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Abstract Red sprites are one type of large-scale transient luminous events (TLEs)
that usually occur between about 40~90 km altitude above thunderstorms, which are
caused by cloud-to-ground lightning strokes and subsequent continuous current.
Compared with sprites in summer, there are fewer studies on the winter sprites in the
world due to fewer comprehensive synchronous observation data. Influenced by the
upper trough and warm-moist airflow in low level, a thunderstorm took place in in
Arkansas, North America on 27 ~ 28 December 2008, the Imager of Sprites and Upper
Atmospheric Lightning (ISUAL) aboard the FORMOSAT-2 satellite was lucky to

record two red sprite events . Using red sprites optical observation data obtained by



ISUAL, Doppler weather radar data, National Lightning Location data, ultra-low
frequency magnetic field data, cloud top brightness temperature data provided by the
National Environmental Center/Climate Prediction Center of the United States and the
sounding data, this paper makes a detailed study of the characteristics of the winter
thunderstorm that produced red sprites and related lightning activity. The results show
that ISUAL did not recorded the halo that accompanied two red sprites. The first was
columnar sprite, and the second was unable to determine its specific morphology
because of its dim light. The parent thunderstorm of red sprites is a mesoscale
convective system, which appeared around 1500 UTC on 27th near northern Arkansas
and moved from west to east. The thunderstorm developed stronger at about 2359 UTC,
and the area of maximum radar reflectivity (55~60 dBZ) reaches 339 km?2, then began
to weaken. At 0303 UTC, the intensity of thunderstorm increased, then the cloud
gradually spread, and the thunderstorm began to weaken, and completely dissipated at
1100 UTC. Two sprites occurred at 04:46:05 UTC and 04:47:17 UTC, respectively.
They tended to be produced in the dissipation stage of the MCS, when the frequency of
positive and negative cloud-to-ground lightning is low and POP increases significantly,
and they were mostly over the stratiform cloud area with brightness temperature of —
40~50 °C. The sprite production was accompanied by an increase in the echo area of
30~35 dBZ. The area of radar reflectivity larger than 40 dBZ decreased, and the area of
10~40 dBZ increased during the sprite time window, suggesting that production of the
sprite was the decay of the thunderstorm and the area of the stratiform region develops,
which is consistent with previous studies on summer sprites. The parent CG of red
sprites was positive with a single return stroke, and located in the trailing stratiform
region of the MCS, where the radar reflectivity was range 25 from 35 dBZ. The
corresponding radar echo top heights were 2.5 km and 5 km, and the peak currents are
+183 kA and +45 kA, respectively. Based on ultra-low frequency magnetic field data,
the iICMC of two parent lightning is estimated to be +394 C km and +117 C km,
respectively. Ultra-low frequency magnetic antenna recorded the internal current signal
of the first red sprite, indicating that the red sprite discharged strongly.

Keywords Red sprite; Winter Mesoscale Convection System; Positive Cloud-to-
ground lightning
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(B4, BT DA N AR AR AS R 6% (Transient Luminous Events, TLEs) . 3| H il
ANk, BABUESER) TLEs UFH4 85 R (Red sprites)  (Sentman et al., 1995;
Winckler et al., 1996; Suzuki et al., 2011; Peng et al., 2017). &KX (Emissions
of Light and VLF perturbation due to EMP Sources, Elves) (Barrington-Leighet al.,
1999; Kuo etal., 2007). E KW (Giganticjets, GI) (Singh etal.,2007; Kuo etal.,
2009; Cummer et al., 2009; Lu et al., 2011; Yang et al., 2018). #5 E.Mijil (Blue jets,
BJ) (Wescott et al., 1995, 2001; Pasko et al., 2003; Chou et al., 2011). ¥ 53 ¥ 45
(Blue starters) (Wescott et al., 1996,2001) F15%% (Halos) (Moudry et al., 2003;
Ren etal., 2019). 15 & OB L0 (0 ks R AN % GiFR N sprite-halo "5 ( Barrington-
Leigh et al., 2001; Stenbaek-Nielsen and McHarg, 2008; Zhang et al., 2019). “sprite-
halo” {4} /% i Barrington-Leigh etal (2001) B RHEH, & A A LA 6 72 31 b
T PR (), % T) 35 3 P A 7 A R i R IR | | H T, B B B i 7~ 58S
Oy TR AL R, A B R T UK A [ B RS I AR B ER S . ALt
FE R, XFRNLLIN, +& TLEs B0 b 25 55 Ul 1) LA 5848 78 70 1 — Fii
IR . EMIMRFEEEIEWRMER =N H K (Lyons et al., 1994; Boccipio et al.,
1995). B HHT AL, CHRIERFLER R K2 H0E HE 2= #7741 (Sentman et
al., 1995; Wescott et al., 1998; Sao Sabbas et al., 2003; Soula et al., 2009; Lu et al.,
2013, 2016; Yang et al.,2013; Wang et al., 2019).

