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Abstract

The generation and propagation of Ultra Low Frequency (ULF) waves are intrinsically coupled to the cold plasma population in

the terrestrial magnetosphere. During geomagnetic storms, extreme reconfigurations of the cold plasma creates a complex and

dynamic system that drastically modifies this coupling. The extent and manner in which this coupling is affected remains an

open question. In this report, we assess the coupling between ULF waves and cold plasmaspheric plumes during geomagnetic

storms, and investigate the implications for ULF wave-driven radial transport of the outer radiation belt population. We

present a series of event studies of Van Allen Probes observations. For each event, we use inferred measurements of the cold

plasma density during plume crossings, in combination with magnetic and electric field observations of ULF waves. The event

studies show very different, and at times contrasting, wave behaviour. This includes events where ULF waves appear to be

spatially confined within plume structures. Initial estimates show that the localised patches of ULF wave power have significant

implications for radial diffusion processes, and highlights the need for caution in estimating radial diffusion coefficients. We

suggest that the cold plasma dynamics is an important source of uncertainty in radial diffusion models, and understanding cold

plasma-ULF wave coupling is a critical area of future investigations.
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Event A
• Plume re�ects ULF waves
• Broadband wave power outside 

plume
• FLR signature linked to drift-bounce 

resonance

Event D
• Enhanced wave power aligned along 

shallow density gradient on plume edge
• Broadband wave power observed across 

all components

Event C
• Complex coupling in a narrow plume
• Frequency dependent trapping of compressional 

wave power
• Standing wave signatures in transverse componentsEvent B

• A broad and newly formed 
plume traps wave power

• Enhanced broadband power 
across all components
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Key Points:13

• Plasmaspheric plumes can spatially localise ULF wave power in the inner mag-14

netosphere during geomagnetic storms.15

• The coupling between the plumes and ULF waves is highly variable between events16

indicating a complex relationship.17

• Cold plasma coupling is a crucial consideration in radial diffusion calculations and18

a source of uncertainty in current models19
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Abstract20

The generation and propagation of Ultra Low Frequency (ULF) waves are intrinsically21

coupled to the cold plasma population in the terrestrial magnetosphere. During geomag-22

netic storms, extreme reconfigurations of the cold plasma creates a complex and dynamic23

system that drastically modifies this coupling. The extent and manner in which this cou-24

pling is affected remains an open question. In this report, we assess the coupling between25

ULF waves and cold plasmaspheric plumes during geomagnetic storms, and investigate26

the implications for ULF wave-driven radial transport of the outer radiation belt pop-27

ulation. We present a series of event studies of Van Allen Probes observations. For each28

event, we use inferred measurements of the cold plasma density during plume crossings,29

in combination with magnetic and electric field observations of ULF waves. The event30

studies show very different, and at times contrasting, wave behaviour. This includes events31

where ULF waves appear to be spatially confined within plume structures. Initial esti-32

mates show that the localised patches of ULF wave power have significant implications33

for radial diffusion processes, and highlights the need for caution in estimating radial dif-34

fusion coefficients. We suggest that the cold plasma dynamics is an important source of35

uncertainty in radial diffusion models, and understanding cold plasma-ULF wave cou-36

pling is a critical area of future investigations.37

Plain Language Summary38

The terrestrial magnetosphere is a highly dynamic environment around our Earth39

where populations of plasma are trapped within our global geomagnetic field. The plasma40

can interact with the magnetic field through a range of electromagnetic waves. In this41

study, we explore how the lowest energy plasma, termed the cold plasma population, can42

control how electromagnetic waves propagate through the system and dictate where their43

intensity is high. We focus on Ultra Low Frequency (ULF) waves that play a key role44

in transport of high energy electrons. Using spacecraft observations to observe both the45

waves and the cold plasma density, we present analysis of four events where cold plasma46

density structures resulted in the spatial localisation of the ULF waves. The four events47

showed very different, and at times contrasting, dependences that highlight the relation-48

ship between the cold plasma and ULF waves is variable and complex. Finally, we dis-49

cuss implications for how ULF waves interact with the high energy plasma, and show50

that the presence of the cold plasma structures are a critical factor that should be ac-51

counted for when estimating the magnitude of ULF wave driven transport.52

1 Introduction53

Electromagnetic waves are the fundamental mode of energy propagation and trans-54

port across plasma in the terrestrial magnetosphere. These waves can be broadly cat-55

egorised according to frequency (Jacobs et al., 1964), where perturbations with frequen-56

cies ranging between ∼ 1−10 mHz are categorised as Ultra Low Frequency (ULF) waves.57

ULF waves are a vital component of magnetospheric dynamics, associated with auro-58

ral substorm processes (Smith et al., 2023), resonant acceleration of local plasma (A. W. Degeling59

et al., 2008; Hao et al., 2019; Ren et al., 2017), particle precipitation (Rae et al., 2018),60

and stochastic acceleration and transport driven by broadband ULF waves via radial dif-61

fusion (a critical element of radiation belt dynamics) (Turner et al., 2012; Elkington et62

al., 2003; Lejosne & Kollmann, 2020; Sandhu, Rae, Wygant, et al., 2021; Osmane et al.,63

2023).64

Broadband ULF waves are primarily generated as external fast mode waves (e.g.65

magnetopause fluctuations driven by solar wind dynamic pressure, Kelvin-Helmholtz in-66

stabilities on the magnetopause flanks). The propagation of the fast mode waves in the67

inner magnetosphere is controlled by the global distribution of Alfvén speed, which is68

determined by both the background magnetic field and the plasma mass density. The69
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Alfvén speed distribution governs where fast mode waves can couple to shear Alfvén waves70

and drive Field Lines Resonances (FLRs), and sharp density gradients at the plasma-71

pause can reflect/evanesce fast mode waves (Dungey, 1954; Southwood, 1974; Kivelson72

