XJifi = & S=AYlm =3 B FB g R AN
‘n'l‘a“éﬁmﬁj‘x&l“' R

HBEE
== ) % Bililiilﬂﬂgi

TIRER i :
gaopenglu@gmail.com

g - gplu@ustc.edu.cn
TeER .
i FERIERAKRE
s N S| 234 AN e ey
- EkF =S BIRl 2 SPr
= > | A .
/ T - afFE

MER. BAIR. EREF (FX)
REDM ( Eﬁ%ﬁﬁ )

AP, BANR. KB F ( KSFT)
%Ftﬁ_ ""‘*ﬂ%lﬂ KPH. BfFE F (S
Rz )

720 : : 1

B :
X s ﬁ 1 Q Jo W




-
XEEEZHNES - HERARF

‘)
N

- ’ T e N e S - .
bl ?‘,’W’s’vzf- ,..*:.',,;,\‘.-.";-:‘—‘..::L-_»-df:i 38 'f_x. faﬁ-_»
i SRS i g 2 . o 3 -

.:.-.\

e

-~ —
AP i - -
S ) e e — . - -
g S = s P | R -
Tk ) - -~ ) S ——— . .
e - s - DS .
- . < - % o
- ‘? e 2 e - -
- - - ! - -

s N

l""l /

N \
‘L §

o" § oo
WV
D

o e Lighting Event

(Count /1 Hour) 1 25 50

~——

' et > »
;,f\ - FY-4A True Color & Lighting Frequency ( One h¢

- R . o 2




A8 B B dth =5 8] FR f25 58T R

altitude (km) _

(3]
[=]

Blue Jet

X

\ B e
aj.l"ll;IAjm -CG 7 !| ( +CG nghtmng““]

Fishman et al. (1994)-Science

1,000,000

= & i 2 4] AR
LidE B Wi % 8 kAT R P E3hiE
(#]4= Tk A)

CATARIR .
R E R FIRME | RIEF Pl SR
(LEO) (MEO) (GEO) g v

100,000

24,2 20 - 1002 2,0002 35,7862 384,000 2

=

& 8 e | AL
' 5, EAF e, BAEF

HHilfe, EBF

GOES-R image of lightning

7/22/22




RS EIBIIS

l*ijulbeaﬁgﬁﬁngL*sE

7/22/22



==
==

Courtesy: Michael Stock

7/22/22




KR NEEA T SHBEEPSIA

« IRICFMIE t
6“;@ ey ) - p—
- IS TR PIER RE (SR

é

%n%éj—zVH FRZE |
. KL

%?

" (BRLE
B mm “Torus
EW (9703K)

(Courtesy: Dong Zheng)
17:46:08, 7 June 2011

X
P TN5

NS
SIE= (30-78K)

7/22/22 6



A TS| S5 BIiEREIANE

> (NEEEEREIBINETL , SERKPEE R~ E=R
( "EE" SRS )

> RURHFAEELRMT RRA LS IEiieF9a Wil |,
BEEREME

€ 0
g =10+
1818 SRR
T 30 R . .
o FKPELEE T —— -
S g \ \ | * RSB
20 T T T T i T
g o KL c o
= £ 0 ]
: “m :> 71X E .l |
- X <~
— e o | TSRAMEITRIBIES
TI 7807814 18.7816 18.75818 ds aft 1%.782 UTC (A18.78228 20 )18‘7824 18.7826 18.7828
1&)ﬁﬁ§£*é§ (78*) econds after 04:17 ugust 18,2014

BHHEIE 2(2016); Lu et al. (2016); Fan et al. (2018JGR)

7/22/22



WSS R ER R A BB

(a)

Elevation (degree)
w
o

20+ )
stroke—1
10F )
0 : :
150 0 300
Azimuth (degree)
60 i . T T T T T T T T
initial upward Ieadqr' . relative brightness -
x""_._\‘ e ' o .. / " o :

Elevation (degree) / BEWX10 (nT)

