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Abstract STEVE (Strong Thermal Emission Velocity Enhancement) is a white/mauve optical arc in
the subauroral region ionosphere that reflects the coupling among the ionosphere, magnetosphere, and
thermosphere. A STEVE event on 16 April 2021 is analyzed using multi-instrument observations to in-
vestigate its morphological evolution and energy sources under relatively quiet solar wind and weak sub-
storm conditions. By integrating optical observations from THEMIS all-sky imagers with ionospheric and

magnetospheric measurements from GNSS TEC, the Swarm satellites, AMPERE field-aligned currents,
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NOAA POSE, and the Arase (ERG) spacecraft, we find that this STEVE event lasted for approximate-
ly 1.5 hours and evolved into Picket Fence structures. The STEVE region exhibited typical localized sig-

natures of electron heating, electron density depletion, fast westward ion flow, and downward field-

aligned currents. The elevated westward plasma velocity (about 4 km-sﬁl), together with the unusually

high electron temperatures (about 8000 K during STEVE), suggests that frictional heating associated

with Subauroral Ion Drifts (SAIDs) alone cannot account for the observed thermal enhancement. Magne-

tospheric observations reveal broadband electron energy flux enhancements (dominated by <10 keV elec-

trons), indicating that low-energy electron precipitation likely supplied additional energy to the STEVE

region. This study demonstrates that, even during weak substorm periods, the combined effects of SAID

and low-energy electron precipitation can substantially elevate electron temperatures in the subauroral

ionosphere, thereby facilitating the formation of STEVE and Picket Fence structures.

Key words

Strong Thermal Emission Velocity Enhancement (STEVE), Picket Fence, Subau-

roral Ton Drift (SAID), Ionosphere, Particle precipitation
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E400% 5 35 R STEVE %469 % R

NOAA-18, 15 Apr. 2021

NOAA 18, 16 Apr. 2021

1335

NOAA-15, 16 Apr. 2021

=l

| 189~844 eV (a)
L 00 300

<

i

189~844 ¢V (h)

AA

189~844 ¢V (0)

A i

j

10!

105 1844~2595 eV (b)
;

10°
A

844~2595 eV (i) | 844~2595 eV (p)

A

10!

10° 3595~7980 eV (©)

‘
A A

2595~7980 eV (j) 2595~7980 eV (q)

A _AAA A

10

Electron flux / (cm s "-sr '-eV™")

10° >7980 eV (d)

/J,U

>7980 eV (k) >7980 eV (r)

UL

10

40~ 130 keV (e)

5
10 0° 90°

2

40~ 40~130 keV (s)

T, ]
o 3 1 1
510 PN W~ e 7 «/ NI A mehhmuvww %A*m,v
= 1 1 -
5 108 130~287 keV' (D : 130~287 keV (m) L 130~287keV (1)
E T ]
g 10 ! : St v
3 A= A AWMLY ] 7 zai WV A A A AV AR DV EPRNTN VRV -
@ 10 : : :
105 1287~612 keV () 287~612 keV (n) | 287-612keV (u)
10 frf eyt S e
1o ‘ ‘ !
00 30 00 0 30 00 00 30 00 30 00 30 00 00 30 00 30 00 30 00
UT  06:00 06:01 06:02 06:03 04:42 04:43 04:44 04:45 06:10 06:13

6:11 06:1
Mlat—65.69-64.47 —63.21 —61.92 —60.60 —59.25-57.8958.00 59.40 60.78 62.15 63.48 64.79 66.06-64.39-63.28 —62.12 —60.92 5969 —58.44-57.15

PNTE=

Kl 7 NOAA 15 fl NOAA 18 TR T
(h)~(n) STEVE H{FRTHULINEAE, (0)~
Fig. 7

(h)

NOAA-18, 15 Apr. 2021

HE &l =

HHAE. ()~

(g) NOAA 18 TLRTESH H BN A,

(u) STEVE SH/F#I NOAA 15 (WL &t

Electron energy flux from NOAA 15 and 18. (a)~
~(n) NOAA 18 observations before the STEVE event, and (o)

NOAA-18, 16 Apr. 2021

(g) NOAA-18 observations on the refence day,
~(u) NOAA 15 during the STEVE event

NOAA-15, 16 Apr. 2021

=)

150~1000 eV (a)
0° 30°

\

'
0\

50~1000 eV (c) 50~1000 eV (e)

MV AT

\

W

1~20 KeV (b)

(mW-m2-sr')
= =)

<

Integrated energy flux /

104

)}

1~20 keV (d) 1~20 keV (f)