& Southwood, 1986). ULF waves can also be generated through internal sources, such73

as drift-bounce resonance with ring current ions driving FLRs, where the resonant fre-74

quency is again determined by the local Alfvén speed (Southwood, 1974). Both exter-75

nally and internally driven ULF waves are intrinsically coupled to the Alfvén speed, and76

thus coupled directly to the cold plasma population. Therefore, changes in the cold plasma77

population can alter key characteristics and the propagation of ULF waves in the inner78

magnetosphere.79

How does the coupling shape ULF wave phenomena during geomagnetic storms?80

It is well-established that elevated levels of convection during storms effectively erode81

cold plasma from the inner magnetosphere; the plasmasphere shrinks with a well-defined82

and sharp plasmapause, and a plasmaspheric plume can form in the afternoon sector (e.g.,83

Chen & Wolf, 1972; Moldwin et al., 1994; Sandhu et al., 2017). The plume is high den-84

sity plasma (∼ 100 cm−3) originating from the plasmasphere that, due to the increased85

convective electric field, is no longer within the Alfvén layer (or stagnation streamline86

between the corotating and convecting plasma flows). The plasma is convected towards87

the dayside and can simplistically be envisioned as a “strip” of high density plasma ex-88

tending from the plasmasphere to the dayside magnetopause. During the lifetime of a89

plume, it progressively reduces in width and density (Goldstein et al., 2004; Darrouzet90

et al., 2009). Plumes introduce a localised region of high density plasma within a low91

density regime, as well as introducing azimuthal and radial density gradients that will92

be encountered along radiation belt electron drift orbits. Alongside these changes in the93

density of the plasma, the cold plasma population undergoes compositional variations94

with substantially increased concentrations of heavy ions that contribute significantly95

to the mass density and local Alfvén speed (e.g., Sandhu et al., 2017; James et al., 2021).96

The drastic changes in the cold plasma mass density have serious implications for97

ULF wave phenomena and associated wave-particle interactions. For example, the global98

reduction in mass density and plasmapause erosion contributes to variations in FLR fre-99

quencies (Sandhu, Yeoman, & Rae, 2018; Wharton et al., 2020; Rae et al., 2019; Elsden,100

Yeoman, et al., 2022). Although these broad trends have been investigated, the specific101

physics and the role of plumes are comparatively under-explored. There are significant102

knowledge gaps in how ULF waves respond to plume structures, and whether the pres-103

ence of plumes significantly alter storm-time ULF wave behaviour. Recent work has be-104

gun to unravel the problem as well as highlighting ULF wave - plume coupling as an emerg-105

ing area of intriguing and unique physics. New results by Sandhu et al. (2023) show that106

plumes can significantly alter FLR polarisations, generating 3D FLRs (Elsden & Wright,107

2022; Elsden, Wright, & Degeling, 2022). Event studies by Zhang et al. (2019) and Sandhu,108

Rae, Staples, et al. (2021), as well as modelling work by A. W. Degeling et al. (2018),109

have further demonstrated that plumes can be associated with localised enhancements110

in ULF wave power within the plume. Are these single event studies representative of111

ULF wave - plume coupling? And if so, what does a region of localised ULF wave power112

along an electron drift orbit mean for radiation belt dynamics? In this report, we present113

a selection of case studies to demonstrate that the ULF wave - plume coupling is com-114

plex and highly variable. We further explore consequences for ULF wave driven radial115

diffusion of radiation belt electrons.116

2 Observations and Data Analysis117

We present observations provided by the Van Allen Probes mission. The Van Allen118

Probes were two identically instrumented spacecraft (Probe A and Probe B) in a 9 hour119

period and 10 degree inclination orbit of the Earth, which operated between 2012 - 2019.120

Apogee and perigee was typically ∼ 600 km and 5.8 RE, respectively. The orbital apogee121
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precessed through local time, spanning 24 hours of local time in less than 2 years. Due122

to the extensive 7 year data set covering a range of geomagnetic conditions and multi-123

ple geomagnetic storms, the data provided by the Van Allen Probes is a highly suitable124

choice for these investigations.125

2.1 ULF Wave Observations126

This study employs magnetic field observations from the Electric and Magnetic Field127

Instrument Suite and Integrated Science (EMFISIS) instrument (Kletzing et al., 2013,128

2023) and electric field observations from the Electric Field and Waves (EFW) instru-129

ment (Wygant et al., 2013). It is noted that the EFW instrument is highly susceptible130

to data gaps due to contamination by spacecraft charging effects amongst other error131

sources (Breneman et al., 2022), and some events shown here include EFW data gaps132

as a result.133

The magnetic and electric field measurements allow for ULF wave identification134

and characterisation using the method below, following the analysis of Sandhu, Rae, Wygant,135

et al. (2021) and Murphy et al. (2023).136

1. The background field is estimated as the running average over a 20 minute slid-137

ing window that is incremented by 1 minute, and subtracted from the field mea-138

surements to obtain the residual field.139

2. The residual field is transformed to a magnetic field-aligned coordinate system.140

The parallel component is aligned with the background field, the toroidal com-141

ponent is eastwards and perpendicular to the geocentric position vector, and the142

poloidal component completes the Cartesian system.143

3. The power spectral density is computed using a Fourier Transform over a 20 minute144

sliding window that is incremented by 5 minutes. We employ power spectral den-145

sities calculated by Murphy et al. (2023), where magnetic field perturbations as-146

sociated with the rapidly varying background field encountered by the spacecraft147

near perigee are removed.148

The approach provides observations of power spectral density, and we focus on a ULF149

wave frequency range between 1− 15 mHz.150

2.2 Plume Identifications151

Measurements of the total electron density are inferred from identifications of the152

upper hybrid resonance frequency from EMFISIS electric field observations (Kurth et153

al., 2015). Timeseries of the electron density can be used to identify instances of plasma-154

pause and plume boundary crossings, and we employed the Hartley (2022) database of155

