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Abstract. To evaluate the hygroscopic cloud seeding in reality, this study develops a hybrid microphysics
scheme using a Weather Research and Forecasting (WRF) model, WDM6-NCU (WDM6 modified by National
Central University), which involves 43 bins of seeded cloud condensation nuclei (CCN) in the WDM6 bulk
method scheme. This scheme can describe the size distribution of seeded CCN and explain the process of the
CCN imbedding and cloud and raindrop formation in detail. Furthermore, based on the observational CCN
size distribution applied in the modelling, a series of tests on cloud seeding were conducted during the seeding
periods of 21-22 October 2020 with stratocumulus clouds. The model simulation results reveal that seeding
in in-cloud regions with an appropriate CCN size distribution can yield greater rainfall and that spreading the
seeding agents over an area of 40-60km? is the most efficient strategy to create a sufficient precipitation rate.
With regard to the microphysical processes, the main process that causes the enhancement of precipitation is the
strengthening of the accretion process of raindrops. In addition, hygroscopic particles larger than 0.4 um primar-
ily contribute to cloud-seeding effects. The study results could be used as references for model development and
warm-cloud-seeding operations.

1 Introduction

Global warming has made droughts much more frequent
(Bo-Tao and Jin, 2021). In 2021, for the first time in a cen-
tury, Taiwan experienced the most severe drought, which
prompted the government to identify methods to address wa-
ter scarcity problems with utmost urgency. Cloud seeding,
a common method of weather modification, appears to be
a possible means to creating more water resources. Accord-
ing to Lelieveld (1993), 80 % of cloud droplets are unable to
reach the ground, which indicates inefficiency in the transfor-
mation of cloud droplets to raindrops. Thus, since the 20th
century, cloud-seeding research has been expanding. How-

ever, no single cloud-seeding strategy can be applied world-
wide because environmental conditions differ between coun-
tries. Two main strategies of cloud seeding are frequently
adopted: ice-cloud seeding (Seto et al., 2011; Geresdi et al.,
2017; Tessendorf et al., 2019; Wang et al., 2021) and warm-
cloud seeding (Jung et al., 2015; Wang et al., 2019; Tonttila
et al., 2021; Tessendorf et al., 2021).

During the dry season (i.e. October to April) in Taiwan,
clouds tend to be warm and relatively thin, with a cloud base
of approximately 500 m above mean sea level (Chen et al.,
1995; Kueh and Lin, 2013). In addition, due to the prevailing
north-easterly wind, weather systems persist for a long time,
and large amounts of water vapour are supplied. Therefore,
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warm-cloud seeding is more appropriate for use in Taiwan.
Hygroscopic cloud seeding is a type of warm-cloud seeding
and has been used in Taiwan. In warm clouds, giant cloud
condensation nuclei (GCCN: diameter > 1 um) in turn in-
crease the mean droplet diameter and increase the precipi-
tation amount (Lehahn et al., 2011; Dadashazar et al., 2017,
Feingold et al., 1999; Jensen and Lee, 2008; Jensen and Nu-
gent, 2017). The seeding agents used in hygroscopic cloud
seeding serve as efficient cloud condensation nuclei (CCN)
or GCCN and play a crucial role in strengthening the con-
densation and collision—coalescence process, thereby widen-
ing the droplet size distribution (DSD) and increasing the
precipitation efficiency (Jensen and Lee, 2008; Jung et al.,
2015; Tessendorf et al., 2021). The process from the spread-
ing of seeding agents to development of rainfall takes ap-
proximately 10-20 min (Silverman and Sukarnjanaset, 2000;
Tonttila et al., 2021). However, despite the availability of
clearly elaborated theories related to hygroscopic cloud seed-
ing, scientific evidence on the seeding effects and the effi-
ciency of the strategy is scarce.

The effects of cloud seeding have been mainly verified us-
ing a statistical approach, which is based on the compari-
son of multiple observational samples with seeding and non-
seeding scenarios (Gagin and Neumann, 1981; Silverman
and Sukarnjanaset, 2000). However, this method may involve
high uncertainty due to the difficulties of conducting long-
term, consistent, and randomized cloud-seeding experiments
(Guo et al., 2015; Wang et al., 2019). Recently, due to ad-
vances in observation methods, a greater variety of instru-
ments, such as cloud radars and cloud droplet probes, have
been used to investigate cloud-seeding effects and obtain di-
rect observational evidence. Until now, comprehensive evi-
dence has not been fully investigated because determining
whether the precipitation signal is due to cloud seeding or to
meteorological variations is difficult (Kerr, 1982; Mather et
al., 1997; Silverman, 2003; Flossmann et al., 2019; Tonttila
et al., 2021).

