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Introduction

Figure S1 shows the L* values derived at local pitch angles of 90°, 35° and 0° along the
orbital path of VVan Allen Probe A during three geomagnetic storms. These results
illustrate that below L*~5 (derived at a local pitch angle of 90°) the L* values are in
general not strong functions of pitch angle.

Figure S2 panels (a) and (b) show an example of symmetric PAD fits derived using even
Legendre coefficients which have a greater magnitude than the consecutive odd
coefficients. Panels (c) and (d) show an example of an asymmetric PAD fit derived from
Legendre coefficients, where |C2|<|C3| and |Ce|<|C7|. These results illustrate how the
asymmetry in the PAD fits can be quantified by comparing the magnitude of the
consecutive even and odd Legendre coefficients to identify highly asymmetric PADs
likely resulting from errors in the flux measurements.

Figure S3 shows how the dip size, DS, of the butterfly pitch angle distributions (PADS)
change as a function of the flux integrated over all equatorial pitch angle look directions,
J(aeq), at L*=3.5 £0.25 and L*=4.5 +£0.25 during time intervals with Dst=-30 £15 nT.
Figures S4, S5, S6 and S7 also show similar results during Dst=-60 £15 nT and Dst=0
+15 nT time intervals at L*=3.0, 3.5, 4.0, 4.5 and 5.0 £0.25. These results are a
supplement to the Dst=-30 £15 results at L*=3.0, 4.0 and 5.0 £0.25 presented in the main
paper shown in Figure 7. These supporting Figures are in the same format as the results
shown in Figure 7 and show that even during different levels of geomagnetic activity the
butterfly PAD dip size, DS, of electrons in the outer radiation belt is generally smaller at
higher total flux values integrated over all equatorial look directions, J(a,g).

Figure S8 shows the correlation between the flux at ~35° and ~90° for both butterfly and
non-butterfly PADs at L*=3.5 +£0.25 and L*=4.5 £0.25 during time intervals with Dst=-
30 +£15 nT. Figures S9, S10, S11 and S12 also show similar results during Dst=-60 +15
nT and Dst=0 +15 nT time intervals at L*=3.0, 3.5, 4.0, 4.5 and 5.0 +£0.25. These results
are a supplement to the Dst=-30 +15 nT at L*=3.0, 4.0 and 5.0 £0.25 presented in the
main paper shown in Figure 8. All these results are in the same format and show that the
electron flux in the outer radiation belt at these equatorial pitch angles remains correlated
at each level of geomagnetic activity, even as the flux intensity changes by up to 4 orders
of magnitude.

Figure S13 shows the ratio between the flux at ~35° and ~90° for both butterfly and non-
butterfly PADs at L*=3.5 £0.25 and L*=4.5 £0.25 during time intervals with Dst=-30

+15 nT. Figures S14, S15, S16 and S17 also show similar results during Dst=-60 £15 nT
and Dst=0 £15 nT time intervals at L*=3.0, 3.5, 4.0, 4.5 and 5.0 £0.25. These results are
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a supplement to the Dst=-30 +15 nT at L*=3.0, 4.0 and 5.0 £0.25 presented in the main
paper shown in Figure 9. All these results are in the same format and illustrate that the
flux ratios change with L-shell and electron energy in the same way during each level of
geomagnetic activity.

Figures S18, S19, S20, S21, S22 and S23 show the correlation between the flux at ~65°
and ~90° for both butterfly and non-butterfly PADs, during intervals with Dst=-60 +15
nT, Dst=-30 £15 nT and Dst=0 +15 nT at L*=3.0, 3.5, 4.0, 4.5 and 5.0 £0.25. These
results are a supplement to the results presented in the main paper shown in Figure 8 and
are in the same format as the results presented in Figures 8 in the main paper, as well as
Figures S12, S13, S14, S15 and S16, showing that the flux at equatorial pitch angles of
~65° and ~90° remains highly correlated during each level of geomagnetic activity, even
as the flux intensity changes by up to 4 orders of magnitude.

