imetT =AM de

the best weather you can get

weather forecasting / warnings
weather expertise
raclar meteorology - weather education
storm chasing

SEEDING

Technologies

How Hail Suppression Works Qc,_oup

Meteorological background and project evaluation

Malte Neuper, Dipl.-Met. -- Radar-Info — Radar Meteorology Research — cloud seeding management

Radar-info.de — Weather data, weather forecasts, reports, storm monitoring



Hail suppression - historically burdened
® Human desire since the beginning
W first try:

CLOUD
SEEDING
Technologies

prayers
Animal scrifice,...

Carrylng the tortoise around the field with the right hand (P|I|ny the Elder
23-79)

Nailing a sealskin to a post

Weather ringing
Hail / weather shooting
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SEEDING

Technologies

Common misbeliefs

® No way to get the seeding material into the inflow/updraft of a thunderstorm = ~—y

® Pilots fly in the board inflow region and release the seeding material as they
encounter substantial rising.

® No way to cope with the energy of a thunderstorm
® Energy content of a thiunderstorm:

®m Energy converted in one hour only by the condensation of water vapour: 1.25 x 10" J
W Equivalent to the energy released when 15 nominal bombs (nuclear bombs) explode!
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No competition with the energy

ENERGY > eneray
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. CLOUD
No competition with the energy Q SEEDING

Technologies

Intervention in
microphysics
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hail formation

bo“(’ °,-| Wasserdampf |,

S z % P
§ & F ¢ N - %
& & ¢° S 964‘
3 ¥ & % e %
el % § Schmelzen %, > B2
&F & 3.2 2.3
Ry (,{D = -]

u
é? Gefrieren 3 %
& olkentropfen ‘\ :
& =

B8regation

N : "
5.6‘% Regentropfen I &£ Schnee p) s@%‘
L L7 S =} E-J 0\
\-\ [} Qiqf & W o @ 6}‘
%t Uy, o W 8 s @s »
SN & - oo A= S %
= . . %% | ®ES s R
T e |85 ree &
¢ egla E '@ '-S.JQ,Q‘ ‘\O‘\
Qe \=l|is/ /T &
Q.2 5 \0 1e /8 P
. \= “ T f &
S NIA AEVALTS
N [+
Graupel
© Seifert, 2002
07.11.2023 Malte Neuper, Dipl.-Met. — How Hail Suppression Works

f=]
bereifen E“

Graupel

5 b reifte ?
Eiskristall=

% Eiskristallz
Gefrierkern I

L11]

\\\ ] F.uale:f.zen +
n ., L
¥

% g Konden- u.

CLOUD
SEEDING

Technologies

bereifter
pefrorencr

Wolkentrapfen

gefrorener
Wolkentropfen

Wolkentrapfen
Wolkentripfchen
Wasserdampf

safion
\.‘?p_._

I:T“C_____r_ ~ " FEiskeim
=¥ X sublimatio
@ ) @ schmeleen

L ¥ v fallendsr

| Miederschlag

b l 44 l

b [=1 .1
H;tgn:_hl &l
Graupel WD Y kalter

Regen 7 ¥ Regen

]

oA Ners

A
v Regan

Kondensationskern

]

© Holler und Meischner, 1993

Radar-Info.de

Cloud Seeding Technologies



7
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Technologies

hail formation

® Every hailstone tells a very special,
unique story:

ThunderstorMm  gm motion —

ontinental T = Tropikiuft A = Arktis
aritim P= Prgraﬂuft S = Sahara
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hail formation
5 ®

07.11.2023

W ather 101 — H!

. CLOUD
SEEDING
Technologies

Generally via the ice phase in different steps

. formation of hail embryos (graupel)
. Transport of the icy hail embryos upwards by the thunderstorm updraft

. Growth into hailstones through the accumulation of water vapor and

supercooled liquid water droplets

. When the hailstones are too heavy for the updraft or the updraft

decreases — hailstorms on the ground (melting is not the big topic)

Malte Neuper, Dipl.-Met. — How Hail Suppression Works Radar-Info.de
Cloud Seeding Technologies



microphysical hail formation

CLOUD
SEEDING
Technologies

® basic ingredients:
next to water vapor —

Condensation nuclei / ice nuclei

Effect of Ship Exhaust Aerosols on Clouds e . %
e o b ) q B 3

'y b - A
% Ship tracks
. ¥ b fro-

RuB Meersalz

»
a4V

Bakterien Pollen

= S e e e e |
Mineralstaub

|- g *I red
§ 5 h

e COMET Program / NOAA
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Ice Problem

