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Abstract In this paper, we study electron radial diffusion coefficients derived from Pc4-Pc5 ultralow
frequency (ULF) wave power during the intense geomagnetic storm on 17–18 March 2015. During this
storm the population of highly relativistic electrons was depleted within 2 hr of the storm commencement.
This radial diffusion, depending upon the availability of source populations, can cause outward radial
diffusion of particles and their loss to the magnetosheath, or inward transport and acceleration. Analysis
of electromagnetic field measurements from Geostationary Operational Environment Satellite (GOES),
Time History of Events and Macroscale Interactions during Substorms (THEMIS) satellite, and
ground-based magnetometers shows that the main phase storm-specific radial diffusion coefficients do not
correspond to statistical estimates. Specifically, during the main phase, the electric diffusion (DE

LL) is
reduced, and the magnetic diffusion (DB

LL) is increased, compared to empirical models based on Kp.
Contrary to prior results, the main phase magnetic radial diffusion cannot be neglected. The largest
discrepancies, and periods of dominance of DB

LL over DE
LL, occur during intervals of strongly southward

IMF. However, during storm recovery, both magnetic and electric diffusion rates are consistent with
empirical estimates. We further verify observationally, for the first time, an energy coherence for both DB

LL
and DE

LL where diffusion coefficients do not depend on energy. We show that, at least for this storm,
properly characterizing main phase radial diffusion, potentially associated with enhanced ULF wave
magnetopause shadowing losses, cannot be done with standard empirical models. Modifications,
associated especially with southward IMF, which enhance the effects of DB

LL and introduce larger main
phase outward transport losses, are needed.

1. Introduction
After the discovery of relativistic (hundreds of kiloelectron volts to megaelectron volts) and ultrarelativis-
tic (>2 MeV) electron populations, trapped in the magnetosphere of the Earth (Van Allen & Frank, 1959),
understanding their dynamics has been a focus in the space physics (e.g., Friedel et al., 2002; Turner et al.,
2013, and references therein). Processes of electron acceleration up to megaelectron volt energies during
geomagnetic storms have been studied in great detail (e.g., Albert, 2005; Horne et al., 2005; Omura et al.,
2007; Shprits et al., 2008; Thorne et al., 2013, to list a few), but many important questions remain. Mean-
while, the processes that can cause Van Allen radiation belt losses are also still hotly debated. According
to the current theories, trapped particles can be lost downward to the atmosphere of the Earth, or outward
across the magnetopause to the magnetosheath. The atmospheric loss usually involves interactions with
high-frequency waves and scattering into the loss cone. Examples of waves that cause such an atmospheric
loss are electromagnetic cyclotron waves (e.g., Kang et al., 2016; Kersten et al., 2014; Shprits et al., 2016), plas-
maspheric hiss (e.g., Lee et al., 2013; Thorne et al., 1973), or chorus waves (e.g., Li et al., 2014; Shprits et al.,
2007). Studies of Brito et al. (2015) and Rae et al. (2018) also suggested the possible role for electron scat-
tering into the loss cone due to interactions with localized compressional ultralow frequency (ULF) waves.
Meanwhile, outward shadowing losses through the magnetopause can be enhanced by outward diffusion
due to interactions with ULF waves (e.g., Loto'aniu et al., 2010; Mann & Ozeke, 2016; Mann et al., 2016;
Shprits et al., 2006).
Recent long-term radiation belt simulations by Drozdov et al. (2017) suggest that EMIC wave losses,
parametrized in their model using solar wind dynamic pressure, may be important. However, recent studies,
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for example, by Olifer et al. (2018), have reemphasized the potential importance of magnetopause shadow-
ing with outward electron transport through the last closed drift shell (LCDS). Olifer et al. (2018) showed
how very fast losses, with timescales less than the Van Allen Probes orbital periods (∼ 4 hr), can be
explained by magnetopause shadowing. One such fast loss event was reported by Ozeke et al. (2017) for the
September 2014 magnetic storm where similar to the Olifer et al. (2018) results fast radiation belt extinction
was observed.

In this paper, we perform analysis of the ULF perturbations in the electromagnetic field of the Earth's mag-
netosphere, which could lead to outward ULF wave radial diffusion during the 17–18 March 2015 magnetic
storm for which fast LCDS controlled losses were reported by Olifer et al. (2018). We derive the event-specific
radial diffusion coefficient (DLL) using data from Geostationary Operational Environment Satellite (GOES)
and Time History of Events and Macroscale Interactions during Substorms (THEMIS) satellite as well as
from the ground-based magnetometers. During this intense storm, we show that the event-specific radial
diffusion coefficients do not correspond to those in Kp-dependent statistical models such as presented
by Brautigam and Albert (2000) and Ozeke et al. (2014). Our results are similar to the ones obtained by
Pokhotelov et al. (2016) for the October 2012 geomagnetic storm and by Dimitrakoudis et al. (2015) using
analysis of 11 years of ground-based magnetometers data. Our results imply that performing the radial dif-
fusion simulations with Kp-parametrization empirical models for DLL can lead to an underestimation of the
diffusion rates, especially during storm main phase.

2. Data and Methodology
In this section, we present an overview of the 17 March 2015 geomagnetic storm and describe the method-
ology, which we used to study the diffusion coefficients. We analyze in situ fields data from THEMIS
(Angelopoulos, 2008) and GOES (Singer et al., 1996) satellites, as well as from multiple ground-based mag-
netometers, to calculate radial diffusion coefficients. The analysis is performed for 17–18 March 2015 during
the main phase and early recovery phase of the storm.

2.1. Overview of the March 2015 Storm
Figure 1 shows a summary of selected solar wind parameters, geomagnetic indices, the 2.6 MeV radiation
belt flux response measured by the Van Allen Probes, the 3 MeV flux observed by the Global Positioning
System (GPS) constellation of satellites (e.g., Olifer et al., 2018), and the position of the LCDS on 17–18
March 2015. This event is often characterized as a radiation belt extinction event (e.g., Olifer et al., 2018)
because of intensity and the short timescales of the outer radiation belt losses during the main phase. Solar
wind parameters, as well as geomagnetic indices, were taken from the Operating Missions as a Node on
the Internet (OMNI) database (King, 2005). Van Allen Probes energetic electron flux data were taken from
National Aeronautics and Space Administration's (NASA's) Van Allen Probes database for the Relativistic
Electron-Proton Telescope instrument (Baker et al., 2013). Following Olifer et al. (2018), the bottom panel of
Figure 1 shows the energetic particle flux data measurement made by the GPS constellation with the Com-
bined X-ray Dosimeter (CXD) (Morley et al., 2010, 2016; Tuszewski et al., 2004). These data have higher time
resolution across L-shells above GPS altitudes than provided along the orbit trajectories of the NASA's Van
Allen Probes and thus provides the potential to develop a more complete picture of radiation belt dynam-
ics during periods of fast loss (Morley et al., 2010, 2017). Note that the y axis scale and limits of the two last
panels are different.