Van Allen Probes plume crossings. A separate storm list (Walach, 2023) was consulted156

to focus exclusively on storm time plume crossings. Quiet times were omitted as the rel-157

ative absence of ULF wave activity (compared to storm times (Sandhu, Rae, Wygant,158

et al., 2021; Murphy et al., 2023)) means it would be challenging to explore how the waves159

couple to plumes. From an analysis of the plume crossings, we observed a variety of forms160

of coupling and a selection of the events are presented here.161

3 Results162

Four events are presented here to demonstrate the widely variable nature of ULF163

wave and cold plasma coupling. In Figure 1 we provide a schematic illustration show-164

ing where enhanced and spatially localised enhanced ULF wave power is observed rel-165

ative to the plume for each event. We note that all plume events are located in the af-166

ternoon or dusk MLT sector, in line with peak occurrence of plume observations (Darrouzet167
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et al., 2008). We now review the ULF wave observations (magnetic and electric fields)168

for each event in detail, where the events taken together exemplify the variable nature169

of the ULF wave coupling to the cold plasma plumes.170

Event A
• Plume re�ects ULF waves
• Broadband wave power outside 

plume
• FLR signature linked to drift-bounce 

resonance

Event D
• Enhanced wave power aligned along 

shallow density gradient on plume edge
• Broadband wave power observed across 

all components

Event C
• Complex coupling in a narrow plume
• Frequency dependent trapping of compressional 

wave power
• Standing wave signatures in transverse componentsEvent B

• A broad and newly formed 
plume traps wave power

• Enhanced broadband power 
across all components

Figure 1. Schematic illustrating the spatial locations of enhanced ULF wave power for each

event relative to the plume. The plasmasphere and plume is shown as the shaded coral region,

and is intended only as a rough visual aid. Regions on enhanced wave power are depicted as

shaded blue regions. The labels correspond to events described in the main text, and key points

relating to each event are noted.

For each event we only show observations from Van Allen Probe A over a single171

plume crossing. Observations from Van Allen Probe B were analysed as part of the anal-172

ysis to verify that key changes observed by Probe A were predominantly spatial depen-173

dences, but are now included here for brevity. For all events shown, the corresponding174
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observations from Probe B that was located in a different region did not show ULF wave175

enhancements at the same time, and we confidently deduce that the enhancements dis-176

cussed are not global temporal variations. We restricted analysis to a single pass, as it177

is outside of the scope here to examine the ULF waves alongside the temporal evolution178

of these plumes. We intend to present a separate and more detailed analysis of evolu-179

tion, particle interactions, and reconstructions of the events in subsequent papers.180

3.1 Event A: A Plume Blocks Wave Propagation181

Figure 2 shows an overview of Event A on 24 June 2013. Panels (a-d) shows con-182

textual solar wind, geomagnetic activity, and density observations over a 2 day interval,183

whereas panels (e-k) focus on the single plume crossing over a ∼ 3 hour interval where184

detail on the ULF wave and density observations can be clearly observed.185

Solar wind conditions are shown in panel (a) for the solar wind speed, v [km s−1],186

and panel (b) for the southward component of the Interplanetary Magnetic Field (IMF),187

BIMF,z [nT]. We observe a steady solar wind speed of 500 - 600 km s−1 throughout the188

interval. The southward IMF component is variable, switching from northward to south-189

ward, until remaining weakly southward from 08:00 24 June 2013. Panel (c) shows the190

Sym-H index [nT] to indicate the level of geomagnetic activity generally associated with191

the ring current population (Iyemori, 1990; Sandhu, Rae, & Walach, 2021). We observe192

a series of moderately negative Sym-H excursions reaching just below −40 nT. Panel (d)193

shows the total electron density for Probe A (blue) and Probe B (red), where the Probes194

had an orbital apogee in the dusk sector. The density time series exhibits significant vari-195

ability, with the density profile changing notably from pass to pass. We see a clear bulge196

observed at approximately 06− 08 UT, which then detaches to form a distinct plume197

structure (see Probe B pass at ∼ 10 UT). The plume and bulge are highly variable, with198

the observed size having reduced on each subsequent pass. A couple of hours after for-199

mation, the plume has subsided considerably (see Probe B pass at ∼ 18 UT).200

We now focus on the Probe A traversal of the plume between 14:15 to 16:45 UT201

24 June 2013. For this interval, Probe A is approaching apogee and is located in the dusk202

sector (panel (f)). Panel (e) shows the density timeseries, where we observe initially high203

plasmaspheric densities (< 100 cm−3) between ∼ 14 : 15−14 : 50 UT. There is then a204

transition region where densities hover around 100 cm−3 (∼ 14 : 15−16 : 00 UT), fol-205

lowed by a sharp drop at 16 : 00 UT to low plasmatrough-like densities of a few cm−3.206

It is difficult to ascertain from the in situ measurements, but the density profiles (pan-207

els (d) and (e)) suggest the plume is in the process of detaching/merging with the plas-208

masphere. Plasmapause simulations by Goldstein et al. (2014) predict the presence of209

a plume that extends to the dayside magnetopause, and these simulations are highly val-210

ued at providing contextual information on the global structure of the cold plasma pop-211

ulation.212

Panels (g-k) show the observed ULF wave power across the plume structure. There213

is a sharp increase in broadband ULF wave power across the plume boundary at 16 UT214

in the low density region, which is observed for all components. Wave power is enhanced215

over multiple orders of magnitude, increasing from ∼ 1 nT2 Hz−1 (∼ 1 mV2 m−2 Hz−1)216

up to more than ∼ 100 nT2 Hz−1 (∼ 100 mV2 m−2 Hz−1) for the magnetic (electric)217

field ULF waves. The signature is particularly prominent in the electric field components218

(panels (j,k)). The magnetic field components at low frequencies (∼ 1 − 2 mHz) ap-219

pear to be unconstrained by the plume edge, and instead indicate the presence of a po-220

tential narrow band structure. The azimuthal electric field component (panel (k)) ex-221

hibits a high power structure/band at approximately 10 mHz, reminiscent of an FLR222

signature.223

The observations show clear and dramatic variations in ULF wave activity across224

the plume boundary, with the high density plume region devoid of both broadband and225

–6–



manuscript submitted to JGR: Space Physics

Figure 2. Time series from 12:00 23 June to 12:00 25 June 2013 of (a) solar wind speed, v

[km s−1], (b) north-south component of the Interplanetary Magnetic Field, BIMF,Z [nT], (c) Sym-

H index [nT], and (d) electron density, n [cm−3] measured by Van Allen Probe A (blue) and Van

Allen Probe B (red). Panels (e-k) show Van Allen Probes A observations for a shorter time in-

terval from 14:15 to 16:45 24 June 2013 (as indicated by the grey shaded regions in panels (a-d)).