5 RE AR RALL, X &R0k R FIAN B> 48 7 1E, S 4
LK R W 7T B2 A/E H AT . Fukunishi et al (1999) 7£ 1998 4§ IKid
BT RAELHA Hokuriku X A2 2 EITHIALOFE R . #— B0 RITR
AT NS Rt IEHINE K (Hobara et al., 2001; Adachi et al., 2005), 52
A2 ZR A R A 45 - — 3 (Lyons et al., 1994; Sentman et al., 1995).
Hayakawa et al (2004) %175 BURHE - A 20O R A Z=/HR K RIEL N
30 km, FEAELEHRE R A ZEE F /T Mohr and Zipser (1996) 7€ X [FIH R
Xt /24t (mesoscale convective system, MCS), KAt I A& ZEHAh & #28A

(4 MCSs) 8= 21 40 R - Adachi et al(2005) | F Hu Bk [R5 5 LA (GMS-
5) WHFE T H A PUFh A2 0k R 4 FF R RN, BRI FHREAFYS
T E-25~-40 C, -20 CHISFI7KF 8500 ~40 500 km?, KU H AL A
His R B TR BB LG 56 [ rh VU R HL X 2 2= 1) MCSs Z2/0N, X — &5 1Rt AT 753
UESE (Takahashi et al., 2003; Hayakawa et al., 2005; Suzuki et al., 2006a, 2006b ) .
Ganot et al (2007) I H0 A 23 30 X DU A 20 kg R A& 2R 5 H AW
K 7R AT AR 4574 « Sao Sabbas et al (2010) FJ F HhER % 1E 358 LA (GEOS)
OXof ] R S 3 X7 A 21 Bk R 22 o ROBEXHAL R G 1 BT 98, R4 Z=rh RUEERS



MAG B REFA 430 000 km?, =IHiEELEE PP X G EMNE =
MCSs Kz T4 5 10~20 °C.

i bR, 5ROk RINEZEHFML, SRR
R RIBE TR, T HAF SR TR AR H AR BTAR S ANt gt X . BtAh, BT
ZRE RIS I TR B =, 1T BB T 48K 2 HOR N P72 AR 2T 0k R A& = BHA T 2
(RIRIEFE 5 05 AR 5 R TA] B Bl AR DG L S 77 AR 21 (kG R (1) B T FAR MEBIT 924
Do ARSCRI R E GV HE T 5 T2 (FORMOSAT-2) #5351 25 KA LA
144 (Imager of Sprites and Upper Atmospheric Lightning , ISUAL) 3RHEXHG2~
UL s, HhJE 2 3B KA E AR R (NEXRAD) . 3 [ [E 5 A | 52 A % k)
(National Lightning Detection Network, NLDN). £t 77, K 23R B A8 AR (Ultra low
frequency, ULF) HEI7%#E . 3% [ E KPR AL/ 5 00 10> (National Centers
for Environmental Prediction/Climate Prediction Center, NECP/CPC) &L == Thi+%
JRH S [ PSR B R 22 AR 23 DR SE 255 W0 Eds , xT 2008 4F 12 H 28 HAEALSE
H X R AR B — IR A& 2R RS R 48 b 2 i HE 2 I R 91 21 (ks R S L BR AR 2%
AR AT T VR 7T, 3% 02 B O JE e b [X A= B 72 AR I 20 (ks RTT e it
i, WAGRFEE 7L AR RPN,