\ \

10
30

00 00 0 00 00 30 00
UT  06:00 06:01 06:02 06:03 04:42 04:43

30

=3
S
w
S
=3
S
whiig o pa Lt gl
S

00 00 00 0 00
04:44 04:45 06:10 06:11 06:12 06:13

]

Fig. 8

Mlat —65

NOAA 15 fil NOAA 18 DA FRUME R B HE. (a)(b) NOAA 18 TLAEFES % H BYNLIMEE,
(¢)(d) STEVE FHAFRTHIWLINIEIE, (e)(f) STEVE FHWH NOAA 15 fMLIMI4 s

Integrated electron energy flux from NOAA 15 and 18. (a)(b) NOAA-18 observations on the refence day,

(c)(d) NOAA 18 observations before the STEVE event, and (e)(f) NOAA 15 during the STEVE event

.69-64.47 —63.21 —61.92 —60.60 —59.25-57.8958.00 59.40 60.78 62.15 63.48 64.79 66.06—64.39-63.28 —62.12 —60.92 —59.69 —58.44-57.15

AU STEVE FAFRHE, WG FREF S . %
JERER R P A B T (SAID) . LUK 560 Xt
N X R AT R, 3 — 2k T STEVE 5
SAID Ayl B5 /R SAID 5| At lf fi B8 88 g m]
4 STEVE #2438 5r e & LK STEVE FFLER A 45
K, Wﬁ%ﬂﬁﬁfw’iﬁﬂiﬁﬁﬁﬁﬁuﬁnﬂz, Ho e o

R JF th B0 52 3 MG % ) B S R Picket
Fence ?.ﬂ"] 1E Picket Fence 42K 5, 155% B A5]
5 STEVE $85F. Swarm TV 15 () By iR BE
{55 ] Mg 3 (58 STEVE B} 24 8000 K, Picket Fence

WAl I 20000 K). R, BEAEAE 2 4 kmes '
(1) SAID, 78 RERCHR I 25 1 T, (AR S FBE 482 fin FAwfe
DA RS B ) w8 ik, W s FLAEAE RS 1Y R R TR
K H NOAA POSE fll Arase (ERG) TLA BRzF S
7R, 78 STEVE 455 B Bt (06:10 UT LUJ5) fikHEH
T (FZE R <10 keV) REIH & D F W00, RIAMLZRER
Al 8 R T U (R AKAE R T) 1 STEVE
DB A IARE. RGOk, T8 Mg s 4R 3h i 3
SAID 5EJAKRE IR S VE I RERS W 2 4
ML EH IR, A e iy STEVE, [R B2



1336

Chin. J. Space Sci. =RAFFIR 2026, 46(5)

Arase (ERG), 16 Apr. 2021

10°
2500
2000 102
1500 10!
1000 4 ~
500 >
>
T 2 2000 10° 2
S5 3
5 1500 10> #
£ £ 1000 k
Lo 10"
E S 500f g
E £ 8
S8 =
[} 7%
80 106 E
60 105
40 104
20 0
El > 10° %
g S8 15 Tx..
QK 104 _‘f’
=2 10 A
5 <
I g s 5
g 2 5k 10° 'g
E £ E
o 2 . ! | 1 ! Np—— <
o
Lat 58.04 57.73 57.37 56.93 56.38 55.72 54.91 53.87 E
Lon —87.74 —89.29 —-90.80 -92.25 -93.59 -9480 -95.8 —96.47 =
UT 05:30 05:50 06:10 06:30 06:50 07:10 07:30 07:50
9 STEVE FF#iE1R H Arase (ERG) DA HE TREE MR
Fig. 9 Electron energy flux from Arase (ERG) during the STEVE event

STEVE [1] Picket Fence 45#784k.

= e W NI YN END ik /R 8
HZEMR  FrAEE SRR 2R 2.

S Xk

(1]

2]

B3]

(4]

(5]

(6]

ARCHER W E, MAURICE J P, GALLARDO-LACOURT
B, et al. The vertical distribution of the optical emissions
of a Steve and picket fence event[J]. Geophysical Research
Letters, 2019, 46(19): 10719-10725
GALLARDO-LACOURT B, LIANG J, NISHIMURA Y, et
al. On the origin of STEVE: particle precipitation or Iono-
spheric Skyglow?[J]. Geophysical Research Letters, 2018,
45(16): 7968-7973

GALLARDO-LACOURT B, NISHIMURA Y, DONOVAN
E, et al. A statistical analysis of STEVE[J]. Journal of
Geophysical Research: Space Physics, 2018, 123(11): 9893-
9905

