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Introduction
This document encloses supplementary figures for the manuscript “Miniature

Dungey-like cycle at Mars.”
More detailed MAVEN observations. Supplementary Fig. S1 shows more

detailed information for the case study (Event 2) in the main article. Particularly, the
calculation of Br relies on the estimation of the unperturbed intrinsic crustal magnetic
fields Bc. As this study focuses on some of the strongest crustal fields at Mars that
are well captured by crustal field models, we use the adjusted modeled crustal field
[1] as the baseline to be subtracted from the observed magnetic fields Bobs to obtain
Br. Bobs is the 32-Hz magnetic field measurements, which are then smoothed over 8
data points (0.25 s) to remove shorter time-scale variations.

Calculation of magnetic perturbation Br. To capture small-scale magnetic
perturbations caused by FACs, adjustments to the modeled crustal field are needed
to remove the possible (spatially) large-scale induced magnetic fields from the inter-
action between Mars and the solar wind. We first obtain linear fits between the
observed and modeled magnetic fields for each vector component within 5 minutes
bracketing the time of interest, which are shown in Supplementary Fig. S2. The fitting
results have a slope of 0.9–1 and mainly an offset, which implies there is a large-
scale (almost) uniform background added to the crustal fields, likely rising from the
Sun-Mars interaction.

We then recalculate and adjust the “modeled” fields (B′c, dashed lines in Sup-
plementary Fig. S1a) using these linear fits to capture the smooth variation of the
observed magnetic fields, which include both the crustal fields and the large-scale
induced magnetic fields. We illustrate the comparison of the observed and adjusted
modeled field component in the east-west direction in Supplementary Fig. S1b to bet-
ter highlight the main magnetic perturbation. The difference between the observed
and adjusted “modeled” fields Br = Bobs−B′c (Supplementary Fig. S1c) reflects the
perturbations from currents. Indeed, the calculated Br is mostly zero except in the
vicinity of accelerated electrons.

Calculation of the current density from magnetic perturbation jb//. By
assuming a field-aligned current sheet along the east-west direction and the spacecraft
moving mainly from north to south, we can derive the current density mainly in the

2
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Supplementary Fig. S1 More detailed MAVEN observations on 25 February 2017. Time
series of (a) measured (solid) and modeled (dashed) magnetic field vectors in the local horizontal
plane, (b) measured (solid) and adjusted modeled (dashed) magnetic field in the east-west direction,
(c) magnetic residual Br in the local horizontal plane, (d) spacecraft movement dL in the local
horizontal plane, (e) field-aligned current density j// estimated from magnetic pertubation Br

EW

(blue) and superthermal electron fluxes (orange), (f) the uncertainty in the calculated jb
//

(blue)

and je
//

(orange), (g) normalized electron pitch angle distributions (unitless) at 111-141 eV by the

averaged energy flux of each measurement, (h) superthermal electron energy spectra, (i) the flow
velocity of O2

+ (VO2
+ ; solid) and O+ (VO+ ; dashed), (j) the uncertainty in VO2

+ (solid) and

VO+ (dashed), the angular distribution of ions in the instrument (k) φ (anodes) and (l) θ (deflection)
directions. Panels (h), (k), and (l) show differential energy flux in units of eV cm−2sr−1s−1eV −1.
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Supplementary Fig. S2 Linear fits between the observed magnetic fields and the mod-
eled crustal fields (Event 2). Three panels show the observed magnetic fields vs the modeled
crustal fields [1] as crosses for the (a) radial, (b) north-south, and (c) east-west components, respec-
tively, all transformed to the local plane. The orange line in each panel is the linear fit between the
observed and modeled magnetic fields, with the fit function listed in the upper left corner.

radial direction jr:

jr =
1

µ0

∆Br
EW

dLNS
(1)

where ∆Br
EW = Br

EW [t]−Br
EW [t−1] is the difference in Br

EW between two time steps
and dLNS=LNS [t]− LNS [t− 1] is the spacecraft motion in the north-south direction
LNS between two time steps. Then the field-aligned component of the current jb//,
FAC, is calculated as

jb// = jr · |br| (2)

where |br| is the absolute value of the radial component of the unit vector of the
measured magnetic field. The absolute value of br is used so that the sign of FAC
refers to upward (jb// > 0) or downward (jb// < 0) FAC with respect to the local plane,

rather than the local magnetic field. The calculated jb// is shown as the blue line in
Supplementary Fig. S1e with its uncertainty shown as the blue line in Supplementary
Fig. S1f. The uncertainty in jb// is calculated using the uncertainty in the measured

4



185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230

magnetic field ∆B for each magnetic field component, where ∆B/|B| = 0.5% for
|B| > 20 nT and ∆B = 0.1 nT for |B| < 20 nT.

