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1. Figures S1 to S12

Introduction

This Supporting Information contains 12 additional figures that supplement the figures

included in the main body of the paper. Figures S1–S3 show the densities measured on

the CHAMP satellite during the geomagnetic storm that occurred on 20–21 November

2003, while Figures S4–S6 show the measurements taken on GRACE A during the same

event. Figures S7–S9 show the densities measured on the CHAMP satellite during the

December 28, 2022, 4:25pm
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geomagnetic storm that occurred on 29–30 October 2003, and Figures S10–S12 show the

measurements taken on GRACE A during this same event. In all graphs the density are

graphed along the orbit path of the satellite, with this path superposed over contours

of electric potentials from the W05 model, which used measured solar wind velocity and

interplanetary magnetic field values for input. The blue circle marks the outer boundary,

where potentials are zero. Minimum and maximum values of the electric potentials are

indicated in the lower left and right corners of each map, with their locations indicated

with the diamond and plus symbols, respectively. These data are graphed in corrected

geomagnetic apex coordinates. The date and time labels over each map indicate when

the satellite reached the highest latitude (or largest absolute value in the southern hemi-

sphere), with the northern or southern hemisphere indicated next to the time. Ionospheric

plasma in the ionosphere follows the contour lines, moving from noon to midnight at the

center, and flowing in a sunward direction at lower latitudes. Figure S1 is the same as

Figure 8 in the paper.

December 28, 2022, 4:25pm
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 20 Nov 07:03 UT, North

-58 kV 46 kV

 20 Nov 07:50 UT, South

-48 kV 45 kV

 20 Nov 08:36 UT, North

-78 kV 53 kV

 20 Nov 09:24 UT, South

-75 kV 79 kV
 20 Nov 10:09 UT, North

-83 kV 55 kV

 20 Nov 10:58 UT, South

-32 kV 80 kV

 20 Nov 11:42 UT, North

-110 kV 73 kV

 20 Nov 12:31 UT, South

-102 kV 129 kV
 20 Nov 13:15 UT, North

-132 kV 87 kV

 20 Nov 14:04 UT, South

-116 kV 138 kV

 20 Nov 14:48 UT, North

-162 kV 128 kV

 20 Nov 15:37 UT, South

-150 kV 152 kV
 20 Nov 16:21 UT, North

-156 kV 129 kV

 20 Nov 17:08 UT, South

-148 kV 126 kV

 20 Nov 17:53 UT, North

-139 kV 125 kV

 20 Nov 18:40 UT, South

-133 kV 91 kV

-152-136 -120-104 -88 -72 -56 -40 -24 -8  8  24  40  56  72  88  104 120  136 152

-11.7 -11.6 -11.5 -11.4 -11.3 -11.2 -11.1 -11.0 -10.9 -10.8 -10.7

Electric Potentials With Measured Neutral Densities On CHAMP, Nov 2003

Electric Potential (kV)

Log10 Density (kg/m3)

Figure S1. CHAMP density values superposed over electric potentials during the 20–21

November 2003 geomagnetic storm. Part 1 of 3.

December 28, 2022, 4:25pm
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 20 Nov 19:25 UT, North

-108 kV 110 kV

 20 Nov 20:10 UT, South

-107 kV 64 kV

 20 Nov 20:56 UT, North

-90 kV 94 kV

 20 Nov 21:41 UT, South

-107 kV 66 kV
 20 Nov 22:28 UT, North

-80 kV 87 kV

 20 Nov 23:12 UT, South

-96 kV 54 kV

 21 Nov 00:00 UT, North

-79 kV 83 kV

 21 Nov 00:43 UT, South

-82 kV 39 kV
 21 Nov 01:32 UT, North

-26 kV 26 kV

 21 Nov 02:15 UT, South

-25 kV 9 kV

 21 Nov 03:04 UT, North

-18 kV 17 kV

 21 Nov 03:48 UT, South

-30 kV 40 kV
 21 Nov 04:36 UT, North

-52 kV 36 kV

 21 Nov 05:21 UT, South

-43 kV 42 kV

 21 Nov 06:08 UT, North

-55 kV 40 kV

 21 Nov 06:55 UT, South

-61 kV 40 kV

-152-136 -120-104 -88 -72 -56 -40 -24 -8  8  24  40  56  72  88  104 120  136 152

-11.7 -11.6 -11.5 -11.4 -11.3 -11.2 -11.1 -11.0 -10.9 -10.8 -10.7

Electric Potentials With Measured Neutral Densities On CHAMP, Nov 2003

Electric Potential (kV)

Log10 Density (kg/m3)

Figure S2. CHAMP density values superposed over electric potentials during the 20–21

November 2003 geomagnetic storm. Part 2 of 3.

