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Abstract: In order to solve the problems of poor accuracy of the charge inversion method for thunderstorm clouds and the influence of the
existing charge inversion model by the environmental error caused by multi-station network observation, a nonlinear equation system is
derived to establish a charge inversion model based on the three-dimensional atmospheric electric field. On the basis of the assumption of
equal thickness model of thunderstorm clouds, a set of nonlinear equations required for the charge inversion of thunderstorm clouds is
derived, and a three-dimensional atmospheric electric field-based charge inversion model of thunderstorm clouds is established. The
population initialisation of the sparrow search algorithm (SSA) is optimised by the sinusoidal chaotic mapping function to improve the
nonlinearity of the distribution of the populations, and the Levy function and the inverse learning strategy are used to optimise the position
updating of the algorithm’ s discoverer way, a thunderstorm cloud charge inversion method based on improved sparrow search algorithm
(ISSA) is proposed. A 3D atmospheric electric field instrument is used to observe the ground electric field data and analyse the electric
field characteristics, and the improved SSA algorithm using the hybrid strategy is used to invert the thunderstorm cloud charging model
parameters. The experimental results show that the inversion of the data obtained from the three-dimensional atmospheric electric field
instrument (3DAEF) can effectively eliminate the errors caused by the multi-station network observation. Compared with the SSA, the
deviation rate of the two-second neighboring charges of the thunderstorm cloud obtained by the improved ISSA algorithm is around 1%,
and the fitness value reaches as low as 5. 38, which is able to accurately invert the charging parameters of the thunderstorm cloud, and
provide a certain reference to the study of its charging and discharging process.
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Fig. 2 Thunderstorm cloud charge structure equivalent model

w

[(x—x0)2+(y—y0)2+(z0+(k— l)d)2177J (8)
Iy & - Oy = x)

E =——= A ——
! dy =1 2m(e, t &)

[(x=x)" + (y=x)" + (5 + (k=1)d)*] > ] (9)
_% Qk(zo"'(k_l)d) y

E = =
: dz k=1 2’1T(80+81)

3

(=) + (r=3)" + (5 + (k= D1 2] (10)
K. Q, B kB HBEZHMA XA AR, IR (x,y,0)
AR T, (x0,5,,20) A HLTHIZARS AR AR,
E E E N&)JZTERHR SN 3 ADJ7 RS,

B AR RN B0 & #R m o RO 0 g, 0p
FIRHAT A SE S A & Q, |, T # o B S Y
IKFEFARTHERS | 6 -yl L1y —y, |, EEIEES 2, KA —
Hhyn + 44 Z4ERSABIGIU RS LIRS Ry 540
LI KA Y PR B R R A U TR 1 s BRI, TR s
VAP LT 2354 2 AR i AR R A A, PRI EE AT 1 s 1Y
HIfiT I Q, 55 1 s AT Q" &Il RIA] 560 2
THACREFIR

— BT 2R 2 HL AT DX BB I R B = A A A A A
LI 2 H Ay et S A IR 1, 40 OB TR sl bR e
AR 2L AR AR =R B AP S TE B TR S =
Mt . By =BRSS5 R AR 2 s IR HBE
5k (E,,E,,E,) (E,,E, E,) ,HfrKikh
Q11201501504 Qo Qo , W ST 1Y T 5 1Y A LM J7
Hh.

_ Qy(x - x,) 3

;= —x)  t (y =y )  +z] P+
T om(e, +81)[(x %) (y = 5) %]

Qij(x_x()) 2 2 2 ’%
m[("‘w +(y = y)2 + (z, +1000)%] % +



8 TR 5 %38 %
OUn) ey N SRR
dmie, v el F TR ) (5 ) BBt 4 30 5 A 17) R
(1) ; 6@‘%)_>n
cexpl————, 1 > —
L B L S R R o= T 2 a7
T om(ey tey) 0 Yol TR Xo el X = XS e AT LAl
0,(r = 7o) : : R A N x d R, R R -1 B 1, A"
_ - - 1 000 h "
Do, + ey T Go L0 T S AR R X, B
0,(r = 7o) B S g

m[“‘ —x)7 + (¥ =y + (3 +2000)%] *

(12)
- Qij"?lzo 3
T 2w(ey &)
Qijal(zo + 1 000)
2m(eg, + &)

_3 e, (z, + 2000
1000)2] 2 e )

(=) + (y=y)  +5] ° -

[(x - xo)z + (y - yo)z + (z +

2’1T6‘0(80 T o) [(x _xo)z + (y—yo)2 +

3

(2, +2000)2] > (13)

SR PRAIE S e A5 AR () SR A A W BIbE it £ AR
N AR LB EBR R, A RSB 2 s AU 37 L SEUL
EH (E,E, E,") #3305 S0
W = T8) (4 FO AL, He SRR ) e R R oK f— 0 i et
B (m=x,y,2;i,j =1,2) :