Calculation of the current density from electrons je//. The electron current
density je// is calculated from MAVEN SWEA measurements as:

je// = −e
∫∫

f [E, θ] sin θ cos θ2π dE dθ (3)

where f [E, θ] is the electron differential number flux in the unit of cm−2s−1sr−1eV −1,
E is electron energy, and e is the elementary charge. θ is the adjusted pitch angle,
the angle between electron velocity and −|br|, so that θ < 90◦ refers to downgoing
electrons and θ > 90◦ upgoing electrons. This is to have the sign of je// also refer

to upward or downward FAC to be consistent with jb//. The integration of energy
excludes electrons below 20 eV, as these electrons may include secondary electrons
produced by precipitating electrons impacting the atmosphere and interior surfaces of
the electron instrument. To accurately remove secondary electrons produced within
the instrument at different angular bins is very difficult. The calculated je// is shown
as the orange line in Supplementary Fig. S1e with its uncertainty shown as the orange
line in Supplementary Fig. S1f. The uncertainty in je// is calculated using the uncer-
tainty in the measured electron flux, comprised of the counting statistic uncertainty,
10% uncertainty in the angular calibration, and 10% uncertainty in the absolute flux
(mostly dominated by the last two terms).

Calculation of flow velocities of O2
+ and O+. The flow velocities for O2

+

(VO2
+ ; solid) and O+ (VO+ ; dashed) are derived from the MAVEN STATIC d1 data

product (d0 used if d1 unavailable) and are corrected for the spacecraft velocity and
spacecraft potential. The ion distributions are mostly broad in angular distributions,
as shown in Supplementary Figs.Supplementary Fig. S1k and S1l, and clear deflections
from the ram direction are observed in the instrument φ direction (Supplementary
Fig. S1k). In other words, the STATIC instrument measures the majority of the ion
distributions for this case study, and, thus, these measurements are appropriate to
derive the ion bulk velocities. We have visually checked the ion angular distributions
for other events to ensure that the calculation of the ion bulk velocity is appropri-
ate. The uncertainty in the ion bulk velocity is mainly from the counting statistical
uncertainty, which is included as error bars in Supplementary Fig. S1i and is shown
in Supplementary Fig. S1j.

Zoomed-in views of MAVEN observations on 25 February 2017. Supple-
mentary Figs. S3 and S4 show the zoomed-in views of the MAVEN observations for
the two time periods of electron acceleration, respectively. Both figures show some
rapid variations in the magnetic perturbation (Supplementary Fig. S3c) and thus the
calculated jb// (Supplementary Fig. S3e).

Additional case examples of MAVEN observations. Supplementary Fig. S5
to Supplementary Fig. S10 show the additional case examples of the MAVEN obser-
vations, in the same format as Supplementary Fig. S1. The dashed lines show the time
intervals that are plotted in Fig. 4 in the main article.
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Supplementary Fig. S3 A zoomed-in view of MAVEN observations at 22:18 UT on 25
February 2017. A zoomed-in view of MAVEN observations at around 22:18 UT with the same
format as Supplementary Fig. S1. 6
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Supplementary Fig. S4 A zoomed-in view of MAVEN observations at 22:21 UT on 25
February 2017. A zoomed-in view of MAVEN observations at 22:21 UT with the same format as
Supplementary Fig. S1. 7
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Supplementary Fig. S5 Additional MAVEN observations at 22 UT on 21 August 2016
(Event 1). Additional MAVEN observations at 22 UT on 21 August 2016 with the same format as
Supplementary Fig. S1. The dashed lines show the time intervals that are plotted in Supplementary
Fig.Figure 4 in the main article. 8
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Supplementary Fig. S6 Additional MAVEN observations at 19 UT on 13 January 2018
(Event 3). Additional MAVEN observations at 19 UT on 13 January 2018 with the same format as
Supplementary Fig. S1. The dashed lines show the time intervals that are plotted in Supplementary
Fig.Figure 4 in the main article. 9



415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460

    

-100
-50

0
50

100
150

B
L

o
c
a

l [
n

T
]

  Br

  BNS

  BEW

  Br

  BNS

  BEW

    

-30-20
-10

0
10
20
30

B
E

W
 [
n

T
]

  

  

    

-5
0

5

10
15

B
r  [

n
T

]

  Br
r

  Br
NS

  Br
EW

    

-0.1
0.0
0.1
0.2

d
L

 [
k
m

]

  dLr

  dLNS

  dLEW

    