The electron density, n [cm−3], is shown in panel (e). The position of the spacecraft in L (indigo)

and Magnetic Local Time (MLT, rose) is shown in panel (f). The magnetic field power, PB [nT2

Hz−1], as a function of time and frequency, f [mHz], is shown for the (g) radial, (h) azimuthal,

and (i) parallel field components. The electric field power, PE [mV2 m−2 Hz−1], as a function of

time and frequency, f [mHz], is shown for the (j) radial and (k) azimuthal field components.

FLR-like wave power enhancements. We suggest that the sharp density gradient at the226

plume edge is reflecting a large proportion of propagating compressional ULF waves, sim-227
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ilarly to the reflective capability of a typical sharp plasmapause gradient (Abe et al., 2006).228

The result is that high ULF wave power in the low density plasmatrough region is ex-229

cluded from accessing and propagating within the plume and lower radial distances. It230

is intriguing that the low frequency ULF waves do not appear to undergo significant re-231

flection (panel (i)), contrasting results by e.g. Lee et al. (2002) that suggest lower fre-232

quency ULF waves have a higher probability of reflection. Instead the results agree with233

model outputs by A. W. Degeling et al. (2018) (see Figure 4), which shows high frequency234

exclusion and low frequency penetration of fast mode waves when a plasmaspheric plume235

is well-developed.236

This event suggests that plumes are capable of inhibiting ULF wave propagation237

to low L values during geomagnetic storms. This contrasts to work showing how plasma-238

pause erosion and ring current driven weakening of the magnetic field in the storm-time239

inner magnetosphere results in a large-scale depression of the Alfvén continuum (Sandhu,240

Yeoman, & Rae, 2018; Wharton et al., 2020), and consequently can allow ULF waves241

to penetrate to low L values during storm times (Rae et al., 2019). Instead, this event242

suggests that plumes can prohibit this increased ULF wave accessibility, at least across243

the MLT width that they exist.244

The poloidal FLR signature observed at ∼ 10 mHz in the azimuthal electric field245

(panel (k)) is in line with the peak occurrence of poloidal FLRs associated with drift-246

bounce resonance of ULF waves with substorm injected ions (James et al., 2013). Both247

prior to and during the event, ground magnetometer auroral indices exhibit substorm248

signatures (not shown), and substorm occurrences were also identified in both the Forsyth249

et al. (2015) and Newell and Gjerloev (2011) substorm lists. To investigate the 10 mHz250

feature more closely, we consult observations from the Magnetic Ion Electron Spectrom-251

eter (MagEIS) instrument (Blake et al., 2013) for this event. The analysis is detailed fur-252

ther in S1 of the Supporting Information. In brief, we observe characteristic features of253

drift resonance with ∼ 500 keV protons, including high amplitude periodic oscillations254

and a 180 degree phase shift across the resonant energy. We suggest that the low den-255

sity environment allows a spatial localisation of the resonant interaction by providing256

local field lines with eigenfrequencies capable of meeting the resonance condition (Zhang257

et al., 2019). The high mass densities in the plume region significantly alter the field line258

eigenfrequencies and prevent FLR driving. We also note that the plume density gradi-259

ents can significantly distort the resonant zone, introducing a “kink” to lower L values260

at the dusk sector (e.g. see Figure 2 of A. W. Degeling et al. (2018)) and increasing the261

likelihood of poloidally polarised FLRs in this region. The analysis of MagEIS data for262

this event is highlighted here as brief example of how internally driven ULF waves can263

contribute to key storm time wave dynamics, as well as externally driven broadband per-264

turbations. It also demonstrates how detailed event study analysis can be fruitful in ex-265

ploring a range of ULF wave drivers that may be lost in a broad statistical analysis. There266

is a significant scope to conduct highly detailed multi-instrument analysis for each event,267

assessing particle dynamics over all observed energies, although due to space constraints268

we consider only MagEIS observations for this event.269

3.2 Event B: A Broad Plume Traps ULF Waves270

Timeseries for this event are shown in Figure 3, using the same format as Figure271

2 where panels (a-d) show the longer period variations over a multi-day interval and pan-272

els (e-k) focus on one plume structure crossing. For this event, the solar wind speed varies273

between 500 to 600 km −1 (panel (a)) with a variable southward IMF component (panel274

(b)). At approximately 02 UT 08 September, BIMF,z rotates from strongly southward275

(∼ −10 nT) to strongly northward (∼ 10 nT). The period is associated with a strong276

geomagnetic disturbance, where panel (c) shows the Sym-H index decreases to nearly277

−90 nT within roughly a day followed by a rapid recovery in less than a day. This storm278

contrasts to the typical features of a classic geomagnetic storm (rapid main phase and279
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prolonged multi-day recovery (Hutchinson et al., 2011)), where it appears the northward280

BIMF,z rotation halts ring current energisation and allows decay processes to dominate.281

This event is a subset of a longer period series of geomagnetic disturbances driven by282

multiple CME interactions, resulting in complex radiation belt dynamics (Staples et al.,283

2022, and others).284

Figure 3. Time series in the same format as Figure 2, for (a-d) 12:00 06 September to 06:00

09 September 2015, and (e-k) 22:00 07 September to 05:00 08 September 2015.

For this event, the Probes had an apogee in the afternoon sector, and the in situ285

density measurements show high variability in the cold plasma population throughout286

the geomagnetic disturbance (panel (d)). At the beginning of the event, both Probes sam-287

ple a typical plasmasphere and a relatively dense plasmatrough. Plasmatrough densi-288

ties are ∼ 10 cm−3, and could potentially instead be a region of an extended and dif-289
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fuse plasmasphere. At ∼ 04 UT 07 September, the Sym-H index has a small depression290

to ∼ −50 nT and the density profile from Probe A indicates the presence of a plasma-291

spheric bulge. On the subsequent pass for Probe A, the bulge has departed from the plas-292

masphere and a clear plume structure is observed at approximately 16 UT. The plume293

structure is highly variable in thickness and density across each Probe traversal. The plume294

is observed until ∼ 06 UT 08 September, when Probe A observes only a high density295

plasmatrough in place of the plume with densities of ∼ 10 cm−3, indicating that the in-296