(14)
2 BR-HEEARERE

2.1 BENMHKERREZX

R 8RB L") (sparrowsearchalgorithm , SSA ) J& 3
TIREM R E S R —FHEE e L. BR
FERIRE R & DL R R Bl 2 2L 1, R A Y MR BT R S Rl
PROBETE B AL (H A R R A AR A R AR i A
W T H S UL, DI 580 B A R el PRItk 5
AARLNE SR o X PR A P 8 2R A0 Y i A B
A7 EAR B AR HEA T IR B 7E R AR, B IR a1 4
BRI R e 7, AU W, B AR A Bk s
S, AR S AL o TR A & I () 07 5
FnEC(15) F(16) iR

w = (Z/item"m)2 (15)

-1

[ Xﬁ/ + exp( ),R, < ST

Xﬁ:l = : o - item,, (16)
w-X;; +Q-LR,=ST

Aorbe e Y ATE AR A, item,,, NERIBERIREL, a N

(0, 1T SIBERLEL, Q h i IE 250 A BEHLEC 46 i

MRRAETES j 4P B8 F B R X, KW R, 5 ST

TIAb AERIEE T AEALE 10% ~ 20% 1R 48 B i iR
SREST BT R 5R 07 B BEALA B, SO A g i (18)
Bi7s

Xia ¥B -1 Xy = X1y fi >,
KO P T 1 (18)
C+ K .=
=) +e JiT

s f O SRR A E N EE AR, £, F0 S, ST R RS
2EH, B HIES AT REPLEL, K [ -1,1] NBEPLEL,
e BT 0 LB IE5EER 0,
2.2 IESKREBRET R BFBEAIA MR AL

TRIEI & T — 283 ) R 4, % 90 U Y R
T HIG A AT A, BRI 46 22 S AT RE S S R
GERE I B R A, H T I SR TR e S LA AT T
PE AR DD BEALEC: sl i O S  E R £
FEVE A A T RE B R A Ee G, A IE X IR T B S e
B R R RS TR IR Ak R E R

2
¥ = X, —51n(7n),n—0,1,---,N (19)
-1l=X <1,-,X, #0

BOEFHERCER D 100, JEEI[0, 1], 2051 8 FHREHL 2>
Ay 15 YR Tl W bR BSOS SRR A A EA TR0 4, A 3 TR
FES TP 3 (b)), B 3 (a) f FITR 1 bR BSOS IE IS R EE ) 46
A BA B aF R AR LR 5 BEDLYE , v] LAB)T 1k 5 22 /94>
PRI A MM B TC Bk 1 Ry PR e A L
2.3 Levy XTS5 REFIKREE

Levy "WAT pRESGE H ] T4 8 B AL A2 i 2 40
A, AT LA e S A S WA A Jmy R B i B 5%, 18
R AT E SRR R L RE T . HE T Levy
CATRY R AL E BT AN (20) Bk

Yo =4 + Y @ Levy(d) (20)
L.y B K, Levy(d) H bl ML H& 4248 %K 5K w1
X (21) P,

Levy(d) ~u=t",1<d<3 (21)

BEAILAD I B A i 2 A2

u-o

Levy(d) =0.01 -

1 (22)
vl ?

28 o WA RN (23) FiR,



58 1] T SRR 1 2 07 5 2 M R i o L83
09 b= (i -h ) (26)
0.8
0.7 2.4 BA %H%ESEJ&E’JFF'%Z Eﬁﬁ}i:ﬂﬁlﬁ

£ 0o ST AR TE R VR I M B, B R4 0
o DA R, W rand(1) EBEHLEC % R, < (0,
s 0.5) I, Yot (24) PEATBRAE B0 % T 85, 75 0, et
02 (25) 3t o Sl JBR 28 O 1 50 0 A7 7E 1O e , 6 F- 1A I
o 20 40 & 8 100 (B FEUR, T4 HA 1 ISSA. 3230t T 8 Fi 77 S 50 T 07
(a)mﬁ " FRANE 4 FrR , BRI A5
7 (&) Chaotic nitalization SR 1) WA ALRNRE R (19) XPBRAE RO R BEJEAT
Lof WAL, XF EARER S FRBESCRE n IR FE d R R AL
08 P maxitem BT I A (ub, ib) DA TICE
o0 ST 2) HEE A M A PR IV (B I AT HERE 1R
s Bt 5 R AR TP A
04 R 3) K I B T AR (16) 0 K L H
02k BT
ool - | . | | SRR 4) INAGE B R iR (17) MR B s 1)
0 20 40 60 80 100 LB AT T
o B YR S ) B TR AT AT R )

