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1. Objective
As the opposite effect of artificial rainfall enhancement, artificial rainfall

reduction has great significance in weakening heavy rain disaster,
guaranteeing large-scale outdoor event, and more accurately performing
artificial cloud dissipation or rain reduction.



* Studies on rain intensity reduction has been done by many scientists both in
the laboratory or by using some models and also by field experiments.

* 1950s, Russian started overseeding with dry ice;
e Langmuir (1950s) suggested overseeding with dry ice to dissipate cloud;
* USA (Lovasich et al, 1971) overseeding Agl to reduce precipitation;

* Negative seeding effect of several rain enhacement experiments: Israel
scientists found (Rosenfeld and Farbstein, 1992) that, in south Israel near
desert, too many ice nuclea which compete with seeding agent, to suppress
the seeding effect.

* Orville and Kopp (1974) to get 30% reduced precipitation with 2-D cloud
model simulation

* Dennis and Koscielski (1996) to effect dynamic field to suppress the
development of new convective cell;



Inappropriate seeding clouds or unreasonable seeding can also cause negative effects
of artificial precipitation (Ye Jiadong et al., 1998).

The results of two-dimensional numerical simulation experiments on the warm rain
process that changing the concentration of cloud condensation nuclei (CCN) can affect
tflwe warrT)1 rain process and the final rainfall and its distribution (Wang Chunming et
al., 1996).

Yin et al. (2000) states that based on numerical calculation of hygroscopic seeding
impact on convective clouds, seeding agents with too small size could decrease about
22 — 30 % of precipitation.

Givati and Rosenfeld (2004) showed that urban air pollution in California and Israel
may reduce about 15 - 25% of yearly rainfall.

According to Khain et al. (2005), small cloud condensation nuclei CCN may produce
small droplets, which have small collision efficiency, thereby causing deep convective
clouds decreasing precipitation.

Weather Modification Technology Center (Indonesia) had carried out experiments in
rain intensity reduction in order to overcome floods via competition method in
Tuntang area — Central Java during the rainy season of 1995. The result showed that
rainfall intensity was decreased to about 15 %.



Basic principles and methods for artificial rainfall reducation
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* |In the earliest stage, a cloud is an assembly of tiny droplets numbering in the order
of 100 /cm3 and having radii of about 10 um. Because efficiency of collision and

coalecence is very low, this structure is of course extremely stable.

* Introducing super fine hygroscopic seeding agent into the clouds would then initiate

the formation of small droplets that will act as competitor to the existing cloud
droplets in the water vapor absorption process within the cloud.

This method may prevent development of cloud.

A good example of “competition mechanism” is duri
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forest fires events. There are too many aerosol preseht
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(~2000/ cm3), which have sizes less than 2 um,
produced by forest fires, cumulus clouds barely

developed over the fires.
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2. To reduce strong convective precipitation with Agl seeding

3D cloud model, Agl seeding scheme,qv,_qc,_q_r_,_qi,__qg,qh,ni,nr__,_n_g_,nh,Fc
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Table 1 The Azl nucleation rate siven by DeMott (1995)
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Cloud fields and ice nucleation microphysical processes

oF .
6 N, aer _ _Naer (F;ng ¥ dep + a]:::df + aF;md)
Ot ot ot ot
ON,. oF . oF:
1 1 _ F + imd | N _ imf
6 { [ scav( tf )( 1mf) at ] aim 8!
6 Qv - _ N aF:iep + GF;df a};Imd Q
St ol ot ot ’
50. OF, oF,
6t = lNa - aer( scav th+F;C&V (1 tf) rnf) N af ]QO
. oF .
% = Naer = + aF odt + F'scavF::tf + Fscav (1 th) B.IIII %
ot ot ot ot
50, aN,
= 0O,

St ot



P ) 1

—_— = = — =

G|
1
L

Height (km)

yellow (rain).




