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Abstract. Calculations are presented on the impact of thunder on cloud particles. The results show that the creation of a
shockwave front near the lightning channel results in shattering of ice crystals, droplets, and dust aerosols, the former being a
yet unidentified mechanism for secondary ice production in clouds. At low altitudes shattering is more efficient. At the distance
where the shockwave front decays to audio wave, it can cause agglomeration of particles. The cloud particles’ characteristics
appear not very suitable for extensive acoustic agglomeration if the Sound Pressure Level (SPL) is below 120 dB. Nevertheless,
even for SPL<120 dB, some agglomeration will occur. Agglomeration will occur readily if SPL>135 dB at sound frequencies
10-200 Hz. Agglomeration efficiency increases with height. More agglomeration will occur in pyroclouds, due to their large
particle number densities. These results show that the electrical environment in clouds has, through thunder, effects on the size
distribution and number density of ice particles and droplets, will hence influence thundercloud radiative properties, and it
may be a significant driver of secondary ice production. As global warming may influence the occurrence rate of lightning,

the mechanisms discussed here may induce a climate feedback.

1 Introduction

Cloud droplet size distribution affects precipitation and the radiative effects of clouds. The effect of particulate matter on cloud
droplet size distribution and precipitation rate has been investigated extensively in the last two decades (e.g. Stier et al., 2024).
Ice clouds are ubiquitous in the global atmosphere, making up to 70% of clouds in the tropics. By absorbing longwave radiation
and scattering shortwave radiation, they may warm or cool Earth’s surface (Yang et al., 2015). The size distribution of ice
particles is a crucial parameter not only with regard to longwave absorption and shortwave scattering efficiency (Liu et al.,
2014) but also for precipitation rate. Reducing the uncertainty in ice particle size can result in large improvements in modeling
climate sensitivity to increasing CO- concentrations in climate models (Wang et al., 2020). Observed ice crystal concentrations
often exceed the concentration of ice nucleating particles (INPs) by orders of magnitude. Secondary ice production (SIP) may
be very important in controlling the ice crystal concentrations (e.g. Field et al., 2017; Korolev and Leisner, 2020).

In the present work, we examine the effect that thunder can have on SIP and on the size distribution of cloud droplets.

Sonic flows are in use for decades for the breakup of large droplets in many practical applications, such as combustion,

gasification, emulsification and medicine (e.g. Jain et al., 2015; Zhao et al., 2019, and references therein). Hanson et al. (1963)
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were among the first to investigate the breakup of droplets by air blasts. It is now well known that liquid droplets can undergo
deformation and breakup if exposed to a gas stream of sufficient velocity (e.g. Wierzba, 1990; Guildenbecher et al., 2011). On
the other hand, acoustic agglomeration of very small particles is also in practical use in air pollution control technologies. It
has been studied for some decades now as an effective means for removing fine particles from industrial gaseous effluents
(e.g. Scott, 1975; Hoffmann and Koopmann, 1996; Gallego-Juarez et al., 1999; Ng et al., 2017) or automotive exhaust (De
Sarabia et al., 2003; Noorpoor et al., 2012) by coagulating them into coarser particles.

Very recently, interest has emerged, especially in China, for using artificial sounds to induce droplet coalescence in fog or
clouds and hence disperse fog or induce rain. Liu et al. (2020) simulated numerically the condensation of fog under sound of
140-160 dB SPL and frequencies of 100-2000 Hz. Qiu et al. (2021) in a cloud chamber experiment with droplets of 10 um
diameter observed effective agglomeration of water droplets for Sound Pressure Levels (SPL) 114-121 dB in the 50-65 Hz
range. Unfortunately, they do not report the number concentrations of droplets used in the experiment. Jia et al. (2021) provided
a theoretical examination of the effect of strong sound waves on cloud droplets. Wei et al. (2021) used artificially generated
sounds in the field to induce droplet agglomeration in clouds. Bai et al. (2022) contacted laboratory experiments and
simulations on the action of sound waves on microdroplets, using SPL of 70-130 dB and frequencies 30-280 Hz, while Shi et
al. (2022) conducted extensive field tests with 10 kW speakers and output levels of 148.6 dB in order to study artificial rain
production.

Very few people, however, have examined the effect of ambient sounds on droplets and aerosols. Recently, Kourtidis and
Andrikopoulou (2022) examined whether bell sounds can have an impact on the size distribution of ambient aerosol. Some
time ago, Temkin (1969) was the first to suggest, in a half-page paper, that thunder may induce collisions in cloud droplets
and hence simulate droplet growth. Recently, Temkin (2021) presented calculations for droplet coalescence induced by the
thunder sound, using a theoretically obtained value of 8 Hz as the dominant thunder clap frequency, and found that droplet
agglomeration occurs.

Lightning occurs in cloud environments where not only large numbers of droplets but also ice nuclei are present. Thunder may
induce mechanical effects on atmospheric particles, as the SPL can be quite high, and, additionally, thunder frequency spectra
have peaks at low frequencies, where orthokinetic agglomeration is known to be very effective (e.g. Dong et al., 2006). Another
mechanism that may influence the size distribution and number density of cloud particles, and has not been studied until now,
is the supersonic shockwave front that results from the rapid heating of air to several tens of thousands degrees. The supersonic
shockwave operates for some distance from the lightning channel, after which, the shockwave turns to sound wave.

In the present work we examine the effects of thunder on the size distribution of cloud droplets and ice nuclei. We will
investigate not only droplet coalescence but also droplet and ice nuclei breakup in the thunder shockwave front. This is the

first time the latter is studied.

2 Results and discussion

2.1 Particle breakup in the supersonic thunder shockwave front

2
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Up to now, only Goyer et al. (1965) has studied effects of the thunder shockwave, investigating in the laboratory possible
shock-induced freezing of super-cooled water droplets. Here, we will examine a different effect of the thunder shockwave,
namely the possibility for particle breakup by the rapid expansion of air in the lightning channel. During a lightning discharge,
deposition of energy in the 4-100 J/cm range (Stark et al., 1996; Borovsky, 1998; Lacroix et al., 2019), heats within a few us
air to 10*-10° K plasma (e.g. Boggs et al., 2021, and references therein), resulting in very rapid expansion of air.

The non-dimensional Weber number is defined as We=pqv?d/c , where pqis the air density in kg m, vis the relative air velocity
in m s between gas and particle, d is the particle diameter in m and o is the surface tension (surface energy, for solids) in N
m-L. Experiments show that droplets placed suddenly in a high speed air flow will break up if the Weber number exceeds ~12
(e.g. Krzeczkowski, 1980; Wierzha, 1990; Zilch et al., 2008). This number is the critical Weber number, Wecr. The modified
Weber number We*=We/12, equals the ratio of the kinetic energy on impact to the surface tension (surface energy, for solid
particles). Hence, when the Weber number exceeds We, , the kinetic energy on impact is higher than the surface tension (or
energy). We will use below the Weber number to examine if the conditions in the thunder shockwave lead to breakup of cloud
particles (droplets, ice crystals, aerosols). To this end, the relative air velocity, which equals the shockwave front velocity, is
a crucial parameter. So, we will first review the sparse literature on the matter, to obtain as realistic as possible front velocities
for the calculations.

