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1. Text S1 to S2

Introduction This Supporting Information provides further details on aspects of the main

manuscript. S1 presents MAGEIS information providing evidence for a drift-resonant

interaction between protons and the FLR observed in Event A. S2 includes full details
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on how the radial diffusion coefficients are calculated, using Event D as an illustrative

example.

S1. MAGEIS Data Analysis for Event A

To assess whether the ∼ 10 mHz signature in the radial magnetic field component is

associated with a drift-resonant driven poloidal FLR, we consulted MagEIS observations

of energetic ring current protons. Figure S1a shows residual fluxes of 90 degree pitch

angle protons at each energy channel, as a function of time. Residual flux, j, is defined

as ji−j0
j0

, where ji is the differential proton flux at a given time, energy bin, and pitch

angle bin, and j0 is the median flux value over a 10 minute window centred on the sample

time and the identical energy and pitch angle bin. This definition of residual flux follows

standard usage by (e.g., Claudepierre et al., 2013; Zhao et al., 2021). Each timeseries

shown in Figure S1a is bandpass filtered for frequencies between 8 to 12 mHz to focus on

frequencies similar to the ∼ 10 mHz magnetic field signature. We observe high amplitude

periodic fluctuations in the 479 keV protons at ∼16:20 UT, with evidence for a phase

change between the 479 and 555 keV energy channels (see the timeseries are in anti-phase

with each other). Figure S1b shows the amplitude, A, and phase ϕ, of the timeseries for

a 10 minute window centred on 16:17 UT. The profiles confirm a clear peak in amplitude

accompanied by a ∼ 180 degree phase shift at ∼ 479 keV. These characteristic features

are convincing evidence for drift resonance between the protons and the ∼ 10 mHz ULF

wave (D. J. Southwood & Kivelson, 1981; Claudepierre et al., 2013).

We apply the drift resonance condition for a 10 mHz wave and a 479 keV proton

(D. Southwood et al., 1969) (see Figure S1c). We estimate that the ULF wave has a
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wavenumber of approx −100 and is westward propagating, within the typical range of

high-m substorm driven ULF waves (Takahashi et al., 1985; Murphy et al., 2018).

If the drift resonance is supporting a fundamental standing Alfvén wave, we can com-

pare the 10 mHz pulsation to the estimated eigenfrequency of the local field line. Using a

time-of-flight estimate with the TS04 magnetic field model, and local mass density mea-

surements (EMFISIS electron density and HOPE ion composition (James et al., 2021;

Sandhu et al., 2016, 2017)) we estimate the local eigenfrequencies (e.g., Sandhu et al.,

2018, 2023). We estimate the fundamental eigenfrequency outside the plume is approx-

imately 20 mHz and inside the plume it is decreased to approximately 4 mHz. The

estimates show how the plume density dramatically alters the local eigenfrequency and

is therefore capable to excluding the wave interaction from occurring and localises the

FLR to the low density region (Zhang et al., 2019). We note that the calculated 20 mHz

eigenfrequency is higher than the 10 mHz observed FLR. We attribute the difference to

inaccuracies in our eigenfrequency estimates (e.g. choice of field model, assumed field-

aligned mass density profile, ion composition estimates). It is outside of the scope to

investigate these further, and we provide the eigenfrequency estimates as a approximate

guide here.

S2. Estimating Radial Diffusion Coefficients

For a given frequency-resolved measurement of ULF wave power, we can estimate cor-

responding radial diffusion coefficients, assuming that the wave power value represents

the average value across an electron drift orbit. We use the Ozeke, Mann, Murphy, Rae,

and Milling (2014) formalism, which represents the magnetic field diffusion coefficient,

DB
LL, and the electric field diffusion coefficient, DE

LL, by equations 1 and 2 below. BE is
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the equatorial magnetic field strength at the surface of the Earth, RE is the radius of the

Earth, L is the L-shell, and f is frequency. We can substitute the observed power spectral

density for the compressional magnetic field, PB, and azimuthal electric field, PE, into

equations 1 and 2 to estimate event-specific diffusion coefficients.