CLOUD
SEEDING
Technologies

All-liquid Clouds vs. Clouds Containing Ice

o
-
=
2
[T
=
E
=
=
=f
&

0 -5 10 A5 20 25 30 35 40

B AlHiquid cloud Temperature (*C)
B Cloud containing ice

@The COMET Program
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| CLOUD
Precipitation Formation Through Ice Processes Q et

|lce forms on ice nuclei (IN)

B Silicates (soil dust, etc.)

® Clays

® Fungal spores

® Combustion particles (soot, etc.)
® Other industrial material
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CLOUD
SEEDING

Technologies

Ice formation Processes

Between

—10 °C

and -39 °C Q

Result = very

few crystals . Immersion y .

Contact nqcleatlon freezing Deposition ngcleqtlon
freezing (Rate proportional (reverse sublimation)
to drop volume)

Below -39 °C

Result =

complete freezing

of all drops Homogeneous
freezing
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microphysical ice formation

CLOUD
SEEDING
Technologies

® basic ingredients:

ice nuclei.

supercooled liquid water real down to -40°C

crystalline structure (like ice)

significantly lower number than condensation nuclei

the more suitable the structure, the higher the temperature (of nucleation)

® main ice nuclei:
W |eaf bacteria
® Kaolinite (common clay mineral) s, (=
m NaCl (but only activated from -8 °C) '« k'r SR
® Volcanic ash (Iceland?)

Atna, 14.12.2002, space shuttle
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problem

CLOUD
SEEDING
Technologies

There are many condensation nuclei (soot, sea salt particles,...) on which the
water vapor accumulates and liquid cloud droplets are formed

BUT: We need ice embryos and water is still liquid down to below -40°C

— Ice nuclei needed!!

However, ice nuclei are few and most are only effective at low temperatures.

Atna, 14.12.2002, space shuttle
14 07.11.2023 Malte Neuper, Dipl.-Met. — How Hail Suppression Works Radar-Info.de
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Hail formation - ice nucleus problem

CLOUD
il SEEDING
Technologies

solution:

artificial ice nuclei (IN):

- dry ice

* silver iodide (activated from -4°C)

— hail supression

Bernard Vonnegut, Dr. Irving Langmuir
und Dr. Vincent J. Schaefer, 1946
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CLOUD
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Technologies

Avoiding the formation of large hailstones
method (principle of competition)
If possible at the beginning of cloud formation

Seeding at cloud base, from above, or nearby
with many ice-forming particles (ice nuclei, silver iodide)

expectation

Instead of a few large hailstones
many small ones that may also melt
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CLOUD
Benefitial competition =B SEEDING

Technologies

&

Supercooled liquid drops Graupel embryos by natural IN

Severe hail
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CLOUD
SEEDING

Technologies
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Benefitial competition - seeding

&
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&

+

|
* @

small hail

&

s @

Supercooled liquid drops Graupel embryos by natural IN + seeding
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Further Effects

® Altering cloud dynamics by broader release of heat freezing aloft
® — updraft modification
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CLOUD
SEEDING

Technologies

Seeding systems

» Ground generators, grenades, rockets
 with airplanes (from below with torches/from above with flares)

Fl a res & Consultants, inc.
burners

! PgRockets \\u\; @l
| with seeds h Q\t;

Burners with
acetone & seeds
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CLOUD
i SEEDING
Technologies

global projects

B USA B
® Canada (Decrease in damage: 113 million dollars/year — 64 million dollars/year) I*I
® Argentina a
® Kenya E
B Zimbabwe = E
® China -
® Russia [0
|
® Greece E
u Serbia M
® Croatia __ﬂ
® France I I
. ]
B Spain &
]
a
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Hail suppression projects in Central Europe

2 airplanes in
Rhineland-Palatinate
financed by

winegrowers —

> o (4
‘r L W
]
- o
T -

2 airplanes in the
Ortenau, financed by
winegrowers, fruit
growers, tobacco
growers, insurance
companies fi

aviation

1 airplane at the
Kaiserstuhl financed by
the winegrowers .e....