Model simulation can be used to efficiently generate sev-
eral realizations of each scenario and has the advantage of
separating the cloud-seeding signal from its natural counter-
part. Caro et al. (2002) concluded that hygroscopic particles
with a radius between 0.5 and 6 um are optimal for enhanc-
ing precipitation in warm clouds. Segal et al. (2004) reported
that hygroscopic cloud seeding with particles with diameters
of 1.5-2.5 um lead to considerable increments of precipita-
tion. Cloud seeding with giant CCN strengthens the autocon-
version and the accretion process, leading to an enhancement
of precipitation (Tonttila et al., 2021). However, most studies
on warm-cloud-seeding simulation have performed simula-
tions by using a one-dimensional cloud parcel model or by
using ideal cases (Cooper et al., 1997; Caro et al., 2002; Se-
gal et al., 2004; Chen et al., 2020; Tessendorf et al., 2021;
Tonttila et al., 2021), which may not accurately reflect actual
environmental conditions.

Atmos. Chem. Phys., 23, 10423—10438, 2023

K.-I. Lin et al.: Evaluation of hygroscopic cloud seeding by a hybrid microphysics scheme

The present study evaluates the effects of cloud seeding
on a realistic environment of northern Taiwan by using a
Weather Research and Forecasting (WRF) model with a hy-
brid microphysics scheme to yield more accurate results of
cloud seeding without incurring overly large computational
costs. In addition, the effective strategies were mapped by
conducting a series of cloud-seeding sensitivity tests. The
remainder of the article is organized as follows. Section 2
describes the main characteristics of microphysics schemes,
WDM6 and WDM6-NCU, and Sect. 3 presents the mod-
elling settings and experiment design. Finally, Sects. 4 and
5 present the study results and a discussion.

2 Model description

This study uses the fully compressible and nonhydrostatic
WRF model version 3.9.1 to simulate three-dimensional me-
teorological parameters. The WRF model employs a terrain-
following coordinate (eta), which allows the grids to follow
the complex terrain, and the third-order Runge—Kutta numer-
ical method is used for solving the time split integration of
the governing equation. In addition, the Arakawa C grid is
used in the simulations, which leads to the arrangement of
thermal parameters at the centre grids and that of wind speed
variables at the staggered grids. With regard to CCN and
cloud microphysics, the WDM6-NCU microphysics scheme,
which is modified from WDM6 by NCU, is used to represent
the properties of CCN, clouds, and rain.

2.1 WDM6

WDM6 (Lim and Hong, 2010) is a semi-double-moment
bulk microphysics scheme, which predicts not only the mix-
ing ratio of the hydrometeors such as cloud droplets and
raindrops but also their number concentrations. The cloud-
raindrop size distribution is given as follows:
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where x represents the type of hydrometeor, including clouds
and rain. Ay, Uy, and o, are the slope parameter and two dis-
persion parameters, respectively, and N, and D, represent
the predicted value of the total number concentration and di-
ameter of the certain hydrometeor category. Moreover, the
dispersion parameters of rain ur and o are set as 2 and 1,
which provides the advantage of simulating a more reason-
able raindrop shape and size distribution.

Moreover, to evaluate the effect of CCN, the relationship
between the number of activated CCN (n,) and the supersat-
uration (Sy) is used in WDMG6 as follows (Twomey’s rela-
tionship):

S, k
na=<n+Nc)( W), 2)

S max
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where n, N¢, and Spax are the total CCN number concentra-
tion, cloud droplet number concentration, and supersatura-
tion required to activate the total particle count, respectively.
In Eq. (2), k typically ranges from 0.3 to 1.0. In addition,
the production rate for the cloud water mixing ratio by CCN
activation (Pgact) can be expressed as

47 p
— 3 X, 3)
a

Peact =

where py, and p, are the density of water and air, respec-
tively. In Eq. (3), ract is the radius of the activated droplets,
which is set at a fixed value (1.5um) in WDM6. Micro-
physics schemes are seldom able to describe CCN effects,
and this advantage of the WDMG6 scheme enables the simu-
lation of cloud seeding in a more realistic environment with
a specific CCN size.

2.2 WDMe6-NCU

The effects of cloud seeding are highly dependent on the
CCN size distribution (Caro et al., 2002; Segal et al.,
2004). Therefore, in the improved WDM6-NCU micro-
physics scheme with the bin-resolving method, the seeded
CCN are described using mass-doubling aerosol bins of 43
sizes, the radius ranging from 0.001 to 20 pm, to evaluate the
effects of CCN. Figure 1 displays the schematic of the two
methods used to describe aerosol size distribution. In addi-
tion, the size distribution of the seeded CCN is based on ob-
servation and is fitted into a trimodal lognormal function as
follows:

dN 3 n; (lnrn —lnRi)2
— = ——exp| | ———— , 4
dinr, ; /2 logoiIn10 p|: V2Ino; @

where r,, n;, R;, and o; are the radius of the particle, total
number concentration, geometric mean radius, and geomet-
ric standard deviation for each mode (indicated by subscript
i), respectively. The complete CCN size distribution can be
used to accurately calculate the critical radius based on Koh-
ler theory (Kohler, 1936), and the bins of CCN whose size
extends the critical radius will be able to activate the corre-
sponding liquid bins with a CCN radius that is 5 times larger,
ranging from 2 to 32700 um (Lee and Baik, 2018; Kogan,
1991). The critical radius () is expressed as follows:

YRS .
rcr—3 BS\?V )

where A is the parameter related to temperature, B is the
parameter whose value differs between chemicals, and Sy,
represents the supersaturation ratio. After the number con-
centration and mixing ratio of the liquid bins are calculated,
they are used in the calculation of the mixing ratio and num-
ber concentration of clouds (radius <40 um) and rain (radius
> 40 um), and the microphysics processes continue, as is the
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Figure 1. The schematic illustrates two methods for determining
aerosol size distribution: (a) the Twomey method is used in WDM6,
and (b) the bin-resolving method is used in WDM6-NCU. The blue
line and bars present two different methods with which the model
simulation describes the CCN size distribution, and the dashed red
line shows the observational CCN size distribution.
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Figure 2. The schematic of WDM6-NCU.

case in the original WDM®6. The schematic of WDM6-NCU
is shown in Fig. 2. This scheme can reveal the fact that large
CCN become large cloud droplets in the bin part, and the
activation process can contribute to the number concentra-
tion and mixing ratio of clouds and rain to couple the bin
part to the bulk part. Figure 3 illustrates the cloud-seeding
effects on droplet size as a model applying the bin and bulk
methods for cloud seeding with the same number concentra-
tion (200 cm™3). The GCCN size distribution of the Chemi-
cal Systems Research Division (CSRD; shown in Sect. 3.2)
was seeded with the bin method, and fixed-size CCN with
1.2 um (the mean diameter of GCCN of the CSRD) were
seeded with the bulk method. Results show that the mean-
volume-drop diameter of clouds (D) and mean-volume-drop
diameter of rain (Dy) are considerably larger than those ob-
tained in seeding as modelled using the bulk method. This
is because in contrast to the bulk method, the bin method
accounts for the complete seeded-CCN size distribution but
does not have a fixed CCN size. Thus, the WDM6-NCU ac-
counts for CCN effects to yield more accurate results without
incurring overly large computational costs.

Atmos. Chem. Phys., 23, 10423—-10438, 2023
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Figure 3. Vertical profile of average (a) D¢ and (b) D; of the control run (Ctrl; without cloud seeding) and two seed runs in which seeding
was done with the bin and bulk methods with the same number concentration (200 cm_3). The GCCN size distribution of the Chemical
Systems Research Division (CSRD; shown in Sect. 3.2) was seeded with the bin method, and CCN with a fixed size of 1.2 um (the mean

diameter of GCCN of the CSRD) were seeded with the bulk method.

3 Model set-up

We implement hygroscopic cloud seeding with the stra-
tocumulus clouds resulting from the stronger north-easterly
winds as our target. In this study, the hygroscopic cloud-
seeding effects are investigated for the case of 21-22 Oc-
tober 2020. From 21-22 October 2020, Typhoon Saudel
was located in south-western Taiwan and accompanied the
co-movement of the north-eastern monsoon, which caused
the occurrence of stronger north-easterly winds and brought
large amounts of water vapour to northern Taiwan. Accord-
ing to the weather map and a skew-T diagram, the environ-
ment was saturated below the mean sea level height of ap-
proximately 2000 m at 00:00 UTC on 22 October 2020.

3.1 Model configuration

Five nested domains are constructed (Fig. 4a) with 52 verti-
cal levels below 10 hPa and horizontal resolutions of 27, 9,
3, 1, and 0.333 km corresponding to 190 x 151, 301 x 250,
301 x 301, 271 x 406, and 202 x 202, respectively. More-
over, the initial and boundary conditions are generated from
the National Centers for Environmental Prediction Final
(NCEP FNL) operational global analysis and forecast data
at a resolution of 0.25°. For the first to fourth domains (DO1-
DO04), the simulation is integrated from 21 October 2020 at
12:00 UTC to 22 October 2020 at 12:00 UTC with a time step
of 90, 30, 10, and 3.333 s, respectively. However, for the fifth
domain (DO05), the simulation is conducted from 06:00 UTC
on 22 October 2020 to 09:00 UTC on 22 October 2020, with
atime step of 1s.

The physical parameterizations used in this study in-
clude the rapid radiative transfer model (RRTM) long-wave
scheme (Mlawer et al., 1997), Dudhia short-wave scheme
(Dudhia, 1989), Yonsei University (YSU) planet boundary

Atmos. Chem. Phys., 23, 10423—10438, 2023

Table 1. Model configuration.