DB
LL =

L84π2

9× 8B2
E

⟨PB(L, f)f 2⟩ (1)

DE
LL =

L6

8B2
ER

2
E

⟨PE(L, f)⟩ (2)

We now detail how this approach is used to derive the diffusion coefficients presented

in the main text. Using Event D as an illustrative example, Figure S2a shows the elec-

tron density timeseries through the plume crossing on 24 June 2015 (Event D; Figure

4. Panel (b) shows the timeseries for the total magnetic field power (wine) and to-

tal electric field wave power (green) summed over 1 - 15 mHz, and panel (c) shows

the location of the spacecraft in L* (indigo) and MLT (rose). The L* value is cal-

culated using the International Radiation Belt Environment Modeling (IRBEM) code

(https://sourceforge.net/projects/irbem/) with the Tsyganenko and Sitnov (2005) mag-

netic field model for an equatorially trapped particle. Figure S2b shows the localised

enhancement in magnetic and electric field wave power along the edge of the plume, as

discussed in the main text. Note that the y-axis is logarithmic, such that changes are over

several orders of magnitude. The width of the power enhancement is roughly estimated

by eye and indicated by the grey shaded region in panels (a-d).

Figure S2d,e show the radial diffusion coefficients estimated using the spacecraft ULF

wave observations during the enhanced region (rose) and outside the enhancement (in-
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digo). The time intervals corresponding to the samples are shown in Table 1. The x-axis

shows the L*, and the event-specific diffusion coefficients use the average L* value across

the two samples. By estimating the width of the plume, we also show the MLT-averaged

radial diffusion (green, see main text for details), where the green and indigo asterisks

are almost completely colocated on panels (d,e). We note that we have been relatively

conservative when visually identifying the enhanced regions for these events, such that

the magnitudes of any differences are assumed to be towards the lower limit.

This approach was extended to all event studies, where the appropriate details are

included in Table 1 in the main manuscript.
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Figure S1. Panel (a) shows the proton residual flux, j, as a function of time for

each energy channel, as labelled, between 16:10 to 16:50 24 June 2013. The residual flux

has been bandpass filtered for frequencies between 8 to 12 mHz. The amplitude, A, and

phase, ϕ [degrees], of the oscillations for each energy channel is shown in panel (b) for a

10 minute window centered on 16:17 24 June 2013. Panel (c) shows the proton energy,

W [keV ], as a function of wavenumber, m. The solid and dashed purple lines correspond

to the resonance condition for a fundamental field line resonance with a frequency of 10

mHz, as labelled. The grey lines map a proton energy of 479 keV to an estimated wave

number of approximately -100.
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High Power

Low Power

MLT-averaged

Figure S2. Time series of observations from Van Allen Probe A from 02:50 to 05:20

24 June 2015 is shown in panels (a-c), and panels (d,e) show estimated radial diffusion

coefficients based on the observations. Time series are shown for (a) electron density, n

[cm−3], (b) power summed over 1 - 15 mHz for the compressional magnetic field (wine)

and the azimuthal electric field (green), and (c) the spacecraft position in L* (indigo) and

Magnetic Local Time (MLT, rose). Shaded grey regions indicate the interval of enhanced

ULF wave power. Panel (d) and (e) show the magnetic radial diffusion coefficient, DB
LL

[days−1], and electric radial diffusion coefficient, DE
LL [days−1], as a function of L*. The

solid black lines correspond to the Ozeke et al. (2014) modelled diffusion coefficients. The

rose and indigo asterisks indicate the estimated diffusion coefficients for spacecraft located

inside and outside the plume. Panels (d,e) also include green asterisks indicating the

estimated MLT-averaged diffusion coefficients, as detailed in the Supplementary Material

text.
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