ner magnetospheric density distribution has returned to its original state.297

Panels (e-k) focus on the Probe A crossing of the plume between 22 UT 07 Septem-298

ber to 05 UT 08 September 2015, where Probe A is sampling the broad and newly formed299

plume at the peak of the geomagnetic disturbance. For this interval, the probe is under-300

going an apogee pass through the afternoon sector (panel (f)). The density profile shows301

the plume is spatially extensive, with Probe A sampling the plume over 4 hours and an302

estimated azimuthal width of 2.9 hours in MLT. The density within the plume is approx-303

imately 100 cm−3, although there is significant substructure within the plume evidenced304

by a “jagged” timeseries. The density gradients on the plume edges are sharp, and the305

density reduces to less than 10 cm−3 in the plasmatrough.306

Panels (g-k) show ULF wave power variations. We note that although there is a307

lack of electric field data for this event (panels (j,k)), the magnetic field data alone pro-308

vides worthwhile discussion. All magnetic field components exhibit enhancements in the309

wave power within the plume region (panels (g-i), 00 - 04 UT). The enhancements are310

observed over a wide frequency range from 1 to 15 mHz, with wave power reaching val-311

ues up to ∼ 103 nT2 Hz−1. Furthermore, frequency profiles of the wave power (not shown)312

indicate a relatively stable peak in azimuthal component power at approximately 4 mHz,313

evidencing a potential standing wave structure. This feature is somewhat masked by the314

coincident broadband enhancements in panel (h).315

Outside the plume, the power drops markedly by 2 - 3 order of magnitude (∼ 1316

nT2 Hz−1), most noticeable on the noonside of the crossing at 00 UT. At the dusk side317

crossing at 04 UT, although the transverse components exhibit a clear decrease in power,318

the compressional component displays similarly high wave power into the plasmatrough319

for the remainder of the interval shown (panel (i)). We have not extended the time range320

for panel (i) further than shown as the Probe is rapidly approaching perigee and mov-321

ing into a low L region, such that it would be inappropriate to compare and attribute322

changes solely due to the plume boundary.323

We interpret observations shown in Figure 3 as evidence of ULF wave power be-324

ing trapped and confined within a plume, similar to the event shown by Sandhu, Rae,325

Staples, et al. (2021) (see Figure 5) and the simulation results by A. W. Degeling et al.326

(2018). We suggest that the sharp density gradients at the edges of the plume reflect ULF327

waves and confine them within the high density region, acting like a miniature wave cav-328

ity.329

3.3 Event C: Complex Coupling in a Narrow Plume330

Following the same format as Figure 2, Figure 4 shows observations of solar wind,331

geomagnetic activity and in situ density and ULF wave power. For this event, the so-332

lar wind speed is relatively steady (panel (a)) and BIMF,z is generally southward but vari-333

able in magnitude (panel (b)). Panel (c) shows the occurrence of a moderate geomag-334

netic storm with Sym-H minimum of approximately −70 nT at 07 UT 11 November. Probe335

A and Probe B have apogees located in the dusk sector. Panel (d) shows initially high336

densities of ∼ 100 cm−3 and above, with an extended and diffuse plasmasphere. From337

∼ 04 UT 11 November, there is a dramatic depletion of density, where a distinct plume338

has formed and the plasmasphere has been eroded to within the Probes orbital cover-339

age, such that the probes now sample plasmatrough densities of a few cm−3. The Probes340
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encounter multiple passes of the plume over subsequent orbits, where we observe a thin-341

ning of the plume with time. From 21 UT 11 November, the plume has eroded and is342

no longer visible.343

Figure 4. Time series in the same format as Figure 2, for (a-d) 16:00 10 November to 06:00

12 November 2013, and (e-k) 13:30 to 16:00 11 November 2013.

Panels (e-k) focus on a Probe A crossing of the eroding plume between 13:30 to344

16:00 UT 11 November. Panel (e) shows the plume is thin (compare to Figure 3e), with345

density changes of less than one order of magnitude. The density inside the plume is ∼346

100 cm−3 and is located in the afternoon sector. The estimated azimuthal width in MLT347

is 0.6 hours. The plasmatrough densities outside the plume are ∼ 10 cm−3.348

The wave activity is complex and multi-faceted for this event. Panel (i) shows the349

compressional wave power at low frequencies (< 4 mHz) is enhanced across the inter-350
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val, and indicates limited dependences on being inside or outside of the plume structure.351

At higher frequencies (∼ 8 mHz), there is a weak dependence for the compressional com-352

ponent, such that there is higher wave power (∼ 100 nT2 Hz−1) inside the plume com-353

pared to outside the plume (∼ 10 nT2 Hz−1). The higher frequency perturbations have354

comparatively shorter wavelengths than the low frequency ULF waves, and hence will355

be easier to confine within the small scale of the plume structure. The transverse com-356

ponents, particularly for the electric field component (panels (j,k)), indicate localised en-357

hancements with high power located roughly at the plume boundaries at frequencies from358

approximately 1 to 8 mHz. This can be identified at ∼14:25 and ∼14:55 in Figure 4j,k.359

The observations draw some similarities with magnetohydrodynamic (MHD) mod-360

elling results from A. W. Degeling et al. (2018), where constructive interference of com-361

pressional ULF waves within a plume generate a standing wave structure with the re-362

flective plume boundaries forming nodes. Both these observations and the A. W. Degeling363

et al. (2018) model outputs note a resulting enhancement in radial electric field along364

the plume edge as a consequence of the eigenmode structure across the plume. However,365

the plume observed here exhibits relatively subdued density gradients at the edges (panel366

(e)) that would be relatively less effective at efficiently reflecting ULF waves. Further-367

more, the spectrogram features in Figure 4 are broad in temporal space such that it is368

difficult to make certain conclusions form this event. Regardless, the complexity of the369

power spectra for even an “old” plume are certainly of interest. Furthermore, MagEIS370

particle observations for this event (not shown) indicate notable periodicity in field-aligned371

proton fluxes at 100 keV, suggesting potentially ULF wave modulated particle precip-372

itation at the plume. The results highlight that plumes in later stages of evolution re-373

main critical to shaping wave-particle interactions in the inner magnetosphere.374