Navarro-Gonzalez et al. (2001) simulated lightning in the laboratory by generating hot plasma with a pulsed Nd-YAG laser,
and determined shockwave front velocity of about 60 km s™! at 20 ns after the laser pulse. After about 3 ps, they observed
decoupling of the resulting supersonic shockwave from the plasma, and the shock front cooled off to near ambient temperatures
at around 5 ps, where it propagated at near sonic speed. In agreement with these results, Stark et al. (1996) also simulated
lightning in the lab and found shockwave velocities of 2.2 km s at 1 us after the discharge and decreasing front velocity to
below 1 km s after a few ps. Since the database on the shockwaves of lightning discharges is rather limited, we quote here
also some relevant results from explosions. Jenkins et al. (2013) derived experimentally, using a high speed framing camera
and particle image velocimetry, velocities of particles after explosions of 1.3-1.7 km s™!. Lacroix et al. (2019) theoretically
derived particle velocities after explosions of ~0.3 km s™!, while model results by Karch et al. (2018) show velocities 5 to >10
times the speed of sound, i.e. 1.7 km s™'to >3.4 km s™".

Liu and Chang (2014), by generating spark discharges in the laboratory, found a linear relationship between electric discharge
energy and shockwave energy. Since the shockwave energy will be related to its expansion speed, given the wide range of
discharge energies observed in natural lightning, we will use in the calculations below shockwave front velocities of 60 km s
Tand 1 km s, which covers the range of observed front velocities, and will cover also a range of distances from the lightning
channel.

For a 10um cloud droplet, and a shockwave front velocity of 60 km s™'in the immediate vicinity of the lightning channel, We

equals several hundreds of thousands. Substituting in the Weber number equation for this particle size, of 10 um, and the
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corresponding surface tension (or surface energy), even when the front velocity drops to 1 km s, for a droplet We=167, for
an ice particle We=63, and for a solid Al,O3 particle We=71.

In Table 1, calculations are presented for the minimum size of particles for which We=12 and We=120 will be exceeded. For
Weber numbers near 12, the particles resulting from breakup have a bimodal distribution with a primary peak at d/d;=0.03
(where d is the diameter of the particles resulting from breakup of particle with initial diameter do) and a secondary peak at
d/dy=0.06 and a Sauter mean diameter/do around 0.09, whereas for Weber numbers near 120, the particles resulting from
breakup have a unimodal lognormal distribution with a peak at d/do=0.023 and a Sauter mean diameter/do around 0.03 (Jain et
al., 2015). We note here that the Sauter mean diameter (Sauter, 1926) is the diameter of a drop having the same volume to
surface area as the entire spray.

Calculations are for the following types of particles: cloud droplets (for which the surface tension of pure water, 0.072 N m™,
is used), ice crystals (for which the surface energy of pure water ice, 0.19 N m, is used, after Gundlach et al., 2011), solid
Fe20s (6 = 1.357 N m™?) and Al,O; particles (¢ = 0.169 N m), and SiO,-methanol particles (surface tension 0.023 N m* from
Bhuiyan et al., 2015). Solid Fe,Os3 (iron(l11) oxide, hematite) and Al.Os particles are used as a proxy for dust, e.g. Saharan
dust. SiOz-methanol is used as a proxy for a dust particle covered with secondary organic aerosol (SOA). We note here, on the
application of the critical Weber number to solid particles the following: Although there are (to our knowledge) no
experimental determinations of the critical Weber number to solids, the surface energy of solids and the surface tension of
liquids both relate to the energy state of the surface molecules and can be both expressed in N/m, hence it is possible to apply
the same equation to solid particles. The modified Weber number We*=We/12, equals the ratio of the kinetic energy on impact
to the surface tension (surface energy, for solid particles). Hence, when the Weber number exceeds We, , the kinetic energy
on impact is higher than the surface tension (or energy), resulting in breakup. Also, we note that ice crystals in cloud may or
may not be entirely solid, i.e. snow crystals may also be present, for which the surface energy would be 0.03-0.72, depending
on the liquid water content (e.g. Ketcham and Hobbs, 1969; Heil et al., 2020). Additionally, SiO2-methanol particles are not
entirely solid.

Above the minimum particle size depicted in Table 1, We will exceed 12 (or 120). The calculations for ground level and 5 km
ASL differ by the density of air, whereas possible changes in the surface energy of the particles due to the lower temperatures
at 5 km ASL, have not been taken into account, since they are generally small. Since surface tension increases slightly with
decreasing temperature, the results for 5 km ASL presented in Table 1 underestimate the radii very slightly. Calculations are

for front velocities range 60 km s to 1 km s,

Table 1. Minimum particle diameters (nm) in the thunder shockwave front (for front velocities of 60 km s and 1 km

s1) where the Weber number (We) becomes equal to the critical Weber number Wecr = 12, or We=120.

Ground level 5 km ASL We
60km/s — 1km/s 60km/s — 1km/s
cloud droplet 0.20-720 0.40 — 1.44-10° 12
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ice crystal 0.54 -1.95-103 1.03-3.71-10° 12
solid Al,O3 particle (c = 0.169 N m™?) 0.47-1.7-108 0.94 -3.38-10% 12
solid Fe,Oj3 particle (c = 1.357 N m™) 3.77-13.6-10° 7.54 - 27.14-103 12
SiOz-methanol particle 0.06 — 230 0.12 - 460 12
cloud droplet 2-7.2-10° 4-14.4-10°3 120
ice crystal 5.43-19.55-103 10.32-37.14-10° 120
solid AlOs particle (o = 0.169 N m) 47-169-10° 9.4-33.84-10° 120
solid Fe;O3 particle (o = 1.357 N m™) 37.7-135.7-108 75.4-271.44-10° 120
SiO2-methanol particle 0.6 -2.3-10% 1.2 -4.6-103 120

We note that most SOA particles have a lower surface tension that water, hence SOA will break up more easily than pure water

droplets. Ice crystals and Al,Os particles must have about 3 times the diameter of a water droplet to break, while Fe.O3 particles

are the most difficult to break. This is not surprising, as setting We equal to 12 (critical Weber number) and solving the Weber
equation for d (particle diameter), one gets d=120pguv/2, so for higher 4, d will also be higher. As ¢ for water droplets is 0.072
N m-* while for water ice crystals it is 0.19 N m™ (2.64 times higher) and, e.g. Al,Os it is 0.169 N m™ (2.35 times higher), d is
correspondingly higher for the latter two. At ground level, sub-nanometer cloud particles, and nanometer-sized Fe,O3 dust
aerosols We will reach the critical number 12, and hence they will break up in thunder shockwave fronts expanding at 60 km
s, Even at fronts expanding at 1 km s, sub-micron cloud droplets and SiO,-methanol particles, and small pm-sized ice
crystals and Al,Os particles will break, while Fe,O3 particles must be larger than 13.6 um to break. In thunder shockwave
fronts expanding at 60 km s, We=120 will be reached for nanometer sized particles. At We=120, catastrophic breakup will
occur and more secondary particles will be generated than for We=12. For a lower shockwave front velocity of 1 km s,
We=120 will be reached for all types of particles larger than around 20 um, except Fe;Os particles that need to be larger than
136 pum to undergo catastrophic breakup.

At 5 km ASL, particles double the size of the ones at ground level will break. So, for lightning channels extending vertically,
near the lightning channel a vertical gradient in the size distribution of cloud particles will be introduced.

