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Discharge characteristics of upward negative precursors

in positive triggered lightning
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Abstract By using comprehensive data obtained in rocket-triggered lightning experiment, upward
negative precursors at the triggering wire tip during the ascent of the rocket were studied. Except
for those typical precursors with peak current of tens of amperes, abundant of weak current pulses
were recognized, attributed to the high vertical resolution current detection. All the isolated current
pulses were found to be of the weak ones, and all those typical-intensity precursors (or clustered
precursors) were preceded by the weak current pulses, involving a time interval of about 20 ps. For
the weak pulses, the impulsive pulses and ripple pulses, we obtained their geometric mean values
of peak current (3.6 A, 32.2 A, 11.1 A), risetime from 10% peak to 90% peak (0.39 s, 0.9 us, 3.2
us), duration (2.8 ps, 5.1 ps, 12.7 ps) and charge transfer (4.7 uC, 50.8 uC, 83.2 pC). The typical-
intensity precursors formed visible discharge channels that can be detected by optical means, and
the channel development of those clustered precursors involved stepwise features consistent with
the initial sustained upward leaders, with average 2-D speed in the order of 10° m/s. The temporal
and spatial relationship of adjacent precursor-producing channels was analyzed. The new precursor
channel was found to initiate at the height of the previous channel tip. The significant adjustment of
charge distribution due to the stepped channel extension reduced the electric field intensity in the
channel region. The precursors were actually un-sustained leader development, which produced
initial leader channel segment at the triggering wire tip but eventually extinguished due to the

insufficient conditions.

Keywords Rocket-triggered lightning; negative precursors; breakdown; leader
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BRI B K A B T R R AURRAE, ot A BRI AR A E
(£8% 45 %,2013; Tanetal., 2018), KMA LAL NEE AR I HEHENFE S
RAHH A% BT &0 E KT ST 1A B8 A 7 & (Newman et al., 1967; 7K X
F%,1999; 28K H%,2010), EA A EA —E =W EM, HIT R oL
A PRI T AR A LB KR A Ak s AL 3 T R AT B9 4 £ (Sun et al., 2014
Zhang et al., 2017).

WREBATIREANEN RN, AP ABETEREAM, L ER
A EFTERB(EFES, 2012). Lalande et al. (1998; 2002)F7 Willett et al. (1999)
T B HRFIE ST AR W B B o AR R 2 R TR A E R SRR, o
HTEME O L+ B LB %3, BT E E & 20~25ps, WA EEERSWEELSEH
H % . Biagietal. (2011)#0 Jiang et al. (2013) WM H 5 T Sk kbR F 4 S
BELEREHEAFEG, EETELAREREM BB R EREE, 21T EL
SEHEFKEE DA A 04~22m F1 1~4m. 23 1£%5(2017)% Fanetal. (2018) %
I IE 58 WL o BT R 4 Flod B AR S0 AL, AT R B AT HIR T R T kB A
B AR, AR ok £ B R BT LA o8 5 1 X LU o P AR B R R A R BT
. &I, Jiangetal. (2020) & I AT IE 554 K18 B ], S5 Sk #0R0 7 77 AR 2%
RWAEM, AAHMERSHR B AT XBEA,

AT fb & ERME A B B, AT % A Bode K BE B EAT ok 1%
MEEARRET TRATH. EORAEER R L REIRY R R KT 5 E%R
B R AR L, B BB D] R . (B R, RS T AR SO L Y LR TE
., #¥ e EH I ATELSPuetal, 2017; Jiang et al., 2020), HEEE R4
WIRE T R EFHEEFL BT HIT AT LI AHZE %£F (space leader)
% % Fr Br(Jiang et al., 2020; ZFE 445, 2021), FEHEZQ021)A EAT LS B4
FFRKBATT 44T, HEEE 08~87m, FHEHN 3.9m.