NISHIMURA Y, DYER A, KANGAS L, et al. Unsolved
problems in Strong Thermal Emission Velocity Enhance-
ment (STEVE) and the picket fence[J]. Frontiers in Astro-
nomy and Space Sciences, 2023, 10: 1087974
MACDONALD E A, DONOVAN E, NISHIMURA Y, et
al. New science in plain sight: citizen scientists lead to the
discovery of optical structure in the upper atmosphere[J].
Science Advances, 2018, 4(3): eaaq0030

NISHIMURA Y, DONOVAN E F, ANGELOPOULOS V,
et al. Dynamics of auroral precipitation boundaries associ-

(7]

(10]

(1]

(12]

ated with STEVE and SAID(J]. Journal of Geophysical Re-
search: Space Physics, 2020, 125(8): €2020JA028067
ARCHER W E, GALLARDO-LACOURT B, PERRY G
W, et al. Steve: the optical signature of intense subauroral
ion drifts[J]. Geophysical Research Letters, 2019, 46(12):
6279-6286

NISHIMURA Y, GALLARDO-LACOURT B, ZOU Y, et
al. Magnetospheric signatures of STEVE: implications for
the magnetospheric energy source and interhemispheric
conjugacy(J]. Geophysical Research Letters, 2019, 46(11):
5637-5644

ANDERSON P C, HANSON W B, HEELIS R A, et al. A
proposed production model of rapid subauroral ion drifts
and their relationship to substorm evolution[J]. Journal of
Geophysical Research: Space Physics, 1993, 98(A4): 6069-
6078

LIANG J, ST-MAURICE J P, DONOVAN E. A time-de-
pendent two-dimensional model simulation of lower iono-
spheric variations under intense SAID[J]. Journal of Geo-
physical — Research:  Space  Physics, 2021, 126(12):
€2021JA029756

LIU J, WANG W B, OPPENHEIM M, et al. Anomalous
electron heating effects on the E region ionosphere in
TIEGCM[J]. Geophysical Research Letters, 2016, 43(6):
2351-2358

CHU X N, MALASPINA D, GALLARDO-LACOURT B,
et al. Identifying STEVE’s magnetospheric driver using
conjugate observations in the magnetosphere and on the
ground[J]. Geophysical Research Letters, 2019, 46(22):
12665-12674


https://doi.org/10.1029/2019GL084473
https://doi.org/10.1029/2019GL084473
https://doi.org/10.1029/2018GL078509
https://doi.org/10.1029/2018JA025368
https://doi.org/10.1029/2018JA025368
https://doi.org/10.1029/2018JA025368
https://doi.org/10.1029/2018JA025368
https://doi.org/10.1029/2018JA025368
https://doi.org/10.3389/fspas.2023.1087974
https://doi.org/10.3389/fspas.2023.1087974
https://doi.org/10.3389/fspas.2023.1087974
https://doi.org/10.1126/sciadv.aaq0030
https://doi.org/10.1029/2020JA028067
https://doi.org/10.1029/2020JA028067
https://doi.org/10.1029/2020JA028067
https://doi.org/10.1029/2020JA028067
https://doi.org/10.1029/2020JA028067
https://doi.org/10.1029/2020JA028067
https://doi.org/10.1029/2019GL082687
https://doi.org/10.1029/2019GL082460
https://doi.org/10.1029/92JA01975
https://doi.org/10.1029/92JA01975
https://doi.org/10.1029/92JA01975
https://doi.org/10.1029/92JA01975
https://doi.org/10.1029/92JA01975
https://doi.org/10.1029/2021JA029756
https://doi.org/10.1029/2021JA029756
https://doi.org/10.1029/2021JA029756
https://doi.org/10.1029/2021JA029756
https://doi.org/10.1029/2021JA029756
https://doi.org/10.1029/2021JA029756
https://doi.org/10.1002/2016GL068010
https://doi.org/10.1029/2019GL082789

I 5 3538 STEVE /%248 % R

(13]

[14]

(15]

[16]

(17]

[18]

(19]

[20]

[21]

22]

23]

(24]

[25]

[26]

27]

GASQUE L C, JANALIZADEH R, HARDING B J, et al.
It’s not easy being green: kinetic modeling of the emission
spectrum observed in STEVE’s picket fence[J]. Geophysic-
al Research Letters, 2023, 50(21): ¢2023GL106073
GALLARDO-LACOURT B, NISHIMURA Y, KEPKO L,
et al. Unexpected STEVE Observations at high latitude
during quiet geomagnetic conditions[J]. Geophysical Re-
search Letters, 2024, 51(19): e2024GL110568