case

Seeding rate
/kg

s2
83
s4
SO
s6
s7
s8
sY
s10
s11

[ % T % TR = N = S S I o » I S S R

L0Xx10°
.0x10°
.0x107
.0x107
.0x10°
0108
.0X10°%
.0X10°
.0x10°
.0x10°

AgliEHA = Precipitation Agl (kg)
Seeding Seeding location total (Kt changed (
times ) %)
z X
E ik = 8713
15 3 20—>50 30— o0 3470 2.8 0. 02
15 3 20—>50 30— o0 7601 12. 8 0.2
15 3 20—>50 30— o0 6771 22.3 1.9
15 3 20—>50 30— o0 6565 24.7 9.9
15 7 20—>30 30—l 6502 25. 4 13.9
15 3 20—>50 30— o0 6503 25.4 18.9
30 3 20—>50 30— o0 6460 25.9 37.9
15 3 20—>50 20—>50 6003 31.1 37.9
15 9 20—>50 20—>50 6030 30. 8 37.9
30 9 20—>50 20—>50 2904 32. 2 75.8




00- 120 -
.!'l. 5
o

= P — T-nosead oo e® i) 10- —&—ran-ns
< 0. —e— s2-10° N -!-" —&— rain-sB
8 —— 53-10° B et /"I.,h._,
2 350- —— 2410’ "i““ g 0 |
E s7-10° =

300 = - o =
b —+—s112*10° VN7 5 90- -
= 250- \ ’}' I".
€ . g 0.
§ 200- P o Y \\

= ~9-g~ -
B 150+ = 70 ¢ /. * .\
E @ = —_ .‘-.
=] —® e,
E 100-
- B =
B s0.
< 5t 1
D- " = n = L] = L] * | ] = 1 = " " L] EU L] " n ] 1 ¥
40 g0 & 1m 120 140 180 180 120 130 14 15 16D 170 180
Simulation time {min) simulation time (min)

accumulated precipitation in 3 min  maxium grid precipitation



W (b)

km)

Height (

10

b+ s .

b s s s

>

" "
ar",“ = *:\ =

44444

W T e e i 4 9]

44444

=]
1000 10000 1000

] -—
00 1e+06 1e+07 kg-l

10

70 75 80

m/s

Vertical distribution of Naer and Naim. total water substance (g/kg)
and wind vectorin 120 (a) . 150 (b) and 180 min (c)




Height (km)

Height (km)

1le+1C

1e+09

1e+08

1e+07

1e+0€

10000

195,13?42 18:05Z 18:10Z 18:15Z 18:20Z 18257 18:30Z 18357 18:40Z 18:45Z 18507 18:55Z

1998 Time (Bn

le+13

le+12

le+11

le+1C

1e+09

le+08

1e+07

lgﬂ.la?iz 18:052 18:10Z 18:15Z 18:20Z 18:25Z 18:30Z 18:35Z 18:40Z 18:457 18:50Z 18:55Z

1998 Time (BT)

1e+1C

1e+09

Te+08

1e+07

1e+06

10000

10000

18:00Z 18:05Z 18:10Z 18:15Z 18:20Z 18:25Z 18:30Z 18:35Z 18:40Z 18:45Z 18:50Z 18:55Z
9JUN

1998 Time (BT)

Tle+13
1e+12

Te+11

= 1e+1C

1e+09

1e+08

1e+07

198.'3!')‘2 18:05Z 18:10Z 18:15Z 18:20Z 18:257 18:30Z 18:35Z 18:40Z 18:45Z 18:50Z 18:55Z

1998 Time (BT)

The condensation
freezing and immersion
freezing are the
dominant nucleation
modes in this convective
cloud.