Figures S24, S25, S26, S27, S28 and S29 show the ratio between the flux at ~65° and
~90° for both butterfly and non-butterfly PADs during intervals with Dst=-60 +15 nT,
Dst=-30 15 nT and Dst=0 +15 nT at L*=3.0, 3.5, 4.0, 4.5 and 5.0 £0.25. These results
are a supplement to the Dst=-30 +15 nT results presented in the main paper shown in
Figure 9. All these results are in the same format and illustrate that the flux ratios change
with L-shell and electron energy in the same way during different levels of geomagnetic
activity.
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L* values derived at local pitch angles of 90°, 35° and 0° along the orbital path
of Van Allen Probe A during three geomagnetic storms, illustrating that below L*~5
a local pitch angle of 90°) the L* values are in general not strong functions of

pitch angle.
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Figure S2. Panels (a) and (b) show an example of a symmetric PAD fit where the even

Legendre polynomials are much greater than the consecutive odd coefficients. Panels (c)

and (d) show an example of an asymmetric PAD fit where the even Legendre

polynomials are not all greater than the consecutive odd coefficients. For example,

|C2|<|C3| and |Ce|<|C7|.
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Figure S3. The dip size, DS, of butterfly PADs as a function of the flux integrated over
all equatorial pitch angle look directions, J(a,4), at Dst=-30 £15 nT for L*=3.5 +0.25
and L*=4.5 £0.25 in the same format as the results shown in Figure 7 in the main paper.




106
107

108

110
111

Peaks at 65° +/-5° .

Peaks at 35° +/-5°

65° +-5° LS fit

35° +/-5° LS fit

@

Butterfly PAD
Dip Size, DS
at0.2 MeV

(b)

()

[C)

Butterfly PAD
Dip Size, DS
at 0.5 MeV

(e)

(f)

(9)

Butterfly PAD
Dip Size, DS
at 1.1 MeV

(h)

(i)

Butterfly PAD
Dip Size, DS
at 1.6 MeV

(k)

Butterfly PAD
Dip Size, DS

at 2.1 MeV

- e
R L

L L,

Butterfly PAD
Dip Size, DS

at2.6 MeV

Butterfly PAD
Dip Size, DS
at 3.4 MeV

(u)

10° 10*
Flux over 4« steradians

10° 10% 107 10°

J. IMeVicm?/s

L*=3 +/-0.25 & Dst=-60 +/-15 nT

10* 10* 10° 108

107 107

Flux over 4= steradians

J. IMeV/icm?/s

L*=4 +/-0.25 & Dst=-60 +/-15nT

10* 10* 10° 10% 107

Flux over 4« steradians

J. IMeV/em?/s

L*=5 +/-0.25 & Dst=-60 +/-15 nT

Figure S4. The dip size, DS, of butterfly PADs as a function of the flux integrated over
all equatorial pitch angle look directions, J(a,4), for Dst=-60 15 nT, in the same format
as the results shown in Figure 7 in the main paper.
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and L*=4.5 £0.25 in the same format as the results shown in Figure 7 in the main paper.
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the results shown in Figure 7 in the main paper.
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Figure S8. The red dots indicate results for butterfly PADs that have a peak flux at
equatorial pitch angles of 35° +5°. For these butterfly PADs each data point
represents the flux near equatorial pitch angles of 35°, where the flux reaches a peak
value, versus the flux near equatorial pitch angles of 90°, where the flux is at a local
minimum. Similarly, the gray dots indicate results for non-butterfly PADs. For these
non-butterfly PADs each data point represents the flux near an equatorial pitch angle
of 90°, where the flux peaks, versus the flux at an equatorial pitch angle of 35°.
Results shown here are for Dst=-30 +15 nT at L*=3.5+£0.25 and L*=4.5 +0.25in a
similar format to the results presented in Figure 8 in the main paper.
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Figure S9. The red dots indicate results for butterfly PADs that have a peak flux at
equatorial pitch angles of 35° +5°. For these butterfly PADs each data point