With the extreme scarcity of data on the possible extent of the shockwave, it is not possible to evaluate how large are the parts
of the cloud that are affected from the shockwave. Goyer and Plooster (1968) using a numerical model of lightning discharge,
calculated shock waves in the order of a few meters. Karch et al. (2018) simulated a 96.4 KA strike (i.e. 0.76 X 10* J m™*) and
found the shock wave transitioning to acoustic velocities at around 6 cm. Takagi et al. (1998) observed return lightning strokes
with a high-speed camera and found that the luminous region expands at about 100 km s during the initial stage and reaches
a maximum diameter of several meters after about 100 ps.

If the Karch et al. (2018) 6 cm shockwave radius is used, then assuming a cylindrical geometry it is easy to calculate that the

shockwave from a 500 m long intra-cloud (IC) discharge will affect a volume of 5.65 m® within the cloud. Although this
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volume is small, multiple IC lightning discharges are common within thunderclouds and will increase it substantially. If we
use the Goyer and Plooster (1968) calculations, or if the shockwave extends at the same distance as the luminous region, we
can assume that the shockwave extends ~3 m from the channel. Then a 500 m long IC discharge will affect a volume of the
order of 14 X 10° m® within the cloud, which is substantial. Given also the fact that the total acoustical power of thunder was
estimated by Bestard et al. (2023), from the study of 78 flashes, to span four orders of magnitude from 10.6 kW to 165 MW,
both of the above calculations appear credible.

Given the importance of the ice phase in clouds in precipitation over the continents (Heymsfield et al., 2020), the importance
of secondary ice production (SIP) in the formation of ice particles (Korolev and Leisner, 2020), and the need to properly

describe SIP in climate and weather models, the above mechanism may need to be taken into account in numerical descriptions.

2.2 Particle agglomeration in the thunder sonic field

After the supersonic wave front loses velocity, at some point, it turns to an expanding sonic field. There have been several
subjective terms such as clap, peal, roll and rumble to describe thunder sounds. Peals or claps are the sudden loud sounds
which occur in a background of prolonged roll or rumble. The term roll is sometimes used to describe irregular sound variations
whereas rumble is used to describe relatively weak sound of long duration (Depasse, 1994). Finite amplitude propagation
causes a doubling in the wavelength of the positive pulse within the first kilometer, but beyond this range, the wavelength
remains approximately constant (Few, 1995). As the SPL can be very high, thunder may induce mechanical effects on
atmospheric particles (Few et al., 1967).

Sound is known to cause agglomeration at high SPL, termed acoustic agglomeration or acoustic coagulation, due to particle
resonance and the resulting relative motion of particles (e.g. Mednikov, 1965; Temkin, 1994). So, loud sound can impact
atmospheric particles. We will examine here acoustic agglomeration due to the sound of thunder. The main identified
mechanisms for agglomeration are orthokinetic collision and hydrodynamic collision. Orthokinetic collision is the main
mechanism of sonic agglomeration for polydisperse particles at low sound frequencies and medium particle size ratios di/d..
The orthokinetic mechanism refers to collisions between differently sized particles located within a distance that is
approximately equal to the displacement amplitude of the acoustic field and with their relative motion parallel to the direction
of vibration (Riera et al., 2015). It is based on the different resonance rate 7 of the particles due to their different sizes, different
displacement amplitudes for different sizes resulting in increased collisions). The resonance of particles in a sonic field can be
characterized by the resonance rate (entrainment coefficient)

n=UplUo=1/[sqr(1+(c))] (1)

(Temkin and Leung, 1976; Hoffmann and Koopmann, 1996, 1997; Gonzalez et al., 2000), where 7 is the resonance rate with
values from 0 (no resonance) to 1 (complete resonance), Uy is the particle velocity amplitude, U, the gas velocity amplitude,
o is the sound wave angular velocity, 7, is the relaxation time z,=p*d?/0.00032886, p is the particle density, d is the

aerodynamic diameter of the particle. The sound wave angular velocity is given by o=2*n*f, with f being the sound frequency.

6
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Equation (1) is the simplified Brandt—Freund—Hiedemann (BFH) equation (Brandt et al., 1936; Gonzalez et al., 2000; Dong et
al., 2006). The maximum interparticle distance that in the event of a collision leads to agglomeration is the effective
agglomeration length, Les,. Lert = &L, where ¢ is the collision efficiency (with values between 0 and 1) and L is the maximum
interparticle distance that can cause collision. The value of ¢ is controlled by the Stokes number S, e=[S/(St+A)]B where A
and B are constants (Loffler, 1988). We note here that the validity of eq. (1) has been demonstrated for spherical particles,
single-frequency sound waves, small gas velocities and relatively low frequencies and the above assumptions may not hold
throughout the cloud region. However, it can still give us an idea of the involved processes, as we apply here the equation to
relatively low single frequencies, and cloud droplets are spherical, while cloud ice crystals may or may not be spherical. While
in certain cloud regions ice crystal shapes may be dominated by spheroids (e.g. Lawson et al., 2001; Fleishauer et al., 2002),
a variety of other shapes will dominate in other regions.

For the simulations presented here, we assumed liquid droplets with diameters d = 8-36 um (e.g. Barthlott et al., 2022 and
references therein), and density p = 1000 kg m. Saharan dust particles have diameters 0.01-20 um, with mass peaks at around
0.4 and 3 pum (Gini et al., 2022), number concentration peaks at around 0.03 um, and surface area peak at around 10 pym
(Weinzierl et al., 2006). So, in the calculations presented here, for Saharan dust we used diameters d in the 0.1 — 10 um range,
and density p = 2500 kg m, which is very near the density of silica.

Few et al. (1967) determined dominant thunder frequencies in the 180-260 Hz range. Holmes et al. (1971), by analyzing 40
thunder events, determined peak power at frequencies from below 4 Hz to 125 Hz. Intra-cloud (IC) discharges had a mean
peak value of power at 28 Hz with mean total acoustic energy 1.9-10° J, while cloud-to-ground (CG) discharges had a mean
peak value of power at 50 Hz with a much higher mean total acoustic energy of 6.3-108 J. Juhua and Ping (2012) observed
peak frequencies 210-280 Hz, while the frequency spectrum went up to 1000 Hz. The same authors, also calculated that the
more powerful the lightning, the lower its peak frequency. Abegunawardana et al. (2016) determined fundamental frequency
of peals at 75422 Hz, of claps at 102436 Hz, and of rumbles at 63+27 Hz. Bodhika et al., 2014 observed thunder frequency
spectra with peaks for peal and claps at around 100 Hz, and around 50 Hz for thunder rumble sounds. Lacroix et al. (2018)
reported spectra in the 1-200 Hz range, which show amplitudes of 88-90 dB in the 6-80 Hz range, for flash distance 2-4.3 km.
The same authors also report spectra from 14 events, which exhibit a frequency center of gravity that spans from 47 to 115
Hz, for different events.

Hence, for the calculations presented here, we use frequencies of 10-500 Hz.

In general, the resonance rate increases with decreasing frequency and decreasing particle size (Fig. 1). The results show
complete or almost complete (>0.8) resonance for cloud droplet diameters =< 24 um for f =< 70 Hz, while smallest 8 um
droplets remain completely resonant up to 200 Hz. Saharan dust particles with diameters up to 3 um show complete resonance
for f up to 500 Hz, while all dust particles up to 10 um show complete or almost complete (>0.8) resonance for frequencies of
100 Hz or lower.

