
1.  Introduction
The terrestrial magnetosphere is host to a wealth of electromagnetic fluctuations that communicate in-
formation and transfer energy across the magnetospheric system. Amongst the most interesting are those 
fluctuations occurring within the ultra low frequency (ULF) wave band with frequencies ranging from 
∼1−10 mHz (Jacobs et al., 1964). ULF waves play a crucial role in wider magnetospheric dynamics, as-
sociated with radial transport of the hazardous radiation belt population and resonant interactions with 
non-equilibrium particle distributions (e.g., Elkington et al., 2003).

Sources of ULF waves lie both internally and externally to the magnetosphere. External sources include Kel-
vin-Helmholtz instabilities at the magnetopause flanks (Chen & Hasegawa, 1974a, 1974b; Mann et al., 1999; 

Abstract  Ultra low frequency (ULF) waves play a crucial role in transporting and coupling energy 
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the radial distribution of ULF wave power is complex - controlled interdependently by external solar 
wind driving and the internal magnetospheric structuring. We conducted a statistical analysis of observed 
storm-time ULF wave power from the Van Allen Probes spacecraft within 2012–2016. Focusing on the 
dayside (06 < magnetic local time ≤ 15), we observe large enhancements across 3 < L < 6 and a steep 
L dependence during the main phase. We consider how accounting for concurrent magnetopause and 
plasmapause locations may reduce statistical variability and improve parameterization of spatial trends 
over and above using the L value. Ordering storm time ULF wave power by L provides the weakest 
dependences from those considered, whereas ordering by distance from the magnetopause is more 
effective. We also explore dependences on local plasma density and find that spatially localized ULF 
wave power enhancements are confined within high density patches in the afternoon sector (likely 
plasmaspheric plumes). The results have critical implications for empirical models of ULF wave power 
and radial diffusion coefficients. We highlight the necessity of improved characterization of the highly 
distorted storm-time cold plasma density distribution, in order to more accurately predict ULF wave 
power.

Plain Language Summary  In the near-Earth space environment, the Earth's magnetic field 
oscillates at a variety of frequencies. Collections of charged particles, called plasma, in this region can 
interact with these magnetic waves with ultra low frequencies (ULF), transferring magnetic energy to 
the plasma. Sometimes these variations in the magnetic field are especially strong and wave power is 
increased. These periods are called geomagnetic storms. We used satellite measurements of ULF wave 
power to investigate how the power changes during geomagnetic storms, depending upon the size of the 
region and plasma environment. We show that the outer boundary of the Earth's magnetic field is key to 
describing how ULF wave power varies at different distances from Earth. We also show that the plasma 
conditions in the region are also important; during geomagnetic storms high density regions of plasma 
“trap” the ULF waves. These results improve our understanding how magnetic oscillations propagate 
through Earth's magnetic field, and show how regions of high wave power appear.
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Rae et al., 2005; Southwood, 1974) and solar wind pressure fluctuations that buffet the dayside magneto-
pause (Kepko et al., 2002). Consequently, magnetospheric ULF wave power exhibits strong dependences 
and correlations with solar wind pressure, the southward component of the interplanetary magnetic field 
(IMF), as well as solar wind coupling functions that combine multiple solar wind parameters (Bentley 
et al., 2018; Koskinen & Tanskanen, 2002; Posch et al., 2003; Takahashi et al., 2012). Solar wind structures, 
such as coronal mass ejections and corotating interaction regions are associated with strong enhancements 
in ULF wave power (Hudson et al., 2014; Simms et al., 2010; Zong et al., 2009). Externally driven ULF 
waves have a broadband nature and an occurrence peaking across the dayside sector (Liu et al., 2009; Nosé 
et al., 1995; Nykyri, 2013; Pahud et al., 2009; Takahashi et al., 2016; Sandhu, Rae, Wygant, et al., 2021). In-
ternal sources are associated with enhanced substorm activity and coupling to injected particle distributions 
(Baddeley et al., 2005; Engebretson & Cahill, 1981; Hughes, 1983; James et al., 2016; Nosé et al., 1998; Woch 
et al., 1990). In contrast to externally driven ULF waves, these narrowband ULF waves are most probable in 
the afternoon, dusk, and nightside magnetic local time (MLT) sectors. Although these internal sources are 
enhanced during geomagnetically active times (e.g., Sandhu, Rae, Wygant, et al., 2021), it has been demon-
strated that external drivers are the dominant source of ULF wave power variability across the dayside inner 
magnetosphere (Bentley et al., 2019).

