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Abstract The 17–18 March 2015 storm is the largest geomagnetic storm in the Van Allen Probes era to
date. The Lyon-Fedder-Mobarry global MHD model has been run for this event using ARTEMIS data as solar
wind input. The ULF wave power spectral density of the azimuthal electric field and compressional magnetic
field is analyzed in the 0.5–8.3 mHz range. The lowest three azimuthal modes account for 70% of the total
power during quiet times. However, during high activity, they are not exclusively dominant. The calculation
of the radial diffusion coefficient is presented. We conclude that the electric field radial diffusion coefficient
is dominant over the magnetic field coefficient by one to two orders of magnitude. This result contrasts with
the dominant magnetic field diffusion coefficient used in most 3-D diffusion models.

1. Introduction

The Earth’s outer radiation belt, which consists of relativistic electrons trapped in the Earth’s magnetic field,
is highly dynamic during geomagnetic storms and substorms. These MeV “killer electrons” are hazardous to
spacecraft and astronauts. Understanding the evolution of the Earth’s relativistic electron flux is a key goal of
NASA’s Van Allen Probes mission, twin satellites launched 30 August 2012, during the recent weak solar maxi-
mum. A strong coronal mass ejection (CME) shock arrived at Earth at 0445 UT on 17 March 2015 (see solar wind
data plotted in Figure 1), producing the strongest storm of the current solar maximum (SYM-H = −234 nT).

Inward radial diffusion driven by ultralow frequency (ULF) electric and magnetic field fluctuations is consid-
ered to be one of the most effective mechanisms to transport and energize relativistic electrons [Elkington
et al., 2003; Shprits et al., 2008]. Local acceleration by VLF waves has also been shown to play an important role
in rapid acceleration during some storms when peaks in phase space density develop in the heart of the elec-
tron outer zone, well inside geosynchronous orbit [Reeves et al., 2013; Thorne et al., 2013; Li et al., 2014]. Radial
diffusion then acts to transport electrons outward when the phase space density gradient is reversed from its
usual peak at higher L associated with the plasmasheet source [Shprits et al., 2006].

ULF fluctuations are important in transporting radiation belt electrons, because their frequency is in the mHz
range, the same order of the relativistic electron drift frequency. This leads to violation of the third adiabatic
invariant which conserves magnetic flux through a drift shell, leading to a random walk in the radial direction
which smooths out radial gradients [Schulz and Lanzerotti, 1974]. ULF waves are very common in the Earth’s
magnetosphere [Hughes, 2015]. Oscillations in solar wind, instabilities at the flanks, and substorm-related
disruptions at the nightside are some of the main sources of ULF fluctuations.

Elkington [2006] reviewed how ULF fluctuations interact with radiation belt electrons. If an electron sees a
constant azimuthal electric field along its drift path, it could be accelerated/decelerated by the wave field.
Conserving its first adiabatic invariant for equatorially mirroring electrons and first two at other pitch angles,
the electron will be transported radially inward/outward. The radial diffusion coefficient is used to quantify
how fast radial diffusion occurs. Much work has been done to calculate the diffusion coefficient (see Schulz
and Lanzerotti [1974] for summary of early work). The results presented here extend prior studies which cal-
culate radial diffusion coefficients from the electric and magnetic field fluctuations computed by global MHD
simulations using the Lyon-Fedder-Mobarry model [Lyon et al., 2004] driven by measured storm time [Fei et al.,
2006; Tu et al., 2012] and synthetic quiet [Huang et al., 2010] solar wind input. Huang et al. [2010] followed
test particle electrons in the equatorial plane to determine DLL using an ensemble of solar wind pressure fluc-
tuations from a multimonth long quiet interval in 1996 over which Lyon-Fedder-Mobarry (LFM) global MHD
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Figure 1. Solar wind speed, IMF By , IMF Bz , and SYM-H on 17–18 March 2015.

model was run and restarted. Not surprisingly, they found low radial diffusion coefficients for quiet conditions
which will be compared with our results for the 17–18 March 2015 storm, the strongest of the recent solar
maximum.