The Van Allen Probes electron flux data show intense loss occurring between two subsequent orbits of the
Probes on 17 March 2015 between around 06:00 and 10:00 UT, with further loss depleting the whole outer
radiation belt until ∼18:00 UT on the same day. As discussed by Olifer et al. (2018), the orbital coverage
of the Van Allen Probes does not allow electron dynamics on timescales of ≲1 hr to be resolved. However,
combined data from 17 GPS satellites provide high (∼30 min) temporal resolution and clearly show the
pattern of the dropout. Note that the GPS satellites have a circular orbit with a radius of 4.2 Earth radii and
thus can only observe L-shells above L = 4.2. Also, because the CXD instrument measures particles within a
broad range of incidence angles, the measurements contain multiple pitch angles, capturing different parts
of the pitch angle distribution on different L-shells (Morley et al., 2010; Tuszewski et al., 2004). Nonetheless,
one still can examine the time dependence of the GPS electron flux data to characterize the dropout with
high temporal resolution at each L (Olifer et al., 2018).
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Figure 1. Summary of selected solar wind parameters and geomagnetic indices, 2.6 MeV, and 3 MeV radiation belt
electron response during the 17–18 March 2015 geomagnetic storm. From top to bottom: solar wind velocity x
component in GSE coordinates; solar wind proton number density; solar wind dynamic pressure; z component of the
interplanetary magnetic field in GSM coordinates; geomagnetic SYM-H index as a line plot and Kp index as a bar plot;
2.6 MeV electron differential flux measured by the REPT instrument on the Van Allen Probes as a function of L* and
time in units of cm−2·s−1·sr−1·MeV−1; and 3 MeV electron differential flux measured by the CXD instrument on the
constellation of GPS satellites as a function of L* and time in cm−2·s−1·sr−1·MeV−1 overplotted with the position of the
last closed drift shell from Olifer et al. (2018). GPS = Global Positioning System; GSE = geocentric solar ecliptic;
RBSP = Radiation Belt Storm Probes; GSM = geocentric solar magnetospheric.

In Figure 1 the L* values for the Van Allen Probes and GPS satellites, as well as the location of the LCDS,
were calculated for the 90◦ pitch angle using the LANLmax and LANLstar algorithms (Yu et al., 2012) from
the LANL* neural network provided by the SpacePy (Morley et al., 2011) python package. All of these calcu-
lations were made for the Tsyganenko and Sitnov (2005) magnetosphere model. Also, note that there are a
small number of GPS electron flux measurements whose L* is inferred to be above the LCDS, mostly toward
the end of the UT day on 18 March. At this time these satellites were at high magnetic latitudes (∼ 60◦) on
the nightside, suggesting that this can be explained by uncertainties in the magnetic field model. A more
detailed description of the GPS data and its comparison to the Van Allen Probes data and the LCDS during
this event is presented in Olifer et al. (2018).

The interplanetary shock arrives at 03:40 UT on 17 March 2015. However, as discussed by Olifer et al. (2018),
the GPS particle flux data does not show any signs of significant loss until 06:00 UT, when the interplanetary
magnetic field (IMF) turns southward and the LCDS moves inward. This observation was used by Olifer et al.
(2018) to argue that magnetopause shadowing dominated as a governing factor of the loss during this event.
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The LCDS on 17 March 2015 also reaches low L* down to L* = 4 and stays there for a relatively long period
of ∼5 hr. Presumably, this time is enough to deplete the heart of the radiation belt, for example, through fast
outward ULF wave radial diffusion (e.g., Mann et al., 2016; Turner et al., 2012).

2.2. THEMIS Data
In this study, we used data from the three THEMIS satellites A, D, and E. In situ measurements of the mag-
netic field are taken from the triaxial fluxgate magnetometer experiment (Auster et al., 2008). Measurements
of the electric field are taken from the electric field instrument (EFI; Bonnell et al., 2008). Both data sets are
level 2 processed data and have 3 s resolution. ULF wave power spectral density (PSD), which is required
to calculate the radial diffusion coefficients, can be obtained up to 167 mHz. Because we study ULF wave
perturbations, the analysis of the PSD is performed for the frequency range from 1.2 to 20 mHz, which corre-
sponds appropriately to Pc4–Pc5 waves. Electric and magnetic field data were provided by the Coordinated
Data Analysis Web database in geocentric solar magnetospheric coordinates. However, the transformation of
these data sets from geocentric solar magnetospheric to field-aligned coordinates (FACs) is required for our
DLL calculation. FACs were defined in the parallel direction by the background field, and in quasi-azimuthal
(toroidal) direction using a vector perpendicular to the plane containing the background magnetic field and
the geocentric radial vector to the spacecraft location. A quasi-radial (poloidal) vector completes the triad.
For this purpose, the position of the THEMIS probes was taken from the Space Physics Data Facility (SPDF)
Locator database. Meanwhile, the direction of the background magnetic field was calculated from in situ
measurements for each of the probes after applying a running average with a 20 min window. The analysis
created a negligibly small parallel component of the electric field at L ≥ 2, validating the FAC approach.

The power spectral densities are calculated for the compressional component of the magnetic field (B||) and
the quasi-azimuthal component of the electric field (E𝜙) after applying a Hanning window with a total width
of 40 min. The calculation of DLL is performed only for L-shell range from 4.0 to 7.5, lower L-shell ranges
introduce power that is aliased into the ULF band but derives from the rapid variation of the background
magnetic field along the THEMIS orbit. Inbound and outbound passes of the THEMIS-A, THEMIS-D, and
THEMIS-E probes cover time periods from around 11:00 UT until 20:00 UT for each day during March 2015
in the noon and dusk sectors. Note that the radiation belt loss happens between around 07:00 and 12:00 UT.
Therefore, due to its orbital location, the in situ THEMIS data do not provide insight during the beginning
of the storm. However, it still captures ULF wave characteristics in the later UT of the main phase as seen
in Figure 1. The locations of the THEMIS satellites in the GSE X-Y plane are shown in Figure 2.

2.3. GOES Data
In addition to the THEMIS satellites, we used in situ measurements of the magnetic field from geosyn-
chronous orbit, provided by the GOES-13 and GOES-15 satellites. The fluxgate magnetometer (Singer et al.,
1996) measurements were obtained from the National Centers for Environmental Information National
Oceanic and Atmospheric Administration database. The magnetometer data are provided with 512 ms
resolution in spacecraft coordinates (see Fraser et al., 2013, for more details). Following the same proce-
dure as for the THEMIS data, the magnetic field measurements are transformed into FAC, and the PSD of
Pc4–Pc5 waves in the B|| component calculated along the whole orbit of the GOES-13 and GOES-15 satellites.
Similarly to the THEMIS, the locations of the GOES satellites in the GSE X-Y plane are shown in Figure 2.