2. BB A

ks RIMEGCRE T 82 KN B ISUAL, ISUAL 2t 25—
MNETINTE BV TLEs FIR A As . IWIE BXF TLEs #E47 WA 506 % 3
HAMEROCE, AT DR (0 i G AR R S ek, AT BE INAE R (1) & TLEs
IREIE . tbAh, WA B TX TLEs #EATABR00M . ISUAL 185 Z= 178 o 6 2
45°S8~25°N, & Z=NE 25°S~45°N (Chern et al.,2008), ISUAL &4t i —
AR CCD %A% (T30 TLEs MEG ek e s K ESR), —4
FNIETE 7 6B TR ANEESIJEEE T (O3 # TLEs (1428 B2 6] 2 A7 Bl B 18] 19 22 4
TEL); CCD BAZAX LA 100 Mit/s 1 FE I G40 5% UK, Y6 FETE LA 10 kHz B R
HELERAE, FERDEEETLL 2 kHz B8 20 kHz FIARISESLREE, B REEH S A
— RIVEAEMERE T (Chernetal., 2003). ISUAL /& [H G4 — B =20
KPBEEKTE “ P 5" TAE (FORMOSAT-2) Ef#H %4, FORMOSAT-
2 IR FEHE 890 2 BLK AP #LIEIZ AT, FERSeHhER 14 [El, RPHUE A AN 103
min (Chern et al., 2008). XK EE;, TBEMNEGAIL LT, LEE ISUAL PAF
REIRR A AT . ISUAL X 21 6k R 1 8 A TAE 2 AR 4 F 45 5 (1 UG AR
IR RI, VRS S a2 0L Chern et al (2008). ISUAL @A FEE 5
HER A R AW EA G, M 5k T 50 km/pixel. H 2004 £ 5 H 21 H



K THAEE] 2015 F FORMOSAT-2 & 1Efkd, 7R3 11 S p0%ardh, MZh it
2 7RI 40000 FllEAS SOEFAE, JEPARL) 2600 FILTEKTR .

FEFL 50 K243 () Duke Forest (35.971°N, 79.094°W), PiMEKEICTE T
FEAE LT R BRI IG5 5 PRGBS 1 AR SIEL 43 5l R IRAR (Ultra-
low frequency, ULF, <1-40 Hz) FIHAEHT (Very low frequency, VLF, 50 Hz-30
kHz), KREZRS519 2.5 kHz #1100 kHz. FRATTI50 47 32 B0 FH ULF Bids1s S 3
M4 Cummer and Inan (2000) A J& B 524k TH = AR 21 ks R BRI R Jik v e
faf 5542 4K (impulse charge moment change, iCMC, & X NI KA Z J5HT 2 ms )
TR O ) o FIH NLDN $& 4 1) A H e A BERE 73BT 5 21 ks R AN BEAA R 52
RN BLIE S . E 1989 43K, NLDN — ELZESRIN A B 7 AF () e ddm it JF B
NEEAN T2 B R FE B ALV EAN G A L BHE (Cummins et al., 1998) . NLDN 1] LA [A] i 48
Mz AN, S B ALHE I F s R AR BT R) . A (B Lh ) R AU
HL . NLDN T [ 5] 5 PRI 203 9 90~95%, &M A AR T 0.5 km, [fix}
Z N BRI R 29 25~30% (Cummins and Murphy, 2009) . 33 %f b NLDN 4
P, 57 5040 P B i) AR 21 €k R e A T B[] AT DA R A0 ks R I BRI FE. (Lyons
et al., 2008),

ALy M R I B TAEYE N NEXRAD [ 207 (Level 11D, NEXRAD
& K H O E 2 230 A B 3~5 ¢ A ORR Ot — Ik # 4R
(https://www.nedc.noaa.gov/nexradinv/) o [A] B FATHAT A 1 H1 32 E [E ZMEFEFR
B PR (National Oceanic and Atmospheric Administration, NOAA) T [ [E 34
Bt (NECP) /ATl A C (CPC) $RALM = TR EEE s, X Leil R
TSR] i H AR 56 [ () Bk R 8 LA (GOES-8/9/10/11/12/13/14/15/16,
METEOSAT-5/7/8/9/10, and GMS-5/M) #¥afh &k . a4 0078 & o FoA
60°S~60°N, 180°E~180°W, I [H]7r#F342 30 708, “°[a]7r ¥ %N 4 km x 4km,
Level 11F IA R A1 2 T00RE 250 F SR 118 75 B S5 MRS . 534k, TATTEFI
NECP F- 73 #r BRI AR B R 5 4R 2 SRR 0 il B R AE I R AE AR R
JERBL KA