The propagation and behavior of these externally driven waves is very well-detailed in wave theory (e.g., Els-
den & Wright, 2019). Southwood (1974) showed that compressional waves can propagate from the dayside 
magnetopause toward the Earth before reaching a turning point, beyond which the waves decay exponen-
tially. In addition, these ULF waves can couple to transverse modes and drive resonant field line oscillations 
should they encounter field lines where the ULF wave frequency is equal to the field line eigenfrequency 
(Chen & Hasegawa, 1974a; Southwood, 1974), acting as another sink of the broadband compressional ULF 
wave power. Finally, sharp spatial gradients in plasma density are associated with similarly sharp changes 
in eigenfrequency (due to the dependence of the eigenfrequency on the Alfvén speed along a field line). 
Such a gradient exists across a well-defined plasmapause. It has been posited that the sharp change in ei-
genfrequencies can effectively reflect a large degree of Earthward propagating ULF wave power, resulting 
in a “barrier” that prevents the waves from accessing the plasmasphere (e.g., Lee et al., 2002). The region 
extending from the magnetopause to the plasmapause acts as a cavity for ULF waves, where a compression-
al mode wave can form a radially standing structure across the cavity (Kivelson & Southwood, 1986). This 
cavity can support various fast mode harmonics and will respond resonantly when driven over the appro-
priate frequency range (Allan et al., 1986).

In this study we consider how the characteristics of ULF wave power respond to geomagnetic storms, where 
dramatic enhancements in ULF wave power are observed across a wide radial extent of the inner magne-
tosphere (Sandhu, Rae, Wygant, et al., 2021). Large increases in observed ULF wave power are attributed 
predominantly to the elevated solar wind conditions (increased solar wind pressure and prolonged periods 
of strong southward IMF), and hence an enhanced external ULF wave source. However, as highlighted by 
Murphy et al. (2015), these active periods are also simultaneously associated with compressed magneto-
pause locations. Murphy et al. (2015) demonstrated that this earthward translation of the ULF wave source, 
as well as the magnitude of the source, plays an important role in contributing to the observed increase in 
wave power at a given ground magnetometer location.

Furthermore, the enhanced solar wind - magnetosphere coupling during geomagnetic storms drives in-
creased convection electric fields and dynamics that significantly intensify internal magnetospheric con-
ditions. The spatial distribution of plasma mass density in the inner magnetosphere undergoes drastic 
reconfiguration, including the depletion of plasma and plasmaspheric erosion (Kale et  al.,  2009; Katus 
et al., 2015; Sandhu et al., 2017), as well as a surge in heavy ion concentration (Kistler & Mouikis, 2016; 
Sandhu et al., 2017; Yue et al., 2019). In addition, the enhanced ring current acts to weaken and inflate the 
background magnetic field in the inner magnetosphere (Ganushkina et al., 2010; Jorgensen et al., 2004; 
Sandhu, Rae, & Walach, 2021). Overall, these storm time changes in the magnetic field and plasma result in 
a strong reduction in eigenfrequencies across the low density convection-dominated region outside the plas-
masphere (the plasmatrough) (Kim et al., 2018; Sandhu et al., 2018; Rae et al., 2019; Wharton et al., 2020) 
and a sharp, well-defined boundary at the eroded plasmapause (Kale et al., 2007). As discussed by Wharton 
et al. (2020), the depressed eigenfrequencies and erosion of the plasmapause to low radial distances during 
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the storm main phase imply that ULF waves of a given frequency will couple at lower radial distances. 
These internal changes would significantly contribute to increased wave power at a given location during 
storm times. For example, Hartinger et al. (2010) provides observational evidence for the role of the plasma-
pause as a “barrier” to wave power, controlling the radial extent of ULF wave power propagation.

Therefore, it is reasonable to infer that the radial variation and dynamic evolution of ULF wave power 
depends on multiple factors: the magnitude of the external solar wind source, the location of the magne-
topause, and the location of the plasmapause. In this case, perhaps a parameterization by radial distance 
would not adequately account for these dependences. With such complexity it is difficult to distinguish 
whether ULF wave power enhancements are due to enhanced wave sources or large scale magnetospheric 
structuring. Despite this we note that the overwhelming majority of previous statistical surveys of ULF 
wave power opt for this approach by parameterizing by L value (radial distance in the magnetic equatorial 
plane in Earth Radii) (e.g., Ali et al., 2016; Brautigam et al., 2005; Liu et al., 2009; Ozeke et al., 2014; Taka-
hashi et al., 1992; Takahashi et al., 2016). In this study, we aim to determine the importance of both the 
magnetopause and plasmapause for understanding and predicting where compressional ULF wave power 
enhancements are observed during geomagnetic storms.

2.  Data and Methodology
We conduct a statistical survey of compressional ULF wave power in the inner magnetosphere during geo-
magnetic storms using measurements provided by the Van Allen Probes (Mauk et al., 2013). The Van Allen 
Probes are two identically instrumented spacecraft that sampled the inner magnetosphere from October 
2012 to July 2019 for Probe A, and from October 2012 to October 2019 for Probe B. The spacecraft operated 
in a 9 h orbit with an inclination of 10°. The orbital apogee was 5.8 Earth Radii (RE), which precessed to 
cover all local times in less than 2 years. The orbital perigee was initially ∼600 km, and underwent a series 
of lowering maneuvers from January 2019.

We use magnetic field observations provided by the Electric and Magnetic Field Instrument Suite and Inte-
grated Science (EMFISIS) instrument (Kletzing et al., 2013). The full data set combines observations from 
both Probe A and Probe B, covering the period from January 2013 to October 2019.