December 28, 2022, 4:25pm
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 21 Nov 06:08 UT, North

-55 kV 40 kV

 21 Nov 06:55 UT, South

-61 kV 40 kV

 21 Nov 07:41 UT, North

-57 kV 48 kV

 21 Nov 08:29 UT, South

-52 kV 33 kV
 21 Nov 09:14 UT, North

-43 kV 36 kV

 21 Nov 10:03 UT, South

-51 kV 27 kV

 21 Nov 10:47 UT, North

-30 kV 25 kV

 21 Nov 11:36 UT, South

-33 kV 16 kV
 21 Nov 12:20 UT, North

-36 kV 30 kV

 21 Nov 13:09 UT, South

-43 kV 27 kV

 21 Nov 13:53 UT, North

-26 kV 22 kV

 21 Nov 14:42 UT, South

-40 kV 26 kV
 21 Nov 15:26 UT, North

-48 kV 46 kV

 21 Nov 16:14 UT, South

-57 kV 43 kV

 21 Nov 16:59 UT, North

-47 kV 44 kV

 21 Nov 17:46 UT, South

-50 kV 35 kV

-152-136 -120-104 -88 -72 -56 -40 -24 -8  8  24  40  56  72  88  104 120  136 152

-11.7 -11.6 -11.5 -11.4 -11.3 -11.2 -11.1 -11.0 -10.9 -10.8 -10.7

Electric Potentials With Measured Neutral Densities On CHAMP, Nov 2003

Electric Potential (kV)

Log10 Density (kg/m3)

Figure S3. CHAMP density values superposed over electric potentials during the 20–21

November 2003 geomagnetic storm. Part 3 of 3.

December 28, 2022, 4:25pm
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 20 Nov 07:19 UT, North

-56 kV 44 kV

 20 Nov 08:07 UT, South

-52 kV 51 kV

 20 Nov 08:53 UT, North

-91 kV 60 kV

 20 Nov 09:40 UT, South

-85 kV 88 kV
 20 Nov 10:26 UT, North

-86 kV 56 kV

 20 Nov 11:13 UT, South

-32 kV 84 kV

 20 Nov 12:00 UT, North

-124 kV 84 kV

 20 Nov 12:46 UT, South

-106 kV 131 kV
 20 Nov 13:34 UT, North

-147 kV 104 kV

 20 Nov 14:18 UT, South

-130 kV 145 kV

 20 Nov 15:07 UT, North

-163 kV 132 kV

 20 Nov 15:51 UT, South

-148 kV 150 kV
 20 Nov 16:41 UT, North

-154 kV 127 kV

 20 Nov 17:25 UT, South

-146 kV 124 kV

 20 Nov 18:14 UT, North

-136 kV 127 kV

 20 Nov 18:59 UT, South

-128 kV 88 kV

-152-136 -120-104 -88 -72 -56 -40 -24 -8  8  24  40  56  72  88  104 120  136 152

-12.5 -12.3 -12.1 -11.9 -11.7 -11.5 -11.3 -11.1 -10.9 -10.7 -10.5

Electric Potentials With Measured Neutral Densities On GRACE_A, Nov 2003

Electric Potential (kV)

Log10 Density (kg/m3)

Figure S4. GRACE A density values superposed over electric potentials during the 20–21

November 2003 geomagnetic storm. Part 1 of 3.