REMEZAMMEATIENHAR, EXFLANIRES, BFLTELES
FRZ A, 51 E T LT 2 & £ A IS 8 flos sk 3 &, Willett et al. (1999)
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WEEHRERSMEMOTHEREVEA -, EEREBEEMESLET 2R/
(Zhangetal.,2017; Lietal.,2021). P #IEH T, LWk DLk #E HE, fovsk
NS, —KRE2E S5 AZE, RFEREEFELFHHOTER -2, FA
20~25 ps. BT R fkor 5% T ot B R — B, FH R R BkoR Tk # S
WK G S, Willett et al. (1999)48 I 2 B Tt 1l e & Ry ik s 1 72 .
Biagi et al. 2012) X AR % Wk X £ bt, BEBRERAICKE G F R &R
MAXIAE, FHEZCEWRKEKRN R HEE, LR TR AR BT
AT, T ERATRA R AR ZEAEFHKE. Zhang etal. (2017)4 £ & 4
BANR AL R G R B R Fr B EATER S IOFHAT T AR, RAZF W
R EAT N EFEHE XA,

EATfEZARERY, BEATRREE TRANETHENSHRELER
HTFEENEEY . RATFNLEE, FHREN AR KRk BT ENEE B#F
WA, BAENERE R AL X, BT, #5028 3 o s B AR AE
BHEEHESIENRE . FRERKF KB EFESFTENREL Gy
B 5, KB THE TN LS ARG R A8 R A AR SCF) 8 0 fah
WERMEA Tt X N B, BB G, B ENER S HENER, o A7
TSR ot A R T R EATIRR, & EA R BAOP HATHRIT IS B
AT RS HAT A, DU R F A A R R A R B IA R

2 £H 5%

A A FL AR AT E L% EH (SHAndong Triggering Lightning Experiment,
B #k SHATLE) k& & 4NN ET EAR . TREMBZHTF RS =Wk
AANEEZNNFE, FERTUSIE RN FOM 8 36 A WM A B2 LM% (H
FRIEEHEELESATHO, ELKE 10~15km, &L @ EHE 5 R
FTN T & 1A B DA R & A T sk A RO S B A e B AR A AT = R
=W EM, FHBA RS R ER. CTREBAEHG R, LFRE
BEEXEGRAEHBENRE S FRE GRS HE.
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FOIE LB EMEERE), MEeLy A E BRI EE LIIRAT,
AERETHHUE RN ERENERE, REAMRAEAM, LKA ERE
REEATLAE 5mQ A 0.5 mQ B Bl 42 &, — R E 2 kA 7 40 KA oY B FR
18, #x DB, AR EREST, KE 200A B E 1 . # 1 ISOBE5600
KRG RS T HAT “Hob-B” #EA T, &4 b DL850 %K F i £ it
TRE, REERN20MS/s, FHHFEILTHK 2s. BEWEFE 60m LRXH
E 5 B B8 B R & LR dE/dt R, R & 54 A 1.5 kHz~1 MHz,
0.7 Hz~320 kHz # 110 kHz~700 kHz, KA& % 5MS/s. KM 7 K & T B %
W% 90m AL, # %A 2kHz~800 kHz, KHEE % 10MS/s.

EWNME 551 FE EAIEL 1km, FIHRET —EE T E 0N & IE SR
Bk, HLETBRPEFEYALBEGN. FRmELEL, URLE6FHEBR
Hlo WL B HLE S AKERE 4 0.0001 Lux/F1.4, fE R K# T B+ R CE
BEAN) =R AN, ATIEEKH R TR, HE G HE N 720 &K
Fx576 &, £ 1km RMNEEH, FRENN 14mx14m ZFEEE, BIEY
25 fis. P42k B9 8 B 5 HL A % Phantom M310, V711 #1 V1612, & X £ EF| A
V1612 KF M EGHAT 24T, HEFEEA 90000 fs, Z 0 G Hg a5 7Y
11.1 ps, EGEVERICET[E] 4 53 us. 2 #HE K 224 G Fx640 &K, £ 1 km #H Il
PR BT, % E XA 0.78 mx0.78 m 2 ] 3