(b)

initial continuous
current

L

| pulses from positive
leader stepping

-~
IRESBI |

120 .
1348 1349

> AI5IEBLEITASAERE

7/22/22

13.5

13.51 13,52 13,53 1354 13,55 1356 13.57
Seconds after 21:37 UTC

[

/"73.,,..
o
B
0

E " ll‘llJ ll".‘Jln‘lhl|J”‘l|‘41| |nlwllilllxwllhl LlAl |l1|L"|“H|‘1l' Mmoo
= 1 TTT]"H L UTIIT B A ]w ]]1] Tlﬂ'}l'Y" L L ol el |
-2 _ zoom—in i
L (@) NS coil
-3 . 1 1 1 | |
3 T T T T
I (b) EW coil
2r \ d
E 0 -Jr,.4J. J._.vJ 14 J LJ{; J‘,J Jf‘tJ’_hJ xur | IJ U L'lT'JT'L‘ J ” " r]yd J’L {J vy J'J ) .'J l'r‘,‘L-J IJ i Ar.,_J S JrJ,‘L" Jr-
Y A N 1 A 1] ML M
L E | zoom-—in
ok ) | 1 A A M 4
—2f Feilf . "’“\/ ST “VT N\, — ‘ A J.‘Vd 1
3L A i R E RN PR PR R S T | - A
\13.512 13.5125 13.513 13.5135 13.514 13.5145 1351}
Seconds after 21:37 UTC
S————
0.5 T T
% 0 Alﬂ "/‘\ "L‘M'\ / R \‘A“L
! m I / i Tt AN [ W
= 7 ‘ | I ' I'T f | i
| |
© 0.5+ -
g channel-base current
b4 1 7(C) magnetic field from EW coil i
¥ M- ol A PR T S S S E S S S S S S S S
13.4894 13.4895 13.4896

HintE ARk

Seconds after 21:37 UTC

BREENR (IFEERE : 3-1258F) )
> BKHIEIfE—RR R F205FD

Lu et al. [2014]



£y
S AEFHT
EERt1178

fagiln

2019-07-13 22-38-

o

Kira R

A N\ = . 2"
é_ -~ & :',\’- "'“" 7-.
# P p S TEOREERNS hnly
b T PREE 0 | M - e e oy
A2 Tel, ' £

L ) EEEE ’
RS E \

=hRes =

B-field

oWEE S o

SR SRS

IR

Altitude (km)
[6)]

K $4 ey

* » \ - -‘.;‘gn
Tk % FRH A

i

South-North (km)

5 10
Altitude (km)

A =51



lfﬁelﬂ%tblﬁﬂﬁijc

WHBRE : KB% — NEER
'~' MBIFE : BAFLE > HABTAE
% T HEBRERE : &5 — S8l

/
/’ Egza%\‘H FR%E T

wxe = / L g PE
TR W —% ,;FZ% I >
= EE,&& r%
{RIRRH R L ﬁﬁ%ﬁﬁ
h ’ . ’ YO R '
B(r) = 2J' sma(z)( e R(z))+sma(z)81(z,t R(Z)/c))dz,
27e,c” L\ R*(2) C cR(z") ot
ReRi%
1 2—3sin2at,Z, _ R(y 2-3sin’ « ; Y/ e sin” a0 0i(z',t—R(z")/ c)
E(t)—zﬂgo_([[ 20 t_[z( TR Odr+ & i(z,t—R(z')/ ¢ 7R - jd
\\ AREE 1% Ay /

7/22/22 10



N EIARYITE

VxE =

ZHFHIE |

\

238 (full-wave) &8y

120
100
80
60
40

z (km)

-300

VXH:

oH

_llj()_

o

-200

ot

§£+0E+Jg
ot |

a

1 h
EO= 27 I

A

1 h S
B((t) =
@ 271'8002‘([[

ina(z).

R(Z)

(Z'Qt_

R(z')) N

c cR(z")

2—-3sin’a ¢

0

A

0

R () j

BRI

i(z',t—R(z")/ c)dr +

2-3sin’ @

R (2) i(z,;t—R(z")/ c-

A7

BRI

ot

sina(z") 6i(z',z‘—R(Z')/c)j 0

sin’ a di(z',t—R(z")/ c)

c¢*R(z")

ot

\

:

RIgSR R EERH A

-100

r {(km)

{E56i%k (transmission line) {5E

(V/im) 0.01ms

100

200

300

400




7/22/22

| EEUEREMEA
ST

l*ijulbeaﬁgﬁﬁngL*sE

12



RS EREIR S TCHT)

lonosphere
BHEE

100 Km

Halo
a2
¢ Mesosphere
Negative Sprite y " th g 2
A _ \ MRMLABER Positive Sprite [
Gigantic Jet N\ ©) FHRMIERER
ERBUR @
\ L