2.4. Ground-Based Magnetometer Data
We also use ground-based magnetometer data to estimate electric diffusion in the equatorial plane and com-
pare this to the rates of diffusion estimated from GOES and THEMIS data. We use the mapping technique
of Ozeke et al. (2009) to obtain equatorial quasi-azimuthal electric field E𝜙 from the magnetic east-west
D-component of magnetic field on the ground. We use measurements of the magnetic field obtained by
the CARISMA magnetometer array (Mann et al., 2008) and AUTUMN magnetometer array (Connors et al.,
2016). In particular, we use the magnetometer data from Fort Smith (L=6.69) to obtain E𝜙 near GOES-13,
and the magnetometer data from Inukjuak (L = 6.91) to obtain E𝜙 near GOES-15. Fort Smith magnetometer
data are taken from the CARISMA website with 1 s resolution. Inukjuak magnetometer data are taken from
the AUTUMN Virtual Magnetic Observatory website with 0.5 s resolution. Note that the assumed dipolar
field line mapping (Ozeke et al., 2009) is most accurate on the dayside of the magnetosphere, and therefore,
E𝜙 is obtained for magnetic local time between 06:00 and 18:00. This also removes the effects of nightside
bags and other nightside or substorm processes with signatures in the Pc4–Pc5 ULF band for the ULF wave
analysis. The footprints of the GOES satellites, as well as ground station locations, are shown in supporting
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Figure 2. Orbits of the GOES and THEMIS satellites in the GSE X-Y plane during 17 March 2015. The orbit of
THEMIS-A satellite is shown with red color, of THEMIS-D with blue, of THEMIS-E with green, and both GOES
satellites are with black. Parts of the orbit from 10:00 until 21:00 UT shown in color the respective, meanwhile the
remaining parts of the orbits are in gray. The round points represent the final position of the satellites at 21:00 UT on 17
March 2015. Additionally, we show the magnetopause location as calculated by Shue et al. (1998) empirical model for
8:30 UT on 17 March, where it is the closest to the Earth. THEMIS = Time History of Events and Macroscale
Interactions during Substorms; GOES = Geostationary Operational Environment Satellite; GSE = geocentric solar
ecliptic.

information Figure S1. Note that Fort Smith and Inukjuak magnetometers were selected as the closest mag-
netically conjugate stations to the GOES satellites during this storm, with the magnetic footprints calculated
using the Tsyganenko and Sitnov (2005) magnetic field model. However, the Ozeke et al. (2009) technique
used to map the ground magnetic fields into equatorial electric fields assumes a dipole magnetic field.

3. ULF Wave Radial Diffusion Coefficients
Depending on the direction of the radial gradient in phase space density, inward or outward radial diffusion
of trapped particles in the radiation belt can be induced by ULF waves, especially those in the Pc4–Pc5 band
with periods ranging from around 40 to 600 s or more. In particular, during periods of magnetopause shad-
owing (e.g., Turner et al., 2012) outward diffusion can enhance the subsequent loss of the particles through
the magnetopause. Brizard and Chan (2001; see also Fei et al., 2006) derived relations for the radial diffu-
sion coefficient (DLL) as a function of the wave power, P, of perturbations in electric and magnetic fields. Fei
et al. (2006) showed that the electric diffusion coefficient DE

LL for electrons with drift frequency 𝜔d is given
by equation (1a). The DE

LL coefficient is proportional to the sum of wave powers PE
m
(

m𝜔d
)
, where wave fre-

quency 𝜔 satisfies the drift resonance condition 𝜔 = m𝜔d and where m is the azimuthal wave number. A
similar proportionality to wave power also exists for magnetically induced diffusion, with diffusion coeffi-
cient DB

LL (equation (1b)). Typically, the overall diffusion is assumed to be described by the sum of the two
coefficients, providing the total diffusion coefficient for the system DLL = DE

LL + DB
LL. As shown by Fei et al.

(2006), these diffusion coefficients can be described in a dipole field by

DE
LL = 1

8B2
ER2

E
L6

∑
m

PE
m
(

m𝜔d
)
, (1a)

DB
LL = M2

8q2𝛾2B2
ER2

E
L4

∑
m

m2PB
m
(

m𝜔d
)
, (1b)

where M is the first adiabatic invariant, q is the electron charge, 𝛾 is the relativistic gamma factor, BE is
the equatorial magnetic field strength at the surface of the Earth, RE is the radius of the Earth, and L is the
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L-shell. In our analysis, we use the dipole L-shells at the locations of the THEMIS and GOES satellites, as
well as ground-based magnetometers, as input into the calculation of the diffusion coefficients. The latter
was determined using the International Geomagnetic Reference Field model for 2015 (Thébault et al., 2015).

In later studies, Ozeke et al. (2014) simplified the assumed wave-particle interactions by only considering
the first drift resonance mode (m = 1). The formulas for DE

LL and DB
LL derived by Ozeke et al. (2014) are

shown in equations (2a) and (2b). Here, the angular drift frequency, 𝜔d, was substituted by the wave fre-
quency f in above formulas (1), according to the drift resonance condition 𝜔d = 𝜔 = 2𝜋f for the assumed
azimuthal wave number m = 1. We use these formulas to calculate the radial diffusion coefficients from
in situ measurements from different satellites. Note that Ozeke et al. (2014) treat DE

LL and DB
LL as constant

values, independent of wave frequency f (or particle energy, which defines 𝜔d) because of the assumption
that the wave electric field PSD in the equatorial plane is frequency independent (as confirmed observa-
tionally by Brautigam, 2005, with Combined Release and Radiation Effects Satellite (CRRES) data) and that
the magnetic field PSD decays as f−2. However, in this study, we investigate characteristics of the frequency
dependence of PSD and therefore the impact on the resulting diffusion coefficients during different phases
of the magnetic storm. Therefore, we use the notation DE

LL(L, 𝑓 ) and DB
LL(L, 𝑓 ) to emphasize the frequency

dependence of the radial diffusion coefficients. Also, keeping the notation introduced by Ozeke et al. (2014),
we use PE to represent the PSD of disturbances in the quasi-azimuthal component of the electric field, and
PB to represent the PSD in the compressional component of the magnetic field:

DE
LL(L, 𝑓 ) =

L6

8B2
ER2

E
PE(L, 𝑓 ), (2a)

DB
LL(L, 𝑓 ) =

L84𝜋2

9 × 8B2
E

PB(L, 𝑓 )𝑓 2. (2b)

Additionally, Ozeke et al. (2014) obtained a Kp-parametrization of DE
LL and DB

LL given in equations (3a) and
(3b), in units of day−1 as a function of Kp index and dipole L-shell. These formulas are commonly used in
time-dependent radial diffusion simulations (e.g., Mann et al., 2016; Ozeke et al., 2017; Schiller et al., 2016).
In this paper, we compare this Kp-parametrization of DLL coefficients with the results obtained using in situ
observations of the electric and magnetic fields during the 17–18 March 2015 intense geomagnetic storm.
As discussed in detail below, we show that there is a strong discrepancy between the two especially during
the main phase of the storm such that neither DB

LL nor DE
LL can be neglected as is traditionally assumed.