December 28, 2022, 4:25pm
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 20 Nov 19:48 UT, North

-94 kV 101 kV

 20 Nov 20:34 UT, South

-108 kV 66 kV

 20 Nov 21:23 UT, North

-91 kV 94 kV

 20 Nov 22:10 UT, South

-107 kV 70 kV
 20 Nov 22:58 UT, North

-74 kV 83 kV

 20 Nov 23:46 UT, South

-99 kV 60 kV

 21 Nov 00:33 UT, North

-59 kV 66 kV

 21 Nov 01:22 UT, South

-55 kV 16 kV
 21 Nov 02:08 UT, North

-17 kV 22 kV

 21 Nov 02:57 UT, South

-18 kV 8 kV

 21 Nov 03:42 UT, North

-36 kV 26 kV

 21 Nov 04:32 UT, South

-38 kV 50 kV
 21 Nov 05:17 UT, North

-53 kV 38 kV

 21 Nov 06:07 UT, South

-44 kV 43 kV

 21 Nov 06:52 UT, North

-58 kV 47 kV

 21 Nov 07:41 UT, South

-58 kV 43 kV

-152-136 -120-104 -88 -72 -56 -40 -24 -8  8  24  40  56  72  88  104 120  136 152

-12.5 -12.3 -12.1 -11.9 -11.7 -11.5 -11.3 -11.1 -10.9 -10.7 -10.5

Electric Potentials With Measured Neutral Densities On GRACE_A, Nov 2003

Electric Potential (kV)

Log10 Density (kg/m3)

Figure S5. GRACE A density values superposed over electric potentials during the 20–21

November 2003 geomagnetic storm. Part 2 of 3.

December 28, 2022, 4:25pm
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 21 Nov 06:52 UT, North

-58 kV 47 kV

 21 Nov 07:41 UT, South

-58 kV 43 kV

 21 Nov 08:26 UT, North

-49 kV 40 kV

 21 Nov 09:14 UT, South

-53 kV 29 kV
 21 Nov 10:00 UT, North

-40 kV 34 kV

 21 Nov 10:47 UT, South

-42 kV 20 kV

 21 Nov 11:33 UT, North

-25 kV 17 kV

 21 Nov 12:19 UT, South

-44 kV 26 kV
 21 Nov 13:07 UT, North

-35 kV 30 kV

 21 Nov 13:52 UT, South

-35 kV 21 kV

 21 Nov 14:41 UT, North

-31 kV 27 kV

 21 Nov 15:25 UT, South

-55 kV 40 kV
 21 Nov 16:14 UT, North

-51 kV 47 kV

 21 Nov 16:59 UT, South

-53 kV 40 kV

 21 Nov 17:48 UT, North

-40 kV 38 kV

 21 Nov 18:33 UT, South

-27 kV 17 kV
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Electric Potentials With Measured Neutral Densities On GRACE_A, Nov 2003

Electric Potential (kV)

Log10 Density (kg/m3)

Figure S6. GRACE A density values superposed over electric potentials during the 20–21

November 2003 geomagnetic storm. Part 3 of 3.

December 28, 2022, 4:25pm
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 29 Oct 05:25 UT, North

-45 kV 39 kV

 29 Oct 06:09 UT, South

-51 kV 22 kV

 29 Oct 06:57 UT, North

-167 kV 144 kV

 29 Oct 07:42 UT, South

-63 kV 70 kV
 29 Oct 08:30 UT, North

-145 kV 154 kV

 29 Oct 09:16 UT, South

-103 kV 52 kV

 29 Oct 10:03 UT, North

-47 kV 70 kV

 29 Oct 10:50 UT, South

-56 kV 31 kV
 29 Oct 11:36 UT, North

-52 kV 91 kV

 29 Oct 12:24 UT, South

-81 kV 43 kV

 29 Oct 13:09 UT, North

-34 kV 43 kV

 29 Oct 13:58 UT, South

-47 kV 31 kV
 29 Oct 14:42 UT, North

-58 kV 87 kV

 29 Oct 15:31 UT, South

-118 kV 70 kV

 29 Oct 16:15 UT, North

-60 kV 115 kV

 29 Oct 17:04 UT, South

-111 kV 68 kV

-152-136 -120-104 -88 -72 -56 -40 -24 -8  8  24  40  56  72  88  104 120  136 152

-11.5 -11.4 -11.3 -11.2 -11.1 -11.0 -10.9 -10.8 -10.7 -10.6 -10.5

Electric Potentials With Measured Neutral Densities On CHAMP, Oct 2003

Electric Potential (kV)

Log10 Density (kg/m3)

Figure S7. CHAMP density values superposed over electric potentials during the 29–30

October 2003 geomagnetic storm. Part 1 of 3.