WRF 3.9.1 DOl | D02 | D03 | D04 | DOS5

Horizontal resolution ~ 27km | 9km | 3km | 1km | 333m

90s ‘ 30s ‘ 10s ‘ 10/3s ‘ Is

Time step

Vertical level 52 eta levels

WDM6_NCU
YSU

Microphysics scheme

Planetary boundary LES

layer scheme

Initial and boundary NCEP FNL (0.25° x 0.25°)

condition

scheme (Hong et al., 2006), Grell-Dévényi ensemble cu-
mulus scheme (Grell and Dévényi, 2002), Monin—Obukhov
land surface scheme (Monin and Obukhov, 1954), and WRF
double-moment six-category scheme (Lim and Hong, 2010)
modified with the WDM6-NCU microphysics scheme. The
cumulus scheme is only used in DO1 and D02. Regarding
the planet boundary scheme, YSU is used in DO1-D04, and
large eddy simulation (LES) is used in D0O5. Table 1 presents
a summary of the model configurations. According to Weigel
et al. (2007) and Xue et al. (2014), simulations with a high-
resolution LES (resolution < 800m) can efficiently repro-
duce flow characteristics over a complex terrain. Thus, the
simulation conducted in this study should more accurately
reflect actual conditions.

3.2 Characterization of CCN size distribution

The size distribution of CCN considerably affects the cloud
microphysics processes. Several studies have reported that
cloud features and precipitation level are dependent on CCN

https://doi.org/10.5194/acp-23-10423-2023
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Figure 4. (a) Setting of the nested domain and construction of five nested domains. (b) Location of the Shihmen region. The red rectangle
in (b) represents the Shihmen region, and the rivers shown on the map are the Dahan River and Danshui River. The black X presents the

location of the Dongyan Mountain site.

size (Yin et al., 2000; Bruintjes et al., 2003; Segal et al., 2004;
Rosenfeld et al., 2008, 2014; Guo et al., 2016; Lee et al.,
2016). According to previous research, larger CCN (> 2 um)
are optimal for increasing precipitation, while a high concen-
tration of small CCN can suppress rainfall or postpone the
onset of precipitation. Therefore, it is crucial to treat CCN
size distribution more realistically in the cloud-seeding ex-
periment for both observation and model simulation. In this
study, we conducted a chamber experiment to characterize
CCN size distribution. The flare agent we used in the cham-
ber was provided by the Chemical Systems Research Divi-
sion (CSRD), National Chung-Shan Institute of Science and
Technology, which has invested in the flare agent for cloud-
seeding operations in Taiwan.

Based on an evaluation of 200 samples of CSRD flare
seeding agents by using an aerosol spectrometer (Grimm 11-
D), the size distribution can be evaluated and fitted as the
sum of the three lognormal modes in the model simula-
tion, as shown in Fig. 5, with the constraining parameters
of each mode for the total number concentration (), ge-
ometric mean diameter (D), and geometric standard devi-
ation (o) listed in the text box. In addition, the composi-
tion of the CSRD seeding agent is mainly sea salt, which
is also characterized in WDMG6-NCU. Thus, the simulation
conducted in this study has the potential to accurately re-
flect actual CCN microphysics. In our practical operation,
hygroscopic cloud seeding is conducted using drones that
carry 10 CSRD flare seeding agents in 10 min (seeding rate:
2.03 x 10* cm™3 s71), affording greater flexibility in seeding
height. However, information for determining the most effec-
tive cloud-seeding operation is lacking. Therefore, in the fol-
lowing section, we use a modelling approach and conduct a
series of simulations with several scenarios of 10 min cloud-
seeding processes by using 10 CSRD flare seeding agents

https://doi.org/10.5194/acp-23-10423-2023
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Figure 5. CCN size distribution (red line) based on the observa-
tion result (black line), which is employed in the model simulation
which follows the lognormal distribution with the constraining pa-
rameters of each mode for the total number concentration (), ge-
ometric mean diameter (D), and geometric standard deviation (o)
listed in the text box.

to evaluate the cloud-seeding effects for different seeding
heights, seeding areas, and seeding concentrations.

3.3 Experimental design

Two parallel sets of experiments, namely a control simula-
tion without seeding (control run) and a set of experiments
with the emission of seeding agents (seed run), with seeding
starting on 22 October 2020 at 06:30 UTC in the Shihmen
Reservoir (24.81° N, 121.26° E) and with the CSRD size dis-
tribution, were designed to analyse the effects of aerosol per-

Atmos. Chem. Phys., 23, 10423-10438, 2023
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Table 2. Experimental design in domain four (D04).
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Experiment  Description Seeding area  Seeding height
(km?) (m)

Ctrl Normal aerosol concentration  None None

Seed 1 Seed CCN (with CSRD size 1 km? 500 m

Seed 2 distribution) in a certain 1000 m

Seed 3 region. 1300 m

Seed 4 2200 m

Table 3. Experimental design in domain five (DO0S).

Experiment Description Multiplication factor of ~ Seeding area  Seeding height
concentration (kmz) (m)

Ctrl Normal aerosol concentration None None None
Seed_SOO(lkmz) Seed CCN (with CSRD size x1 1 km? 500m

2 distribution) in a certain 5
Seed_500(10km2) . 10km

region.
Seed_500(100km?) 100 km?
Seed_500(1km?)_HC %100 1 km?
Seed_1300(1km?2) x1 1km?2 1300 m
Seed_1300(10km?) 10km?
Seed_1300(100km?) 100 km?
Seed_1300(1km?)_HC %100 1 km?
turbation. In the seed run, we further examine the effects of (a)

cloud seeding at different heights and in different areas of the
Shihmen region (Fig. 4b). In domain four (D04; 1 km hori-
zontal resolution), five simulations are formulated, namely
one control run (Ctrl) and four seed runs (Seed 1 to Seed 4),
to investigate the effects of cloud seeding in one horizontal
grid (1 km x 1 km) but at different seeding levels. In Seed 1,
the cloud seeding is conducted at approximately 500 m above
mean sea level, which is close to the cloud base according to
sounding and model simulation data. Seeds 2 and 3 involve
simulated seeding between 1000 and 2000 m, and Seed 4 in-
volves seeding at approximately 2200 m. The model experi-
ments in D04 are summarized in Table 2.