DE
LL = 2.1 · 10−8L6100.217L+0.461Kp , (3a)

DB
LL = 6.62 · 10−13L810−0.0327L2+0.625L−0.0108K2

p+0.499Kp . (3b)

4. Results
In this section, we calculate observationally constrained event-specific radial diffusion coefficients for the
17–18 March 2015 geomagnetic storm using in situ data from the GOES and THEMIS satellites. Note that
the orbit of the Van Allen Probes lies in the magnetotail during this storm. Therefore, we do not present DLL
coefficients derived from the fields measured by the Van Allen Probes since they are located in stretched
fields on the night side. Since the focus of this paper includes analysis of possible outward radial transport to
the magnetopause during the main phase of the storm, the considered GOES and THEMIS data sets provide
appropriate coverage at high L-shells with which to address this topic.

4.1. DLL From THEMIS Satellites
Figure 3 shows ULF wave PSD as a function of time and frequency for perturbations in the electromagnetic
fields measured by the THEMIS-A, THEMIS-D, and THEMIS-E satellites. We show inbound and outbound
passes of THEMIS-A, THEMIS-D, and THEMIS-E probes on each panel of the plot designating them with
different colors. Data from the THEMIS-A satellite are shown in Figure 3, and throughout the paper, with a
red background and red-colored labels. Meanwhile, green color represents THEMIS-E, and blue color repre-
sents THEMIS-D; the labels on the top of each plot also designate different probes (A, D, or E) and distinguish
between their inbound (in) and outbound (out) passes. Note that we show only the time period between
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Figure 3. Spectrograms of ultralow frequency perturbations in the compressional component of the magnetic field B||
(top panel) and the quasi-azimuthal component of the electric field E𝜙 (bottom panel) measured by the THEMIS
satellites from 10:30 till 21:00 UT on both 17 and 18 March 2015. The soft highlighted background in red indicates data
obtained from THEMIS-A satellite, the blue color corresponds to THEMIS-E, and the green color corresponds to
THEMIS-D. Note that we show inbound and outbound passes of all three satellites on the same plot and label them
above each panel “in” or “out,” respectively. Also note that the inbound pass of THEMIS-D overlaps with the outbound
pass of THEMIS-A at around 15:00 UT. Times when the data are absent for THEMIS-E and when THEMIS-A is in the
magnetosheath are not shown on the plot. THEMIS = Time History of Events and Macroscale Interactions during
Substorms.

10:30 and 21:00 UT for both 17 and 18 March, breaking the x axis between two periods. THEMIS satellites
spend only ∼10 hr/day in the outer radiation belt, and this representation makes the presentation clearer.
Also, note that the time dependence of the PSD, and the DLL coefficients later in the text, also incorporate
the L-shell dependence due to the movement of the spacecraft along the orbit.

The top panel of Figure 3 shows a spectrogram of ULF wave PSD in the compressional component of the
magnetic field (PB). A relatively large PSD ≳10 nT2/mHz is present for frequencies ≤5 mHz during the main
phase of the storm on 17 March. Figure 3 shows that during the progression of the UT day on 17 March,
the substantial compressional power is bounded by a frequency, which subsides from 10 mHz, as measured
during an inbound pass of THEMIS-A, to 3 mHz toward the end of the main phase at the end of the UT day
on 17 March, as measured during an outbound pass of THEMIS-D. The majority of the compressional wave
power is confined to low frequencies of <3 mHz during the first day of the recovery phase on 18 March.
Meanwhile, the bottom panel of Figure 3 shows that the wave power in the quasi-azimuthal component
of the electric field is spread over a large frequency range. Unlike the PSD of the magnetic component, PE

shows a strong magnetic local time dependence. Low values of PE
≤ 0.5 (mV/m)2/mHz are, in general,

present on the duskside during the inbound passes of the THEMIS probes. Meanwhile, relatively large values
of PE

≥ 0.5 (mV/m)2/mHz are present in the noon sector as measured during the outbound passes of the
THEMIS satellites. Additionally, there is no significant change in the PSD for the E𝜙 component between
the main phase and the recovery phase of the storm in the noon sector (at ∼15:00–21:00 UT). During the
recovery phase the PE power spectra show some evidence of the frequency independence consistent with
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Figure 4. DB
LL as a function of time and energy using local measurements of compressional ultralow frequency wave

power spectral density PB recorded by THEMIS-A, THEMIS-D, and THEMIS-E. Drift (m = 1) resonance and a dipole
magnetic field are assumed and DB

LL is calculated using the Fei et al. (2006) formulas. The color scheme for this plot is
the same as in Figure 3. The energy dependence was obtained by calculating the drift resonance (m = 1) electron
energy for the waves in the frequency range from 1.2 to 20 mHz. See text for more detail. THEMIS = Time History of
Events and Macroscale Interactions during Substorms.

the Kp-dependent empirical statistical models (e.g., Ozeke et al., 2014). In the main phase, however, the
spectra appear to be dominated by the power below 10 mHz.

There are two time regions missing in Figure 3 when the data have no correct physical interpretation from
the point of the radial diffusion or absent. The first one, during the outbound pass of THEMIS-A on 17 March
(from 16:00 until 16:30 UT), when THEMIS-A had crossed the magnetopause and was outside the mag-
netosphere. The second, during the inbound pass of THEMIS-E on 17 March (from 13:30 until 14:00 UT),
during which THEMIS-E has no electric field measurements. Therefore, these two regions are ignored in
the subsequential analysis.

Figure 4 shows the DB
LL coefficient calculated using equation (2b), where PB(L, f) is taken using data from the

top panel of Figure 3. Figure 4 shows the value of the DB
LL coefficient as a function of total electron energy, W ,

and time. The energy dependence is obtained by using the previous assumption that m = 1 and therefore
that the wave angular frequency 𝜔 = 2𝜋f is the same as the drift frequency 𝜔d of an electron. Because 𝜔d
is a function of the relativistic energy of a particle, we use a transformation between wave frequency, f in
hertz, and energy, W in megaelectron volts, in the form of equation (4), where

W =
mec2

2

⎛⎜⎜⎝2
3

Cd𝑓

L
+

√
4
9

C2
d𝑓

2

L2 + 4
⎞⎟⎟⎠ , (3)

and mec2 = 0.511 MeV is the rest mass of an electron in units of energy, and Cd is a numerically obtained
coefficient and is equal to 1.557 ·104 s for electrons (Walt, 1994). We further only consider particles with 90◦

equatorial pitch angle. The same approach is used to analyze the DE
LL coefficients shown in Figure 5.