The Van Allen Probes provide an optimal data set, due to the regular and repeated sampling of the inner 
magnetosphere for numerous geomagnetic storms. Furthermore, the choice of in situ sampling rather than 
ground magnetometer measurements of ULF waves allows us to minimize mapping uncertainties. During 
storm times, the magnetic field configuration is significantly distorted and mapping from the ionosphere to 
the equatorial magnetosphere can lead to non-negligible errors (e.g., Thompson et al., 2019).

2.1.  Estimating ULF Wave Power

We estimate ULF wave power from the magnetic field measurements using an identical approach to Sand-
hu, Rae, Wygant, et al. (2021) and summarize the method here. First, a geomagnetic storm time period is 
identified and the magnetic field measurements are taken for the full event with a time resolution of 4 s. 
The background magnetic field is identified as the running average over a 20 min sliding window, and then 
subtracted from the magnetic field measurements to provide residual field observations. The residual field 
is transformed to a magnetic field-aligned coordinate system, which is defined by a parallel component 
aligned with the background magnetic field unit vector, an azimuthal component directed eastwards and 
perpendicular to the geocentric position vector, and a poloidal component that completes the Cartesian 
system. The parallel component of the residual magnetic field is subjected to a Morlet wavelet transform 
(Torrence & Compo, 1998), providing power spectral density estimates for the compressional magnetic field 
fluctuations.

The power spectral density, P(f) [nT2 Hz−1], is limited to a frequency range of 1 −15 mHz to focus on the 
ULF wave band. The power is then summed over this frequency range to estimate the total compressional 
ULF wave power, P [nT2 Hz−1]. Samples with L values less than three were discarded from the data set as the 
field perturbations cannot be reliably separated from the rapidly varying background field at perigee. Sam-
ples with L values greater than six were excluded, as the Probes are located at significantly higher magnetic 
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latitudes where wave observations may not be comparable to observations at L < 6 when the Probes are at 
quasi-equatorial latitudes. The L value is defined as the radial location in the magnetic equatorial plane. The 
data set is also restricted to cover samples located in the morning and noon MLT sectors (06 < MLT ≤ 15 h). 
This MLT sector will focus on ULF waves originating from external solar wind sources, and minimize the 
presence of ULF waves originating from internal sources that are prevalent across the dusk and nightside 
sectors. The analysis is applied to both Probe A and Probe B observations for all storms covered by the Van 
Allen Probes data set, providing a large data set of compressional ULF wave power, P [nT2 Hz−1].

2.2.  Identifying Geomagnetic Storms

This study focuses exclusively on geomagnetic storm times. To determine storm periods, we employ the 
automated algorithm of Walach and Grocott (2019), which identifies storms from time series of the Sym-H 
index (Iyemori, 1990). Furthermore, the algorithm provides timings for the start and end of each storm 
phase (initial, main, and recovery phase).

The Walach and Grocott (2019) algorithm operates by first identifying storm occurrences as any instance 
where the Sym-H index crosses below a threshold of −80 nT. For each storm, the start of the recovery phase 
is defined as the time of the Sym-H index minimum. The start of the main phase and the end of the recovery 
phase are defined using a quiet time threshold of −15 nT, marking the times immediately prior to and after 
the Sym-H index minima where the Sym-H index is less than the quiet time threshold. The initial phase 
contains a maximum in the Sym-H index. The start of the initial phase is defined as the time immediately 
prior to the Sym-H index maximum where the Sym-H index is at the quiet time threshold. The storm time 
threshold (−80 nT) and the quiet time threshold (−15 nT) follow definitions by Hutchinson et al. (2011).

The algorithm provides 45 storms for analysis during the Van Allen Probes data set. As expected, wave pow-
er samples corresponding to the main and recovery phases are associated with enhanced solar wind con-
ditions compared to the initial phase. Further details on the solar wind (speed and southward IMF compo-
nent) and Sym-H values associated with each phase is included in Figure S1 of the supporting information.

2.3.  Identifying Magnetopause and Plasmapause Locations

In order to explore the dependence of ULF wave power on the location of the magnetopause and plasma-
pause boundaries, we require concurrent estimates of the boundary locations for every sample of wave 
power, P.

Magnetopause locations are estimated using the Shue et al. (1998) model of the magnetopause, which is 
an empirically derived model parameterized by the solar wind dynamic pressure and the IMF BZ com-
ponent. Solar wind parameters are provided by the NASA/GSFC's OMNI data set at a time resolution of 
1 min through OMNIWeb (https://omniweb.gsfc.nasa.gov/index.html). The radial distance of the magnet-
opause in RE, LMP, is taken for each sample of P for the MLT location of the spacecraft. The use of the Shue 
et al. (1998) model allowed minimal reductions in the data set, as opposed to relying on conjunctions with 
magnetopause crossings. The validity of the Shue et al. (1998) magnetopause model during geomagnetic 
storms was verified through an independent comparison to magnetopause crossings identified by Staples 
et al. (2020). The data base of magnetopause crossings from Staples et al. (2020) includes identifications 
from Plaschke et al. (2009), Raymer (2018), and Case and Wild (2013). Figure S2 in the supporting infor-
mation demonstrates that, on average, the measured magnetopause locations across the dayside magneto-
sphere are well represented by the Shue et al. (1998) model for all storm phases.