NISHIMURA Y, GALLARDO-LACOURT B, DONOVAN
E F, et al. Auroral and magnetotail dynamics during quiet-
time STEVE and SAID[J]. Journal of Geophysical Re-
search: Space Physics, 2024, 129(11): ¢2024JA032941
MENDE S B, HARRIS S E, FREY H U, et al. The
THEMIS array of ground-based observatories for the study
of Auroral Substorms[J]. Space Science Reviews, 2008,
141(1/2/3/4): 357-387

DONOVAN E, MENDE S, JACKEL B, The
THEMIS all-sky imaging array—system design and initial

et al

results from the prototype imager[J]. Journal of Atmo-
spheric and Solar-Terrestrial Physics, 2006, 68(13): 1472-
1487

LIANG J, DONOVAN E, JACKEL B, et al. On the 630
nm red-line pulsating aurora: red-line emission geospace ob-
servatory observations and model simulations[J]. Journal of
Geophysical Research: Space Physics, 2016, 121(8): T988-
8012

RIDEOUT W, COSTER A. Automated GPS processing for
global total electron content data[J]. GPS Solutions, 2006,
10(3): 219-228

OLSEN N, FRIIS-CHRISTENSEN E, FLOBERGHAGEN
R, et al. The swarm Satellite Constellation Application and
Research Facility (SCARF) and swarm data products[J].
Earth, Planets and Space, 2013, 65(11): 1189-1200

KNIPP D J, MATSUO T, KILCOMMONS L, et al. Com-
parison of magnetic perturbation data from LEO satellite
constellations: statistics of DMSP and AMPERE[J]. Space
Weather, 2014, 12(1): 2-23

KORTH H, ANDERSON B J, WATERS C L. Statistical
analysis of the dependence of large-scale Birkeland cur-
rents on solar wind parameters[J]. Annales Geophysicae,
2010, 28(2): 515-530

EVANS D S, GREER M S. Polar Orbiting Environmental
Satellite Space Environment Monitor - 2 : Instrument De-
scriptions and Archive Data Documentation[EB/OL].
(2000)

MIYOSHI Y, SHINOHARA I, TAKASHIMA T, et al. Geo-
space exploration project ERG[J]. Earth, Planets and
Space, 2018, 70(1): 101

HIGASHIO N, TAKASHIMA T, SHINOHARA I, et al.
The extremely high-energy electron experiment (XEP) on-
board the Arase (ERG) satellite[J]. Earth, Planets and
Space, 2018, 70(1): 134

MITANI T, TAKASHIMA T, KASAHARA S, et al. High-
energy electron experiments (HEP) aboard the ERG
(Arase) satellite[J]. Earth, Planets and Space, 2018, 70(1):
7

KASAHARA S, YOKOTA S, MITANI T, et al. Medium-
energy particle experiments—electron analyzer (MEP-e) for
the exploration of energization and radiation in geospace

(28]

[29]

(30]

(31]

(32]

33]

(34]

(35]

(36]

1337

(ERG) mission[J]. Earth, Planets and Space, 2018, 70(1):
69

ASAMURA K, KAZAMA Y, YOKOTA S, et al. Low-En-
ergy Particle experiments—ion mass analyzer (LEPi)
board the ERG (Arase) satellite[J]. Earth, Planets and
Space, 2018, 70(1): 70

MOFFETT R J, QUEGAN S. The mid-latitude trough in
the electron concentration of the ionospheric F-layer: a re-

on-

view of observations and modelling[J]. Journal of Atmo-
spheric and Terrestrial Physics, 1983, 45(5): 315-343
FOSTER J C, VO H B. Average characteristics and activ-
ity dependence of the subauroral polarization stream[J].
Journal of Geophysical Research: Space Physics, 2002,
107(A12): STA 16-1-SIA 16-10

KNUDSEN D J, BURCHILL J K, BUCHERT S C, et al
Thermal ion imagers and Langmuir probes in the Swarm
electric field instruments[J]. Journal of Geophysical Re-
search: Space Physics, 2017, 122(2): 2655-2673

TAKAGI Y, SHIOKAWA K, OTSUKA Y, et al. Statistic-
al analysis of SAR ARC detachment from the main oval
based on 11- Year, All- Sky Imaging observation at Ath-
abasca, CanadalJ]. Geophysical Research Letters, 2018,
45(21): 11539-11546