Several studies have investigated cloud-seeding effects
through simulations at a finer grid resolution (Yin et al.,
2000; Tonttila et al., 2021; Xue et al., 2014). To further exam-
ine and interpret the effects of cloud seeding and microphysi-
cal processes, domain five (D05) is developed at a horizontal
resolution of 333 m. The seeding heights in D05 are based
on the results of D04, and two seeding heights that yield the
smallest and greatest increases in rainfall in D04 (500 and
1300 m) are selected. Six runs are developed to seed hygro-
scopic particles in different areas, namely 1, 10, and 100 km?,
at the selected seeding levels. In addition, two more runs with

Atmos. Chem. Phys., 23, 10423—10438, 2023
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Figure 6. Cumulative rainfall based on (a) rain gauge observa-
tion data and (b) model simulation (D04) from 21 October 2020
at 12:00 UTC to 22 October 2020 at 12:00 UTC. Observation data
are interpolated to the same resolution as the model simulation.

100 times the concentration of seeding agents in a 1 km? area
are performed for the seeding height at 500 and 1300 m, re-
spectively. The model experiments in D05 are summarized
in Table 3.
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Figure 7. RCWF (the S-band radar at Wufen Mountain) and RCSL (the C-band radar at Shulin) reflectivity at different altitudes (1.5, 2, 3,

and 5 km) and different times (06:30, 07:00, 07:30, and 08:00 UTC).

4 Results

4.1 Control run in D04 (Ctrl_D04)

Before the cloud-seeding simulation assessment, results from
a control run are validated against the observations to ensure
that the simulation agrees reasonably well with reality, and
we take accumulated rainfall, radar reflectivity, water vapour
mixing ratio, temperature, and pressure into consideration.
The main features of cumulative rainfall (Fig. 6) are success-
fully captured by the model, particularly in northern Taiwan,
our location of interest. Moreover, information on observa-
tional radar reflectivity is used to account for precipitation
patterns at different heights (Fig. 7). The radar reflectivity
results show that most of the reflectivity is below 5 km. This
indicates that the rainfall system mainly involves warm-rain
processes, and this feature is also captured by the model sim-

https://doi.org/10.5194/acp-23-10423-2023

ulation (Fig. 9). Furthermore, the temperature, pressure, and
water vapour mixing ratio are similar between the observa-
tional data at the Dongyan Mountain site, located near the
Shihmen region, and the corresponding grid point data in the
model simulation (Fig. 8). Thus, the simulation conducted in
this study can be used for tests of cloud-seeding sensitivity
of the WRF model with the new hybrid scheme. Figure 9
presents the meridional mean (0.1° latitude across the Shih-
men region) of liquid water content (LWC) of the model sim-
ulation at 06:30 UTC on 22 October 2020. Figure 9 shows
that clouds are located above approximately 500 m and be-
low approximately 2000 m in the Shihmen region, with the
highest LWC appearing near 1300 m, and all of the clouds
are below the 5 °C line, which represents where the warm-
rain processes dominate.

Atmos. Chem. Phys., 23, 10423-10438, 2023
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Figure 8. Time series (UTC) of temperature, pressure, and water
vapour mixing ratio based on observation (solid lines) and model
simulation (dashed lines) at the Dongyan Mountain site before
cloud seeding was conducted.
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Figure 9. Meridional mean (0.1° of latitude crosses the Shih-
men region) of liquid water content (LWC) of model simulation
at 06:30 UTC on 22 October 2020. The dashed black line indicates
the longitude of the Shihmen region, and the black line shows the
altitude of 5 °C.

4.2 Seeding effects on precipitation and cloud
properties

To determine the effects of cloud seeding at different seed-
ing heights, four seed runs (Seed 1 to Seed 4) in one hori-
zontal grid (1 km x 1km) at different seeding levels (~ 500,
1000, 1300, and 2200 m above mean sea level) are executed
in DO4. An evaluation of the average rain rate of seed runs
and the control run in the Shihmen region (Fig. 10) indicates
that seeding above 1000 m but below 2000 m enhances sur-
face rainfall in the Shihmen region, and Seed 3 resulted in the
greatest enhancement of precipitation. The results also indi-
cate that seeding at the in-cloud levels (Seed 2 and Seed 3)
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is more effective for precipitation than seeding at the cloud
base (Seed 1) in northern Taiwan. Thus, in this study, seed-
ing at 500 and 1300 m, corresponding to Seed 1 and Seed 3,
are chosen as the runs that yielded lower and higher rainfall
enhancement for the further simulation assessments and data
analysis in domain five (DO0S5).