3 AMEER

3.0 FURCHE SR IR ok L B LR Y A

B1%dT —RERMEATAZ AR (5T 1906) 7 K H L7+ B BRI 2 B,
B, BT ZAERMNERENER A 200A, ZESHFHERUME 2kA B4
HERMNERET 10 #F, ZEFREREET. ETERETHFIANNES
B, BRI SHEREN 0.9 A, XM E-SBOR K & 7E AR A B BT
fab A AT TR, BT AR REIT S B A R A A B AT S5 ARSI B R ST AR Y LU
B5. B, aTHEEWKH LA LB FNMBE R i L, BHIHREFHIT
T ER kR, RIFT UERULS BHOHERorREET, AATITR
HREF . B 1HUES, BN EFRNGEZRRA 0, HAE &ML
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Fig. 1 Current waveform measured during the ascent phase of the rocket in the triggering lightning

event 1906.
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# Sk BTAT R fod B B FE R (9 BIX R a, by e d)o FLAEZ], K 2a, 2b fikok
W IRIBE R A A 5.7 A A 8T A, ZF BN 10% & (E 2] 90%1& & 1y £ 7 Bt
8] 7 A 57 0.25 us F1 0.2 ps, = # B9 fkod Fr LAt 8] 40 A 7 2.4 ps A1 4.3 pus. BTk
MR/, A2 DA A SRR VA & I R BT PR AR Y 1) L IE AR OB SR IR B AR XA R
L X B RoOF 2 AR T HRERE LR HE, B8 Hor B IR K AR 5
CATERR £ 5 B 5 & S8 I ok St 58 5 fod dE % — 2, B 2c. 2d A Uk
WA, HARRENELE—NHRBESA ZHENKE, FEHISus ZEX
EBEBR AW IR AT 0, EUGEBEZE) HENNE F, X LI o4,
SmTE - Mlor L& BT AN ERFF A &I, Lietal (2021)FF 485 A
ME BB BIRES, AN R AR WBF K EZ R 25 ps, BE—IHE
Fidm % (small deflection) 155 o WRAEARSCHI &, 100 BT f 5% 52 I b & /N o
KA E 4R, REIRBEUS, HEZEPE B R 8958 5 ko ik s B
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Fig. 2 Zoomed-in current waveform of the pulses marked by the blue arrows in Fig. 1
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BEXT IE R A S Flor AT S it, RIEBEETE N 20 ~ 60 A, FHIEE N 36.1
Ao fFAELATE L FER Bk, AXEI: LIl fok, ®EFEMERDN; T
LT s E X B R BEAUEHRREN R B OF B RE, EHL AR, HHE
H 5 IS ok B A — B B flod, BRI R A LB L3P, X528 EHR
B B A R B 8] 8] R A o R BT, REEAOA B koR R LR EROFR £, E—E
FUHTHESKEAR. A, RXUUHOTBREITHP EAE 2a. 2b BH P
fE. HEE AT 2A Ak, EE | B ERIEFE R+ 47 5] A i fk
LA, EILEER LA E Y 4A, STEEE 23A~107A. F A, RAHX
Jicom 4 9 AN, H P R fior B RIS E L P E N 29.6 A, TWEE 12A~49 A,
ot 28 o 5 ficom B9 RRAE 5 IS ot — B (PRI 3.4A). REX—4XK, 7
10 A 1E 4 WS fik ook o 30 f oo 4L o B ik ok B LB A R
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W I Lk ok A Uk v B DA ST, X 1 A L R R O B, EAILT A
K720 ps A B8] 8 (g o %0 o F 7, el 3 BroR, AT HE L g, E 3t
WA IR 19 A, WE— AR T iE, Bl&E— AT RIRE N 0, %
ARt 7 5 B R SR e B A 438 ps, KRR BT B #HAT R g, REIEEGRES S
HEAN21mC. AFTUEER, F— ERFNE/Y 3TA, ZEE = Miow
& KBIRHE £ 283 A, LT L, ZHoFEEET 6 MioFIEER AR A, RAR
2l 61 A, Jiob sk d, A FloF RS AT 1] 6.5 us~17.5 us, P 111 ps, EAfk
AL B B R B Y 31 nC~204 uC, T 1054pC, X EER, Tib R EARN
HRE P EE, TR EANBRPAWEE, WRE K EERESE, #5 Pu
etal. (2017). ZEFRHFEFQO2NARLIANA Lht & ER N B AT RERHELT
Boxet L F AT 56 WL Bk ok BB AR — BV R AE, T EL PR AR R B RO B AR K LR,
H 5 S AT B o AR AR L. BhAh, H TR 5 S S AT L o A
2R LB e J6] Y R AFAE, B« A fik ook 2L Jik v 1) 3 40 B ik o 1 3 A 4% % (Fan et al., 2018;
Lu et al, 2016). B 3 &, A& A B e, Jg ok o 55 f b 705 Bt 18 24 1w
A TEENRN, R AT 5 R FHLIBNBREVXAET, ik
BERAEN O, BRARL, MARELE, MELIWEELE, BRTHE
BT EAAEANERERZ L. Msh, B3 FRTLUEER, # kAR flor
T W g A, A AT ] 8] % 2.5 us, MR ¥E Puetal. (2017)F8 3 F 45 F(2021)
WR, M LEFEREH P LAV RELENRE T LA RESREL A S X TR
.,