Other techniques to determine DLL include analysis of radial transport directly from radiation belt electron
measurements assuming no other processes such as local heating intervene [Selesnick et al., 1997]; calculation
from electric field fluctuations [Brautigam et al., 2005] and magnetic field fluctuations [Ali et al., 2015] mea-
sured in situ; and a combination of ground magnetometer measurements of the transverse magnetic field
components, which can be related to equatorial plane transverse electric field assuming a standing Alfven
wave model and combined with in situ measurements of the compressional magnetic field fluctuations [Ozeke
et al., 2014]. In our study, the radial diffusion coefficient is calculated from LFM MHD simulations using the for-
mula from Fei et al. [2006], in which the diffusion coefficient is proportional to the integral of the fluctuating
electric and magnetic field power that could resonate with the electron drift frequency. It is dependent on
geomagnetic activity, the electron’s first invariant, pitch angle, and radial location.

The main goal of the present work is to analyze ULF waves using a global MHD simulation driven by measured
upstream solar wind parameters to calculate the radial diffusion coefficient for the 17–18 March 2015 storm.
Section 2 contains a brief introduction to the event and global MHD simulation run. The method used to
analyze ULF mode structure is described in section 3, with the result presented. Section 4 applies the result
from section 3 to the calculation of the radial diffusion coefficient, followed by discussion and conclusions in
section 5.

2. MHD Simulation of March 2015 Event

The 17 March 2015 event is the largest geomagnetic storm of the Van Allen Probes era in terms of Dst
minimum (−233 nT). Solar wind speed, dynamic pressure, IMF Bz , and SYM-H on 17–18 March are plot-
ted in Figure 1. A strong CME shock hit the Earth’s magnetosphere at 0445 UT. The magnetopause moved
inside geosynchronous orbit under high solar wind dynamic pressure and strong southward IMF Bz , 20 nT
southward. IMF Bz < 0 lasted 12 h and made this event very geoeffective. The Geostationary Operational
Environmental Satellite (GOES) > 0.8 MeV electron flux measurement shows that the prestorm flux is very low
at geosynchronous orbit (http://satdat.ngdc.noaa.gov/sem/goes/data/new_plots/2015/goes13/summary/
g13_summary_20150301-00h_20150331-24h.pdf). It has 1 order of magnitude increase at 1800 UT on 17
March and has 2 orders of magnitude increase on 18 March. Better agreement both with SYM-H (Figure 1)
and GOES magnetic field measurements (Figure 2) is obtained when LFM is coupled to the Rice Convection
Model (RCM) [Toffoletto et al., 2004; Pembroke et al., 2012]. However, high azimuthal mode number fluctua-
tions in the azimuthal component of the electric field develop along the dynamic coupling boundary between
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Figure 2. LFM-MIX (blue), LFM-RCM (red), and measured (black) magnetic field strength at (top) GOES-13 and (bottom)
GOES-15 locations.

LFM and RCM, which excludes high-speed earthward flows from the tail under strong solar wind driving
conditions. (RCM assumes sub-Alfvenic flow velocities, while LFM does not.) Thus, for the ULF wave analysis
presented here, we use fields from the LFM-MIX simulations of 17–18 March 2015, where MIX denotes the
basic Magnetosphere-Ionosphere Coupler [Merkin and Lyon, 2010].

The Lyon-Fedder-Mobarry (LFM) global MHD model implemented with the Magnetosphere-Ionosphere Cou-
pler (LFM-MIX) is run for 17–18 March 2015 at a grid resolution of 53 × 64 × 48 in r, 𝜃, 𝜙 using solar wind
input from the ARTEMIS spacecraft with 6s time cadence [Angelopoulos, 2009]. A time-averaged solar F10.7
is used to calculate dynamic ionospheric conductance [Lyon et al., 2004]. Hudson et al. [2015] compare the
imported temporal resolution using ARTEMIS data for the 8 October 2013 storm with that obtained using ACE
data with 1min time resolution as LFM input for the 17 March 2013 storm. When available, excluding periods
when ARTEMIS (and the Moon) are inside the magnetosphere, the higher time resolution ARTEMIS data are
expected to better resolve solar wind input.