Figures 1a–1c shows the probability density functions of the magnetopause location, LMP, for all samples in 
the data set (dark blue line distributions), where each panel shows data binned for a given storm phase. We 
observe that the location of the magnetopause is variable, spanning a range of 10 RE during storms. During 
the initial phase, the most probable magnetopause location is between 10–11 RE. This experiences an earth-
ward displacement to 8–10 RE during the main phase, and then returns to 10–11 RE during the recovery 
phase. The earthward displacement during the main phase is driven by enhanced solar wind pressure and 
a strongly southward IMF.
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Plasmapause locations are obtained from measurements of the total electron density, ne [cm−3], provided 
by the EMFISIS instrument on-board the Van Allen Probes spacecraft (Kurth et al., 2015). A plasmapause 
crossing is defined as the location where ne crosses a threshold value of 100 cm−3, taking each half-orbit 
independently. If density observations are unavailable then the upper hybrid-frequency, fUH [Hz], is used, 

identifying the location where fUH drops below   2
CE (100 8980 )f  where fCE is the electron cyclotron 

frequency [Hz]. If the threshold is crossed multiple times during a half-orbit, the plasmapause location is 
taken as the innermost crossing. The innermost crossing was chosen to avoid misidentifying any density 
irregularities (e.g., plumes) in the plasmatrough as the plasmapause. We highlight that all plasmapause 
crossings are manually verified through visual inspection of the ne and fUH observations. The temporally 
closest plasmapause crossing is taken for each sample of P, provided that the crossing occurred within 9 h 
(1 orbital period for the Van Allen Probes). The data set of plasmapause crossings has been established for 
a time period of 2012–2016, restricting the subsequent analysis to this time period.

Figures 1a–1c show the probability density functions of the plasmapause L value, LPP, across the full data 
set (blue solid distributions), where each panel shows data binned for a given storm phase. Similar to the 
magnetopause locations, the plasmapause occupies a range of locations in each storm phase, with the dis-
tributions extending over multiple L values. During the initial phase, the plasmapause is observed most 
frequently between 4 < LPP ≤ 6. During the main phase the distribution is shifted to significantly lower L 
values, with the peak located between 2 < LPP ≤ 3, and exhibits a negatively skewed distribution shape. Dur-
ing the recovery phase, the distribution asymmetry is reduced and the peak is located between 3 < LPP ≤ 4. 
The erosion and Earthward displacement of the plasmapause is driven by enhanced convective electric 
fields in the inner magnetosphere, resulting from more geoeffective solar wind conditions. It is noted that 
the identification technique includes plasmapause boundaries with different radial gradients, where we do 
not differentiate between sharp, well-defined boundaries or broader boundaries. Previous studies suggest 
that the plasmapause has an increased radial density gradient during the main phase of geomagnetic storms 
(e.g., Kale et al., 2007), although the impact of detailed plasmapause properties on ULF wave dynamics is 
relegated to a later study.

Figures 1a–1c provides useful insight into the locations of the boundaries during each storm phase but it 
is also important to consider the difference in the locations, as this defines the cavity size for ULF wave 
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Figure 1.  Probability density functions of (a–c) L values of the magnetopause (dark blue line) and the plasmapause 
(light blue solid) locations, and (d–e) the difference in L value, ΔL, between the magnetopause and plasmapause. 
Distributions are shown for the storm (a and d) initial phase (b and e) main phase, and (c and f) recovery phase.
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propagation. Figures 1d–1f shows the distribution of the difference between the magnetopause and plas-
mapause locations, ΔL = LMP−LPP. Although the distribution widths indicate variability in the size of the 
cavity throughout all phases, we observe that the average cavity size remains relatively constant during 
initial and main phases with a typical size of 5 < ΔL ≤ 6, and is slightly expanded during the recovery 
phase with the distribution peaking at 7 < ΔL ≤ 8. Interestingly, the relatively constant cavity size during 
geomagnetic storms contradicts results from ionospheric observations. Walach and Grocott (2019) uses Su-
perDARN Super Dual Auroral Radar Network (SuperDARN) observations to infer an increase in the cavity 
size during the main phase of the storm. The apparent discrepancy is attributed to non-negligible changes 
in the mapping of field lines from the ionosphere to the magnetosphere within the highly distorted storm 
time magnetosphere.