Four nucleation modes with time (s) .a.Fy, b. Fg, € Fpp do Feg)



et e
i 39

- I v a
s ~vy |
2 T~
g —a— Q-ns
ﬁ --..:----:!—l—l«----.:----...l—-_-—.—-—.—-—.—.--....-_-___..._-_-_I —— g_nnz

. A ob
% . T e ¥, A ALE TLE JPIVEPE JRVERY BT B AN —— Q ns
‘g 1m -:l . ..‘... Q S
© : R . Qi_s
3 . Q-s

s safffann
3 10, Qs
© :
=
5
‘a: .
1 ] ] ] 1 1 ] 1
120 130 140 180 160 170 180

Simulation time (min)
Supercooled cloud water(Qc). supercooled rainwater(Qr), graupel(Qg) and
ice(Qi) with time (solid line: unseeded, dotted line: seeded)



Muragityscal process raes {Us)

a0 T30 140 120 g En o 130
Srmubraan ama dmin|

sink terms of supercooled rain water (solid line: unseeded, dotted line: seeded)



lce source terms and sink terms in seeded (dot Iines) and unseeded (solid lines)
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e Overseeding in updraft area with supercooled water can not only reduce the
amount of rainfall, but also reduce the maximum rainfall strength. With large
seeding concentration, rainfall amount can be decreased up to 32%, which greatly
lowers the possibility of causing flood.

e After seeding, the falling speed of graupel and raindrops become weaker.

® The decrease of melting amount of graupel to rain in seeding cloud causes the
decrease of rain amount, but later the much more rain evaporation causes less
rainfall.

® The condensation freezing and immersion freezing are the dominant nucleation
modes in this convective cloud.



2. MM5_ CAMS seeding with artificial ice crystals to reduce Meiyu heavy
storm (2002 &7 A22 ~ 23)

148mmin 24 h

Numerical experiments of adding ice crystals are conducted to study if
there is any possibility to decrease the heavy rainfall.
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Table 1

Parameters of dil ferent seeding tests

Case seeding times seeding height seeding T  time to seed seeding rate cloud stage
1 Bk 5 1-—4 21,20 10° Early 15 5
2 BkEH 5.8 6—— 8 21, 30 10° e
3 B kg 6.5 g~—11 22, 00 10° i 38 30
4 Bk iR 6. 5 g——11 22,00 104 h, ¥ 3
5 BREH 6.5 g~—11 22, 00 102 . 38 30
f 10 85—k 6. 3 g——11 21; 30— 22, 00 1+ Developing: i3
7 10 48— 6.5 B——11 22, 00— 22, 30 Tig . 34 30

T8 & 10 38— 6.5 B——11 22, 00— 23, 50 iy maturét ¥ 40
g/ 10 89— K 6.5 g~—11I 22, 00— 23; 50 10° h, 5 3
10 10 537 — &% 6.5 gE-—11 22, 00— 23; 50 10° he, #450
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V and R at increased rainfall cener
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3. 2008 Beijing Olympic games

 Weather modification office of Beijing carried out cloud seeding operations by firing
rockets to mitigate or suppress precipitation.

v/km

Ground based rocket launcher

x/km
( b) the trajectory curves for different shooting elevations

(b)



399N F——— LB S o g
| 4 | 41.0°N N\ -
i } ng | ] e N .
39.8°N o3 | 40.8°N Ny S ‘
_ i LI‘. 11} o f ¢ .
‘(uhnlmg 4 | 40.6°N -
39.7°N} \ eshan | S i
; Badu Q ﬁ '!‘" | 404°N &
‘ ° — -
| < o
39.6°NF— 1 == ;r.—ng—‘— b"":‘\\ 1 40.2°N - 5
| ~g +
| 11 40.0°N ‘mtunﬂ 2 -
39.5°N T e ool Y wl 3 oAl
l ]5 5 E ] 157 E l 159 E l l6| E 39 8°N ‘ “’;\R\ _,,g \ , 3
39.6°N eI 4
N i . .\42\:. S 1 A
1156°E  116.0°E  116.4°E  116.8°E I 17. 2°r

Seeding time: 20: 53~ 22: 45, this defense line
shooted 435 rocket shells.