In D05, eight runs are executed at different seeding heights
(500 and 1300 m), but for different seeding areas (1, 10, and
100 km?), and seeding concentrations. As shown in Fig. 11,
seeding at 1300 m yields greater rainfall than seeding at
500 m, and this result is similar to that for domain four (D04).
In addition, seeding at 1300 m, over a bigger seeding area,
and at higher aerosol concentrations yielded greater rain rates
by several folds in the Shihmen region (Fig. 11), particularly
in seeding areas of 100 km?. However, this phenomenon is
not obvious in scenarios of seeding at 500 m, suggesting in-
cloud seeding is more beneficial compared to below-cloud
seeding. If cloud seeding is conducted in the appropriate en-
vironments that afford, for example, bigger seeding areas or
in areas with higher aerosol concentrations, precipitation is
enhanced.

In terms of microphysical properties of the simulation, a
peak in seeded-CCN concentration is observed at their seed-
ing height, 500 and 1300 m (Fig. 12a—c). In the scenario of
seeding at 1300 m (Fig. 12a—c, warm colour), the seeded
CCN are able to be transported to higher altitudes than the
scenarios seeding at 500 m (Fig. 12a—c, cold colour). Fig-
ure 12d-f show that seeding at both 500 and 1300 m en-
hances the mixing ratio of clouds (Q.) in 10 min (from 06:30
to 06:40UTC) after cloud seeding. However, Q. starts to
decrease after 06:40 UTC (10min after cloud seeding) in
the seeding scenario at 1300 m, but this phenomenon is not
apparent in the seeding scenario at 500 m. With regard to
the mixing ratio of rain (Qy), Fig. 12g—i indicate that seed-
ing at 1300 m considerably increases Q; after cloud seed-
ing, but seeding at 500 m only weakly enhances Q;. This
phenomenon also explains why Q. starts to decrease after
10 min of seeding at 1300 m, but this behaviour is not obvi-
ous in the seeding scenario at 500 m. In addition, by using
the double-moment microphysics scheme, we calculate the
D; as

AN 1
Ar=<M> . Di=—(04'3, (©6)
0aOr Ar

where N;, Q;, pw, and p, are the number concentration of
rain, mixing ratio of rain, density of water, and density of
air, respectively. Figure 12j—1 show that D; increases more
obviously in the scenarios of seeding at the in-cloud region
(the warm colour lines). If larger raindrops develop, more
liquid water may reach the ground, increasing surface rain-
fall. Finally, the model reveals a slight change in supersatura-
tion ratio between the experiments (Fig. 13), indicating that
although the seeding agents can compete for water vapour,
only a little amount of water vapour is consumed, and there-
fore, the saturation state of the environment is not highly af-
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fected (approximate fluctuation of 0.5 %) by cloud seeding.
According to Tonttila et al. (2021), the ideal simulation of
hygroscopic cloud seeding indicates that water vapour com-
petition does not cause great seeding effects on cloud super-
saturation. In this study, when the supersaturation ratio is rel-
atively high in the environment, similar results can be found
by the complex simulation.

4.3 Seeding effects on microphysical processes

Five microphysical parameters are considered, namely cloud
activation (Pcyct), cloud condensation (Peong), evaporation
of rain (Prevp), autoconversion of rain (Pray), and accre-
tion of rain (Pracw). We integrate the simulations at heights
below 5km to obtain the averaged difference between the
control run and seed runs for each parameter. As shown
in Fig. 14, 10min after cloud seeding, the seeding effect
is mainly observed in terms of Peact, Prauts and Pracw. For
Peact, as depicted in Fig. 15a—c, the activation process is
intense at the height at which the seeding agents are intro-
duced; this mainly occurs 10 min after cloud seeding. More-
over, because the supersaturation ratio at 1300 m is higher
than that at 500 m, seeding at 1300 m yields a stronger Peact
than seeding at 500 m. Regarding Pray, the seeding scenar-
ios in 100km? areas at 500 and 1300 m exhibit obvious but
opposite signals. As shown in Fig. 15d—f, the autoconversion
process is clearly stronger in Seed_500(100 km?) but weaker
in Seed_1300(100km?) 15min after cloud seeding. How-
ever, with regard to Py, the seeding scenarios at 1300 m
(Fig. 15g—i, warm colour) yield a more intense accretion pro-
cess than the scenarios at 500 m (Fig. 15g—i, cold colour).

