However, for the seeding area larger than 64 km?, seeding in the bigger
area just causes a little increment of rain rate. Thus, we recommend that spreading the seeding
agents into the area of about 40-60 km? can provide the advantages of not only having the most
efficient enhancement of rain rate but also conducting cloud seeding in the more reasonable

seeding area.
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Figure 4.35 The average of enhancement rain rate in the Shihmen region in one hour in the
scenarios with different seeding areas, including 1, 10, 36, 64, and 100 km?. The blue dots are
the more two runs to investigate the reasonable seeding area with the most effective increment

of precipitation.
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Chapter 5. Conclusion and future work

5.1 Conclusion

The goals of this study are to explore the direct observational evidence of cloud seeding
and investigate the cloud-seeding effects by the model simulation. To find the direct
observational evidence, the Dongyan mountain cloud-seeding experiments were conducted.
This study discusses two events of the Dongyan mountain cloud-seeding experiment on 21
October 2020 (Casel) and 28 April 2021 (Case2), and both of them have the appropriate
environmental condition for cloud-seeding experiments. In the case on 21 October 2020, the
aerosol concentration obviously increases after combusting the CSRD flares, particularly for
the first seeded period. Moreover, during the first seeded period, clear signals of increasing in
LWC and reducing in water vapor are found, which seems to imply the existence of the
competition effect. Besides, the latent heat released by condensation process that seems to be
found by the increment of temperature and LWC in the first seeded period. For another case on
28 April 2021, there are similar features of aerosol concentration and water vapor mixing ratio
during the seeded periods, but the signal of condensation process seems to be not obvious. We
believe that due to the higher LWC in Case2 (~0.4-0.5 g m™) than Casel (~0.3-0.4 g m™), the
hygroscopic particles will probably experience totally different microphysics process.
Furthermore, after comparing the JWD data to the upstream observational site, the Xiayunping
site, it seems to imply more raindrops are developed in Dongyan mountain by conducting cloud

seeding.
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To adopt the realistic CCN size distribution into the model simulation, the chamber
sampling experiment is designed, and it successfully evaluates the aerosol size distribution of
CSRD flare. After fitting the size distribution of CSRD flare with trimodal lognormal function,
the sensitivity experiment of hygroscopic cloud seeding can start to be executed by the model
simulation. In this research, the WRF model with WDM6-NCU microphysics scheme, which
is able to describe the seeded CCN size distribution by 43 bins and precisely evaluate the
activation of seeded CCNss, is developed and used to simulate the case on 21-22 October 2020.
Regarding the fourth nested domain (D04), one Control run and four Seed runs (Seed1 to Seed4)
that seeding in one horizontal grid (1 km X 1 km) at different seeding levels (~500, 1000, 1300,
and 2200 m above the mean sea level) are made. The results show that seeding above 1000 m
but below 2000 m enhances accumulative rainfall in the Shihmen region for one hour after
doing cloud seeding, and seeding at 500 m (cloud base) and 1300 m (in-cloud region),
corresponding to Seed1 and Seed3, are chosen as the least and most rainfall enhancement runs

to do the extending sensitivity test and detail analysis in domain five (D05).

In domain five (D05), eight runs are developed to examine the impacts of cloud seeding
in different seeding heights (500 and 1300 m), different seeding areas (1, 10, and 100 km?), and
different seeding concentrations. Regarding the sensitivity of precipitation, the model
simulation shows that more precipitation is developed in the scenarios seeding at the in-cloud
region, and introducing hygroscopic particles into a bigger domain or with higher concentration
are able to increase several folds of precipitation in the in-cloud seeding simulations. Moreover,
the scenarios seeding at different heights have different microphysics properties. First of all,
seeding at 1300 m are able to transport seeded CCNs to higher levels and cause thicker CCNs
vertical distribution than the scenarios seeding at 500 m. Second, both seeding at 500 m and
1300 m can enhance QCLOUD in ten minutes after doing cloud seeding, but QCLOUD
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decreases earlier in the scenarios seeding at 1300 m because more cloud droplets can turn into
raindrops. Third, seeding at 1300 m has a stronger enhancement on QRAIN than seeding at 500
m in 30 minutes after doing cloud seeding. For the mean-volume diameter of raindrop (D), it
increases more obviously in the scenarios seeding at the 1300 m and makes more liquid water
can reach the ground to enhance the surface rainfall. Besides, the signals are always more
intense in the runs with bigger seeding domains or higher seeded CCNs concentrations.
Furthermore, the result presents that only a few water vapor is competed by hygroscopic
particles and it cannot cause extreme impacts on the saturation state of the environment.
Regarding the seeding effects on microphysics process, three main products are chosen to
discuss, including cloud activation (Pcact), auto-conversion of rain (Praut), and accretion of
rain (Pracw). The results show that the seeding agents with CSRD size distribution can enhance
the activation process (Pcact), and seeding at 1300 m is able to activate more seeded CCN into
clouds. In addition, because of the strengthening of accretion process (Pracw), more
precipitation can be developed in the scenarios seeding at 1300 m (in-cloud region). Though
the scenarios seeding at 500 m and into the area of 100 km? has the ability to enhance a little
bit rainfall which is mainly caused by the enhancement of auto-conversion process (Praut), it is
not efficient. Last but not least, the CCNs size distribution after doing cloud seeding illustrates
that those hygroscopic particles bigger than 0.4 pm are the main factor contributing to the series

of cloud-seeding effects.

Overall, in this study, some direct observational evidences of in-cloud seeding effects are
found, and the impacts of in-cloud seeding are also validated by model simulation. Furthermore,
based on the modeling results, the constructive advice on hygroscopic cloud-seeding strategy
for Taiwan area to enhance precipitation is made. In the stratiform system, we suggest
introducing hygroscopic particles into the in-cloud region where the supersaturation ratio
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should be more than 0.5 % and LWC is higher than 0.6 g m~. Furthermore, spreading the
seeding agents into the area of about 40-60 km? can provide the advantages of not only having
the most efficient enhancement of rain rate but also conducting cloud seeding in the more

reasonable seeding area.

5.2 Future work

Regarding observation, though many signals can be found in the two Dongyan mountain
cloud-seeding experiments, more similar cases are needed to validate those results. Having
more cases also provides the advantages to do the statistical analysis, e.g. Silverman (2000) and
Tessendorf et al. (2021), etc. In addition, we expect to have further instruments, e.g. Cloud
droplet probe and cloud radar, for observing cloud microphysics characteristics and analyzing
more details about the changing of cloud droplet size distribution after conducting the cloud
seeding. For model simulation, this study selects a case with great model performance and a
typical weather condition, the stratiform systems are caused by strong northeastern wind, in
northern Taiwan to do the series of cloud-seeding sensitivity tests. However, we would also
like to take other cases with different weather conditions into consideration, e.g. the frontal
system or convective system, to realize the appropriate cloud-seeding strategies in different

meteorology conditions in Taiwan.
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