3.  Results
The data set of compressional ULF wave power, P, is statistically analyzed to assess storm time variations 
and dependences on the magnetopause and plasmapause boundaries. Figures 2a–2c show the distribution 
of P binned for L value. The color of each bin represents the number of samples in L - P space; the green pro-
file and bars show the median and interquartile range of P as a function of L value. Each panel corresponds 
to a given storm phase. Figures 2a–2c show enhancements in P during the storm main phase. Although 
these enhancements occur across all L values monitored here, the magnitude of the increase is clearly larger 
at higher L values, where an increase by more than order of magnitude is observed for 5 < L ≤ 6. Conse-
quently, although the radial dependence of P is relatively weak during the initial phase, the average profile 
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Figure 2.  Samples are binned for a chosen radial parameter and power, P [nT2 Hz−1], where the occurrence is indicated by the color of the bin. The median and 
interquartile range as a function of the radial parameter is represented by the green profile and bars. The radial parameters considered are (a–c) L value (d–f) 
L − LMP (g–i) L − LPP, and (j–l) L − LMP/LMP − LPP. Data is also binned for the (a, d, g, and j) initial phase (b, e, h, and k) main phase, and (c, f, i, and l) initial 
phase, as labeled.
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is markedly steeper during the main phase. Figures 2a–2c also reveals the high variability in P, where the 
occurrence distributions span a large range of values across all L.

Figure 2 also considers how combining the magnetopause and plasmapause boundary locations with the 
L value may improve parameterization of the compressional ULF wave power. For samples within each 
panel, a Spearman's correlation test is applied to assess the relationship between P and the relevant radial 
parameter, and the resulting correlation coefficient, r, is labeled in Figure 2. The Spearman's correlation test 
is a nonparametric statistical test that determines the strength and direction of the monotonic relationship 
between two variables (Spearman, 1987). Radial parameters that are associated with a higher correlation 
can be inferred to (directly or indirectly) relate to an important physical property of ULF wave propagation. 
Figure 2 considers the following radial parameters:

1.	 �The L value (Figures 2a–2c), where the L value closely relates to the background magnetic field.
2.	 �The L value relative to the magnetopause, L − LMP (Figures 2d–2f). This radial parameter represents the 

location relative to the external ULF wave power source where the power is expected to maximize.
3.	 �The L value relative to the plasmapause, L − LPP (Figures 2g–2i), which represents the location relative 

to the ULF wave power “barrier” where the power is expected to minimize.
4.	 �The cavity normalised location relative to the magnetopause (L − LMP)/(LMP − LPP) (Figures 2j–2l). This 

parameter orders by both the expected maximum (at the magnetopause) and minimum (at the plasma-
pause) in ULF wave power.

We note that although Figure 2 includes data across the wide MLT range of 06 < MLT < 15, the trends are 
qualitatively representative of smaller MLT subsets across the sector, although the magnitude of the corre-
lation coefficients vary.

Overall, the correlation coefficients peak when ordered by L − LMP (Figures 2d–2f), with r values ranging 
from 0.53 to 0.62. The resulting median profiles exhibit a clear radial dependence, where values peak close 
to the magnetopause (toward L − LMP = 0) with a steady decrease toward the Earth. Comparing the median 
profiles, the difference between storm phases is less pronounced than for the L parameterization. The close 
similarity between median profiles suggests that a significant degree of variability is accounted for by the 
magnetopause location. However, we also note that the occurrences (indicated by bin color) demonstrate 
that increased wave power is still observed for a given L − LMP during the main and recovery phases com-
pared to the initial phase. We attribute this enhanced wave power to elevated solar wind conditions, such 
as increased solar wind speed and large solar wind dynamic pressure fluctuations during the main phase 
of geomagnetic storms, that are effective at generating ULF wave power within the magnetosphere (e.g., 
Kilpua et al., 2015).

The analysis also considers the location of the plasmapause, included both independently (Figures 2g–2i) 
as well as in conjunction with the magnetopause (Figures 2j–2l). However, the lower correlation coeffi-
cients and flatter profiles suggest that the plasmapause location is not a particularly significant variable that 
shapes the radial distribution of observed P values, as compared to LMP. Although we note that, in general, 
the parameterisations still outperform correlations with the L value alone.

The statistical analysis shown in Figure 2 includes data spanning a range of solar wind conditions (see 
Figures S1b and S1c). Although details are omitted for brevity, we note that the qualitative trends remain 
consistent for different levels of solar wind speed and no significant evidence for biases of the correlation 
coefficients with solar wind speed are observed. Future work and empirical modeling will explore and 
quantify dependences on solar wind conditions in further detail.

3.1.  Dependence on Cold Plasma Density Distributions

The results shown in Figure 2 suggest that the plasmapause may not be an important “barrier” to compres-
sional ULF wave power. However, these results represent an average over the full data set, so we also consult 
individual events for further analysis. In Figure 3 we present a representative case study during August 
2014, where the Van Allen Probes sampled the dayside magnetosphere during a geomagnetic storm. Fig-
ures 3a–3c shows time series of the the Sym-H index, solar wind speed, and IMF BZ component, to provide 
contextual information on the storm characteristics and solar wind conditions. We observe that the solar 
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wind speed progressively and steadily increased throughout the event. 
During the storm main phase (period of sharp decline in the Sym-H in-
dex during August 27, 2014), the IMF had a strong southward component 
with BZ values reaching below −10 nT. Figures 3d and 3e shows the L val-
ue and MLT of Probe A (pink) and Probe B (blue), indicating the orbital 
apogee was located at approximately 06 MLT. Figure 3f shows the total 
electron density, ne [cm−3], observed by the EMFISIS instrument. Note 
that a data gap in ne measurements occurred for Probe B for the majority 
of this interval. Throughout the event the Probes sample both the plas-
maspheric population (ne greater than ∼100 cm−3) and the plasmatrough 
(the low density region outside the plasmasphere with densities as low as 
∼1 cm−3). Figures 3g and 3h show power-frequency spectra for Probe A 
and Probe B, respectively, where the power is indicated by color. Figure 3i 
shows the summed wave power across the ULF wave band as a function 
of time. Large broadband enhancements in wave power are evident dur-
ing the storm main phase, peaking for Probe A at approximately 10:00 UT 
on August 27, 2014, and then decaying to pre-storm values in the recov-
ery phase. The broadband nature and coincidence with the strong south-
ward IMF suggests an enhancement in the external source of ULF waves. 
However, it is difficult to ascertain the radial structure of the ULF wave 
enhancement from the time series shown.