To calculate Les, the SPL is needed. Not very many SPL measurements exist in the vicinity of thunder. Bodhika et al. (2018)
observed peak SPL above 110 dB for 30% of recorded flashes at 3 km from the flash. Closer to the lightning higher SPL values

7



are to be expected. If only the geometrical spreading of a spherical wave in free space is considered, at half the distance the
SPL would be increased by 6 dB. In a real atmosphere, the sound propagation deviates from spherical shape, and ground
225 reflection may increase the SPL, hence the difference may be less than 6 dB. Farges et al. (2021) found a decay of the thunder
amplitude to scale with flash distance as r%7'7, while Shi et al. (2022) report SPL(dB) decay rates scaling with distance at r-
0068339 | acroix et al. (2019) calculated overpressures 2 m from the stroke that translate to SPL 134-151 dB (for deposited
energy 4-60 J/cm). Lacroix et al. (2019) also note a near- and a far-field behavior, acoustic power scaling with r* with distance
(cylindrical wave decay) up to 3600 m and scaling with r-2 (spherical wave decay) after that. So, it is reasonable to assume that
230 the thunder SPL will exceed 120 dB at distances less than 800 m from the stroke and 130 dB at distances less than 200 m from

the stroke. Hence, for the calculations presented hereafter, we will use SPL in the 90-135 dB range.
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Figure 1: Upper panel: Resonance rate » of cloud droplets with diameters 8-36 pm (calculation step 2 pm) for sound

frequencies 10-500 Hz (calculation step 10 Hz up to 100 Hz and 100 Hz above that). Lower panel: Resonance rate # of



dust particles with diameters 0.1-10 pm (calculation step 1 pm) for sound frequencies 10-500 Hz (calculation step 10
235 Hz up to 100 Hz and 100 Hz above that).
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Figure 2: Effective agglomeration length near the surface for SPL=100 dB and sound frequencies of 10 (top), 50
(middle), and 200 Hz (bottom).

For two particles No. 1 and No. 2 (No. 1 being the larger particle and No. 2 the smaller one) with diameters di1 and d, their
relative resonance rate is given by #512=0*(tp1-tp)/sqr[(1+w*1p?)*(1+w?*15:%)], where 7p=p:1*d:1%/0.00032886 and
Tp2=p2*d>?/0.00032886 are the relaxation times of particle 1 and 2 and w=2*n*f the angular velocity of the sound wave. The
effective agglomeration length for these two particles is calculated by Ler= (12*Uglo)*[St/(St+0.65)]%7, where St is the Stokes
number Si=p*n12*Ug *d,%/(0.00032886*d1) and Ug={10"[(SPL-94)/201}/(c*py), Ug being the gas velocity amplitude in the
sound wave, ¢ the velocity of sound in air, and pg4 the density of air.

For two particles with d; in the 0.05-35 pm range and d in the 0.02-30 um range, for SPL=100 dB and frequencies of 10, 50
and 200 Hz, the effective agglomeration length spans many orders of magnitude, and is larger for larger particle pairs (Fig. 2).
For particles above around 25 pm, it ranges between 1 nm and 10 um (Fig. 2). Increasing the SPL from 90 to 120 dB, increases
the agglomeration length by several (6-7) orders of magnitude (Figs. 3 and 4). Further increasing the SPL from 120 dB to 135
dB, increases further the agglomeration length by 3-4 orders of magnitude. Hence, the agglomeration length ~100 m from the
strike will be 4 orders of magnitude longer than the agglomeration length ~800 m thereof and 6-7 orders of magnitude longer
than the agglomeration length ~2 km thereof. Additionally, the agglomeration length is 10-50 times larger at 5 km ASL than
near ground level (Fig. 4), hence in clouds with vertical extent like cumulus congestus and cumulonimbus, the higher levels

of the cloud will experience more coagulation than the lower ones.
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10



260

265

270

For number concentration of particles per unit volume N, the mean interparticle distance <r> is proportional to the per particle
volume 1/N. It can be defined as <r>=1/N*?, <r> corresponding to the length of the edge of a cube of volume 1/N. For Saharan
dust particles, for which Ngust ~ 1-100 particles/cm?, <r>=~2 - 10 mm. For cloud droplets Ncioud_droptets~ 200-1000 droplets/cm?,
hence <r>=~1-1.7 mm, for ice particles Nice paricies~ 0.1-50 particles/cm? and <r>=~2.7mm — 2.15 cm. For pyroclouds, Nsoot
~200-10° particles/cm?, <r>=~210 pm-1.7 mm.
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Figure 4: Left panels: Effective agglomeration length for large particles of 0.1-35 pm diameters and small particles for
0.05, 1 and 10 pm diameter, both at ground level and at 5 km height ASL, for f=50 Hz and SPL of 90 dB (a), 120 dB (b)
and 135 dB (c). Right panels: Effective agglomeration length for large particles of 0.1-35 pm diameters and small

particles for 0.05, 1 and 10 pm diameter, both at ground level and at 5 km height ASL, for f=10 Hz and SPL of 90 dB
(d), 120 dB (e) and 135 dB (f).
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The effective agglomeration length, can be up to 10 um for SPL 120 dB (Fig. 4), hence interparticle distances appear much
larger than L.y for agglomeration to occur for SPL up to 120 db. However, the use of mean interparticle distance as 1/NY?
ignores the fact that interparticle distances will follow a probability density function P(r)=(3/a)*(r/a)**e"[-(r/a)°] and the
substantial in-cloud turbulence of thunderclouds will further enhance the spread of P(r). So, a substantial number of cloud
particles will be at interparticle distances <<< 1/N'? and thus even for SPL below 120 dB some agglomeration will occur.
For SPL 135 dB, the agglomeration length can be up to 10 um for particles with d>15 um, and for very large particles (d=35um)
it can reach 1 mm. So, cloud droplets will agglomerate readily, and even more so in pyroclouds.

Ice, due to its higher than liquid water surface energy, will aggregate upon impact more easily than liquid water droplets
(Gundlach and Blum, 2015). However, the aggregation process will be more complicated for ice collisions than for cloud
droplets, since the event of ice-ice collision may cause apart from agglomeration, also rime splintering, hence the formation
of a larger particle may be accompanied with the ejection of many small splinters. The event of ice-liquid droplet collision,
which is more likely due to the higher abundance of cloud droplets, may lead to the formation of a larger ice crystal by freezing
of the droplet water.

Qiu et al. (2021) observed effective agglomeration for SPL 114-121 dB in the 50-65 Hz range in cloud chamber experiments
with droplets with diameters 4-20 pum; unfortunately, they do not report the number concentrations of droplets used in the
experiment. Bai et al. (2022) determined critical SPL 110 & 15 dB for effective agglomeration of microdroplets in the 1-30 um
range. Bai et al. (2023) identified in laboratory experiments optimal orthokinetic agglomeration frequencies 50-250 Hz for
microdroplets. An optimal frequency, varying for different droplets, was identified in orthokinetic agglomeration within the
50-250 Hz range from Shi et al. (2023). Our results are consistent with these studies. However, we note here that in contrast
to the present study, these studies were not concerned with naturally occurring sounds such as thunder, but with man-made
sounds deliberately produced for rain enhancement or fog dissipation.

Prior to the present study only Temkin (2021; 2023) presented calculations for the impact of thunder on cloud droplets. Temkin
(2021), using 8 Hz as the dominant thunder clap frequency, calculated that droplet agglomeration will occur rapidly, while
Temkin (2023) studied the combined effects of thunderclaps and gravity on rain production.