MOFFETT R J, ENNIS A E, BAILEY G J, et al. Elec-
tron temperatures during rapid subauroral ion drift
events[J]. Annales Geophysicae, 1998, 16(4): 450-459
WANG W B, TALAAT E R, BURNS A G, et al. Thermo-
sphere and ionosphere response to Subauroral Polarization
Streams (SAPS): Model simulations[J]. Journal of Geophys-
ical Research: Space Physics, 2012, 117(A7): A07301

LIU J, WANG W B, BURNS A, et al. Relative import-
ance of horizontal and vertical transports to the formation
of ionospheric storm-enhanced density and polar tongue of
ionization[J]. Journal of Geophysical Research: Space Phys-
ics, 2016, 121(8): 8121-8133

LI S H, LIU J, WANG W B, et al. Impacts of subauroral
polarization streams on Storm-Enhanced density plume
and consequently on polar tongue of ionization[J]. Earth
and Space Science, 2023, 10(9): e2023EA002827

EE RN

EFEE H, 2005 F 3 AHAETINAR
AT, BN LA ] S T 5 T B
YIRE. HET S S Ay =
[ FREARSCOTIE AR, BT 5 Wl L3 AR
DXL 1 )2 T LI 580 AT % 2 1) 45 1 7
PR RS
E-mail: wangjinghan0101@163.com

=R BEEMESE) 9, 19894
11 A WA T FHT AN, BN IR K
25 (B G AR E B W BRI ST B, AR AR S
Ui, FEERF G710 R ARG X L 2 | L
EHE R T8 e b 4

E-mail: lishuhan@sdu.edu.cn


https://doi.org/10.1029/2023GL106073
https://doi.org/10.1029/2023GL106073
https://doi.org/10.1029/2024GL110568
https://doi.org/10.1029/2024GL110568
https://doi.org/10.1029/2024GL110568
https://doi.org/10.1029/2024JA032941
https://doi.org/10.1029/2024JA032941
https://doi.org/10.1029/2024JA032941
https://doi.org/10.1029/2024JA032941
https://doi.org/10.1029/2024JA032941
https://doi.org/10.1029/2024JA032941
https://doi.org/10.1016/j.jastp.2005.03.027
https://doi.org/10.1016/j.jastp.2005.03.027
https://doi.org/10.1016/j.jastp.2005.03.027
https://doi.org/10.1016/j.jastp.2005.03.027
https://doi.org/10.1016/j.jastp.2005.03.027
https://doi.org/10.1002/2016JA022901
https://doi.org/10.1002/2016JA022901
https://doi.org/10.1002/2016JA022901
https://doi.org/10.1002/2016JA022901
https://doi.org/10.1002/2016JA022901
https://doi.org/10.1007/s10291-006-0029-5
https://doi.org/10.5047/eps.2013.07.001
https://doi.org/10.1002/2013SW000987
https://doi.org/10.1002/2013SW000987
https://doi.org/10.5194/angeo-28-515-2010
https://doi.org/10.1186/s40623-018-0862-0
https://doi.org/10.1186/s40623-018-0862-0
https://doi.org/10.1186/s40623-018-0901-x
https://doi.org/10.1186/s40623-018-0901-x
https://doi.org/10.1186/s40623-018-0853-1
https://doi.org/10.1186/s40623-018-0847-z
https://doi.org/10.1186/s40623-018-0846-0
https://doi.org/10.1186/s40623-018-0846-0
https://doi.org/10.1016/S0021-9169(83)80038-5
https://doi.org/10.1016/S0021-9169(83)80038-5
https://doi.org/10.1016/S0021-9169(83)80038-5
https://doi.org/10.1002/2016JA022571
https://doi.org/10.1002/2016JA022571
https://doi.org/10.1002/2016JA022571
https://doi.org/10.1002/2016JA022571
https://doi.org/10.1002/2016JA022571
https://doi.org/10.1002/2016JA022571
https://doi.org/10.1029/2018gl079615
https://doi.org/10.1007/s00585-998-0450-x
https://doi.org/10.1002/2016JA022882
https://doi.org/10.1002/2016JA022882
https://doi.org/10.1002/2016JA022882
https://doi.org/10.1002/2016JA022882
https://doi.org/10.1002/2016JA022882
https://doi.org/10.1002/2016JA022882
https://doi.org/10.1029/2023EA002827
https://doi.org/10.1029/2023EA002827
mailto:wangjinghan0101@163.com
mailto:lishuhan@sdu.edu.cn

	0 引言
	1 研究方法
	2 观测结果
	3 分析讨论
	4 结论
	医学伦理
	利益冲突
	参考文献