N\

Secondab]et
REBR N
@ N\
Blue Jet \ Stratosphere

KRR ¥& 2 [N BB 2% ik I

Transient Luminous Event
Blue Starter %#Zi%%f# [
ﬁ@%ﬁg%% (BA | 15 Km
- Troposphere
3 . T ——— : = 1 7

CHESEY SHMRREE RUBKIOMRARS 0 FLEWN B MRS ENA L K2 40Kn-00Km SIFM R GED. 4 Fiﬁi&ﬂkﬂhmﬂi&{ﬂﬁ@ﬁmﬁm SHE | 0 Km
gs‘i’“ﬁ”ZEZ“;{KF’Z‘};}"‘“a;”:;"?ﬁfﬁ‘”f‘;ﬂ;gi&w 90Km~100Km, ABBSKmH T, REMAAMBE-50Km, RETSHRABEEICHR, RERD, THHF MR
Mg;’“ NESEA AR SRR BERBREM&E~30km, KERAZMBE~50km, E ABRABRICHER, FRMASEEER—#, ®E

%3 wEE MRRGENN  ABRZMBE-90Km, RAMRBAEAKKE AR BEERCEHR. Bt AL
H’i m—;«ﬂz& 3 § R 7 Brie® T AEZE9OKmIN £ EQ: RAEBMABREEMMREEHFEM, XE{UERE 2
20, BREHMPERH Km@ﬂrl%ﬂ”ﬂh 13 A ¥ W,

dhE AR BRI -\

“(PE1S" EIE%IE‘@%%EE‘JE@.I@}}%%

7/22/22




7tz Eﬁﬁnﬁlﬂnﬁéﬁiﬁi R?

Ll
ﬁ&%ﬁ-ﬁ%&%\§§%mme%
KesFHNARE | EQ@FTW%;&H
&Ku W*%&ééﬂmﬁﬁﬂ :

KET. AEBRE. HA KIS M%éu&
SRR ENAR. QRN |, &8E
T [B]S SRR,

Altitude (km)
90 —

80

e g =

701

60

50

L

40

pulsion system,

>5Pux .
o TR
ﬁmﬁaﬁm SRENE :

7/22/22 14



(TEIER (red sprite)-F 5 EZSRYIEN

T = WY EER - RSHAZRID > HESEXRSEEF > RHERE AR

ElEfEZE1.5=F

N

TBRER
BlFZF4ER

L - H . /N
tﬂ’.ﬁ/// /77 2011 July 16, 08:35:32 UT Bennett, Colorado ;E;”EE% . 237AE

7/22/22 15



FRiS SRR I SR AN

> LRGSR (300-60025H)
> Wl SMEEEEEMESNEE | RhisRRD
> S h R LESRiEH , EX0R

WiBERFRFERTEE

GPSHT it

1080P60 -1k |

Watec 902H2 {I%)/:)% 1% Js
S - - - - >

Cloud-to-ground lightning

istance ﬁ;;aﬁly
60 miles (100 kilometers)

7/22/22 16



»
-

o/06/12 02:38:19 0286 .2

J18 02:58:17.5 0002 00020 00000+072 UFOCapt uweV2

20125F6 A 16 HiARFEE

7/22/22 17




T ERERNREICFRN

Recorded at 8000 fps by Phantom V711
Obtained by Water Lyons with support from DARPA-NIMBUS Program

> ZSINERIn

7/22/22

RN

HrARBIRRERIAED

Fully developed sprite
3.7 ms after stroke

N
)
Y < T AN S
r [ + Ve
45r-] . Vd
H I;* I
i sad4km 71 b
] .
8 40/t YR ‘631 km ’
] \ 2170 ke~ [ SR —
< ° 1144 km 5y
@ \ W
g a3
£351, A Duke-VLF/ULF %~ g
2 4 " ]
et OU-LF N )
o 2
/ 2
30 -4 S\
3 \’ "\\‘
\\ ) ;/‘

25— :
-125 120 115 -110 105 100 95 9 -85 80 75 -70 -65
Longitude (degree)

DUKE-VLF
DUKE-ULF

Azimuth B (nT)
o
N
[

OU-LF

o
)

T

Azlimuth B (nT)
o

o
()

-1 ]
43.54 43.545

(= | 43,525 43,53 43,535
*E Seconds after 06:27 UTC

Ren, Lu et al. (2021GR1I§)