Reliable thunder SPL and frequency spectra measurements at very short distances (10 m — 1 km) from thunder will contribute
to the refinement of the calculations, as will also studies that can help determine the shockwave extent. Field measurements
within thunderclouds of cloud droplet and ice crystal concentrations before and after lightning will show the extent of the

effect thunder has on the size distributions of cloud particles.

3 Conclusions

We present results that show that the occurrence of thunder has the potential to alter the number concentration and size

distribution of ice particles and cloud droplets within thunderclouds. As global warming may change the occurrence rate of
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lightning (e.g. Romps et al., 2014; Clark et al., 2017; Finney et al., 2018), the mechanism discussed here may introduce a
climate feedback.

The two mechanisms examined here have different impact. The first, operating at the shockwave front in the vicinity of the
lightning channel, results in extensive shattering of cloud particles, so it increases the number of particles and decreases their
size. The mechanism may be important as a secondary ice production mechanism. The second mechanism, operating at larger
distances from the lightning channel, causes coagulation, so it decreases the number of particles and increases their size.

The first mechanism operates at the shockwave front of the lightning and will cause extensive break-up of cloud particles
larger than a given diameter, depending on their composition. SOA particles will break up more easily than pure water droplets.

Ice crystals and Al,Os particles must have about 3 times the diameter of a water droplet to break, while Fe,Os particles are the

most difficult to break. At ground level, sub-nanometer cloud particles and ice crystals, and nanometer-sized Fe;O3z dust
aerosols will break up in thunder shockwave fronts expanding at 60 km s*. Even at fronts expanding at 1 km s1, sub-micron
cloud droplets and SiO,-methanol particles, ice crystals and Al,Os particles larger than ~2 um will break, while Fe;O3 particles
must be larger than 13.6 um to break. At 5 km ASL, particles double the size of the ones at ground level will break. So, for
lightning occurring at various cloud heights, a vertical gradient in the size distribution of cloud particles will be introduced.
Data on the possible extent of the shockwave are extremely scarse, and give ranges from a few cm to a few meters, so it is not
possible to evaluate how large are the parts of the cloud that will be affected from the shockwave. Another uncertainty arises
from the very limited data on the speed of the expansion of the shockwave front, which give ranges from 1 km s to 100 km
s1and result in uncertainties of 3 orders of magnitude as to the smallest size of the particles above which shattering occurs.
However, even at the lower end of the expansion speed, all types of particles, except solid Fe,O3 ones, will break-up if they
are larger than ~0,23-2 um. As this is the first time this mechanism is investigated, there are no previous results to compare to.
The second mechanism operates at larger distances from the lightning channel and results in acoustic agglomeration of cloud
particles. Larger particles will agglomerate more readily than smaller ones, for SPL above 120 dB and sound frequencies 50-
200 Hz. This mechanism’s efficiency increases with height by about a factor of 10-50 every 5 km. Reliable thunder SPL and
frequency spectra measurements at very short distances (10 m — 1 km) from lightning will contribute to the refinement of the
calculations. The results presented here compare well with the emerging body of evidence from laboratory and field studies
with artificial sounds. They are consistent with the only two previous studies investigating the coagulation impact of thunder
(Temkin 2021, 2023), but extend substantially both the frequency range (as Temkin investigated frequencies of 5 Hz and 8
Hz) and the size of particles (above around 20 um for Temkin).

The two mechanisms described above are operating in tandem, and will cause also vertical changes in the size distribution of
cloud particles, as they have different efficiencies at different heights. The results presented here demonstrate that thunder has
the potential to alter the size distribution of cloud droplets and ice crystals in thunderclouds, and may be important in generating
secondary ice particles. As the size distributions of droplets and ice crystals influence the rain generation process on the one

hand and the radiative properties of clouds on the other, the thunder impact is worth investigating further. The results are also
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relevant from an atmospheric electricity point of view. As the charge separation within thunderclouds is influenced by the size
distribution of cloud particles and the collisions between them, it is interesting that this charge separation, causing lightning,
also causes thunder that results then in collision enhancement and changes in the size distribution and hence might introduce
a yet unquantified feedback in the electrification process. The extent of the changes these mechanisms introduce can be further
quantified only with carefully designed field measurements. Field measurements within thunderclouds of cloud droplet and
ice crystal concentrations before and after lightning, together with lightning location data and SLP measurements may show

the real extent of the effect thunder has on the size distributions of cloud particles.

Author contribution: KK conceptualization, investigation, supervision, original draft preparation. KK, SS and VA formal

analysis. SS visualization. SS and VA review and editing.

Competing interests: The authors declare that they have no conflict of interest.

Acknowledgements: Vassilis Amiridis (VA) has received funding from Horizon Europe programme under Grant Agreement
No 101137680 via project CERTAINTY (Cloud-aERosol inTeractions & their impActs IN The earth sYstem).

References

Abegunawardana, S., Bodhika, J.A.P., Nanayakkara, S., Sonnadara, U., Fernando, M., and Cooray, V.: Frequency Analysis of
Thunder Features, 33rd International Conference on Lightning Protection, 25-30 September 2016, Estoril, Portugal.

Bai, W., Shi, Y., Zhao, Z., and WEei, J.: Investigation of critical response characteristics of micro-droplets under the action of
low-frequency acoustic waves, Front. Environ. Sci., 10:972648, https://doi.org/10.3389/fenvs.2022.972648, 2022.

Barthlott, C., Zarboo, A., Matsunobu, T., and Keil, C.: Importance of aerosols and shape of the cloud droplet size distribution
for convective clouds and precipitation, Atmos. Chem. Phys., 22, 2153-2172, https://doi.org/10.5194/acp-22-2153-2022,
2022.

Bestard, D., Coulouvrat, F., Farges, T., and Mlynarczyk, J.: Acoustical power of lightning flashes, J. Geophys. Res.:
Atmospheres, 128, €2023JD038714, https://doi.org/10.1029/2023JD038714, 2023.

Bhuiyan, M.H.U., Saidur, R., Amalina, M.A., and Mostafizur, R.M.: Effect of surface tension on SiO2-methanol nanofluids,
IOP Conf. Ser.: Mater. Sci. Eng., 88, 012056, doi:10.1088/1757-899X/88/1/012056, 2015.

Bodhika, J.A.P., Dharmarathna , W.G.D. , Fernando, M., and Cooray, V: Characteristics of thunder pertinent to tropical
lightning, in 34th International Conference on Lightning Protection (ICLP) (IEEE, 2018), pp. 1-5,
https://doi.org/10.1109/ICLP.2018.8503455, 2018.

14


https://doi.org/10.3389/fenvs.2022.972648
https://doi.org/10.5194/acp-22-2153-2022
https://doi.org/10.1029/2023JD038714
https://doi.org/10.1109/ICLP.2018.8503455

370

375

380

385

390

395

Boggs, L. D., Liu, N., Nag, A., Walker, T.D., Christian, H. J., da Silva, C. L., et al.: Vertical temperature profile of natural
lightning return strokes derived from optical spectra, J. Geophys. Res.: Atmospheres, 126, €2020JD034438.
https://doi.org/10.1029/2020JD034438, 2021.

Borovsky, J.E.: Lightning energetics: Estimates of energy dissipation in channels, channel radii, and channel-heating risetimes,
J. Geophys. Res., 103, 11,537-11,553, https://doi.org/10.1029/97JD03230, 1998.