3.4 Event D: A Diffuse Edge Hosts Wave Power375

Figure 5 shows observations for the final event, where an enhancement in wave power376

is observed along the plume boundary. Panels (a-d) show contextual information between377

18 UT 21 June to 18 UT 24 June 2015. We observe the arrival of a solar wind structure378

at approximately 18 UT 22 June, evident from the rapid elevation of solar wind speed379

from ∼ 400 to ∼ 700 km s−1 (panel (a)). The IMF is variable with BIMF,z magnitudes380

of around 10 nT and no consistent orientation (panel (b)). From approximately 18 UT381

23 June, BIMF,z stabilises around 0 nT and the solar wind speed is steady at approxi-382

mately 600 km s−1. The external solar wind driving generates a strong geomagnetic storm,383

with a Sym-H minimum of approximately −200 nT at 04 UT 23 June (panel (c)). Panel384

(d) shows density observations from the Probes, where apogee is in the dusk sector. The385

density in the inner magnetosphere is initially high (≳ 100 cm−3), with an extended plasma-386

pause observed until 12 UT 22 June. On the following pass (∼ 18 UT 22 June), the Sym-387

H index indicates the storm has entered the main phase (panel (c)), and both Probes388

now sample a low density plasmatrough with densities depleted to a few particles cm−3.389

There are signatures of plume formation, although the plume is transient from pass to390

pass. At approximately 04 UT 24 June, during the late recovery phase, both Probes ob-391

serve a plume feature. Due to the relatively stable solar wind conditions compared to392

the inital and main phase plumes, this crossing is ideal for in situ analysis.393

Panels (e-k) focus on the plume crossing by Probe A between 02:50 to 05:10 24 June394

2015. The probe samples the dusk-side edge of the plume, with densities of nearly 100395

cm−3 inside the plume (3:10 UT) and reducing to nearly 0 cm−3 outside of the plume396

(05:00 UT), referring to panel (e). In contrast to the previous events (Figures 2, 3, and397

4), the plume gradient is remarkably shallow and attributed to the old-age of the plume398

in the late recovery phase (Borovsky & Denton, 2008).399

Panels (g-k) show the magnetic and electric field power spectra. We observe en-400

hancements across all components and across a wide frequency range (1 to 12 mHz) lo-401
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Figure 5. Time series in the same format as Figure 2, for (a-d) 18:00 21 June to 18:00 24

June 2015, and (e-k) 02:50 to 05:10 on 24 June 2015.

calised to the shallow gradient at the plume edge (between ∼ 3:45 to ∼ 4:40). Simulta-402

neous observations of 470 keV electrons (not shown) are indicative of drift-bounce res-403

onance, potentially driving ULF waves. As the local field line eigenfrequency is deter-404

mined by the spatial distribution of electron density (Sandhu, Yeoman, James, et al., 2018),405

we suggest that only the region along the plume edge, where n ∼ 10 cm−3 has field line406

eigenfrequencies that satisfy the resonance condition (Zhang et al., 2019). However, al-407

though this would generate localised enhancements in ULF wave power along the plume408

edge, the enhancement would be at a discrete poloidal frequency band. In contrast, pan-409

els (g-k) show broadband enhancements across all components. We do not fully under-410

stand the driver behind the spatial localisation observed here. We welcome community411
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input, and simulation work will be conducted as part of future analysis to establish the412

physical processes at play.413

4 Discussion414

We have presented a selection of events, where each event shows distinct ULF wave415

coupling to the cold plasma population. The intention of this report is to highlight the416

range of variability across events - some plumes are capable of trapping high amplitude417

and broadband ULF waves (Events B, C, D), whereas other plumes have the opposite418

effect and are devoid of wave power (Event A). Although plumes are commonplace dur-419

ing storms (Darrouzet et al., 2009), it is now clearly a complex problem to predict the420

spatial distribution of the ULF wave power in the presence of these plumes. We hope421

to understand the sources and drivers of variability in future studies through detailed422

statistical investigation. We will focus on how plume properties (width, boundary gra-423

dients, magnitude of densities, and location) combine with ULF wave drivers (internal424

or external) combine to generate the observed variability exhibited here.425

The results have confirmed that ULF wave propagation is highly coupled to the426

presence of plumes. But what are the implications for ULF wave impacts on inner mag-427

netospheric dynamics? The regions of enhanced wave power can shape local processes,428

such as ULF wave induced precipitation (e.g., Event C), and are evidence of effective ring429

current decay through resonant interactions driving FLRs (e.g., Event A).430

As well as local processes, ULF waves play a key role in the large-scale radial dif-431

fusion of energetic electrons in the outer radiation belt. In the next sub-section, we dis-432

cuss how the ULF wave coupling to storm-time plumes can influence radial diffusion.433

4.1 Implications for Estimating Radial Diffusion434

In brief, ULF wave driven radial diffusion arises due to the electric and magnetic435

field wave periods being comparable to radiation belt electron drift periods. The (drift)436

resonant wave-particle interactions violate the third adiabatic invariant, and the fluc-437

tuations from broadband ULF wave activity “scatter” electrons radially inwards and out-438

wards onto new drift paths (Fälthammar, 1965; Kellogg, 1959; Parker, 1960). The pro-439

cess is particularly efficient at reducing/smoothing radial phase space density gradients440

that can arise due to local wave-particle interactions or flux dropouts at the outer bound-441

ary. The acceleration by radial diffusion has been suggested to be dominant in the re-442

covery phase of geomagnetic storms (Katsavrias et al., 2019; Jaynes et al., 2018), and443

the outward transport can contribute significantly to magnetopause shadowing (Turner444

et al., 2012; George et al., 2022). In brief, radial diffusion by ULF waves significantly con-445

tributes to the radial redistribution, energisation, and loss of radiation belt electrons.446

The magnitude of ULF driven radial diffusion can be represented through a radial447

diffusion coefficient, DLL, and models of DLL are included in radiation belt modelling448

and forecasting tools in an attempt to capture the ULF wave contributions to radial trans-449

port. Commonly used empirical models of DLL are based on statistical databases of ULF450

wave power from magnetic and electric field observations and are typically parameterised451

by electron drift shell (L∗) and geomagnetic indices (e.g. Kp index) (Ali et al., 2016; Ozeke452

et al., 2014; Murphy et al., 2023). Alternatively, event-specific diffusion coefficients can453

be useful for generating radiation belt simulations of specific storm events (Olifer et al.,454