represents the flux near equatorial pitch angles of 35°, where the flux reaches a peak

value, versus the flux near equatorial pitch angles of 90°, where the flux is at a local
minimum. Similarly, the gray dots indicate results for non-butterfly PADs. For these

non-butterfly PADs each data point represents the flux near an equatorial pitch angle

of 90°, where the flux peaks, versus the flux at an equatorial pitch angle of 35°.
Results shown here are for Dst=-60 £15 nT, in a similar format to the results
presented in Figure 8 in the main paper.
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Figure S10. The red dots indicate results for butterfly PADs that have a peak flux at
equatorial pitch angles of 35° +5°. For these butterfly PADs each data point
represents the flux near equatorial pitch angles of 35°, where the flux reaches a peak
value, versus the flux near equatorial pitch angles of 90°, where the flux is at a local
minimum. Similarly, the gray dots indicate results for non-butterfly PADs. For these
non-butterfly PADs each data point represents the flux near an equatorial pitch angle
of 90°, where the flux peaks, versus the flux at an equatorial pitch angle of 35°.
Results shown here are for Dst=-60 +15 nT at L*=3.5+£0.25 and L*=4.5 +0.25in a
similar format to the results presented in Figure 8 in the main paper.
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Figure S11. The red dots indicate results for butterfly PADs that have a peak flux at
equatorial pitch angles of 35° +5°. For these butterfly PADs each data point
represents the flux near equatorial pitch angles of 35°, where the flux reaches a peak
value, versus the flux near equatorial pitch angles of 90°, where the flux is at a local
minimum. Similarly, the gray dots indicate results for non-butterfly PADs. For these
non-butterfly PADs each data point represents the flux near an equatorial pitch angle
of 90°, where the flux peaks, versus the flux at an equatorial pitch angle of 35°.
Results shown here are for Dst=0 15 nT, in a similar format to the results
presented in Figure 8 in the main paper.
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Figure S12. The red dots indicate results for butterfly PADs that have a peak flux at
equatorial pitch angles of 35° +5°. For these butterfly PADs each data point
represents the flux near equatorial pitch angles of 35°, where the flux reaches a peak
value, versus the flux near equatorial pitch angles of 90°, where the flux is at a local
minimum. Similarly, the gray dots indicate results for non-butterfly PADs. For these
non-butterfly PADs each data point represents the flux near an equatorial pitch angle
of 90°, where the flux peaks, versus the flux at an equatorial pitch angle of 35°.
Results shown here are for Dst=0 £15 nT at L*=3.5£0.25 and L*=4.5+0.25 in a
similar format to the results presented in Figure 8 in the main paper.
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Figure S13. The curves indicate how the flux values at equatorial pitch angles of ~35°
and ~90°differ. These results are for Dst=-30 nT +15 nT at L*=3.5 +0.25 and
L*=4.5 £0.25 in the same format as the results presented in Figure 9 in the main

paper.
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Figure S14. The curves indicate how the flux values at equatorial pitch angles of ~35°
and ~90°differ. These results are for Dst=-60 nT +15 nT, in the same format as the
results presented in Figure 9 in the main paper.
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Figure S15. The curves indicate how the flux values at equatorial pitch angles of ~35°
and ~90°differ. These results are for Dst=-60 nT +15 nT at L*=3.5 +0.25 and
L*=4.5 £0.25 in the same format as the results presented in Figure 9 in the main