. & |
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B3 R W Ror BITHKY (R THE 1 g

Fig. 3 Zoomed-in current waveform of the precursor cluster marked by “g” in Fig. 1
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ZB YU, K ANar By ok 2k £ fior B9 R — AN B X V3 5 Rkl R AL, B Ror 4
B AR B E — A koo DAY Fied XIVT 4 A Ror, X - Rlerk B Rt An
KE AR, RFRITERE—F KW, BT Mor UM LA RO 5 %7 £
3 W BB B B R — B, TN TR Ao, ARG EMEERAEAAL
TR/, AR B LR b T B 1A A e S i 1) U R BR T B Y o B

F 1 OKH LA W B R flor ik e 5 & St
Table1 The discharge parameters of precursors during the ascent of the rocket

HREE  LARET EEeE FERE HorER"

fir kB SitSE

(A) (ps) (nC) (us) (us)
} % Bl 1.3~10.7 0.15~1.4  0.71~19.7 0.6~9.1
55 fik o
JUAT 34 3.6 0.39 4.7 2.8
} \ 3% Bl 12~61 0.3~4.6  13.5~204.2 2~16 9.25~74.5
ot B Jik o
JUT-F 32.2 0.9 50.8 5.1 22.1
o % Bl 5.3~24.7 1.2~14.4  30.9~196.4  7.5~26.5 10.25~33.4
PSR fi o
JUAT 34 11.1 3.2 83.2 12.7 19.2

* | I AT A 35 RN 10%IE 8 _E 21| 90% U4 {8 8 At (8] 5
#fikoo 8] R 38 24 B0 For 1B B 2| 5 R0 — o R B 2 B B E] 2, 55 FkoR B4 9 IR AL fkoE .
BORERFHE — N od, BRAFRIZESE.

3.2 R ARSI Rk 5T A B R AT AR AE

BTN 1906 BiR R LR ERS, @ERRAGAME KA ZIDKZKNA
ML FEL. B4 8HT 7 REREATHZAR (5T 1907) £ KL
F+ B B 50 TR fi ook e PR A B R O B R . X BRI B L AT RS R I B A
A0, HUEFTH g FE. T ZRARNERMNEXAFEAN 2kA EE, &
M EL ) HRETERFH DT 10 A LTI fot, FrilseBior a. by d. f
ERRBEY ERAAERFHX, FEROFZ BN RRWITET, REFT o
M, AL LHE T Ao B R £ BROPB I flor . 1Ak, o e BRI K
AR BT Rt , ILFENFor R E CHESRITET A B FEfor) 444



7 Fo 4, AR RLVE P B K A JE BT A ALY 11 WU 6 W, R R R %
Bk o514 16 widn 11 w1, TULEE, ELHEmEREGAANHERLET,
FTHIoF CIEZEEL;BHRNENRITES) KER, FRICKE TR E
BEN, RATERENF AR R RA BB EETESTHA, wTER
BT HEAH T AR, ERAFHEUR ] km HUEE L, L4
FTHELH, AL HFEBRERAT o HNRNEAME, £F 4+, ARELER
fiom s g & LB, KEA 08~125m EE, FHKEHS55m, REFTH
Flbu &, BREKEFE— WAL, EXSEAARAMEMNT AR
2| RE A, Biagi et al. QQIDREEHE A FE K, 73 ERME LT
W RE K FREKEE 3~8m, 5RXERMIE