To evaluate LFM-MIX performance, we compared the magnitude of the magnetic field at simulated GOES
locations with GOES satellite measurements, shown in Figure 2. The model performs well during the early
main phase of the storm up to ∼1600 UT on 17 March but underestimates the magnetic field for the long
recovery phase defined by SYM-H which has not returned to its initial value by 0000 UT on 19 March (end of
simulation), a typically long recovery for large storms. The simulated azimuthal electric field is compared and
is consistent with the Van Allen Probes measurement. We will focus on the rise in ULF wave power by 2–3
orders of magnitude during the early main phase after arrival of the interplanetary shock.

3. ULF Analysis

To drive the radial diffusion of energetic particles, the particle’s drift frequency, the wave frequency, and the
azimuthal mode number, m, of the wave must satisfy the drift-resonant condition,

𝜔 = m𝜔d. (1)

To calculate the rate of radial diffusion, we need to determine the power of ULF waves at a particular fre-
quency m𝜔d with azimuthal mode number m that could most effectively transport the particle population.
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Two Fourier transforms are required to estimate the power spectral density, one in the azimuthal direction
to determine the azimuthal mode structure and one in time to determine the frequency. The fluctuating
electric field can be written in terms of a radial coordinate in the equatorial plane normalized to Earth
radius L, azimuthal mode number m, and azimuthal angle Φ defined relative to noon [Elkington et al., 2012;
Tu et al., 2012],

EΦ =
∞∑

m=1

Ea
Φm

(L,m, t)cosmΦ +
∞∑

m=1

Eb
Φm

(L,m, t)sinmΦ. (2)

Ea
Φm

and Eb
Φm

represent the amplitude of the symmetric (about the Sun-Earth line) and asymmetric component
of the fluctuating electric field, respectively. At each time step at which LFM fields are saved for analysis (1min),
Ea
Φm

and Eb
Φm

are calculated for successive radial distances using

Ea
Φm

(L,m, t) = 1√
n

Real

{
n∑

nΦ=1

EΦ(L,Φ, t)e−2𝜋i∕n

}
(3)

and

Eb
Φm

(L,m, t) = 1√
n

Imag

{
n∑

nΦ=1

EΦ(L,Φ, t)e−2𝜋i∕n

}
, (4)

where n is the number of data points in every L shell. The power in fluctuating field Pm = Pa
m + Pb

m. The same
analysis can be applied to other electric and magnetic field components. Then, a Fourier transform is done
in the time domain for each azimuthal mode number at each L shell. The data are multiplied by a Hanning
window before being processed by fast Fourier transform (FFT) and then filtered to remove the DC power. It is
important to remove DC power from the analysis which can otherwise contaminate adjacent low-frequency
power.

In this paper, we interpolated fields calculated using the LFM-MIX global MHD model to a polar grid of 48
uniform azimuthal locations at radial distance 2 to 8 RE with a 0.2 RE grid in the SM equatorial plane. The
calculation can resolve up to m = 24. FFT in the azimuthal direction is done every minute, corresponding to
a Nyquist frequency of 8.3 mHz. The length of time window of the FFT in the time domain is 30min, so the
lowest frequency that the calculation can resolve is 0.5 mHz.

The power contributed by the fluctuating electric field is color coded in Figure 3 as a function of radial distance
and azimuthal mode number in the SM equatorial plane used by LFM-MIX, which has the orthogonal polar axis
along the Earth’s dipole axis, integrated over all frequencies (0.5–8.3 mHz, which is in the Pc5 range), before
(top) and after (bottom) the shock arrival. The maximum azimuthal mode number resolved is determined by
the grid discretization discussed above (53 × 64 × 48 and the radial resolution is fixed at 0.2 RE). The figure
shows that the power is dominated by low azimuthal mode number both before and after shock arrival with
the shock significantly enhancing power up to m = 8 at low L values absent in the preshock spectrum where
solar wind variations can act as a driver [Claudepierre et al., 2016]. The total power has increased by three orders
of magnitude after the shock arrival, with highest power near the magnetopause, as evident in Figure 3.