We consider the inbound pass of Probe A occurring from 10:25 UT Au-
gust 27, 2014 to 2015:25 UT August 27, 2014, which corresponds to the 
period of enhanced wave power. The time series shown in Figure 3 are 
binned for L value using an L bin width of 0.2 over the time interval of 
interest, and median values are plotted as a function of L value in Fig-
ure 4. Figures 4a–4c shows the median Sym-H index, solar wind speed, 
and IMF BZ component. The values are relatively constant during the pe-
riod, evidencing that stable external and internal conditions were main-
tained throughout the pass. Hence, variations in density and wave power 
are likely to be spatial features. Figure 4d shows the probability density 
function of the subsolar magnetopause locations, LMP0, during the pass. 
The subsolar location is chosen to remove variations due to the spacecraft 
MLT, and identify any dislocations of the magnetopause boundary. The 
distribution of LMP0 is narrow and peaked at ∼8, suggesting a compressed 
but quasi-stationary magnetopause. Figure 4e shows the MLT location 
of the spacecraft, indicating a traversal through the morning MLT sec-
tor. It is assumed that the MLT variations within the sampled sector are 
minor compared to the L dependence for this pass. The median electron 
density, ne [cm−3], is shown in Figure 4f. At L < 3 the spacecraft observes 
high density plasma, typical of the plasmasphere, with a sharp drop at 
the plasmapause with densities decreasing by more than one order of 

magnitude at L ∼ 3. For L > 3, the density exhibits a general power law decrease with L value and is char-
acteristic of the plasmatrough region. Figures 4g and 4h show the median power-frequency spectra and 
summed ULF wave power, respectively. We observe a monotonic decrease in wave power with decreasing L 
value (across all frequencies). The power is largest close to the magnetopause, and moving Earthwards, we 
observe that the power has decayed to a very low value (P < 1 nT2 Hz−1) before the plasmapause boundary 
is encountered.

Although the event examined in Figures 3 and 4 is representative of events where the Van Allen Probes 
had a pre-noon apogee, event analysis revealed unique dynamics in the post-noon sector. A corresponding 
representative example for the post-noon sector is shown in Figure 5, where time series are displayed in 
the same format as Figure 3. Figure 5 focuses on a orbital pass from 23:00 UT August 26, 2015 to 09:00 UT 
August 27, 2015, where this interval is during the main phase of a geomagnetic storm. During this orbit, 
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Figure 3.  Time series for August 26–30, 2014, showing the (a) Sym-H 
index [nT], (b) Earthward component of the solar wind speed, |VX|  
[km s−1], and (c) southward interplanetary magnetic field component, BZ 
[nT]. Panels (d–i) show time series for the Van Allen Probes A (pink) and 
B (blue). We show the (d) L value and (e) magnetic local time [h] of the 
spacecraft location, and (f) total electron density, ne [cm−3]. Panels (g and 
h) show power, P(f) [nT2 Hz−1], as a function of frequency, f [mHz], and 
time for Probe A and Probe B, respectively. Panel (i) shows the power, P 
[nT2 Hz−1], summed over the ultra low frequencies wave band.
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the Sym-H index (Figure  5a) varied around ∼−80  nT, the solar wind 
speed (Figure 5b) was steady at ∼360 km s−1 throughout the period, and 
the IMF BZ (Figure 5c) was initially strongly southward at ∼−10 nT fol-
lowed by a sharp jump to ∼0 nT at approximately 04:30 UT. During the 
outbound pass, we can confidently assume that the external solar wind 
conditions were stable. For this event the Van Allen Probes sampled the 
dayside MLT sector with an apogee at ∼15 MLT. The electron density 
time series (noting a data gap in ne observations for Probe A) shows that 
during the outbound pass, Probe B entered a low density (ne < 100 cm−3), 
plasmatrough-like region at approximately 00:30  UT. It traversed the 
plasmatrough until ∼02:15 UT, when a localized enhancement in ne was 
encountered until around 04:00  UT when ne returned to the low den-
sity environment. Another, more localized, enhancement was observed 
briefly at ∼05:00 UT. Probe B then crossed a well-defined plasmapause 
and entered the plasmasphere at approximately 06:50 UT. Consulting the 
ULF wave power observations (Figures 5g–5i) unveils some interesting 
features. During the intervals where Probe B observed localized, high den-
sity plasma embedded within the plasmatrough, we also observe highly 
elevated, synchronous, and broadband ULF wave power with P > 102 nT2 
Hz−1. Elsewhere at lower L values and in the plasmatrough, the power is 
significantly lower (P ∼ 100 nT2 Hz−1 for Probe B). Note that we take more 
confidence in observations during the outbound passes, where the IMF 
BZ is stable, compared to the inbound pass where variability in the solar 
wind parameters and Sym-H index were observed.