paper.
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Figure S16. The curves indicate how the flux values at equatorial pitch angles of ~35°
and ~90°differ. These results are for Dst=0 nT +15 nT, in the same format as the
results presented in Figure 9 in the main paper.
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Figure S18. The blue dots indicate results for butterfly PADs that have a peak flux at
equatorial pitch angles of 65° +5°. For these butterfly PADs each data point
represents the flux near equatorial pitch angles of 65°, where the flux reaches a peak
value, versus the flux near equatorial pitch angles of 90°, where the flux is at a local
minimum. Similarly, the gray dots indicate results for non-butterfly PADs. For these
non-butterfly PADs each data point represents the flux near an equatorial pitch angle
of 90°, where the flux peaks, versus the flux at an equatorial pitch angle of 65°.
Results shown here are for Dst=-60 +15 nT, in a similar format to the results
presented in Figure 8 in the main paper.
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Figure S19. The blue dots indicate results for butterfly PADs that have a peak flux at
equatorial pitch angles of 65° +5°. For these butterfly PADs each data point
represents the flux near equatorial pitch angles of 65°, where the flux reaches a peak
value, versus the flux near equatorial pitch angles of 90°, where the flux is at a local
minimum. Similarly, the gray dots indicate results for non-butterfly PADs. For these
non-butterfly PADs each data point represents the flux near an equatorial pitch angle
of 90°, where the flux peaks, versus the flux at an equatorial pitch angle of 65°.
Results shown here are for Dst=-60 +15 nT at L*=3.5+£0.25 and L*=4.5 +0.25 in a
similar format to the results presented in Figure 8 in the main paper.




262
263

264
265
266
267
268
269
270
271
272

Flux at, ~65° Flux at, ~85° Flux at, ~65° Flux at, ~65° Flux at, ~65°

Flux at, ~65°

Flux at, ~85°

®  Flux values of butterfly PADs with peak flux at ~65°

u Flux values of non-butterfly PADs

107 @) Median fiux (b) Median flux (c) Median flux
E ratio 2.41 ratio 1.13 ratio 1.11
o~ 10°
T
5 10° No. Pls=28 No. Pts=52 No. Pls=62
No. Pts=468 No. Pts=1254 No. Pts=2597
7i(d) Median flux (e) Median flux (f) . Median flux
~ 10
% ratio 1.21 ratio 1.10 ratio 1.11
0 10°
T
ﬁ 103 No. Pts=10 No. Pts=74 No. Pts=83
No. Pts=62 No. Pts=1535 No. Pts=4272
_107|(9) Median flux ‘ (h) Median flux ‘ (i) Median flux i
) ratio 1.25 ratio 1.11 ratio 1.14
- 10°
n
5 10° No. Pts=5 No. Pts=66 No. Pts=71
No. Pts=11 No. Pts=887 No. Pts=1566
71G)” Median fiux ‘ (k) Median flux ‘ () Median flux !
- 10
% ratio 1.13 ratio 1.11 ratio 1.14
«© 10°
i
5 103 No. Pts=6 No. Pts=41 No. Pts=79
No. Pts=140 No. Pts=2457 No. Pts=3507
7(m) Median fiux ‘ (n) Median flux ‘ (0) Median flux ‘
- 10
% ratio 1.12 ratio 1.12 ratio 1.15
- 10°
i
5 10° No. Pts=168 No. Pts=364 No. Pts=464
’ No. Pts=1002 No. Pts=6952 No. Pts=11301
. 107 [(p) Median flux (q) Median flux (r) . Median flux
% ratio 1.12 ratio 1.15 ratio 1.17
o 10°
i
5 10° No. Pts=155 No. Pts=306 No. Pts=591
No. Pts=1118 No. Pts=7324 No. Pts=10319
7i(s) Median flux (t)  Median flux (u) Median flux
- 10
% ratio 1.14 ratio 1.20 ratio 1.21
< 10°
i
5 103 No. Pts=173 No. Pts=252 No. Pts=699
No. Pts=892 No.Pts=6843 || No. Pts=7412
10° 10° 107 10° 10° 107 10° 10° 107