3.ERHHIRE TR EMA

1 45H 7 2008 4= 12 A 27 H 1200 UTC RSEH K, HEW %I, 500
hPa bRHE $7 22 M B B PR MAE — X AEAE, FTE O, HAATEM — 2 i
R PU R SRS, X AEAE R S A T, A S e b R T R R A A
;s 850 hPa FAHFICZEA I S /KR, ZKVOE R K 0 32 P8 <R 4%



i, RJRBRIE IS R N T2 SAERTE G P fm A BRI, BRI A
BIETE, FIRR TR IRE BRTRAENA R E.

K 2 251 TRl BN A dss 1200 UTC FIR TS Zk, SR BnKENE
IR T, 700 hPa LAF 76 e A0 SR B 7K VA AS AR 2R 5 350U 2 R i 22 LU
N, MSHBERCR, AKIRFRE, TS = &N 953 hPa; 700 hPa LAk, HE
TS Z PR, KREERRIC, AKEER T RN EF NRMEES i, N
XA TR BRI FE R R AR SR T AR KRS R 1 BRI R RN
362.63 Tkg!, SHAANHIAE R N-15.65 T kg, FATHEHN-1.9 °C, BAFEA U
B /K B ik 40.23 mm, FRIKRSNTE R RAERME TR ZM4 . 286D
RIS TRE, KRB RG4S SR NE K T BTE G b
TREKR LT TRMEESW, TRERRENMERLL RIGIE %%, fib
KT MK RIS
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Figure 1 (a) 500hPa geopotential height (black contours, unit: dagpm), wind vectors (arrows, unit: m/s) and
temperature (shaded, unit:°C); (b) 850hPa geopotential height (black contours, unit: dagpm), vapor flux (shaded,
unit:g-cm™-hPa!-s ) and wind vectors (arrows, unit: m/s) at 1200 UTC on December 27, 2008
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Figure 2 Skew T-logp diagram for LZK at 1200 UTC on December 27, 2008. The black, green, yellow solid lines
represent parcel adiabatic lapse rate, temperature and dew point
12008 £F 12 A 27 H 1200 UTC /MR =30 (72340, 34.84°N, 92.26°W) [ 5i2 44
Table 1 Environmental parameters derived from the LZK sounding at 1200 UTC 27

December 2008 (72340, 34.84°N, 92.26°W)

Station K index CAPE LI CIN PWAT
(°C) (T kg™ (°C) (T kg™ (mm)
LZK 38.5 362.45 -1.9 -15.65 40.23
4 B E RIFE ST
4.1.=THER

Kl 3 SN NCEP/CPC 2B N 2 =T, 7T LAME M E s = A 21
kG R TR B IRHE, B RoR 1 DLE B st [a] g bt 2 /N iy CE st 21T
JG 15min) NN E . HE 3 TLIERME R EREATER AR E. (EHBK
Jeid AR rh, MRS 32 AR TR AE = iR A X I B A FEXH R A L . 75 B R4
7£ 27 H 1500 UTC JFEa I, 2 JaPidg & e 3f 78 0000 UTC 1A 3| == T i 1) 5 A%
i, KZIN-63°C, KWK = WA ESRI EASR. 7£ 0100 UTC, =I5
B ZIBE T = (-62°C), mXAEK, TERITIRIEETIGS, NG
§9. £ 0100UTC ZJ&, =Iisi KRR E, RPHEBRBEES. A
kg R AEAE 0446 UTC 10447 UTC B %1, i 3 (f) mJ %1, £ 0500 UTC (FE
BSLL O ROR A Bl BRI 20D 5 H1 LA B 220 b A FL 3% 3 R B FRAIS, = T
B, RYITE BT B LLOKERALT = TSR R EE-40 ~ -50 °CI X 5
M, X1 Sdo Sabbasetal (20100 HIWFFLLE R —2, MATRIMBTIREAZFEHZ
TN RS R R A B T i-45~-53 °CHJZHRIX . Lyonsetal (2006) 7T & I
FEPH AL AR RNE TR, RIKA TR E-70~-75 °CHEHN, K2
LIRS RO A IRAK T-65 °CHIX 3. Soulaetal (2009) Xt KKIMPIAT=A T 27
Bl kg R B ZE MCS AR LA ks R R AEAE = TH5ii-50~-55 °CHIX 35
SEAERTI R R A, 5HLEZFEEMEL (Lyonsetal, 2006), %ZE4
K& R AT RETE 25 5 Y ILAE 2= T sl A OGS 26 o 1 DX 3
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K3 ARNZ 2R SN PR ZITE 15 min) @80 (B “x” R
W, B “+7 FoRIEHIN, LR “x” FoRAERERD)