Bl 4 —RIEREANTREAZ AR (1907) £8 KA LT O B S I8 ik ok o 7= A 1Y 38 28 O o [
%, EGIHBAEFIEE N 90000 f/s CHFE -3 F 11.1 ps)

Fig. 4 High-speed images of the luminous channels produced by the precursors during the ascent

phase of the rocket in the triggering lightning event 1907. The frame rate was 90 kfps with a time

resolution of 11.1 ps.
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4 % 48 0L(Jiang et al., 2020; Z FRE4E,2021), X BE & BH 45 0k 46 IR Flook 2t B ey 4y 2B
REAFHEFRFHMER, WRART RO EELHBEERAFE. RER
BRFEGHASL, RINGHERERKAFTH R ERFBEGHE I KN
1.56~3.9m, T3 2.7m. 48 Z Wi (3 18 58 K Am T (A AR DB I, AR ST
BHT mBfoF S R RE LR R HEE, ERWES i, TUEE, BEX
RBHEEE 100m/s EF. X THREIR A ¢ Fre, HATH R #H — 4T 2%
E Al A 1.64x10° m/s F1 1.68x10° m/s. Zhou et al. (2012)% 1+ T A2 4 T B3 A
Gaisberg B H) LT R AT, XABEEFHAXEEETEEZ 0.8x10° m/s ~
4.5x10° m/s. Heidler et al. (2015 F 1% 2| EAT 1 %8 F - FH X REE & 2.3%10°
m/s. Puetal Q017)KEFA T Z ERMENE LTRESF _ELRRAHEE N
0~4.46 X 10° m/s. & F £ (2021) N 4 EAT B R 58 5 DL 4T 33 1.85%10°
mys 5] B . AXF o e MR T RAEE LB — %R RE

REFRAT LT AERHN _ERXBRERA B, RE—FRE FRFAL KK
WA AL 5 B e Bk AL T A R AR LA

Bl 5 SR S8 3R fiosk BT 9 Ak & I 38 8 B — 2 3R B T
Fig. 5 Two-dimensional velocity estimation of the luminous channel formed by the negative

precursors
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oy B AE R HAT RIS T B 6. @ T %K A s e sy il 2 R F H ALEY 2kA
R, S BEEREVHE, TERGHKIL LT oY, egEp e xE —
WE kR fET, B, B6FRABFEYELFEGEREEATHEALE. KA
FEAUEE, ARk R BENRERE (REr) ERESH—KER
ficr ik B E Y A B B (LLE R TR) — R RAERERNE, EFHS ik
H, R BEEY YR TR EE W — KB For, T e O E

BFFRAPA B LA RRE, TR TELAATRH L HEER R
Gla AT AR ROLE] (B WUE G a0 3R ROLRT B 5 5.8 us), RAEKH L AR HLE
WA, HFEEQEART Y5 FRATURME, 7705 ok s i & &
WE, FTUEE, HEU—REBoR A E d B E 8K E B EFEA 2,
330 p 1,
3200 ¢ I —~
105 2
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B 6 EMMEmAIAE (1907) ZRpoFKES N EESEXM TR L L. BFEE L

FORfor B E ARG EE, L6 RFTRTREREN T & E, BE&TN KL

FRABEFHEENEEE S, EEARTHEEG RN, P =0 a5 S o, (B

EARENEEE, REKHLE, /v T LFERE

Fig. 6 The ground electric field change (blue curve) of the triggered lightning event 1907. The pink
curve represents the rocket height over time during the ascent of the rocket. The black and red dots
respectively represent the lower and upper heights of the luminous channels produced by precursors.
For the pulse of “S”, no channel was captured by the high-speed camera, and the dot marked the

height of the rocket at the time.
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