The events examined in Figures  3–5 suggest a density-dependent rela-
tionship between the main phase power enhancements and radial loca-
tion. Figure 6 explores this dependence further for compressional ULF 
wave power observations during the main phase of a storm. Each panel 
shows the samples binned for L value and ne, where the color of the bin 
represents the number of samples (Figures 6a–6c) and the median val-
ue of P (Figures 6d–6f). The samples are also binned by MLT sector, as 
labeled, to allow local time dependences to be examined. Note that the 
data has been ordered by L value. Although parameterization by L −LMP 
improves correlation (Figure 2), the L value allows us to directly relate 
the location to the expected cold plasma density spatial distributions. Fig-
ures 6a–6c shows that at L < 4, the density distributions are similar with 
MLT. High density plasma (ne > 100 cm−2) typical of the plasmasphere 
is frequently sampled and Figure  1b shows that at these locations the 
probability of being within the plasmasphere is more than 50%. However, 
at higher L values (L > 5) we observe MLT-dependent distributions of 
sample occurrence with ne. Figure 6a shows that for 06 = MLT < 09, the 
typical ne values are low with the peak occurrence located below 10 cm−3. 
In contrast, Figures 6b and 6c shows that the distributions are wider in 
the noon and post-noon sectors and high density plasma is frequently 
sampled.

Figures 6d–6f shows the corresponding median ULF wave power. As expected, higher P values are observed 
at higher L values (see also Figure  2b). However, we note that high P values are not strictly limited to 
low density, plasmatrough-like plasma. Particularly in the noon and post-noon sectors (Figures 6e and 6f), 
we observe high median wave power (P > 10 nT2 Hz−1) frequently in regions where the density exceeds 
100 cm−3, especially for higher L values that are likely to be located outside of the plasmapause. This cor-
roborates the event study results shown in Figure 5, where localized, high-density regions of plasma locat-
ed outside of the plasmapause can be associated with high ULF wave power. These high density regions 
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Figure 4.  Van Allen Probe A data from 10:25 UT August 27, 2014 to 
2015:25 UT August 27, 2014 are binned for L value, using an L bin width 
of 0.2. For samples in each bin, the median values of the (a) Sym-H index 
[nT], (b) Earthward component of the solar wind speed, |VX| [km s−1], 
and (c) Southward interplanetary magnetic field component, BZ [nT] are 
shown. Panel (d) shows the probability density distribution of the subsolar 
magnetopause location during the considered time period. The median 
values of the (e) magnetic local time [h] location of the spacecraft, (f) total 
electron density, ne [cm−3], (g) power, P(f) [nT2 Hz−1], as a function of 
frequency, f [mHz], and (h) power, P [nT2 Hz−1], summed over the Ultra 
Low Frequencies wave band are also shown.
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are likely plasmaspheric plumes, given their location in MLT being co-
incident with where plumes are most frequently observed (Darrouzet 
et al., 2008; Usanova et al., 2013).

4.  Interpretation and Concluding Remarks
The statistical and event study analysis confirms some expected and pre-
viously observed features of externally driven compressional ULF wave 
propagation in the inner magnetosphere during geomagnetic storms, 
and also demonstrates the importance of phenomena that has received 
comparatively less attention. In direct agreement with previous results 
(e.g., Sandhu, Rae, Wygant, et al., 2021; Simms et al., 2010), we report 
significant enhancements in ULF wave power during the main phase of 
geomagnetic storms, associated with elevated solar wind conditions and 
a high level of solar wind - magnetosphere coupling. The main phase 
enhancements occur across all observed L values, with larger enhance-
ments at higher L values.

Through a consideration of the magnetopause and plasmapause bound-
aries, we determine that a significant part of the ULF wave power en-
hancement can be accounted for by the compressed magnetopause dur-
ing the storm main phase. As well as an increase in the magnitude of 
the external ULF wave source, this source is located closer to the inner 
magnetosphere, confirming previous results from Murphy et al. (2015). 
Although the magnetopause is observed to play an important role in de-
termining the radial distribution of wave power, we demonstrate that 
the plasmapause itself is perhaps less important. Figures 2d–2f and Fig-
ures 2j–2l show that the broadband wave power decays rapidly away from 
the magnetopause, reaching pre-storm values before the plasmapause is 
encountered. Furthermore, the inclusion of the plasmapause position in 
describing the radial location does not improve the correlation of wave 
power (Figure 2) and we observe no clear evidence for a sharp reduction 
in wave power across the plasmapause (Figure 4). The result somewhat 
contradicts work suggesting that the sharp density gradient at the plas-
mapause generates an effective “barrier” such that high ULF wave power 
exists immediately outside the boundary and much lower wave power 
occupies the plasmaspheric region (e.g., Lee et al., 2002, and others).