Figures 4 and 5 show that both the DB
LL and DE

LL coefficients behave coherently as a function of energy
during this interval; that is, the magnitudes of the diffusion coefficients as determined using local field
measurements from THEMIS indicate much larger changes happening as a function of time and position
than as a function of energy. Consistent with prior statistical models (e.g., Ozeke et al., 2014), both DB

LL
and DE

LL have a strong L-shell dependence with larger magnitudes on the higher L-shells. However, some
energy-dependent features most likely associated with the ULF wave packets still exist. For example, during
the end of the outbound pass of THEMIS-A on 18 March the magnetic diffusion DB

LL is enhanced at a series
of particular energies. This is consistent with encountering a short-lived ULF wave packet that is localized
in frequency. Additionally, Figure 5 shows signs of a weak energy dependence during the main phase of the
storm with higher DE

LL at lower energies. This dependence becomes less apparent during the recovery phase
on 18 March where the electric diffusion coefficient shows a much more coherent behavior across different
energies. Nonetheless, the energy dependence of DE

LL is in general weaker than the dependence on time or
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Figure 5. DE
LL as a function of time and energy using local measurements of quasi-azimuthal ultralow frequency wave

power spectral density PE recorded by THEMIS-A, D, and E. The same format as Figure 4. THEMIS = Time History of
Events and Macroscale Interactions during Substorms.

position. The same conclusion can also be made about DB
LL; note, however, unlike DE

LL, DB
LL is much larger

in the main phase than in the recovery phase. Similar to the behavior of PE, the DE
LL coefficient is enhanced

in the noon-dawn sector in comparison to the measurements from the dusk sector. It again reinforces the
importance of including local time dependence in future radial diffusion parametrizations.

Overall, this demonstrates that during the 17–18 March storm the observed power spectral densities near
the equatorial plane at THEMIS altitudes generate DE

LL and DB
LL coefficients that are largely coherent across

different energies. This can be compared to the case of statistical Kp-dependent models for DE
LL and DB

LL
derived from ULF wave power (e.g., Ozeke et al., 2014), which are energy independent. Our observations
show that some variation with energy remains but appears to be less influential than changes in time or
position. However, as described above, the statistical estimates are not the good representation for the rates
of radial diffusion, especially during the main phase.

In order to compare the event-specific and statistical rates of diffusion, Figure 6 shows the averaged dif-
fusion coefficients ⟨DB

LL⟩ and ⟨DE
LL⟩ generated using THEMIS ULF wave fields and calculating the mean

DLL from Figures 4 and 5 for energies from 1 to 13 MeV, which corresponds to PSD from 1.2 to 20 mHz at
THEMIS altitudes in the equatorial plane. The event-specific DLL coefficients calculated using THEMIS data
are shown with colored lines. The color scheme is the same as in Figures 4 and 5: red for THEMIS-A, green
for THEMIS-E, and blue for THEMIS-D. Diffusion coefficients calculated from the Ozeke et al. (2014) statis-
tics and which are energy (frequency) independent are shown with black lines. Panel (a) of Figure 6 shows
averaged ⟨DB

LL⟩ coefficient, panel (b) shows averaged ⟨DE
LL⟩ coefficient, panel (c) shows the ratio of ⟨DE

LL⟩
over ⟨DB

LL⟩, and panel (d) shows the total radial diffusion coefficient as the sum of the two, ⟨DE
LL⟩+⟨DB

LL⟩.
Immediately obvious in the Figure 6 is that the event-specific DB

LL coefficients (Figure 6a) appear to be larger
than the Ozeke et al. (2014) coefficients by a factor of ∼10 during the main phase of the storm on 17 March.
However, during the recovery phase, toward the end of 18 March, the THEMIS-derived magnetic diffusion
coefficients DB

LL approach those in the Ozeke et al. (2014) statistics. Figure 1 shows that the IMF is strongly
southward during the main phase, meanwhile, it oscillates around zero during the recovery phase. Note
that the Ozeke et al. (2014) statistics are derived using Kp and all geomagnetic, both storm and nonstorm,
conditions over a solar cycle. The existence of the strong southward IMF during the main phase of this
intense storm may change the Kp dependence of the ULF wave power, resulting in the failure of Ozeke
et al. (2014) statistical approach to accurately specify storm time DB

LL coefficients during the main phase of
the storm. At the same time, the electric diffusion coefficients (Figure 6b) are smaller than the Ozeke et al.
(2014) statistics during the main phase of the storm but return to good agreement with the statistical model
later during the recovery phase. Moreover, Figure 6c shows that during the main phase of the storm on
17 March the DB

LL coefficients exceed DE
LL by a factor of ∼10. Meanwhile, the Ozeke et al. (2014) statistics

predict the opposite relationship—that the DE
LL coefficients should be larger than the DB

LL coefficients almost
by a factor of 100. In addition, Figure 6d shows that during the main phase of the storm the total radial
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Figure 6. Radial diffusion coefficients, their ratio, and sum, calculated using local fields data from the THEMIS-A,
THEMIS-D, and THEMIS-E satellites during the 17–18 March 2015 storm. The color scheme indicating data from each
of THEMIS-A, THEMIS-D, and THEMIS-E satellites is the same as in Figure 3. The panels from top to bottom:
(a) ⟨DB

LL⟩, (b) ⟨DE
LL⟩, (c) the ratio of ⟨DE

LL⟩∕⟨DB
LL⟩, and (d) the sum of diffusion coefficients ⟨DE

LL⟩ + ⟨DB
LL⟩. In each

panel, we additionally show the Ozeke et al. (2014) statistical diffusion coefficients expressed as a function of Kp at the
time and L-shells of the THEMIS observations. THEMIS = Time History of Events and Macroscale Interactions during
Substorms.

diffusion coefficient DLL=DE
LL+DB

LL calculated using the statistical Kp-parametrization mostly dominates
over the data-driven result.

In the analysis of storm time and non–storm time ULF wave power, Dimitrakoudis et al. (2015) showed that
the dependence of ULF wave power on Kp, derived during storm times, can be different from that obtained
from statistics averaging across conditions from the whole solar cycle. However, the study of Dimitrakoudis
et al. (2015) did not distinguish between the main phase and the recovery phase of the storm, relying only on
the magnitude of Dst but not on its increasing or decreasing trend. Pokhotelov et al. (2016), in the analysis
of the October 2012 storm, further showed that the main phase ULF wave power, especially as it relates
to compressional disturbances and DB

LL, can be significantly enhanced as compared to non-storm times.
The event-specific results presented in this paper are consistent with these previous studies and indicate in
particular that the rates of radial diffusion during the main phase of the storms may differ significantly from
other times. As a result, Kp-dependent empirical specifications of radial diffusion coefficients should be used
with care, especially during storm main phase—and radial transport such as to a compressed magnetopause
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Figure 7. Spectrograms of ultralow frequency waves in the compressional component of the magnetic field as
measured by the GOES-13 (top panel) and GOES-15 (bottom panel) spacecraft at geosynchronous orbit. Shaded regions
indicate periods when GOES is in the magnetosheath (see text for details). GOES = Geostationary Operational
Environment Satellite.

might be incorrectly represented using empirical Kp-dependent model during these times. In addition, the
total radial diffusion coefficient (DLL = DE

LL + DB
LL), according to the Ozeke et al. (2014) parametrization,

reaches very high values of DLL ≈ 100 day−1 during 17 March. In comparison to a ∼1 MeV electron drift
period, such inferred fast timescales may not be consistent with the radial diffusion paradigm. Meanwhile,
the data-derived total DLL is ∼10 day−1, which still implies fast radial diffusion but is more consistent with
the observed loss timescale. This observation again emphasizes the importance of either using event-based
DLL or improving the statistical models for the radial diffusion coefficients.