Flux near 90° at
L*=3 +/-0.25 & Dst=-30 +/-15nT

Flux near 90° at

L*=4 +/-0.25 & Dst=-30 +/-15 nT

Flux near 90° at

L*=5 +/-0.25 & Dst=-30 +/-15 nT

Figure S20. The blue dots indicate results for butterfly PADs that have a peak flux at
equatorial pitch angles of 65° +5°. For these butterfly PADs each data point
represents the flux near equatorial pitch angles of 65°, where the flux reaches a peak
value, versus the flux near equatorial pitch angles of 90°, where the flux is at a local

minimum. Similarly, the gray dots indicate results for non-butterfly PADs. For these
non-butterfly PADs each data point represents the flux near an equatorial pitch angle
of 90°, where the flux peaks, versus the flux at an equatorial pitch angle of 65°.

Results shown here are for Dst=-30 £15 nT, in a similar format to the results

presented in Figure 8 in the main paper.
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Figure S21. The blue dots indicate results for butterfly PADs that have a peak flux at
equatorial pitch angles of 65° +5°. For these butterfly PADs each data point
represents the flux near equatorial pitch angles of 65°, where the flux reaches a peak
value, versus the flux near equatorial pitch angles of 90°, where the flux is at a local
minimum. Similarly, the gray dots indicate results for non-butterfly PADs. For these
non-butterfly PADs each data point represents the flux near an equatorial pitch angle
of 90°, where the flux peaks, versus the flux at an equatorial pitch angle of 65°.
Results shown here are for Dst=-30 +15 nT at L*¥*=3.520.25 and L*=4.5 +0.25 in a
similar format to the results presented in Figure 8 in the main paper.
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Figure S22. The blue dots indicate results for butterfly PADs that have a peak flux at
equatorial pitch angles of 65° +5°. For these butterfly PADs each data point
represents the flux near equatorial pitch angles of 65°, where the flux reaches a peak
value, versus the flux near equatorial pitch angles of 90°, where the flux is at a local
minimum. Similarly, the gray dots indicate results for non-butterfly PADs. For these
non-butterfly PADs each data point represents the flux near an equatorial pitch angle
of 90°, where the flux peaks, versus the flux at an equatorial pitch angle of 65°.

Results shown here are for Dst=0 15 nT, in a similar format to the results

presented in Figure 8 in the main paper.
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300  Figure S23. The blue dots indicate results for butterfly PADs that have a peak flux at
301 equatorial pitch angles of 65° +5°. For these butterfly PADs each data point

302 represents the flux near equatorial pitch angles of 65°, where the flux reaches a peak
303  value, versus the flux near equatorial pitch angles of 90°, where the flux is at a local
304 minimum. Similarly, the gray dots indicate results for non-butterfly PADs. For these
305 non-butterfly PADs each data point represents the flux near an equatorial pitch angle
306  of 90°, where the flux peaks, versus the flux at an equatorial pitch angle of 65°.

307  Results shown here are for Dst=0 +15 nT at L*=3.5+0.25 and L*=4.5 +0.25 in a

308  similar format to the results presented in Figure 8 in the main paper.
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Figure S24. The curves indicate how the flux values at equatorial pitch angles of ~65°
and ~90°differ. These results are for Dst=-60 nT +15 nT, in the same format as the
results presented in Figure 9 in the main paper.
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318

319  Figure S25. The curves indicate how the flux values at equatorial pitch angles of ~65°
320 and ~90°differ. These results are for Dst=-60 nT +15 nT at L*=3.5 £0.25 and
321 L*=4.540.25 in the same format as the results presented in Figure 9 in the main
322  paper.
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Figure S26. The curves indicate how the flux values at equatorial pitch angles of ~65°
and ~90°differ. These results are for Dst=-30 nT +15 nT, in the same format as the
results presented in Figure 9 in the main paper.