Brandt, O., Freund, H., and Hiedemann, E.: Zur theorie der akustischen koagulation, Kolloid-Z, 77, 103-115,
https://doi.org/10.1007/BF01422153, 1936.

Clark, S.K., Ward, D.S., and Mahowald, N.M.: Parameterization-based uncertainty in future lightning flash density, Geophys.
Res. Lett., 44, 2893-2901, https://doi.org/10.1002/2017GL073017, 2017.

Depasse, P.: Lightning acoustic signature, J. Geophys. Res., 99, 25933-40, https://doi.org/10.1029/94JD01986, 1994.

de Sarabia, E., Elvira-Segura, E., Gonzéalez-Gomez, 1., Rodriguez-Maroto, J.J., Mufioz-Bueno, R., and Dorronsoro-Areal, J.L.:

Investigation of the influence of humidity on the ultrasonic agglomeration of submicron particles in diesel exhausts,
Ultrasonics, 41, 4:277-281, https://doi.org/10.1016/s0041-624x(02)00452-3, 2003.

Dong, S., Lipkens, B., and Cameron, T.M.: The effects of orthokinetic collision, acoustic wake, and gravity on acoustic
agglomeration of polydisperse aerosols, J. Aerosol Sci., 37(4), 540-553, https://doi.org/10.1016/j.jaerosci.2005.05.008 , 2006.
Farges, T.; Hupe, P.; Le Pichon, A.; Ceranna, L.; Listowski, C.; and Diawara, A.: Infrasound Thunder Detections across 15

Years over lvory Coast: Localization, Propagation, and Link with the Stratospheric Semi-Annual Oscillation. Atmosphere, 12,
1188, https://doi.org/10.3390/atm0s12091188, 2021.

Few, A.A., Dessler, AJ., Latham, D.J., and Brook M.: A dominant 200-hertz peak in the acoustic spectrum of thunder, J.
Geophys. Res., 72(24), 6149-6154, https://doi.org/10.1029/J2072i024p06149, 1967.

Few, A.A.: Acoustic radiations from lightning; In: Handbook of atmospheric electrodynamics, Volland H. (ed.), pp. 111-131,
CRC Press, Boca Raton, Florida, 1995.

Field, P. R., Lawson, R. P., Brown, P. R. A., Lloyd, G., Westbrook, C., Moisseev, D., Miltenberger, A., Nenes, A., Blyth, A.,
Choularton, T., Connolly, P., Biihl, J., Crosier, J., Cui, Z., Dearden, C., DeMott, P., Flossmann, A. 1., Heymsfield, A. J., Huang,
Y. H., Kalesse, H., Kanji, Z. A., Korolev, A., Kirchgaessner, A., Lasher-Trapp, S., Leisner, T., McFarquhar, G., Phillips, V.,

Stith, J., and Sullivan, S.: Secondary Ice Production — current state of the science and recommendations for the future, Meteor.
Mon., 58, 7.1-7.20, https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0014.1, 2017.

Finney, D. L. et al.. A projected decrease in lightning under climate change, Nat. Clim. Chang. 8, 210,
https://doi.org/10.1038/s41558-018-0072-6, 2018.

Fleishauer, R.P., Larson, V.E., and Haar, T.H.V.: Observed microphysical structure of midlevel, mixed-phase clouds, J.
Atmos. Sci., 59 (11) 1.779-1.804, 2002.

Gallego-Juarez, J.A., De Sarabia, E., Rodrfguez-Corral, G., Hoffmann, T.L., Galvez-Moraleda, J.C., Rodrfguez-Maroto, J.J.,

Gomez-Moreno, F.J., Bahillo-Ruiz, A., Martin-Espigares, M., and Acha, M.: Application of Acoustic Agglomeration to

15


https://doi.org/10.1029/2020JD034438
https://doi.org/10.1029/97JD03230
https://doi.org/10.1007/BF01422153
https://doi.org/10.1002/2017GL073017
https://doi.org/10.1029/94JD01986
https://doi.org/10.1016/s0041-624x(02)00452-3
https://doi.org/10.1016/j.jaerosci.2005.05.008
https://doi.org/10.3390/atmos12091188
https://doi.org/10.1029/JZ072i024p06149
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0014.1
https://doi.org/10.1038/s41558-018-0072-6

400

405

410

415

420

425

430

Reduce Fine Particle Emissions from Coal Combustion Plants, Environ. Sci. Tech., 33(21):3843-3849,
http://doi.org/10.1021/es990002n, 1999.

Gini, M., Manousakas, M., Karydas, A.G., and Eleftheriadis, K.: Mass size distributions, composition and dose estimates of
particulate matter in Saharan dust outbreaks, Environ. Pollut., 298, https://doi.org/10.1016/j.envpol.2021.118768, 2022.

Gonzalez, 1., Hofmann, T.L., and Gallego-Juarez, J.: Precise measurements of particle entrainment in a standing-wave acoustic
field between 20 and 3500 Hz, J. Aerosol Sci., 31, 1461-1468, https://doi.org/10.1016/S0021-8502(00)00046-X, 2000.
Goyer, G.G., Bhadra, T.C., and Gitlin, S.: Shock induced freezing of supercooled water, J. Appl. Meteorol., 4, 156-160,
https://doi.org/10.1175/1520-0450(1965)004<0156:SIFOSW>2.0.C0O;2, 1965.

Goyer, G.G., and Plooster, M.N.: On the role of shock waves and adiabatic cooling in the nucleation of crystals by the lightning
discharge, J. of the Atmospheric Sciences, 25, 857-862, https://doi.org/10.1175/1520-
0469(1968)025<0857:0TROSW>2.0.CO:;2, 1968.

Guildenbecher, D.R., Lopez-Rivera, C., and Sojka, P.E.: Droplet Deformation and Breakup, In: Handbook of Atomization and
Sprays, Ashgriz N. (eds.), Springer, Boston, MA, doi:10.1007/978-1-4419-7264-4 6, 2011.

Gundlach, B., Kilias, S., Beitz, E., and Blum J.: Micrometer-sized ice particles for planetary-science experiments — I.

Preparation, critical rolling friction force, and specific surface energy, Icarus, 214(2) 717-723,
https://doi.org/10.1016/j.icarus.2011.05.005, 2011.

Gundlach, B., and Blum, J.: The stickiness of micrometer-sized water-ice particles, The Astrophysical Journal, 798:34 (12pp),
https://iopscience.iop.org/article/10.1088/0004-637X/798/1/34, 2015.

Hanson, A.R., Domich, E.G., and Adams, H.S.: Shock Tube Investigation of the Breakup of Drops by Air Blasts, Phys. Fluids,
6(8), 10701080, https://doi.org/10.1063/1.1706864, 1963.

Heil, J., Mohammadian, B., Sarayloo, M., Bruns, K., and Sojoudi, H.: Relationships between Surface Properties and Snow
Adhesion and Its Shedding Mechanisms. Appl. Sci. 10, 5407, https://doi.org/10.3390/app10165407 , 2020.

Heymsfield, A. J., Schmitt, C., Chen, C.-C.-J., Bansemer, A., Gettelman, A., Field, P. R., and Liu, C.: Contributions of the
Liquid and Ice Phases to Global Surface Precipitation: Observations and Global Climate Modeling, J. Atmos. Sci., 77, 2629—
2648, https://doi.org/10.1175/JAS-D-19-0352.1, 2020.