4.2. DB
LL From GOES Satellites

Analogous to the analysis of the THEMIS data presented in the previous section, we show spectrograms
of ULF perturbations in the compressional component of the magnetic field measured by GOES-13 and
GOES-15 satellites in Figure 7. Similar to the THEMIS data analysis, we ignore periods when the satellites
are inside the magnetosheath and where very large PB > 102 nT2/mHz of the magnetosheath turbulence
across the whole frequency range are present in the spectrograms during these times. For GOES-13 (top
panel of Figure 7) the spacecraft is in the sheath across a large fraction of the orbit on the dayside between
13:00 and 18:00 UT on 17 March. Meanwhile, for GOES-15 (bottom panel of Figure 7) the region when the
spacecraft is in the sheath spreads from 15:00 until 18:00 UT on 17 March. These regions are not shown and
marked as “Magnetosheath” in the subsequent GOES plots in this paper.

The region of relatively broadband waves with large PB is present across the Pc4–Pc5 frequency range during
the main phase of the storm, especially when there is a strong southward IMF. Figure 1 shows that there are
two time periods when the IMF has a large southward component, in particular from 05:00 until 08:45 UT
and from 12:00 until 24:00 UT on 17 March. These times correspond to times of large compressional, broad-
band wave spectra in PB when a PSD of ≳1 nT2/mHz is present at GOES-15 for frequencies > 5 mHz. The
same characteristics are present for the GOES-13 data but are partially obscured by the magnetopause cross-
ing. Additionally, the power spectral densities at both GOES-13 and GOES-15 subside to lower power levels
during the recovery phase on 18 March when the Bz component of the IMF is small and fluctuates around 0.
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Figure 8. Diffusion coefficient DB
LL as a function of time and drift (m = 1) resonating electron energy as calculated

using the Fei et al. (2006) formulas using the observed compressional ultralow frequency wave power from Figure 7 for
the GOES-13 (top panel) and GOES-15 (bottom panel) satellites. GOES = Geostationary Operational Environment
Satellite.

Figure 9. Spectrograms of ultralow frequency waves in the quasi-azimuthal component of the equatorial electric field
as derived from a mapping of the D-component from the ground-based magnetometers at Inukjuak (INUK, top panel)
and Fort Smith (FSMI, bottom panel).
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Figure 10. DE
LL electric diffusion coefficient as a function of time and drift (m = 1) resonant electron energy calculated

using the Fei et al. (2006) formulas. The power spectral density of equatorial E𝜙 is obtained by mapping the
D-component of the magnetic field on the ground to the equatorial plane using the Ozeke et al. (2009) technique. The
top panel shows data corresponding to Inukjuak (INUK) magnetometer (close to magnetic conjugate to GOES-13), and
the bottom panel shows data derived from Fort Smith (FSMI) magnetometer (close to GOES-15).
GOES = Geostationary Operational Environment Satellite.

Figure 8 shows DB
LL coefficients as a function of drift (m = 1) resonant particle energy and time for GOES-13

(top panel) and GOES-15 (bottom panel) derived from the compressional power spectral densities from 1.2
to 20 mHz shown in Figure 7. Similar to the analysis of the THEMIS data, GOES DB

LL as a function of energy
is calculated using the same frequency range as in Figure 7. Figure 8 shows that the DB

LL coefficients at
geostationary orbit again show a strong energy coherence. However, there are some limited time intervals
during the recovery phase when DB

LL is more enhanced at particular energies. Overall, the DB
LL coefficients

at GOES show even more coherent behavior across energies than indicated in THEMIS data, even though
both data sets show much larger changes happening as a function of time than energy. Note that the regions
when the GOES satellites are in the magnetosheath are again not shown in the plots. Moreover, even when
the IMF turns southward and a broad PSD is observed for high frequencies (f > 5 mHz), the proportion-
ality of PB ∝ f−2 stays valid largely delivering an energy independence consistent with the Kp dependent
empirical statistical models. Further analysis of the average values of the DB

LL coefficients is presented in
section 5 of the paper, where a comparison to the equatorial DE

LL derived from ground-based magnetometer
data is presented.

4.3. Equatorial DE
LL Derived From Ground-Based Magnetometer Data

We obtain the quasi-azimuthal component of the electric field E𝜙 in the equatorial plane by mapping the
D-component magnetic field measurements from selected ground-based magnetometers near the magnetic
footprint of the GOES satellites. In this study, we use a magnetometer in Inukjuak (INUK) to map to E𝜙

near GOES-13. We use the Tsyganenko and Sitnov (2005) magnetic field model to determine that the INUK
magnetometer from the AUTUMNX chain (Connors et al., 2016) is close to the footprint of the GOES-13
magnetic field line during 17–18 March 2015. Similarly, we used the Fort Smith magnetometer (FSMI) from
the CARISMA array (Mann et al., 2008) for the determination of E𝜙 near GOES-15. The resulting spectro-
grams PE as a function of frequency and time for both ground-based magnetometers are shown in Figure 9.
Meanwhile, the resulting DE

LL as a function of electron energy and time are shown in Figure 10, where the
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Figure 11. Comparison of various radial diffusion coefficients for 17–18 March 2015 storm at the locations of the
GOES-13 satellite. In the top panel, the blue line represents ⟨DB

LL⟩ data obtained using in situ GOES-13 magnetic
observations, meanwhile the black line represents the (event independent) DB

LL from the Ozeke et al. (2014) Kp
statistics. The middle panel shows the average ⟨DE

LL⟩ coefficient in blue obtained by mapping the D-component
ultralow frequency wave power from the Inakjuak ground-based magnetometer to the equatorial plane, and the Ozeke
et al. (2014) Kp-dependent statistical model in black. The bottom panel shows the ratio of ⟨DE

LL⟩ and ⟨DB
LL⟩ for both

observational (blue) and Ozeke et al. (2014) Kp-dependent empirical model (black). See text for more details.
GOES = Geostationary Operational Environment Satellite.

top plot corresponds to the Inukjuak station (INUK) and the bottom plot corresponds to Fort Smith sta-
tion (FSMI). DE

LL in Figure 10 was derived using magnetic D-component PSD for frequencies between 1.2
and 15 mHz, which correspond to electron energies from 1 to 7 MeV at geostationary orbit assuming drift
(m = 1) resonance. Even though during the main phase some energy dependence in DE

LL was inferred using
THEMIS data, an interesting observation is that the DE

LL derived from the ground are more energy indepen-
dent. A slight energy dependence is present for the DE

LL from INUK during the recovery phase, but this is
not present for DE

LL derived from FSMI data. Overall, DE
LL derived from the ground-based magnetometer data

show a relatively coherent behavior at different energies with much larger changes happening as a function
of time.