https://doi.org/10.5194/acp-23-10423-2023

Thus, in our model simulation, introducing seeding agents
with a CSRD size distribution can enhance the activation
process (Pcyct), and seeding at 1300 m can promote the ac-
tivation of more seeded CCN in clouds. In addition, be-
cause of the strengthening of the accretion process (Pracw)s
more precipitation can be developed in the seeding scenar-
ios at 1300 m. Tonttila et al. (2021) also show that the en-
hanced accretion process is the main pathway for precipita-
tion enhancement after cloud seeding. In the seeding scenar-
ios at 500 m, rainfall is slightly enhanced, mainly due to the
enhancement of the autoconversion process (Pray) When a
seeding agent is introduced in an area of 100 km?; however,
seeding in such a large domain can be impractical and inef-
fective. Therefore, cloud seeding at 1300 m (in-cloud area)
seems to be the more suitable choice for increasing rainfall.
Figure 16 presents more details of the effect of cloud seeding
on the cloud microphysical properties by seeded-CCN size
distribution and time in Seed_1300(100 km?). Figure 16 also
indicates that the fraction of hygroscopic particles larger than
0.4 um decreases over time. This phenomenon indicates that
particles larger than 0.4 um are the main factor contributing
to cloud-seeding effects.

5 Discussion and suggestions

For hygroscopic cloud-seeding practice, two crucial ques-
tions are often be asked: (1) which types of environmental
conditions are appropriate for executing hygroscopic cloud
seeding in the stratiform system and (2) what the optimal
seeding area is. Based on the results of the study, seeding

Atmos. Chem. Phys., 23, 10423—10438, 2023
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Figure 11. (a) The 1 h rain rate variation after cloud seeding. (b) Time series (UTC) of averaged rain rate of the rainy grids in the Shihmen
region for seed runs and the control run. The red rectangle in (a) represents the Shihmen region, and the rivers shown on the map are the
Dahan River and Danshui River.

at in-cloud levels can enhance precipitation more than seed- With regard to the first question, an altitude of 1300 m
ing at the cloud base because of an enhanced accretion pro- above mean sea level (the in-cloud region), which can in-
cess. Distributing the hygroscopic particles into larger areas crease rainfall the most in the simulation after cloud seeding,
in clouds is more effective in enhancing rainfall. More de- is used as a reference. In this case, the cloud base is at approx-
tailed discussions follow. imately 500 m, and the supersaturation ratio is in the range
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of 1.5 %-2 % near an altitude of 1300 m in the Shihmen re-
gion. However, after cloud seeding, the supersaturation ratio
can be approximately 0.5 % through water vapour competi-
tion, while the LWC is approximately 0.6 g m—>. Therefore,
our recommendation for the stratiform system is that hygro-
scopic particles should be introduced into the in-cloud re-
gion, where the supersaturation ratio is more than 0.5 %, and
LWC is higher than 0.6 gm™3. The criteria of LWC is com-
parable to Silverman and Sukarnjanaset (2000), who indicate
that LWC should be higher than 0.5 gm™3 to execute cloud
seeding. With regard to the second question, to determine a

https://doi.org/10.5194/acp-23-10423-2023

practicable seeding area that yields increased precipitation,
two more cloud-seeding runs over seeding areas of 36 and
64km? at an altitude of 1300 m are developed. Figure 17
displays the average rain enhancement rate in the Shihmen
region in 20 min in scenarios with different seeding areas,
and the results show that when the seeding area is smaller
than 64 km?, the rain rate is obviously enhanced. However,
for seeding areas larger than 64 km?, a slight increase in rain
rate is observed because the Shihmen region no longer has
plenty of cloud water to transform to precipitation (Fig. 17).
Thus, we recommend spreading the seeding agents over an

Atmos. Chem. Phys., 23, 10423—10438, 2023
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area of 40-60km? because it can be feasibly used to yield
the greatest rainfall.

Furthermore, several comparable results to the previous
studies are found. First of all, the precipitation signals are
more intense in the runs with larger seeding domains or
higher seeded-CCN concentrations, and this phenomenon
agrees with the idealized simulation of Tonttila et al. (2021).
Second, only a little water vapour faces competition from hy-
groscopic particles, and therefore the saturation state of the
environment is not extremely affected by cloud seeding. This
result agrees with Rosenfeld et al. (2010) and the idealized
simulation of Tonttila et al. (2021). Third, the simulation of
Yin et al. (2000) also shows that more rainfall enhancement
is obtained in the seeding scenario above the cloud base. Re-
garding the size of seeding agents, most of the previous stud-
ies show that hygroscopic particles larger than 1 ym (GCCN)
are optimal for enhancing precipitation in warm clouds (Caro
et al., 2002; Segal et al., 2004). However, this study shows
that the hygroscopic particles larger than 0.4 um might also
be able to contribute to enhancing precipitation in the cloud
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seeding. In the future, more case studies are needed to vali-
date this result.

Regarding the WDM6-NCU scheme, there are still some
areas that require improvement. First, in the bin part, to
consider the effects of giant CCN, the maximum radius of
aerosols is set as 20 um, which is different from the 2 um
setting in Lee and Baik (2018) and 7.6 um in Kogan (1991).
However, in this research, there are almost no CCN larger
than 2 um (Fig. 5), and nearly no CCN are directly activated
to raindrops. It might be more reasonable that an upper limit
or a smaller growth rate for the CCN with a radius larger than
7.6 um is defined in the WDM6-NCU. Second, for the con-
nection between the bin and bulk parts, WDM6-NCU can
extract a realistic activated CCN number concentration and
mixing ratio from the bin part that can be applied to the
bulk part. However, the information of droplet size distri-
bution (DSD) might be different between the bin and bulk
parts. In the future, an upper limit or a smaller growth rate
for the CCN with a radius larger than 7.6 um will be added
to WDMG6-NCU, and we should think about how to conserve
more DSD information from the bin part in the bulk part.