=R NR - SRR KXIXES

h . - 2 t - 2 YA '
1 _[ 2—3sin aji(z',f—R(z’)/c)dr+2 32sm al(z (—R(z')/ c— s21n a 0i(z,t—R(z')/c) L
cR”(z) c"R(z") ot

7 R’ (2"
RkR1%

E(t) =

27,

I

5 60 [
?:‘ static
a. —an L induction
= g40 total
0.160 ms = E’ luminosity
20
RS
. R e e S 0 o e :
aincaizrs = o \¥ 435336 435338 43.534 43,5342 43 5344 43.5346
5" ' PR R Seconds after 06:27 UTC
S 1 \\‘W % 60F 7 T T T T T T E T T I(b) 7
S \ o / 110005 static ! onset of halo
g -2 - @*E = E %% —a0l induction : |
5 -I o o E oal -
3 ot s g g > —&—|uminosity
i I:I U’ Woo t
= om= s N EEEESEEmEEmEE O], / RS
43.533 43 534/ = 43 535 43 535 T %43 .537 43.538 43.539 == ¢
- . Seconds after 06: 27\UTC . 15'5 0 L— ! . - ~ . : s
: ; = S ) = 59.373 59.3732 59.3734 50.3736 50.3738
: Seconds after 07:42 UTC

> BiiEEEXNEMNGSE
Ren, Lu et al. (2021) fE55SRIFZELH SIEESHE(

o0
(e}
(uny) opminyy

7/22/22



W{E RN B EH{ERAYEE ? ) S5/ EEEE

(N Y —— === l:l
N AR ] 7 EEMES RS
[ AN : ¥ 4__%;5‘
= I continuing current ] X
E-05¢1 1
g % » Nighttime ionosphere
< It § 1
- E 80 Williams [2003]
"5 % g lightning impulse current ] o As predicted by C.T.R.
i < 1> Wilson in 1920s
(@) (a) Duke ULF (1668 km) E(}o_
> _2 | | | | | PR TR SR SR NN NN TR SR AN SR SRR S S S L\L]/
: /é\ 60— ——— 77— 71— 71— 71— 71— 1800 . g 50
(@) ~ I ] E B
(¥ < T B 40
] b5
ql) = 400 11200 T < 50
Q é blue line: current moment waveform | é
o green line: charge moment waveform | o 20
€ 200 sprite current 1600 £
2t : @ 10
£ | : ' 5 ight of lightning ch i
5 o.l o (b).[)'eFo.n\./qlu.tl.()nJles.‘th. ] g 0 Height of lightning charge reservoir

' — ‘ ' — 0 10 102 103 104 10 108
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 ELECTRIC FIELD (V m-1)
Second after return stroke (0905:06.400 UTC

)
ICMC: impulse charge moment change BK /PR TR

=Charge transferred within 2 ms after return stroke X Height

7/22/22 20



AER FRROT N EHEER

> 2009-2013£F]bEE R thEtamsn > 2004-2015£EISUALZS[E

# Flashes/

km?year

Seac e o N\
50 v I 4 T r T ¥ T T T T T ¥ T 4 T X T : ] 90 sprite 7220 .
[ < - : - elvgs :.’1,”|- et = 2 . -
I ; j SRR T = T T i1
I Xxxyxx X 70 ,gi -;“?1—‘ T :):\’J’ P By R =
X X o sprite? |: 97/ AN - s I
45 - P >*;< 7 60 IeTvds? SIoad} 5 v S AT L EADN
= I % x 30 v > 3 e ¢ -
é 40 L Bennett '3 . % , p 3 2: 1% A |
% [ Xx X % . :. [ v 2 : ;i
> I Wosih X ) . ;
= * X e X
J(-B' 35_— NIT) ¥ X
- X B N A X
I & "
30
b X SP+CG (2838) g
30 n )Y« 2 w
H FIT
O SpriteCam * % =
=+ LF sensor S -60
+@D LF sensor and SpriteCam™ x o
25 X LMA origin %
L | L 1 L | L | L 1 L 1 L 1 L | L | L 1 L | L 80
125 120 115 110 105 100 95 90 85 80 75 70 65 2

Longitude (W)