4.4. Comparison of DE
LL and DB

LL at Geosynchronous Orbit
In the results presented here using in situ THEMIS electric and magnetic field data, it was clear that during
the main phase of the 17–18 March 2015 storm the data-derived DB

LL and DE
LL coefficients had very different

behavior than predicted by, for example, the empirical Kp-dependent diffusion coefficient model by Ozeke
et al. (2014). The Ozeke et al. (2014) statistics, using only Kp as a fitting parameter and using data from the
entire solar cycle appears, at least for this storm, to significantly overestimate DE

LL and underestimate DB
LL

during the main phase. Instead of DE
LL being ∼100 times larger than DB

LL, the THEMIS data imply that both
diffusion coefficients are of the same magnitude, in agreement with prior results presented by Pokhotelov
et al. (2016) using THEMIS and Van Allen Probes measurements for the October 2012 magnetic storm. To
examine this relationship further, we also examine the relative magnitude of in situ ⟨DB

LL⟩ as derived from
GOES magnetometer data and ⟨DE

LL⟩ as derived by mapping data from magnetically conjugate ground-based
magnetometers to the equatorial plane, proximal to the GOES satellites. Figure 11 shows a comparison
between the average radial diffusion coefficients ⟨DB

LL⟩ derived from GOES-13 magnetometer, correspond-
ing ⟨DE

LL⟩ derived from the INUK ground-based magnetometer, and the Ozeke et al. (2014) statistics on
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Figure 12. Comparison of the radial diffusion coefficients for data from GOES-15 satellite and Fort Smith
ground-based magnetometer during 17–18 March 2015 storm. The same format as Figure 11. GOES = Geostationary
Operational Environment Satellite.

the geosynchronous orbit. Figure 12 shows the same comparison between these diffusion coefficients at
geosynchronous orbit near GOES-15.

Consistent with the results from the THEMIS satellites (Figure 6), the radial diffusion coefficients at geosyn-
chronous orbit show the same discrepancy between storm specific and statistically expected DLL values
during the main phase of the storm. In particular, the DB

LL coefficients from the in situ GOES measurements
are larger than those predicted by the Ozeke et al. (2014) Kp-parameterization by almost a factor of 100 dur-
ing the main phase of the storm (top panels of Figures 11 and 12). Meanwhile, the mapped DE

LL coefficients
derived from the ground-based magnetometer data are smaller than Ozeke et al. (2014) statistics (middle
panels of Figures 11 and 12). Also consistent with the in situ THEMIS data, during the main phase of the
storm, the DB

LL coefficients are of the same order of magnitude as DE
LL. Therefore, the Ozeke et al. (2014)

Kp-parameterization underestimates the relative importance of the DB
LL coefficient (black lines in Figure 6c

and the bottom panels of Figures 11 and 12) during the main phase. Hence, neglecting the magnetic diffusion
in simulations, based purely on the behavior of any Kp-parameterization, may lead to an underestimation of
the total radial transport during the main phase by a factor of 2 or more. Note, however, that particularly for
this storm the statistical total diffusion coefficient obtained from the Ozeke et al. (2014) Kp-parameterization
dominates over the data-derived one and has extremely large values DE

LL ≈100 day−1 (see the bottom panel
of Figure 6 and the middle panels of Figures 11 and 12). This result again shows that Kp-parameterizations
should be used with care especially during the main phase of very intense geomagnetic storms. Nonethe-
less, the storm-specific data-derived DE

LL, DB
LL, and their ratio are the same as predicted by the Ozeke et al.

(2014) parametrization during the recovery phase on 18 March 2015.

5. Discussion and Conclusions
It is worthwhile to compare the results presented in this paper with similar studies of other magnetic storms
and other prior approaches used to study the 17–18 March 2015 event. In particular, it is interesting to
compare our calculations of power spectral densities with the results reported by Li et al. (2016, 2017). In
their studies, Li et al. used the Lyon-Fedder-Mobarry (LFM) magnetohydrodynamic model to examine ULF
perturbations in the magnetosphere and adapted the Fei et al. (2006) analytic approach to calculate the radial
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diffusion coefficients in the simulation during the 17–18 March 2015 magnetic storm. Figure 5 of Li et al.
(2016) shows spectrograms of PE (their “E𝛷 power”) and PB (their “BZ power”) as functions of frequency f
and azimuthal wave number, m, during the prestorm and the main phase of the storm. Their LFM simulation
showed that the power stored in perturbations with m = 1 is dominant and larger than for waves with
m ≥ 2 by more than two orders of magnitude. This result validates our approach of assuming m = 1
in this paper. Note, however, that especially during periods where the m = 1 assumption is violated our
results may represent an estimation of a lower threshold of the storm-specific radial diffusion coefficients
for example since the DB

LL coefficient is proportional to m2.

According to the GOES data presented in our Figure 7, the bandwidth of compressional PSD is larger than
that reported by Li et al. (2016) in their simulation during the main phase of the storm at 12:30 UT. GOES
measurements show that the difference between PB at 1 mHz and PB at 8 mHz is 1 order of magnitude.
Meanwhile, the simulation by Li et al. (2016) shows a difference of almost 5 orders of magnitude. Similar
broadband wave was observed on THEMIS-E inbound pass in Figure 3 at around the same time. However,
during the recovery phase where the IMF Bz ≈ 0 nT, the observed compressional PSD narrows and resembles
results in Li et al. (2016) for the prestorm phase. This shows that the LFM model, at least in the resolution
reported by Li et al. (2016), underestimates compressional PSD during the period of the strong southward
IMF in the main phase. However, the same slight frequency dependence of PE is observed in our analysis
and the Li et al. simulations for m = 1 during the main phase of the storm.

Additionally, Li et al. (2016) calculated of the DB
LL and DE

LL coefficients for electrons with different first adia-
batic invariants in their Figure 6. The Li et al.. results show that the magnetic radial diffusion coefficients in
their simulations are independent of the first adiabatic invariant—a result consistent with the strong energy
coherence of magnetic diffusion reported in this paper. Meanwhile, Li et al. report a slight energy depen-
dence of the electric diffusion coefficients during the main phase of the storm which disappears when IMF
Bz ≈ 0 nT. Note that in our analysis of THEMIS data, which relies on the assumption that m = 1 rather
than a spectrum of multiple m's considered by Li et al., the energy dependence of DE

LL in the main phase
is somewhat larger than reported by Li et al. (2016). Nonetheless, this energy dependence remains weaker
than the time dependence, as was described above.