B4 2008 4 8 H 8 H 18/~ 8 4 9 H 00 i iy 6 /Nif 2 FLP#
KB (HBAL: mm)

Fig 4 Distribution of the 6 hour rainfall (mm) from 1800 LST 8
Augto 0000 LST 9 Aug 2008



0, . 0
e Z<15dBZ (a) S Z<15dBZ (b)
80% 4~ 13 dBZ<Z<30dBZ 80% 34— 13 dBZ<Z<30dBZ
¢ 4—-30dBZ<Z<45dBZ 41— 30dBZ<Z<45dBZ
~ 45dBZ<Z<60 dBZ — 45 dBZ<Z<60 dBZ
60% 60%

40%

o
>
o~

Ratio of classified
reflectivity intensity
Ratio of classified
reflectivity intensity

B \W‘ )‘(‘\‘\'”"‘

III'TT_IIUIIII O LG VO L T L TR R S T A A L A R T T

2030 2100 2130 2200 2230 2300 2030 2100 2130 2200 2230 2300
Time (LST) Time (LST)

(=

Bl 12 200848 H 8 H 20:30~23:00 (a) HFRKXH (b) i X 4 81K S5 3 50 G o BE 56 i1 Bl (] A2 4k
Fig. 12 Ratios of classified radar reflectivity intensity in the (a) target area and (b) control area defined in Fig. 9 from 2030 LST to 2300
[.ST 8 Aug 2008

~

area CA (blue line), and the operation sites ( X shape) in Fang

shan district



Rain mitigation simulation, MMS5, Reisner + Agl seeding
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Ceremony of Nanjing Youth Olympic Games (201

4. Mitigating or Suppressing Precipitation by Cloud Seeding on Opening
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Over-seeding by Agl, launching 701 rockets

35— —
30 e ) ) |
» . Preciptation decreased —— e

* *
= | ® * Y -
» 5" 16'28 o )
* o **e * *
20 Q r o|** »
o] " * 9 -
s 8 24 >
*
10 I *-4
5
o+ 77— 7777 T T T T T T T T T T T T T T T T T T T T T T T
o S U — 00 s D o O U = 00 s D Do O U == e e B B =N T BT R o B e N B o B = R g B " = B gl =N B o B N T B
Lo B B B i A B B R B B e B s o B s === B o B B R = B = e o B o B T~ - A e B =R B o B o B B - v BT B e i o B B B
LKL L LaL oo o o o S o o oo o o o o o o o L T B o B B e A o P A A A B B A o
Lo ot B st At A I o I ot I ot I o I o A I o e

Around 20:00, the precipitation is weakened
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WRF: Thompson +Agl Dx:1.33km, 601*601

The model §imu|ation area with the 32 5N
center Nanjing.

N — Nanjing
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* Implemented ice nucleation mode by combining the silver iodide and cloud interaction in

the Thompson microphysics scheme of the mesoscale WRF model, the feasibility, methods,
and mechanisms for reducing rainfall are studied.



Seeding time : 2014/08/16/18:20,
Seeding height:6000m
one location, seeding2.5g/s

Vertical integration of cloud content

(shaded) and Agl content (red contour

)distribution at different time.
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content (unit: mg'kg) and the red dotted line is the cloud water content (unit: g'kg)
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Fig. 4.12 The distribution of precipitation difference over times between the seeding and
no-seeding around the Olympic Stadium. (a) the cumulative precipitation difference for ten
minutes; (b) the cumulative precipitation difference over time. The blue line is the 133 km range

near Olympic Stadium, the red line is 65 km, and the black line is 26 km



Summary and discussion

* Overseeding in updraft area with supercooled water can not only reduce the amount of
rainfall, but also reduce the maximum rainfall intensity. With large seeding concentration,

rainfall amount can be decreased up to 32%, which greatly lowers the possibility of causing
flood.

e After seeding, the falling speed of graupel and raindrops become weaker.

* The decrease of melting amount of graupel to rain in seeding cloud causes the decrease of
rain amount, but later the much more rain evaporation causes less rainfall.

* Both simulation and observation show the reduction of precipitation of 2008 and 2014
cases.

* Need Further field experiments and simulations to get more seeding results and seeding
technique.
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