Lu et al. (2013)
> 2800 RAHSENEHEHREZNBES

> IR BRREHELHIXRL790.2%

> 2016-2022gE 4R b X L) > 30000k XS ERER S (4

> 2016-2022& N8 SR ibEmn > R EEFISRINBESE

7/22/22

=

21

>20
10




ISUALIRAM G

(a) Pure negative halo 8
4+
!Ei I = 0 :
W I.E E rdistance: 1761 km 50to30kHz |
p (> g LICMC =644 Clem : =5 01104001z
04:46:17 UTC, 10/16/2011 17.215 17.22 17.225 17.23 17.235
Seconds after 04:46 UTC
(b) Negative halo+sprite 2 ; ; )
E iscrcsrse e iaresie
£
!Ei‘%EIEE‘A'IEHéSL T 0
[}
I E L'|= distance: 4448 km
ﬂ@*ﬁ = @ | icMc=-856 Ckm . .
u4:38:30 UTC, 04/29/2012 30.095 30.1 30.105 30.11 30.115
Seconds after 04:38 UTC
(c) Pure positive halo 2 .
= distance: 3870 km
= = iCMC =+797 Ckm J
' ‘ ' o] M, |
IEtR 5= 30 "
c:IJ R N L7 e
08:13:53 UTC, 03/03/2006 53.06 53.065 53.07 53.075 53.08
Seconds after 08:13 UTC
(d) Positive halo+sprite ) ;
B distance: 3603 km
1 sje E3 S iCMC =+4962 C km
IEtRIES 2 & <, !
Y= = (S e gome o age
ﬂ@* = P54 a'; 5 : (S sprite current
06:25:57 UTC, 07/31/2011 57.765 57.77 57.775 57.78 57.785
Seconds after 06:25 UTC

Lu et al. (2017)

7/22/22

Ha %yﬁﬁiﬂﬁf’ S (8
= BlESEE)

400 : : :
Mean: -478 C km Mean: +346 C km
300 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —Halos (497) |,
200 — Sprites (395)

< Number of events

é4h: -709 C km

eén: +504 C km

Impulse charge moment change (C km)

> FERIEKRBIERNEBEIN
AR TR It

> RIREIBRRNFERTES
ARYBKEB TR

0
—-3000 3000

22



TaEiRR-S=ESHIBXNESHK ,%@,E-rief&'ri

jonosphere 50 prm—
i s O :
s A . A o h | 240_ ...... O ...... O .....
alo .
\\ \‘\ 330-_ vvvvvvvvvv ............... 0
Z/\ / /\ l/\‘ 2 : . :
/] I /“ . et 5
A t - SP+CGs: 326
/N SPrite @ 201 sp CCnien e
) ( / kel - ; : .
/ 5 2 | ~ +695Ckm :
58 10 [EEE— ................... %
EOO °}e) @

0 L 1 n L 1 L
-150 -140 -130 -120 -110 -100 -90 -80 =70 -60 =50

Longitude (degree, east)
ongitude (degree, eas Lu et al. (2017)

. R N
- +328 Ckm | -
i o
e

Transient E "

407

£ PAEEN _
5300 f?ﬁ?,‘?,km_u,; ....... .t g=dde ° B s T ]
CG stroke S e U R e ]
S | +e9sCkm > o LN
B= : . O,
Ground 7777777 RIS WO B 1 e : 75%

Pasko et al. [1997] g St

-140 —l1 36 —|1 26 -110 -100 -90 —‘80 -70 —-60 -50
Longitude (degree, east) Lu et al (2018)
7/22/22 23




IEtRIE "21@,#55" BRI A B SIS

0844 UTC ) Temp (°C)
- —60

leading convéction
-50

—_
N

~40

A " [ 1 11
trailing stratiform T 1
ExX AN

'-~rr-»-.w I"F-. wi'+ ""‘i

o

=
€
S
=
v
o
=}
2
£
<

D

RREXRR , ,
ﬁ%ﬁg“ﬁ [0 DSR2t 53

RIS EsE
IR RS

Altitude (km, msl)

200 180 160 140 120 100 80 60

w0
South—North distance (km) Lu et al. (2013)

> PREMNARSR "R SHHNBE—RNTREAR , #4&
BEIRIRZX RF-EXIBEREN , =4 "daeilR”

7/22/22 24




H=E “dIEiER"
b AESiY

Altitude (km, msl)

—_
o
T

15—

w

South—North distance (km)

HEXBRRitN

N=P-%:1]
i =

GitiA-= A

- - ——————

o o e e = = e e e e e e - - - ——

7/22/22

Lu et al. [2012JGR]