Figure 3 Cloud-top brightness temperature from 0000 UTC to 0500 UTC 28 December 2008 with

flashes within 15 mins centered at the time shown on the figure (the white “x”, blue “+”, rose red

“+” and red plus “x’ stand for -CG flashes, +CG flashes and red sprites, respectively)

MR T BB € 1 2 TS IR AT DAt T 25 T e BE AN 7 5% = N O A O 3 E
XHREIR TS DL = DS IRMA, Z T e B, 3 2% PN R R JRE & (Soual
etal.,2009). BIHIHIHTRY], ZXFLEKERSIRATAHECR (RS, R



LGS, =T ERR) O T HE— B U AR &, B 4 45 H T 23:00~ 05:00
UTC 5 % 2z TSR A [FHE R AR R I Ol . FRAT i s & 7R S50,
AR G FE T BB e (R Tk 2 = B2 LA R P34 T iy 100 KR BE N I% 0.8 °C, 44
FHgEgh B UL P38 E 100 KR FE T B 0.6 °C) SR HKH B I 2= T i) R e 1= g
RIEA L b (JAND 0000 UTC ARGk}, IREN-55 CCHTE R R4 12

km.

ME 4 TLLEH, ZTEEALT-55°C (ZTREELE 12 km PL D HHEFE
23:00 UTC FF4f B E 8N FEAE 01:00 UTC iA B H R AH, EHF 02:00 UTC JLF-FR¥F
AR, ZJETHIRTRGE TR tboh, mR=TEE (TSR T-60 °C)
PLAE 00:00 UTC, RIATFRAGMMMIEEKE. 7E00:00UTC ZJ5, =R
F-60 CITHARJLFN 0. KLALE 4h J5 W2 T A8 R, 05:00 UTC (FEESA
ks RO AT 2D 8 B = TS AR B (R T-55°C, = Tm BEAR T 12
km), MBS BT HBN B . ZAE U BT, AP RAFEL AR R K
EAETE BRI EON B, N RS S TR, TSR, SR, Adachi
etal (2005) FIHS % LA = EX H A Hokuriku X 72 A= 21 (84 R 11 42555 F i
B8 R I 0K R OR AR AE 22 TS5 i PRGN B 7 2 1R R R 381 e AR B, T E B R 11
TH B B W BT ALk R o (2, BATISE R S A R AEEIRSE . B
P B R Rt &5 X 2 =20 (R R B 7 R —EL (Lyons et al.,
1996; Soula et al., 2009; ###4%, 2008).
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Figure 4 Evolution of cloud top brightness temperature area of different temperature intervals
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Figure 5 Evolution of Composite radar reflectivity of the sprite-producing thunderstorm
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Figure 6 Areal evolution of different radar reflectivities during the sprite-producing thunderstorm

(the dotted line in the picture shows the occurrence time of the red sprites)
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Figure 7 (a) Overlap of Composite radar reflectivity at 0445 UTC with CG flashes within 15mins centered at the
time shown on the figure (the black plus “+”, blue plus “+”, black “x” and red “x” represent the parent strokes,
sprites, +CG and -CG flashes, respectively, CG1 and CG2 represent two parent strokes, SP1 and SP2 represent two
red sprites, respectively). Fig (b) and (c) represent vertical cross section along line AB (passing through the parent

storkes) and line CD, respectively
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