So why do previous studies, such as the statistical analysis of Hartinger et al. (2010), suggest that the plas-
mapause plays an important role? Hartinger et al. (2010) presented a statistical survey of Pc5 waves during 
periods where KP ≤ 3, and reported that at a given L value samples within the plasmasphere have lower ULF 
wave power than samples outside the plasmapause. It is key to note that the Hartinger et al. (2010) analysis 
is not representative of geomagnetically active times, and so the results should not be directly compared to 
the storm time analysis conducted here. Perhaps the difference in results suggest that the plasmapause is a 
more effective “barrier” during quiet geomagnetic conditions or smaller storms where it is located closer to 
the magnetopause. During storm times the extreme Earthward location may mean that the eroded plasma-
pause is less important in reducing broadband wave power. Instead, we present results suggesting that the 
eigenfrequency profile in the plasmatrough is more effective and dominant in shaping the “penetration” of 
compressional ULF waves, than compared to the sharp plasmaspheric boundary. Studies such as Sandhu 
et al. (2018), Rae et al. (2019) and Wharton et al. (2020) demonstrate strong storm time variations in the ra-
dial eigenfrequency profile that have a frequency-dependent impact on how ULF wave propagate within the 
plasmatrough region. Future analysis will explore how the frequency distribution of storm time externally 
driven compressional waves relate to these average storm time eigenfrequency profiles.
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Figure 5.  Time series for 23:00 UT August 26, 2015 to 09:00 UT August 
27, 2015, following the same format as Figure 3.
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Although the plasmapause may not be significantly influential in the radial propagation of ULF compres-
sional waves, we instead find that the cold plasma density distribution can be statistically important in 
a different way. As shown in Figures 5 and 6, high wave power can be confined within regions of high 
density plasma that is, located outside of the expected plasmasphere at high L values. These instances are 
likely during the storm main phase and in the noon and post-noon MLT sectors. During geomagnetically 
active periods, it is well-established that strong enhancements in solar wind - magnetosphere coupling and 
the convective electric field significantly distort and erode the plasmasphere, resulting in the formation 
of a plasmaspheric plume and detached plasmaspheric plasma within the afternoon sector plasmatrough 
(Chappell, 1972; Goldstein et al., 2019; Sandhu et al., 2017; Spasojević et al., 2003). We infer that it is these 
plumes and detached material that is, sampled at high L values. Previous studies have demonstrated that 
the spatially localized, high density plasma can generate a local cavity for compressional ULF waves, and 
that these regions can effectively “trap” wave power within them (Degeling et al., 2018). We suggest that the 
event shown in Figure 5 is a prime example of this phenomenon, and the results shown in Figure 6 suggest 
that the “trapping” of highly enhanced wave power in high density regions is statistically likely during 
geomagnetic storms.

Overall, these results have significant implications for our understanding of storm time ULF wave dynam-
ics, particularly efforts to model the magnitude of ULF wave driven radial diffusion during active periods 
(e.g., Brautigam & Albert, 2000; Ozeke et al., 2014; Sandhu, Rae, Wygant, et al., 2021). We demonstrate that 
parameterization by the L value alone is comparatively inadequate in describing the radial variation of wave 
power during active periods. Instead, statistical parameterisations may benefit from also incorporating the 
magnetopause location (either directly or through the inclusion of solar wind characteristics (e.g., Bentley 
et al., 2018)) to reduce variability in observed values. However, it is clear that an area warranting significant 
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Figure 6.  Data during the storm main phase are binned for L value and total electron density, ne [cm−3]. Panels (a–c) 
show the number of samples in each bin, and panels (d–f) show the median power, P [nT2 Hz−1], for samples within 
each bin. Data is also binned for magnetic local time (MLT), where panels (a and d) show data within 06 ≤ MLT < 09, 
panels (b and e) show data within 09 ≤ MLT < 12, and panels (c and f) show data within 12 ≤ MLT < 15, as labeled.



Journal of Geophysical Research: Space Physics

attention is the need for accurate descriptions of the cold plasma density distribution during geomagnetic 
storms. Specifically, the occurrence, location, and morphology of plasmaspheric plumes and detached high 
density material is crucial. We have demonstrated that these regions, although spatially localized, are re-
sponsible for significantly elevated ULF wave power, which may potentially play an important role in wider 
magnetospheric dynamics. We aim to explore the impact of these “patches” of enhanced ULF wave power 
on the radial diffusion of radiation belt electrons in future work.

Data Availability Statement
The Van Allen Probes data are publicly available online (https://cdaweb.gsfc.nasa.gov/index.html/). We 
acknowledge use of NASA/GSFC's Space Physics Data Facility's OMNIWeb service for the provision of the 
solar wind and Sym-H index data. The data sets used are publicly available online (https://omniweb.gsfc.
nasa.gov/index.html).
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