2019), where estimated diffusion coefficients are not well-represented by empirical mod-455

els with high variance (Ali et al., 2016; Sandhu, Rae, Wygant, et al., 2021). For these456

event-specific DLL, ULF wave power in the magnetic and electric fields can be determined457

from one or multiple observation points (in situ or ground based) over a range of elec-458

tron drift paths. However, radial diffusion treats the particle dynamics as a drift aver-459
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aged process, so the DLL estimate should represent the drift-averaged wave power that460

a given electron would experience along it’s full drift orbit.461

The presence of plumes and the results shown here raises some key questions re-462

garding radial diffusion. Empirical models of DLL assume comparable conditions at a463

given geomagnetic activity level (i.e. a given value of Kp for example). However, for some464

of these events there may be a plume contributing significant azimuthal asymmetry to465

the ULF wave power distribution. Event-specific diffusion coefficients often assume that466

the wave power observed at a given MLT is representative of the average wave power along467

the electron drift path. In this case, a localised enhancement in ULF wave power due468

to a plume would violate this assumption.469

To establish how important plumes may be for radial diffusion processes and whether470

the contribution of spatially localised enhancements in ULF wave power are significant,471

we estimate event-specific DLLs for these four events. We obtain radial diffusion coef-472

ficients for the magnetic field, DB
LL, and the electric field, DE

LL. The results are shown473

in Figure 6, and we refer the reader to the Supporting Information (S2) for full details474

on the calculations. Each column corresponds to each event, as labelled. Panels (a,c,e,g)475

show magnetic field diffusion coefficients, and panels (b,d,f,h) show the electric field coun-476

terpart. Each panel shows the diffusion coefficient as a function of L*, where L* is the477

third adiabatic invariant and can be considered as the radial measure of the electron drift478

orbit (Roederer, 1970; Roederer & Lejosne, 2018). We also include the empirically mod-479

elled diffusion coefficients by Ozeke et al. (2014), as shown by the black lines for com-480

parison. We use the average Kp index value during this interval in the empirical model.481

The L* and Kp values used are shown in Table 1.482

For each event, we identify the regions of enhanced and low ULF wave power, where483

the time intervals corresponding to the regions are shown in Table 1. For each region,484

the magnetic and electric field observations are used to estimate corresponding values485

of DB
LL and DE

LL (see Supporting Information S2). The DLL values for the high power486

region are indicated by the rose asterisks, and the DLL values for the low power region487

are indicated the indigo asterisks. For Events B, C, and D, we are able to reasonably es-488

timate the azimuthal extent of the power enhancement from the timeseries, with the width489

in MLT shown in Table 1. Using the wave power inside, Pinside a plume of MLT width,490

∆MLT, and outside the plume Poutside, we can roughly estimate the drift averaged wave491

power along a drift path at the given L* as Pinside∆MLT+Poutside(24−∆MLT)
24 . This assumes492

that Poutside is representative of the remainder of the drift path, but it is a reasonable493

assumption for these approximate first estimations. Using the drift-averaged wave power494

and the approach detailed in S2 of the Supporting Information, we estimate a more ac-495

curate MLT-averaged radial diffusion coefficient for the magnetic and electric compo-496

nents, which are indicated by the green asterisks in Figure 6. These MLT-averaged ra-497

dial diffusion coefficients estimate the level of radial diffusion for an electron that expe-498

riences the plume (and spatially localised ULF wave power enhancement) along part of499

its orbit.500

We briefly summarise key observations from the DLL calculations below.501

4.1.1 Event A502

Figure 6a,b shows the radial diffusion coefficients estimated using the spacecraft503

ULF wave observations during the enhanced region (outside the plume, rose) and out-504

side the enhancement (in the plume, indigo). We can see that there is a significant dis-505

crepancy between the rose and indigo asterisks, with the diffusion coefficients outside the506

plume observed over 2 orders of magnitude larger than the diffusion coefficients inside507

the plume. Whereas the observation inside the plume (indigo) is similar to the empir-508

ical model (black line) and thus representative of typical ULF wave power for these con-509

ditions, the diffusion coefficient outside the plume (rose) is higher than average. It ap-510
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High Power

Low Power

MLT-averaged

Figure 6. Radial diffusion coefficients as a function of L*. Each column corresponds to each

event, as labelled. Panels (a,c,e,g) show the magnetic radial diffusion coefficient, DB
LL [days−1],

panels (b,d,f,h) show the electric radial diffusion coefficient, DE
LL [days−1]. The solid black lines

correspond to the Ozeke et al. (2014) modelled diffusion coefficients. The rose and indigo aster-

isks indicate the estimated diffusion coefficients for the high power and low power intervals (see

Table 1). The green asterisks estimate the MLT-averaged radial diffusion coefficient.

pears that the empirical model is not capturing the magnitude of the solar wind driven511

ULF wave enhancement for this event. The general trend shown by the Ozeke et al. (2014)512

model also indicates that the majority of the difference is unlikely to be attributed to513

any difference in the L* value of the observations. We see similar trends for both the mag-514

netic and electric field diffusion coefficients.515

4.1.2 Event B516

For this event there is a lack of electric field observations (Figure 3j,k), so we are517

restricted to analysis of only the magnetic field power and diffusion coefficients. Figure518

6c shows that there is a notable difference between all three DLL values, spanning al-519

most 3 orders of magnitude in total. Reassuringly, the MLT-averaged coefficient lies very520

close to the Ozeke et al. (2014) model values (black line), suggesting that for this event521

the empirical model is capturing the magnitude of radial diffusion in the presence of a522

plume well. If a event-specific single spacecraft estimate of DB
LL was used for this event,523

the value would be significantly mis-representative. It could underestimate/overestimate524

DB
LL if it was outside/inside the plume by approximately an order of magnitude. Over-525

all, the combination of a broad plume and large relative enhancement of wave power in-526

side the plume result in a considerable impact on radial diffusion.527
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4.1.3 Event C528