331
332

333
334
335
336
337

0.2 MeV

% of flux
ratios in bin

% of flux
ratios in bin
=0.5MeV atE

1.1 MeV atE

% of flux
ratios in bin

1.6 MeV atE

% of flux
ratios in bin

2.1 MeV atE

% of flux
ratios in bin

26 MeV atE

% of flux
ratios in bin

3.4 MeV atE

% of flux
ratios in bin

atkE

102

—®— flux at 90°/flux at 65° ratios for non butterfly PADs
—®— flux at 65°/lux at 90° ratios for butterfly PADs

*=3.5 +/-0.25 *=4.5 +/-0.25
. ! Médian rafio=1.32 ¥ Médian rafio=1.12 T
.\. 1.33  1.31 112 119
Meédian ratio=1.12 ' ' ! Médian ratio=1.10' '
1.11 1.22 r 110 116
I d)\‘
Médian ratio=1.17 ' Médian ratio=1.12 '
1.11 1.26 112 1.27
Median rafio=1.11 : Médian ratio=1.12 :
1.11 1.20 112 120
Median rafio=1.11 : Median ratio=1.13 :
110 117 113 115
110)
Médian ratio=1.12 ! Médian rafio=1.16 !
1.11 1.18 116 118
Médian rafio=1.15 : Médian rafio=1.20 :
45 122 120 123
- (n)
1 2 4 8 16 32 64 1 2 4 8 16 32 64

flux ratio bins

flux ratio bins

Figure S27. The curves indicate how the flux values at equatorial pitch angles of ~65°

and ~90°differ. These results are for Dst=-30 nT +15 nT at L*=3.5 +0.25 and

L*=4.5 +0.25 in the same format as the results presented in Figure 9 in the main

paper.
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340  Figure S28. The curves indicate how the flux values at equatorial pitch angles of ~65°
341 and ~90°differ. These results are for Dst=0 nT +15 nT, in the same format as the
342  results presented in Figure 9 in the main paper.

343

344



345
346

347
348
349
350

102
10"
10°
107

0.2 MeV

% of flux
ratios in bin

102
10"
10°
107!

ratios in bin
=0.5MeV atE

% of flux
1.1 MeV atE

102
10"
10°
107!

102
10"
10°
107"

% of flux
ratios in bin

1.6 MeV atE

% of flux
ratios in bin

102

2.1 MeV atE

% of flux
ratios in bin

26 MeV atE

% of flux
ratios in bin

3.4 MeV atE

% of flux
ratios in bin

atkE

—®—flux at 90°/flux at 65° ratios for non butterfly PADs
—®— flux at 65°/lux at 90° ratios for butterfly PADs

*=3.5 +/-0.25 *=4.5 +/-0.25
I ‘ Médian ratio=2.42 ! ! ! Médian ratio=1.10 !
3 242 124 110 117
C m
'(a) ' (b)
/ ! Médian ratio=1.09 r / ! Médian ratio=1.08' T
3 e 1.09  1.18 r 1.08 117
(c)
: ! Meédian ratio=1.10 : Médian ratio=1.12 :
r i 110 1.16 111 121
(e)
¥ Médian rafio=1.09 ¥ ! Médian rafio=1.10 T
3 109 122 1°¢ 110 117
'(9?\'
! Meédian rafio=1.08 Médian ratio=1.10
1.07  1.16 110 112
Méedian ratio=1.08 ! Médian ratio=1.13 !
1.08  1.19 113 115
17Mm
Median rafio=1.10 Médian ratio=1.18
110 120 118 119
8 16 32 64 1 2 4 8 16 32 64

flux ratio bins

flux ratio bins

Figure S29. The curves indicate how the flux values at equatorial pitch angles of ~65°
and ~90°differ. These results are for Dst=0 nT +15 nT at L*=3.5 £0.25 and L*=4.5
10.25 in the same format as the results presented in Figure 9 in the main paper.