However, as in the Ozeke et al. (2014) Kp-dependent statistical model the DE
LL remain larger than DB

LL by
2 or 3 orders of magnitude in Li et al. (2016) simulations, depending on storm phase. In contrast, the DB

LL
obtained from THEMIS measurements in this paper are either larger than, or have the same magnitude as,
DE

LL during the main phase of the storm. A comparison of the in situ DB
LL derived data from GOES satellites

at geosynchronous orbit, and DE
LL derived from ground-based magnetometer data, show the same behav-

ior. Note that during the main phase of the storm on 17 March, DB
LL ≈ 101 day−1 at geosynchronous orbit

according to our GOES data-driven calculations. Meanwhile, the LFM model estimates DB
LL ≈ 10−2 day−1.

Overall, this further suggests that there are magnetospheric processes which are active in the main phase
of intense geomagnetic storms during periods of strongly southward IMF, and which produce large in situ
compressional ULF fields as observed here in THEMIS and GOES satellite data. However, such processes
may not be well-represented in current MHD models such as LFM.

Analysis of in situ THEMIS data (Figure 6) shows estimate of DB
LL within range from 100 to 101 day−1 depend-

ing on L-shell, while DE
LL is between 10−1 and 100 day−1, during the main phase of the storm. Therefore,

according to the in situ THEMIS data, magnetic (DB
LL) diffusion may dominate an electric diffusion (DE

LL) dur-
ing the storm main phase. The same is also true for the geostationary orbit when comparing data obtained
in situ from the GOES satellites, and derived from ground-based magnetometer data (Figures 11 and 12).
Meanwhile, the Kp-dependent Ozeke et al. (2014) model show an opposite picture with DB

LL << DE
LL. Note

that the storm-specific DLL coefficients reverse their ratio and are well repeated by the Ozeke et al. (2014)
Kp-parametrization during the recovery phase at least on 18 March during this storm. These results show
that the Ozeke et al. (2014) parametrization may fail to accurately describe the DLL coefficients during storm
main phase especially during intervals with a strong southward IMF component (Bz ≈ − 20 nT).

Overall, Pc4–Pc5 ULF waves may cause rapid (∼2.5 hr) electron outward radial transport during the March
2015 geomagnetic storm. This provides a compelling potential mechanism for depleting electron outer radi-
ation belt by transporting charged particles to the magnetopause. Olifer et al. (2018) showed that transport
to the outer boundary can be examined in the context of an analysis of the dynamics of the LCDS. Accord-
ing to the analysis presented by Olifer et al. (2018), during the main phase of the storm on 17 March 2015
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the separation in L* between the LCDS and the heart of the radiation belt may only be around ΔL*=1 (see
Figure 3 of Olifer et al. (2018)). According to the radial diffusion paradigm, such a separation can be easily
bridged by fast outward radial diffusion. Additionally, in this paper, we demonstrate that the storm-specific
radial diffusion coefficients may be largely energy independent. This agrees nicely with the results of Olifer
et al. (2018) (e.g., their Figure S2 in the supporting information) where it was shown that the loss patterns
and LCDS dynamics are not only closely related but also similar across a wide range of energies during the
March 2015 storm.

As mentioned above, it is interesting to compare our results with those of Pokhotelov et al. (2016) where
a similar analysis of DLL coefficients was performed for the 8–9 October 2012 geomagnetic storm using
THEMIS and Van Allen Probes data. Pokhotelov et al. report similar features whereby the radial diffusion
coefficients demonstrate the characteristics that DB

LL ∼ DE
LL during the main phase of that storm and with

a similar southward IMF (Bz ≈ − 15 nT). In the Pokhotelov et al. (2016) results, the Kp-dependent model
overestimates DE

LL by orders of magnitude as compared to the observations. Meanwhile, the event-specific
DB

LL is being underestimated by the Kp-parametrization in the statistical models by a factor of∼4. The behav-
ior of the electric diffusion coefficient is similar to that which we report in this paper for the 17–18 March
2015 storm. However, the level of disagreement between data-driven and statistical DB

LL is much higher for
this event. One difference between the October 2012 storm and the March 2015 event studied here is that
the latter was much more intense in terms of ring current dynamics with SYM-H index reaching −225 nT as
compared to −120 nT during the October 2012 storm. In addition, the March 2015 storm has more strongly
southward IMF conditions (Bz ≈ − 20 nT) than observed during the October 2012 storm (Bz ≈ − 15 nT). If
the strong compressional disturbances observed during the March 2015 storm are driven by processes associ-
ated with strongly southward IMF then this might explain the discrepancy. Consistent with this hypothesis,
very recent analysis of 15 years of ground-based magnetometer data by Bentley et al. (2018) showed a strong
connection between enhanced ULF wave power and the magnitude of the southward component of the
IMF. For example, their Figure 6 shows that the well-known increase of ULF wave power with increasing
solar wind speed is significantly further enhanced by increasingly negative Bz.

In summary, and overall, our analysis of data-driven radial diffusion coefficients shows that the relative
magnitudes of DE

LL and DB
LL may be significantly different during storm main phase than at other times.

For example, using in situ THEMIS and GOES data, we show that during the main phase of the intense
March 2015 storm the radial diffusion coefficients are not well described by the Ozeke et al. (2014) empirical
Kp-dependent model. First, the DB

LL coefficient is underestimated by the Kp-parametrization. Second, the
solar cycle derived Kp statistics imply that the DB

LL should be negligibly small in comparison to DE
LL. How-

ever, during the main phase of the March 2015 storm, the event-specific results show different behavior with
DE

LL ≲ DB
LL. Thus, using the Ozeke et al. (2014) parametrization to represent the diffusion coefficients for

radial diffusion simulations may lead to an incorrect representation of the total DLL coefficient during the
main phase. This suggests that there is an urgent need to produce new statistical models for DLL coefficients
during the main phase of a storm, perhaps including the influence of processes active during southward
IMF. Providing more accurate radial transport models, especially for example during intense radiation belt
extinction events (e.g., Olifer et al., 2018; Ozeke et al., 2017) may help to improve the accuracy of the magne-
topause shadowing losses predicted by radial diffusion models. Understanding the relative contributions of
fast outward radial diffusion to the LCDS, and therefore magnetopause shadowing, and local wave-particle
scattering losses to the atmosphere, remains a major challenge for improving the accuracy of the radiation
belt modeling. Improved future characterizations of especially the compressional disturbances that increase
main phase DB

LL in radiation belt simulations could help significantly in that regard.
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