Figure 6e,f shows the estimated event-specific diffusion coefficients for these events,529

noting that the indigo asterisks is masked by the green asterisk (discussed in the next530

paragraph) in the same location. The values inside and outside of the plume are very531

similar, with less than an order of magnitude difference for both the magnetic and elec-532

tric radial diffusion coefficients. Unsurprisingly, the relatively narrow plume width of less533

than 1 hour of MLT (see Table 1) has little impact on the MLT-averaged radial diffu-534

sion coefficient, such that the indigo and green asterisks overlap for both magnetic and535

electric field diffusion coefficients. For this case, the plume will have minimal impact on536

estimates of radial diffusion coefficients and on the radial diffusion experienced by the537

radiation belt electrons. We note that all event-specific estimates are larger than the Ozeke538

et al. (2014) modelled values by more than an order of magnitude for both the magnetic539

and electric field diffusion coefficients. We attribute this to the large variability in val-540

ues that can be observed at a given activity level (Sandhu, Rae, Wygant, et al., 2021;541

Ali et al., 2016).542

4.1.4 Event D543

Figure 6g,h shows similar trends are observed for both the magnetic and electric544

diffusion coefficients, with the event-specific estimates larger than the Ozeke et al. (2014)545

empirical model for this event. The coefficients corresponding to the enhanced region546

(rose asterisks) are larger than the low power region (indigo asterisks) as expected, with547

a difference of more than one magnitude for the magnetic component. Figure 6g,h shows548

that the MLT-averaged diffusion coefficient and the low power coefficient (indigo and green)549

are very similar, such that the asterisks are almost completely overlapping. We deduce550

that, for this event, the relatively limited spatial extent of the enhanced region (less than551

1 hour in MLT; Table 1) was insufficient to significantly contribute or alter the drift av-552

eraged wave power and hence enhance the radial diffusion coefficients.553

Overall, Figure 6 demonstrates that event-specific diffusion coefficients inside a high554

power region can be largely unrepresentative of the MLT-averaged radial diffusion co-555

efficient, and it is not accurate to assume that the observation of ULF wave power is rep-556

resentative of the electron drift path during during geomagnetic storms. The magnitude557

of the mis-estimation that can occur varies from event to event, depending on the na-558

ture of the ULF wave - plasma coupling. For example, Event B shows differences reach-559

ing multiple orders of magnitude. We recommend that event-specific diffusion coefficients560

should always take into account the background cold plasma density distribution, and561

utilise multi-spacecraft measurements to distinguish between spatially localised enhance-562

ments and global enhancements that would occur across a broader portion of an elec-563

tron drift path.564

Although current empirical models (Murphy et al., 2023)) are highly capable at cap-565

turing broad trends in DLL with L*, solar wind conditions, and geomagnetic activity,566

there remains considerable model-observation error in DLL at times. For example, Fig-567

ure 4 of Murphy et al. (2023) shows that the model uncertainty can range over multi-568

ple orders of magnitude. We suggest here that a key source of model uncertainty can be569

attributed to the complex cold plasma - ULF wave coupling, which remains to be ex-570

plicitly included in current radial diffusion models. To fully resolve this uncertainty, it571

is essential for further work to understand the role of plumes (and the cold plasma pop-572

ulation in general), and this is a focus of future endeavours. We need to establish the573

physical properties that are missing from our theoretical understanding of radial trans-574

port and incorporate these factors into global models.575
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5 Concluding Thoughts576

This report has presented a multiple event study analyses to highlight the complex577

and variable nature of ULF wave and cold plasma coupling during geomagnetic storms.578

The results demonstrate a clear need to understand the cold plasma and its structure579

during these dynamic periods. Although models such as Goldstein et al. (2019) and James580

et al. (2021) are highly capable at capturing the occurrence and shape of plumes, our581

results indicate that the gradients along plume edges are also important and need to be582

considered when modelling cold plasma density. The event studies also show that there583

are prominent knowledge gaps in how ULF wave generation and propagation are deter-584

mined by plumes. The variability shows that the physical processes are highly sensitive585

to plume size and shape, as well as ULF wave driver characteristics.586

We explored possible implications for radial diffusion and estimates of radial dif-587

fusion coefficients. The results indicate serious limitations with single spacecraft estimates588

and unrealistic DLL calculations if plumes are unaccounted for. In particular, analysis589

suggests that plume contributions are specifically important for azimuthally broad struc-590

tures that span a considerable MLT width, where trapped power within the plume can591

enhance DLL values by more than an order of magnitude. These plumes are common592

in the early formation stages during geomagnetic storm main phase (Goldstein et al., 2004).593

The results presented here highlight the need to realistically establish how radial594

transport manifests in the dynamic storm time inner magnetosphere, where electron drift595

paths intersect with plume structures. The analysis presented estimates of radial diffu-596

sion coefficients based on the average ULF wave power encountered along a complete elec-597

tron drift orbit. However, these calculations are limited by existing derivations of radial598

diffusion coefficients that do not account for the presence of highly localised regions of599

enhanced power as observed here, and as such these average DLL values should be strictly600

treated as simplistic estimates that are restricted by current best knowledge. Future progress601

in understanding ULF wave driven radial transport in the presence of plumes could in-602

clude new theoretical derivations of radial diffusion coefficients and MHD simulations603

(e.g., A. Degeling et al., 2007). This work will include exploring how wave power is dis-604

tributed across azimuthal wave numbers. For example, A. Degeling et al. (2007) shows605

that localised waves implies a spectrum of wave numbers (where each wave number re-606

lates to a drift resonant interaction with electrons with a specific drift speed), and hence607

the presence of multiple wave numbers is an important consideration in fully compre-608

hending how ULF waves shape radial transport of electrons.609

More broadly, there is evidence that other radiation belt model inputs may suffer610

from unrealistic inputs during storm times in addition to inaccuracies in radial diffusion611

inputs. For example, plumes have been observed to locally amplify and trap whistler mode612

waves (Shi et al., 2019; Ke et al., 2021), modify the chorus to hiss mechanism (Hartley613

et al., 2022), and are associated with enhanced EMIC wave activity (Usanova et al., 2013).614
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is publicly available from NASA/GSFC’s Space Physics Data Facility’s OMNIWeb ser-618
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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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