# of strokes # of strokes # of strokes

# of strokes

(a). ordinary negative CG
(1545 strokes)

mean: =72 C—km |
median: —65 C—km

2126 strokes with
high peak currents

6.3 2
(b). hybrid NCG-IC
(301 strokes)
mean: —68 C—km ]
median: -60 C—km
41 1

(). hybrid IC-NCG
(232 strokes)

mean: —153 C—km |
median: =144 C—km

o

(d). ’bolt—from—the—blue’
(48 strokes)

mean: —188 C—km
median: =191 C—km

| |
-100 -200 -300 -400
Impulse charge moment change (C—km)

-500

25



Y
=INIE

7/22/22

e - R =4ERIR

0 ms after flash start

IIIIIIIIIIIIIIIIIIIIIIIIIllIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIlIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
L L ERE Hybrid IC-CG Flash 100(-‘,

T“Danh

H S LB

26



BeRiffRE -kt "IeiER"

2008 August 04
07:32:59 UT

Stroke to sensor
distance: 311 km

Azimuthal B (nT)

29.6 29.7 29.8
Seconds after 07:03 UT (08/04/2008)

Stroke to sensor
distance: 312 km

Azimuthal B (nT)

=5
59.8 59.9 60 60.1
Seconds after 07:32 UT (08/04/2008)

Stroke to sensor
distance: 427 km

Azimuthal B (nT)

1.2 13 1.4
Seconds after 06:52 UT (10/25/2009)

sprites

AR ERBR

200070004 07:02:50.900 0040 00021 VYZALZ11252 UM aptureV?

7/22/22




REANH— : —RRGHAFENTIBIER vdEsHwmtanss
£ BT MR TRRERE

—600 ‘ Lo
3 . . : ~480 Ckm
2_(a) 1 §§-500‘E ________________ 1
(a) Image from Hawley (b) Image from Lubbock E NLDN stroke \l Subsequent main S Y 400}
z | ! i £ E
80 km =5 0 g £-300} 4
o
- 63 km g 1 g E
sprite | 51 km 35 ‘ Duke VLF at 1908 km ‘ £ §200¢ 1
sprite elements 23 (prOPégfitIiOIn ‘d.elzliylct‘)r‘re‘ct‘e ) ....... Lovlv—pass ﬁ.lt.er?q (<SOO HZ) n ,:3: 8—100 F — Current moment |
38.76 38.765 38.77 38.775 - = - Charge moment |1
. 0 I 1
: Seconds after 06:03 UTC 2 3 7 s 6 -
y 057 ! Millisecond after return stroke
OU LF@332 k ~24ms | oo o ' : ' ' ‘ '
0 — Mﬁm ] (a) Ek~48 V/m
—_ L [ .l “ ] e o i Y 1 i A i s o VA 6 e e e e
£% : | O*MWW WM 1 E s :
2 | KSU LF@423 km | ] s
g B 3 ]
a o <05 | S e i T Uy ey R Sunes <] 20+ ]
] [ NM LF@562 km 387685 38769  38.7695 38.77
E 37 u|: = e ]
() oD 0 USSR N S S S SN [ SR ST SR (NS S SN SR ST SR S ST S NN S ST S SR N ST S S
s ° 1 0 1 2 3 4 5 6 7
= . N - OleMiss LF@1025 km I Millisecond after return stroke
= - . = L AE/Ek
< trailing stratiférm ° -3 o
5 I E
j convection | o [
367 ki | : 1 2 Duke LF/VLF@1908 km
LS| =y s | P [ PR —4
-103 -102 -101 -100 -99 -98
Longitude (degree, east) FIT LF@2097 km £
Reflectivity legend -5 =
(dBZ) <0 +5 +10 +15 +20 +25 +30 +35 +40 +45 +50 +55 +60 - o
~1.5ms ] = -
- 1 £ sprite
_6 L L <_(
LI.I et a | . ( 20 1 6) 38.76 38.765 38.77 38.775 38.78
Seconds after 06:03 UTC

0 1 2 3 4 5 6 7
Millisecond after return stroke

7/22/22 28



ﬁ¢m::ﬁwm"ﬂ@*E"M%m4

Latitude (degree, north)

-120 -110

Sprite + Halo + Elves

g

0442:25.2716 UTC
August 15, 2012

0437:38.0348 UTC
August 15, 2012

-100 -90 -80

Longitude (degree, east)

Wang et al. (2021)

-70 -60 -50

> BN B RIS Rd A
MR (BBi4=R))

> B

=]

=X ESEEFE

—BERERE ?