Hoffmann, T.L., and Koopmann, G.H.: Visualization of acoustic particle interaction and agglomeration: Theory and
experiments, J. Acoust. Soc. Am., 99, 2130, https://doi.org/10.1121/1.415400, 1996.

Hoffmann, T.L., and Koopmann, G.H.: Visualization of acoustic particle interaction and agglomeration: Theory evaluation, J.
Acoust. Soc. Am., 101, 3421, https://doi.org/10.1121/1.418352, 1997.

Holmes, C.R., Brook, M., Krehbiel, P., and McCrory, R.: On the power spectrum and mechanism of thunder, J. Geophys. Res.,
76:9, 2106-2115, https://doi.org/10.1029/JC076i009p02106, 1971.

Jain, M., Prakash, R.S., Tomar, G., and Ravikrishna, R.V.: Secondary breakup of a drop at moderate Weber numbers, Proc. R.
Soc. A, 471: 20140930, http://dx.doi.org/10.1098/rspa.2014.0930, 2015.

16


http://doi.org/10.1021/es990002n
https://doi.org/10.1016/j.envpol.2021.118768
https://doi.org/10.1016/S0021-8502(00)00046-X
https://doi.org/10.1175/1520-0450(1965)004%3c0156:SIFOSW%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1968)025%3c0857:OTROSW%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1968)025%3c0857:OTROSW%3e2.0.CO;2
https://doi.org/10.1016/j.icarus.2011.05.005
https://iopscience.iop.org/article/10.1088/0004-637X/798/1/34
https://doi.org/10.1063/1.1706864
https://doi.org/10.3390/app10165407
https://doi.org/10.1175/JAS-D-19-0352.1
https://doi.org/10.1121/1.415400
https://doi.org/10.1121/1.418352
https://doi.org/10.1029/JC076i009p02106
http://dx.doi.org/10.1098/rspa.2014.0930

435

440

445

450

455

460

Jenkins, C.M., Ripley, R.C., Wu, C.-Y., Horie, Y., Powers , K., and Wilson, W.H.: Explosively driven particle fields imaged
using a high speed framing camera and particle image velocimetry, Int. J. Multiph. Flow, 51, 73-86,
https://doi.org/10.1016/j.ijmultiphaseflow.2012.08.008, 2013.

Jia, Y.-H., Li, F.-F.,, Fang, K., Wang, G.-Q., and Qiu, J.: Interaction between Strong Sound Waves and Cloud Droplets:
Theoretical Analysis, J. of Applied Meteorology and Climatology, 60, 1373-1386, https://doi.org/10.1175/JAMC-D-20-
0278.1, 2021.

Karch, C., Schreiner, M., Honke R., and Wolfrum J.: Shock Waves from a Lightning Discharge, 34th International Conference
on Lightning Protection (ICLP), Rzeszow, Poland, 2018, pp. 1-6, doi:10.1109/1CLP.2018.8503327, 2018.

Ketcham, W.M., and Hobbs, P.V.: An experimental determination of the surface energies of ice, Philos. Mag. J. Theor. Exp.
Appl. Phys., 19, 1161-1173, 19609.

Krzeczkowski, S.A.: Measurement of Liquid Droplet Disintegration Mechanisms, Int. J. Multiph. Flow, 6, 227-239, 1980.

Korolev, A., and Leisner, T.: Review of experimental studies of secondary ice production, Atmos. Chem. Phys., 20, 11767
11797, https://doi.org/10.5194/acp-20-11767-2020, 2020.

Kourtidis, K., and Andrikopoulou, A.: On the Impact of Bell Sound on Ambient Particulates, J. Atmos. Sci. Res., 5:4, 29-34,
https://doi.org/10.30564/jasr.v5i4.5121, 2022.

Lacroix, A., Farges, T., Marchiano, R., and Coulouvrat, F.: Acoustical measurement of natural lightning flashes:

Reconstructions and statistical analysis of energy spectra, J. Geophys. Res.. Atmospheres, 123, 12,040-12,065,
https://doi.org/10.1029/2018JD028814, 2018.

Lacroix, A., Coulouvrat, F., Marchiano, R., Farges, T., and Ripoll, J.-F.: Acoustical energy of return strokes: A comparison

between a statistical model and measurements, Geophys. Res. Lett., 46, 11,479-11,489,
https://doi.org/10.1029/2019GL 085369, 2019.

Lawson, R.P., Baker, B.A., Schmitt, C.G., and Jensen, T.L.: An overview of microphysical properties of Arctic clouds
observed in May and July 1998 during FIRE ACE, J. Geophys. Res-Atmos., 106 (D14), 14.989-15.014, 2001.

Liu, Q., and Zhang, Y.: Shock wave generated by high-energy electric spark discharge, J. Appl. Phys., 116, 153302,
https://doi.org/10.1063/1.4898141, 2014.

Liu, C., Yang, P., Minnis, P., Loeb, N., Kato, S., Heymsfield, A., and Schmitt, C.: A two-habit model for the microphysical
and optical properties of ice clouds, Atmos. Chem. Phys, 14, 13,719-13,737, https://doi.org/10.5194/acp-14-13719-2014,
2014.

Liu, C., Zhao, Y., Tian, Z., and Zhou H.: Numerical Simulation of Condensation of Natural Fog Aerosol under Acoustic Wave
Action, Aerosol and Air Quality Research, 21:4, 200361, https://doi.org/10.4209/aaqr.2020.06.0361, 2020.
Loffler, F.: Staubascheiden, George Thieme Verlag, 1988.

Mednikov, E.P., Acoustic Coagulation and Precipitation of Aerosols, Consultants Bureau, New York, 1965.

17


https://doi.org/10.1016/j.ijmultiphaseflow.2012.08.008
https://doi.org/10.1175/JAMC-D-20-0278.1
https://doi.org/10.1175/JAMC-D-20-0278.1
https://doi.org/10.5194/acp-20-11767-2020
https://doi.org/10.30564/jasr.v5i4.5121
https://doi.org/10.1029/2018JD028814
https://doi.org/10.1029/2019GL085369
https://doi.org/10.1063/1.4898141
https://doi.org/10.5194/acp‐14‐13719‐2014
https://doi.org/10.4209/aaqr.2020.06.0361

465

470

475

480

485

490

495

Navarro-Gonzalez, R., Villagran-Muniz, M., Sobral, H., Molina, L.T., and Molina, M.J.: The physical mechanism of nitric
oxide formation in simulated lightning, Geophys. Res. Lett., 28(20), 3867-3870, https://doi.org/10.1029/2001GL.013170,
2001.

Ng, B.F., Xiong, JW., and Wan, M.P.: Application of acoustic agglomeration to enhance air filtration efficiency in air-
conditioning and mechanical ventilation (ACMV) systems, Plos one, 08 Jun 2017, 12(6):e0178851,
https://doi.org/10.1371/journal.pone.0178851, 2017.

Noorpoor, A.R., Sadighzadeh, A., and Habibnejad, H.: Experimental Study on Diesel Exhaust Particles Agglomeration Using
Acoustic Waves, Int. J. Automot. Eng., 2(4):252-260, 2012.

Qiu, J., Tang L.-J., Cheng L., Wang G.-Q., and Li F.-F.: Interaction between strong sound waves and cloud droplets: Cloud
chamber experiment, Appl. Acoust., 176, 107891, https://doi.org/10.1016/j.apacoust.2020.107891, 2021.