(b) Conventional initialization

K3 ARG T AR 1L

Fig. 3  Distribution comparison of different initialization methods

:[ I(1+8) - sin(mB/2) }é ()

ri(1+p)/21p -2
A d REELEEE, B NHRUE 1.5, T A ek %, u
o R 0~1 MIFEPLEL,
MR E BN —E R | 1EEEE I E , M R
BN KB A B R B A, S Levy ®AT
RSN BRI o7 L ST SR S A 7 A

(X:u/)rxl - X:j) . /2
cexpl———| ,1 > n
x0T (24)

XpU+ X, = X Levy(d) oAt

I 2 2] W 2 — PP 3 3k Y A A - FRORE I I 1
VEAS 5 DR BA B0 1 7 S 0 0 L T RFDL AL S e AR
T 5 B LBk o R A e O A, R T S Il 2 2] W RR B )
ORI AN=X (25) PR,

{ x', (8)=ub +r@® (Ib - x,,,(1))

Xy =20+ b @ (x,,(1) =+, (1))
K o’y (1) 8 e WAEARIESS @ R A SR 03 i, wb
FUIb A RZSAI E RS, r A b R IERSE, r IR
FRUEIEZS I3, MR B AR e, 55K ) 25 K 4 4l
REfE AR 2 R RS, o WA BRI (26)
R

(25)

aF R (18) HEA T BT

AR 6) ZhAS TR R AR WG ; RS 1) 1) 67 5 TR Hh 5
SHEHRIEHAT, M R, € (0,0.5) W SR T Levy &
TSRS PR R (22) L (23) A 1, AR
2 (24) X ERBE R PEAT 07 B A0, R R (25) X &
PR AV T

SR 7)1 SR N B (A I HE T, AR B 5 B LA I DT
TC ) JRRAE o7 2

IR Q) Lk A5 HABE IV (2 75 36 )15 7 i 1
FiB B R, AR A ER 2) A R

ik

( mmemsie. ¥R )

—( EEREEHY )

BER 16) « A7)« (18) #&
WEFEAY . Wb . &

SRR
N [ B (2s) B
¢ AR
Y
(Hke) FHmmELE )
v

(@R ERERILE )

R ISR

K4 ISSA Bkt
Fig.4 The ISSA algorithm process




- 84 - LSRR R e o

38 &

3 KBWERSH

SRy AR S Y JUT 5 114 b T E 3 ORI S 4R  AE R A R
TARER2ERL 2 SHE LA B\ B W] A9 =4 K
SHEIGGHEAT I AN 1(b) B, T3 B AR
100 -
80
60
40
20

04
20¢
-40
-60
-80

E/(kV/m)

RETOU LA sk 2 A SR % L 3 4 A1 7™ A R T, SRAE AR
H s, EI582019 45 12 H 1 H BT i) b i H 3758 5
ARk 2R P, om0 €2 5 26 R € kB 4R 4 3 SR K 1)
x,y WAHEIARRE E | PRSI 1 7 1] B 37 5 B
E_,

-100
00:00 03:00

5 st e i B2 AR A 2%

Fig.5 Variation curve of ground electric field intensity

LS FTAT, o] ~ o2 B 20 g 7 S 30 B B, L 3
T IR AT iR A A W6, 7K J5 L S R X AR E 5 12
~ 13 I 2 O T B A A B B, TR R IR SR 7, B 22K
St TR B U R R R A T R AR
513 2R S TR BT ST B, SO M L 37 s T

A RAE A BEITE IR Y, 455 BT B 2 8 S e 5 B, %)
SR FIATLH R 1 PR,

®1 SHAFRLR

Table 1 Parameter constraint boundary

R LSS, HHE WS 1597 20 Do X1 % 5% b1
B2 FEH B 2 Ml 7 R, 7B B £ e (=50¢,50 €)
AU B I 220 9 = 4K 00 50 B, 40300 1) T s

(-0.94,1.21,23.84)kV/m, (-1.00,1.28,23.84) kV/
m,2)(2.27,2.82,-11.10)kV/m, (2.29,2.83,-11. 16)
kV/m BT[] a) B AR 5, ORI A5 B4 7 B oK & A2
AT HSERS AR | « x5l Ly =y, \zoﬁ
EE .

R v RO R 3k G 8 R TE AR X A, R IE S B

Xy B AL ) S 8K Q1102 01502 .0y 053 | x =
X by =y |z PEAT IR, BEE A REECE m o 50 R
U maxitem 2 100 JBRA B0 H BN 20% , 45 R 413K 2
F7R

R2 ZERERCHEARASHRESR

Table 2 Parameter inversion results of three-layer thunderstorm cloud charge model
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1SSA 1) 23.88 -16.59 -41.94 22.77 -15.53 -42. 60 8.39 6. 64 0. 68 5.38
2) -35.28 44.94 30. 40 -36.23 46.05 31.23 0. 839 0.919 3.89 6.10
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