7/22/22

> HIR
*amﬂg#sﬂi

SR ES

AMTA?

| (b) sprite ' ' o
1 ( ) p Jr"\ sP1(150-200 nm) | 4 400
CH9 (530-750 nm)

0
e oat 200 =
k] n
L .2 :
E slow brightness decreas 0

3| initial bn'\ghtening f 5.25 (ms)

4 L s e 200
38.028 38.03 38.032 38.034 38.036 38.038 38.04 38.042 38.044
Seconds after 04:37 UTC
2f(c) elves ' ! — 800

SP1 (150-290 nm)
——CH7 (530750 0m)| 1 60
s \ (\‘\m\»\‘ NV
£ 1400 ]
o 7]
[0
by
o
4k 10
#_M__,//{_\ 1-200
5 1 ] | | 1
25.264 25.266 25.268  265.27  25.272 25274 25276 25.278  25.28

Seconds after 04:42 UTC

W R AR LT &

Latitude (degree, north)

H

30

20

10

-10
120

Brightness temperature (K)

: 110 100  -90 80 ' 7%  Wo “® 50
Longitude (degree, east)
4000 ((b) T R S ]
8
)
3000 f £ ]
© £
I ©
O 2000 f T .
k=3
[23
1000 MWWJ R ]
Trigger time —
0 | ; I !
4 (c) | Duke VLF | ]
—_ return stroke \ = = =Duke ULF
E 2r | impulse current ]
% 0 ‘J ‘\/
W= ’,\\ r‘,
o U
2fmmmrm—————— W emmmmmmmm e e e e
distance: 2659 km -7 iCMC = -925 C-km

9 252 9. 254 9. 256 9.258

Seconds after 0/

—RRAMB

926 9.262 9.26/
JTC

9.266 9.268 9.27

9.272

29



Milgth - Hurricane Matthew (2016)
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HEERMNIZEFLEIN (Terrestrial Gamma-ray Flashes)
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Are TGFs produced by strong CG strokes?

PERSPECTIVES

ATMOSPHERIC SCIENCE

Gamma Rays Made on Earth

Umran Inan

ms) bursts of intense gamma rays, called

terrestrial gamma-ray flashes, with the
Compton Gamma-Ray Observatory
(CGRO) (1). Prior to this observation, in-
tense transient bursts of gamma rays were
only known to occur in an astrophysical con-
text. The observed photon energies of more
than 1 MeV suggested that the gamma rays
we a-

tio Gamma rays =
ati re
SCi st

I n 1994, Fishman et al. observed brief (>1

Runaway
electrons

ek TN

N é Lightning discharge
.
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magnetic field). Here, some electrons may
become trapped. A fraction of them may then
precipitate in regions that are geomagnetically
conjugate to intense lightning discharges (for
example at the Southern Hemisphere termina-
tion of the magnetic field line that originates
from a Northern Hemisphere thunderstorm).
Here they interact with molecules in the
increasingly dense atmosphere to produce
optical emissions and x-rays, which are ulti-
mately caused by the release of energy in a
lightning discharge in the parent hemisphere.

A total of ~76 terrestrial gamma-ray
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What Causes the Gamma-Ray Flashes?

Scientists agree that terrestrial gamma rays probably involve
cascades of electrons that, once set loose from their atoms,
accelerate to nearly light speed in the intense electric fields inside
thunderclouds. Then, when these electrons hit atomic nuclei in
air molecules, they release gamma-ray photons. But to explain
the photons’ energies—which are comparable to those produced
in stellar explosions—some additional mechanism must be at play.
In the relativistic feedback hypothesis (left), some of the

Gamma rays

Relativistic Feedback Mechanism

I-tHXTE BRIl

7/22/22

gamma rays generate new matter—pairs of particles consisting
of one electron and one positron, the antimatter analogue of the
electron. Because positrons have electric charge opposite to the
electrons, they would travel downward and trigger new electron
cascades.

In the lightning leader hypothesis (right), a powerful lightning
bolt would keep releasing new electron cascades as it grows
from the bottom of the cloud to its top.

Lightning Leader Mechanism
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