1 airplane in the blaGigm

forest financed by the
anti-hail defense
association

/

“é ; "\-«&'::’ ‘\_\7.%‘ ;"_\:‘.g:}_»-

a ﬂ_ - q% ".L‘_ 1:,: —
_?,l“‘\{'4 g _"_/" :
B

CLOUD
SEEDING
Technologies

= Polen

| financed by

2 airplanes in the
Rems-Murr district

winegrowers, fruit
growers, municipalities,
companies

aviation

Tschechien ~ o

[~ Slowakei |
~—tt | (. -_’»\/J

2 airplanes in Krems
financed by the
winegrowers and the

municipalities —

v /

| 7 airplanes in Styria

2 airplanes in
Warttemberg

g

1 airplane northern ﬂ
switzerland financed by

an insUt8hees

financed by WGV
insurance

aviation

2 airplanes in
Rosenheim financed

financed by
winegrowers and
municipalities

by the hail defense
association (13,000

W HTH Suppression Works

members)
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assessment of effectiveness

CLOUD
SEEDING
Technologies
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CLOUD
\ SEEDING
Technologies

Problems (1) - technical

Early seeding necessary to form more numerous hail
embryos — problem of timing

With lagre thunderstorms (lines)— problem of seeding
location

In the case of supercells, possibly excessive supercooled
water
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CLOUD
SEEDING
Technologies

Problems (2) - evaluation

Evaluation of success only by comparison with

the same or similar clouds that have not been seeded,

I.e. one must decide beforehand whether a cloud is seeded

or should not be seeded (statistics)

Malte Neuper, Dipl.-Met. — How Hail Suppression Works Radar-Info.de
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CLOUD
SEEDING

Technologies

problems (3) - evaluation

Insurance data uncertain

(Change of vulnerability - e.g. winter gardens)

High spatial and temporal variability

— circumstantial process

Analysis of case studies on a scientific basis, how does the thundercloud
behave:
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case studies

® Investigation with radar data

— Tracking of the thunderstorm cell and
calculation of various key parameters that
describe the processes.

Comparison with normal behavior and
development after seeding

07.11.2023 Malte Neuper, Dipl.-Met. — How Hail Suppression Works

CLOUD
i SEEDING
Technologies
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Supercell TSTM 01.08.2017

50 &~

-50

Freudenstact

-100

¢ ’ 5 Sigmaringen
Freiburg
-100 -50 0 50 100
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The day was
characterized by a very
high hail potential.

Given the weather
conditions and the
'ingredients’, long-lived
supercells were to be
expected with large hail.

‘All parameters matched'

Radar-Info.de
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Supercell TSTM 01.08.2017

14:00 Uhr (UTC)
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Supercell TSTM 01.08.2017

14:05 Uhr (UTC)
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Supercell TSTM 01.08.2017

Hail core

14:10 Uhr (UTC)
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Supercell TSTM 01.08.2017

CLOUD
SEEDING
Technologies

14:15 Uhr (UTC)
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Supercell TSTM e 01.08.2017

14:20 Uhr (UTC)
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Supercell TSTM 01.08.2017

CLOUD
SEEDING
Technologies

14:25 Uhr (UTC)
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Supercell TSTM 01.08.2017

CLOUD
SEEDING
Technologies

14:30 Uhr (UTC)
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Supercell TSTM 01.08.2017
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CLOUD
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14:35 Uhr (UTC)
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Superzelle 01.08.2017

07.11.2023
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14:40 Uhr (UTC)
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Supercell TSTM 01.08.2017

CLOUD
SEEDING
Technologies
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Supercell TSTM 01.08.2017
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Supercell TSTM 01.08.2017
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Supercell TSTM 01.08.2017

CLOUD
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Technologies
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Supercell TSTM 01.08.2017

CLOUD
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Technologies
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hight of the centre of gravity Technologies
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Supercell TSTM 01.08.2017
development reflectivity mass ration
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summary

® Significantly changed behavior of thunderstorm cells after seeding

® All the thunderstorms that have been seeded in time in recent years have not brought any large,
damaging hail.
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CLOUD
Evaluation — numerical modelling SEEDING

Technologies
® High resolution, explicitly convection allowing numerical modeling
® Promising results (e.g. Lohmann, 2023, “Can hail damage be mitigated by cloud seeding?”

B seeding material clearly reaches the updraft
® Production of graupel by seeding ism substamntially enhanced
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