6 Conclusion

In this study, the WRF model with the WDM6-NCU micro-
physics scheme, which can describe the seeded-CCN size
distribution with 43 bins and precisely evaluate the activation
of seeded CCN, is developed and used to simulate the case
of 21-22 October 2020. A realistic dataset describing the size
distribution of the flare agent is used in the model simulation.
In D04, one control run and four seed runs (Seed 1 to Seed 4)
are conducted in one horizontal grid (1 km x 1km) at dif-
ferent seeding levels (~ 500, 1000, 1300, and 2200 m above
mean sea level). The results reveal that seeding above 1000 m
but below 2000 m enhances cumulative rainfall in the Shih-
men region for 1 h after cloud seeding, and seeding at 500 m
(cloud base) and 1300 m (in-cloud region), corresponding to
Seed 1 and Seed 3, is selected for the runs with the lower and
upper bound for rainfall, respectively, for subsequent sensi-
tivity assessments and analyses (D05: 333 m x 333 m hori-
zontal resolution).

In D05, eight runs are developed to examine the effect of
cloud seeding for different seeding heights (500 and 1300 m),
seeding areas (1, 10, and 100 kmz), and seeding concen-
trations. With regard to the sensitivity of precipitation, the
model simulation reveals that more precipitation is observed
in the seeding scenarios in the in-cloud region and that in-
troducing hygroscopic particles into a bigger domain or with
higher concentrations can efficiently enhance precipitation in
the in-cloud-seeding simulations. Moreover, the seeding sce-
narios at different heights have different microphysical prop-
erties. First, seeding at 1300 m can transport seeded CCN
to higher levels and lead to a thicker CCN vertical distri-
bution than the seeding scenarios at 500 m. Second, seed-
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Figure 15. Vertical profile of the averaged difference between the control run and seed runs of the (a—c) cloud activation process (Peact),
(d—f) autoconversion process of rain (Prayt), and (g—-i) accretion process of rain (Pracw) after cloud seeding (started at 06:30 UTC). Warm
colours represent seeding at 1300 m, and cold colours represent seeding at 500 m.

ing at both 500 and 1300 m can enhance the mixing ratio of
clouds (Q.) within 10 min after cloud seeding; however, Q.
decreases earlier in the seeding scenarios at 1300 m because
more cloud droplets can turn into raindrops. Third, seeding at
1300 m produces a stronger increase in mixing ratio of rain
(Q;) than seeding at 500 m within 30 min after cloud seed-
ing. The D, increases more obviously in the seeding sce-
nario at 1300 m, which results in more liquid water reach-
ing the ground, thereby enhancing surface rainfall. Moreover,
the signals are always more intense in the runs with larger
seeding domains or higher seeded-CCN concentrations. Fur-
thermore, only a little water vapour faces competition from
hygroscopic particles, and therefore the saturation state of
the environment is not extremely affected by cloud seeding.
The seeding effects on microphysical processes, primarily
cloud activation (Pcact), autoconversion of rain (Pryyt), and
accretion of rain (Ppcw), are evaluated. The results reveal

https://doi.org/10.5194/acp-23-10423-2023

that CSRD seeding agents can enhance the activation pro-
cess (Peact), and seeding at 1300 m can activate the seeding
of more CCN in clouds. In addition, because of the strength-
ening of the accretion process (Prcw), more precipitation is
developed in seeding scenarios at 1300 m (in-cloud region).
Although the seeding scenarios at 500 m and with an area of
100 km? enhanced the rainfall, mainly due to the enhance-
ment of the autoconversion process ( Prayt), the enhancement
is not efficient. Finally, the size distribution of the CCN af-
ter cloud seeding illustrates that hygroscopic particles larger
than 0.4 pm primarily play an important role in cloud-seeding
effects.

Overall, this study develops a hybrid cloud-seeding micro-
physics scheme and selects a case with optimal model perfor-
mance and typical weather conditions in northern Taiwan to
conduct a series of cloud-seeding sensitivity tests. In addi-
tion, the study elucidates the microphysics processes that are

Atmos. Chem. Phys., 23, 10423—10438, 2023
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of precipitation.

involved, from the launching of cloud seeding to the develop-
ment of rainfall in northern Taiwan. In the future, more cases
can be applied, and statistical analysis can be conducted. Fur-
thermore, observational verification of cloud-seeding effects
should also be conducted.

Data availability. The radar data were provided by
the Central Weather Bureau (CWB), Taiwan. The me-
teorological ~observation data are also available from
Data Bank for Atmospheric & Hydrologic Research at
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