Riera, E., Gonzalez, 1., Rodriguez-Corral, G., and Gallego-Juarez, J.A.: Ultrasonic agglomeration and preconditioning of
aerosol particles for environmental and other applications, In: Gallego-Juarez, J.A., Graff, K.F. (Eds.), Power Ultrasonics. pp.
1023-1058, https://doi.org/10.1016/B978-1-78242-028-6.00034-X, 2015.
Romps, D.M., Seeley, J.T., Vollaro, D., and Molinari, J.: Projected increase in lightning strikes in the United States due to
global warming, Science, 346, 851, DOI: 10.1126/science.1259100, 2014.

Sauter, J: Die Grossenbestimmung der in Gemischnebeln von Verbrennungskraftmaschinen vorhandenen Brennstoffteilchen
[The determination of the size of the fuel particles present in the mixture mist of internal combustion engines] (in German),
VDI Verlag, Berlin, Heft 279, 74 pp., ISSN 0042-174X, 1926.

Scott, D.S.: A new approach to the acoustic conditioning of industrial aerosol emissions, J. Sound Vib., 43(4):607-619,
https://doi.org/10.1016/0022-460X(75)90223-0, 1975.

Shi, Y., Wei, J., Qiao, Z., Shen, W., Yin, J., Hou, M., Ayantobo, O.0., and Wang, G.N.: Investigation of strong acoustic

interference on clouds and precipitation in the source region of the Yellow River using KaKu radar, Atmos. Res., 267, 105992,
https://doi.org/10.1016/j.atmosres.2021.105992, 2022.

Shi, Y., Wei J., Bai W., Zhao Z., Ayantobo 0.0., and Wang G.:, Theoretical analysis of acoustic and turbulent agglomeration
of droplet aerosols, Adv. Powder Technol., 34, 104145, https://doi.org/10.1016/j.apt.2023.104145, 2023.

Stier, P., van den Heever, S.C., Christensen, M.W. et al. Multifaceted aerosol effects on precipitation. Nat. Geosci. 17, 719—
732 (2024). https://doi.org/10.1038/s41561-024-01482-6, 2024.

Takagi, N., Wang, D., Watanabe, T., Arima, I., Takeuchi, T., Simizu, M., Katuragi, Y., Yokoya, M., and Kawashima, Y':
Expansion of the Iluminous region of the lightning return stroke channel, JGR Atmospheres, 103, D12,
https://doi.org/10.1029/97JD02152, 1998.

Temkin, S.: Cloud Droplet Collision Induced by Thunder, J. Atmos. Sci., 26, 776, https://doi.org/10.1175/1520-
0469(1969)026<0776>a.1, 1969.

Temkin, S., and Leung, C.-M.: On the velocity of a rigid sphere in a sound wave, J. Sound Vib., 49(1):75-92,
https://doi.org/10.1016/0022-460X(76)90758-6, 1976.

18


https://doi.org/10.1029/2001GL013170
https://doi.org/10.1371/journal.pone.0178851
https://doi.org/10.1016/j.apacoust.2020.107891
https://doi.org/10.1016/B978-1-78242-028-6.00034-X
https://doi.org/10.1016/0022-460X(75)90223-0
https://doi.org/10.1016/j.atmosres.2021.105992
https://doi.org/10.1016/j.apt.2023.104145
https://doi.org/10.1038/s41561-024-01482-6
https://doi.org/10.1029/97JD02152
https://doi.org/10.1175/1520-0469(1969)026%3c0776%3ea.1
https://doi.org/10.1175/1520-0469(1969)026%3c0776%3ea.1
https://doi.org/10.1016/0022-460X(76)90758-6

500

505

510

515

520

Temkin, S.: Gasdynamic agglomeration of aerosols. 1. Acoustic waves, Physics of Fluids, 6(7), 2294-2303,
d0i:10.1063/1.868180 , 1994.

Temkin, S.: Rapid Droplet Coalescence Produced by Thunder, J. of Atm. Sci., 78, 17-28, https://doi.org/10.1175/JAS-D-20-
0040.1, 2021.

Temkin, S.: Raincloud conditioning by thunder, Q.J.R. Meteorol. Soc., 149, 757, https://doi.org/10.1002/qj.4580 , 2023.
Vukovié¢, Z.R., and Curi¢ , M.: The acoustic-electric coalescence and the intensification of precipitation radar echoes in clouds,
Atmos. Res., 47-48, 113-125, https://doi.org/10.1016/S0169-8095(98)00054-4, 1998.

Wang, Y., Su, H., Jiang, J.H., Xu, F., and Yung, Y.L.: Impact of cloud ice particle size uncertainty in a climate model and

implications  for  future satellite  missions, J. Geophys. Res.. Atmospheres, 125, €2019JD032119.
https://doi.org/10.1029/2019JD032119, 2020.

Wei, J.H., Qiu, J., Li, T.J., et al. Cloud and precipitation interference by strong low-frequency sound wave, Sci. China Technol.
Sci., 64: 261-272, https://doi.org/10.1007/s11431-019-1564-9, 2021.

Weinzierl, B., Petzold, A., Esselborn, M., Wirth, M., Rasp, K., Kandler, K., Schiitz, L., Koepke, P., and Fiebig, M.: Airborne
measurements of dust layer properties, particle size distribution and mixing state of Saharan dust during SAMUM 2006, Tellus
B: Chemical and Physical Meteorology, 61(1), 96-117, https://doi.org/10.1111/j.1600-0889.2008.00392.x , 2009.

Wierzba, A.: Deformation and Breakup of Liquid Drops in a Gas Stream at Nearly Critical Weber Numbers, Exp. Fluids, 9,
59-64, https://doi.org/10.1007/BF00575336, 1990.

Yang, P., Liou, K.N., Bi, L., Liu, C., Yi, B., and Baum, B.A.: On the radiative properties of ice clouds: light scattering, remote

sensing and radiation parameterization, Advances in Atmospheric Sciences, 32, 32-63. https://doi.org/10.1007/s00376-014-
0011-z, 2015.

Yuhua, O., and Ping, Y.: Audible thunder characteristic and the relation between peak frequency and lightning parameters, J.
Earth Syst. Sci., 121, 211-220, https://doi.org/10.1007/s12040-012-0147-0, 2012.

Zilch, L.W., Maze, J.T., Smith, J.W., Ewing, G.E., and Jarrold, M.F.: Charge Separation in the Aerodynamic Breakup of
Micrometer-Sized Water Droplets, J. Phys. Chem. A, 112, 13352-13363, https://doi.org/10.1021/jp806995h, 2008.

19


https://doi.org/10.1175/JAS-D-20-0040.1
https://doi.org/10.1175/JAS-D-20-0040.1
https://doi.org/10.1002/qj.4580
https://doi.org/10.1016/S0169-8095(98)00054-4
https://doi.org/10.1029/2019JD032119
https://doi.org/10.1007/s11431-019-1564-9
https://doi.org/10.1111/j.1600-0889.2008.00392.x
https://doi.org/10.1007/BF00575336
https://doi.org/10.1007/s00376‐014‐0011‐z
https://doi.org/10.1007/s00376‐014‐0011‐z
https://doi.org/10.1007/s12040-012-0147-0
https://doi.org/10.1021/jp806995h