-2.0-1.5
-1.0
-0.5
0.0
0.5
1.0

j //
 [
u

A
/m

2
]

  Br

  STE

    

0.0

0.2

0.4

0.6

j //
 u

n
c
e

rt
a

in
ty

[u
A

/m
2
]

  Br

  STE

    

0

90

180

S
W

E
A

 P
A

D
(1

1
1

-1
4

0
 e

V
)

[d
e

g
]

    

0

90

180

0

1

2

N
o

rm
. 
F

lu
x

    

10

100

1000

E
n

e
rg

y
[e

V
]

    

10

100

1000

105
106
107
108

E
n

e
rg

y
 F

lu
x

    

-2
0

2

4
6

V
IO

N
 

[k
m

/s
]

  VEW

  VNS

  Vr

  VEW

  VNS

  Vr

    

-6
-4

-2

0
2

V
IO

N
U

n
c
e

rt
a

in
ty

[k
m

/s
]

  dVEW

  dVNS

  dVr

  dVEW

  dVNS

  dVr

    

-100

0

100

S
T

A
 c

a
P

h
i 
[d

e
g

]

    

-100

0

100

104105
106
107
108109

E
n

e
rg

y
 F

lu
x

446.9
97.4
19.5
-58.6
156.0
1205

396.0
100.1
19.7
-55.6
158.8
1206

348.7
103.0
19.9
-52.4
161.2
1207

305.3
105.8
20.1
-49.1
163.3
1208

-40
-20

0
20
40

S
T

A
 c

8
T

h
e

ta
 [
d

e
g

]

446.9
97.4
19.5
-58.6
156.0
1205

396.0
100.1
19.7
-55.6
158.8
1206

348.7
103.0
19.9
-52.4
161.2
1207

305.3
105.8
20.1
-49.1
163.3
1208

-40
-20

0
20
40

446.9
97.4
19.5
-58.6
156.0
1205

396.0
100.1
19.7
-55.6
158.8
1206

348.7
103.0
19.9
-52.4
161.2
1207

305.3
105.8
20.1
-49.1
163.3
1208

-40
-20

0
20
40

446.9
97.4
19.5
-58.6
156.0
1205

396.0
100.1
19.7
-55.6
158.8
1206

348.7
103.0
19.9
-52.4
161.2
1207

305.3
105.8
20.1
-49.1
163.3
1208

-40
-20

0
20
40

446.9
97.4
19.5
-58.6
156.0
1205

396.0
100.1
19.7
-55.6
158.8
1206

348.7
103.0
19.9
-52.4
161.2
1207

305.3
105.8
20.1
-49.1
163.3
1208

-40
-20

0
20
40

446.9
97.4
19.5
-58.6
156.0
1205

396.0
100.1
19.7
-55.6
158.8
1206

348.7
103.0
19.9
-52.4
161.2
1207

305.3
105.8
20.1
-49.1
163.3
1208

-40
-20

0
20
40

104105
106
107
108109

E
n

e
rg

y
 F

lu
x

Alt (km)
SZA (deg)
LST (hrs)
Lat. (deg)
Long. (deg)
hhmm
2019 Feb 27 

MAVEN
Model
MAVEN
Model

MAVEN
Model
MAVEN
Model

O2+
O+
O2+
O+

O2+
O+
O2+
O+

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

Supplementary Fig. S7 Additional MAVEN observations at 12 UT on 27 February 2019
(Event 4). Additional MAVEN observations at 12 UT on 27 February 2019 with the same format as
Supplementary Fig. S1. The dashed lines show the time intervals that are plotted in Supplementary
Fig.Figure 4 in the main article. 10
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Supplementary Fig. S8 Additional MAVEN observations at 11 UT on 3 March 2019
(Event 5). Additional MAVEN observations at 11 UT on 3 March 2019 with the same format as
Supplementary Fig. S1. The dashed lines show the time intervals that are plotted in Figure 4 in the
main article. 11
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Supplementary Fig. S9 Additional MAVEN observations at 18 UT on 10 March 2019
(Event 6). Additional MAVEN observations at 18 UT on 10 March 2019 with the same format as
Supplementary Fig. S1. The dashed lines show the time intervals that are plotted in Figure 4 in the
main article. 12
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Supplementary Fig. S10 Additional MAVEN observations at 20 UT on 2 November
2021 (Event 7). Additional MAVEN observations at 20 UT on 2 November 2021 with the same
format as Supplementary Fig. S1. The dashed lines show the time intervals that are plotted in Figure
4 in the main article. 13
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