December 28, 2022, 4:25pm
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 29 Oct 17:48 UT, North

-80 kV 108 kV

 29 Oct 18:36 UT, South

-150 kV 137 kV

 29 Oct 19:20 UT, North

-155 kV 127 kV

 29 Oct 20:07 UT, South

-153 kV 142 kV
 29 Oct 20:52 UT, North

-163 kV 124 kV

 29 Oct 21:38 UT, South

-122 kV 138 kV

 29 Oct 22:24 UT, North

-148 kV 114 kV

 29 Oct 23:09 UT, South

-129 kV 128 kV
 29 Oct 23:55 UT, North

-129 kV 103 kV

 30 Oct 00:39 UT, South

-96 kV 106 kV

 30 Oct 01:27 UT, North

-121 kV 92 kV

 30 Oct 02:11 UT, South

-81 kV 98 kV
 30 Oct 02:59 UT, North

-67 kV 74 kV

 30 Oct 03:43 UT, South

-23 kV 10 kV

 30 Oct 04:31 UT, North

-23 kV 13 kV

 30 Oct 05:15 UT, South

-13 kV 30 kV

-152-136 -120-104 -88 -72 -56 -40 -24 -8  8  24  40  56  72  88  104 120  136 152

-11.5 -11.4 -11.3 -11.2 -11.1 -11.0 -10.9 -10.8 -10.7 -10.6 -10.5

Electric Potentials With Measured Neutral Densities On CHAMP, Oct 2003

Electric Potential (kV)

Log10 Density (kg/m3)

Figure S8. CHAMP density values superposed over electric potentials during the 29–30

October 2003 geomagnetic storm. Part 2 of 3.

December 28, 2022, 4:25pm



: X - 11

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

20
40

60
80

0 MLT
2

4

6

8

10
12

14

16

18

20

22

 30 Oct 06:03 UT, North

-17 kV 12 kV

 30 Oct 06:48 UT, South

-16 kV 23 kV

 30 Oct 07:35 UT, North

-13 kV 13 kV

 30 Oct 08:21 UT, South

-11 kV 21 kV
 30 Oct 09:08 UT, North

-28 kV 18 kV

 30 Oct 09:55 UT, South

-21 kV 37 kV

 30 Oct 10:41 UT, North

-30 kV 24 kV

 30 Oct 11:29 UT, South

-24 kV 25 kV
 30 Oct 12:15 UT, North

-26 kV 25 kV

 30 Oct 13:03 UT, South

-47 kV 46 kV

 30 Oct 13:48 UT, North

-34 kV 30 kV

 30 Oct 14:37 UT, South

-55 kV 56 kV
 30 Oct 15:21 UT, North

-54 kV 43 kV

 30 Oct 16:10 UT, South

-30 kV 37 kV

 30 Oct 16:54 UT, North

-79 kV 61 kV

 30 Oct 17:42 UT, South

-101 kV 105 kV

-152-136 -120-104 -88 -72 -56 -40 -24 -8  8  24  40  56  72  88  104 120  136 152

-11.5 -11.4 -11.3 -11.2 -11.1 -11.0 -10.9 -10.8 -10.7 -10.6 -10.5

Electric Potentials With Measured Neutral Densities On CHAMP, Oct 2003

Electric Potential (kV)

Log10 Density (kg/m3)

Figure S9. CHAMP density values superposed over electric potentials during the 29–30

October 2003 geomagnetic storm. Part 3 of 3.

December 28, 2022, 4:25pm
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 29 Oct 05:18 UT, South

-59 kV 24 kV

 29 Oct 06:03 UT, North

-40 kV 29 kV

 29 Oct 06:53 UT, South

-175 kV 114 kV

 29 Oct 07:38 UT, North

-70 kV 50 kV
 29 Oct 08:27 UT, South

-165 kV 73 kV

 29 Oct 09:13 UT, North

-84 kV 109 kV

 29 Oct 10:01 UT, South

-56 kV 32 kV

 29 Oct 10:47 UT, North

-46 kV 77 kV
 29 Oct 11:34 UT, South

-76 kV 41 kV

 29 Oct 12:20 UT, North

-50 kV 99 kV

 29 Oct 13:07 UT, South

-32 kV 27 kV

 29 Oct 13:54 UT, North

-37 kV 53 kV
 29 Oct 14:39 UT, South

-79 kV 47 kV

 29 Oct 15:27 UT, North

-80 kV 122 kV

 29 Oct 16:12 UT, South

-100 kV 57 kV

 29 Oct 17:01 UT, North

-88 kV 114 kV

-152-136 -120-104 -88 -72 -56 -40 -24 -8  8  24  40  56  72  88  104 120  136 152

-12.0 -11.9 -11.8 -11.7 -11.6 -11.5 -11.4 -11.3 -11.2 -11.1 -11.0

Electric Potentials With Measured Neutral Densities On GRACE_A, Oct 2003

Electric Potential (kV)

Log10 Density (kg/m3)

Figure S10. GRACE A density values superposed over electric potentials during the 29–30

October 2003 geomagnetic storm. Part 1 of 3.

December 28, 2022, 4:25pm
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 29 Oct 17:45 UT, South

-108 kV 66 kV

 29 Oct 18:35 UT, North

-154 kV 129 kV

 29 Oct 19:19 UT, South

-146 kV 139 kV

 29 Oct 20:08 UT, North

-159 kV 133 kV
 29 Oct 20:53 UT, South

-142 kV 151 kV

 29 Oct 21:42 UT, North

-147 kV 108 kV

 29 Oct 22:28 UT, South

-130 kV 136 kV

 29 Oct 23:17 UT, North

-139 kV 110 kV
 30 Oct 00:04 UT, South

-114 kV 116 kV

 30 Oct 00:52 UT, North

-120 kV 90 kV

 30 Oct 01:40 UT, South

-92 kV 106 kV

 30 Oct 02:27 UT, North

-99 kV 69 kV
 30 Oct 03:16 UT, South

-22 kV 25 kV

 30 Oct 04:02 UT, North

-20 kV 16 kV

 30 Oct 04:52 UT, South

-12 kV 24 kV

 30 Oct 05:37 UT, North

-29 kV 17 kV

-152-136 -120-104 -88 -72 -56 -40 -24 -8  8  24  40  56  72  88  104 120  136 152
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Electric Potentials With Measured Neutral Densities On GRACE_A, Oct 2003

Electric Potential (kV)

Log10 Density (kg/m3)

Figure S11. GRACE A density values superposed over electric potentials during the 29–30

October 2003 geomagnetic storm. Part 2 of 3.

December 28, 2022, 4:25pm
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 30 Oct 06:27 UT, South

-14 kV 23 kV

 30 Oct 07:11 UT, North

-14 kV 13 kV

 30 Oct 08:01 UT, South

-13 kV 15 kV

 30 Oct 08:46 UT, North

-20 kV 13 kV
 30 Oct 09:35 UT, South

-18 kV 37 kV

 30 Oct 10:20 UT, North

-33 kV 24 kV

 30 Oct 11:08 UT, South

-22 kV 28 kV

 30 Oct 11:54 UT, North

-27 kV 26 kV
 30 Oct 12:41 UT, South

-46 kV 41 kV

 30 Oct 13:27 UT, North

-47 kV 39 kV

 30 Oct 14:13 UT, South

-40 kV 38 kV

 30 Oct 15:01 UT, North

-51 kV 40 kV
 30 Oct 15:46 UT, South

-47 kV 45 kV

 30 Oct 16:35 UT, North

-54 kV 42 kV

 30 Oct 17:19 UT, South

-54 kV 80 kV

 30 Oct 18:08 UT, North

-137 kV 89 kV

-152-136 -120-104 -88 -72 -56 -40 -24 -8  8  24  40  56  72  88  104 120  136 152

-12.0 -11.9 -11.8 -11.7 -11.6 -11.5 -11.4 -11.3 -11.2 -11.1 -11.0

Electric Potentials With Measured Neutral Densities On GRACE_A, Oct 2003
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Figure S12. GRACE A density values superposed over electric potentials during the 29–30

October 2003 geomagnetic storm. Part 3 of 3.

December 28, 2022, 4:25pm