Figure 4 (bottom) shows the fraction of the power in the lowest three mode numbers for the electric field at
geosynchronous orbit. One can tell that the fraction highly depends on geomagnetic activity level (IMF Bz)
when compared with Figure 1. At quiet times, the lowest three modes make up 70% of the total power but
only about 30% of the total power during disturbed times.

4. Calculation of Diffusion Coefficient

Fei et al. [2006] used the radial diffusion coefficients derived by Brizard and Chan [2001] as a function of ULF
wave power, separated into electric and magnetic field contributions:

DE
LL =

1
8B2

E R2
E

L6
∑

m

PE
m(m𝜔d), (5)

DB
LL =

M2

8q2𝛾2B2
E R4

E

L4
∑

m

m2PB
m(m𝜔d). (6)
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Figure 3. Fluctuating electric field power as a function of radial distance and azimuthal mode number in the SM
equatorial plane of the LFM-MIX simulations, integrated over all frequencies (0.5–8.3 mHz), (top) before and (bottom)
after the shock arrival at 0445 UT on 17 March 2015. Fields are calculated using the LFM-MIX global MHD model on a
polar grid of 48 uniform azimuthal locations at radial distance 2 to 8RE with a 0.2RE grid. The calculation can resolve up
to m = 24. FFT in the azimuthal direction is done every minute, corresponding to a Nyquist frequency of 8.3 mHz. The
length of time window of the FFT in the time domain is 30min, so the lowest frequency that the calculation can resolve
is 0.5 mHz.

Here DE
LL and DB

LL are the symmetric diffusion coefficients due to perturbations in total electric field (inductive
and convective) and perturbations in magnetic field, respectively. Asymmetric diffusion coefficients propor-
tional to dipole compression dayside (stretching nightside) were shown to be less important in the inner
magnetosphere [Fei et al., 2006] and are neglected here. BE is magnetic field strength at the Earth’s surface,
RE is the Earth’s radius, M is the particle’s first invariant, q is the particle’s charge, 𝛾 is the particle’s relativistic
factor, and PE

m(m𝜔d) and PB
m(m𝜔d) are the wave azimuthal electric and compressional magnetic field power

spectral density with azimuthal mode number m at frequency m𝜔d . The azimuthal electric field fluctuations
(equation (2)) affect electron acceleration (deceleration) in the electron drift direction causing radial transport
when the first invariant is conserved, with a corresponding compressional (Bz) magnetic fluctuation accord-
ing to Faraday’s law. In our calculation, we included the power of all azimuthal modes where m𝜔d is above
0.5 mHz and lower than the Nyquist frequency 8.3 mHz. At geosynchronous orbit, the power for azimuthal
mode number up to 10 is included in the calculation for 500 MeV/G electrons. The power for azimuthal mode
number up to 4 is included in the calculation for 2000 MeV/G electrons, corresponding to the upper limit in
both cases of frequency resolved in the LFM-MIX simulation. Figure 5 shows how the power is distributed at
geosynchronous orbit as a function of frequency and azimuthal mode number in azimuthal electric field and
compressional magnetic field components before and during CME shock arrival. The white and black lines
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Figure 4. (top) Fluctuating azimuthal electric field power integrated over all frequencies and all modes m at
geosynchronous orbit. (bottom) Fraction of the power in the lowest three mode numbers for the electric field. The solid
grey line represents shock arrival at 0445UT, and the dashed grey line represents minimum Dst at 2300 UT.

correspond to 𝜔 = m𝜔d for 500 and 2000 MeV/G electrons, respectively. The square markers indicate the
power that resonates with the electrons (𝜔 = m𝜔d with m being an integer). The power at the squares is
summed to calculate the radial diffusion coefficients below using equations (5) and (6).

Assuming random phase between electric and magnetic perturbations, the total diffusion coefficient is the
sum of the electric and magnetic diffusion coefficients:

DLL = DE
LL + DB

LL. (7)

Figure 6 shows DE
LL and DB

LL calculated from equations (5) and (6) for three first invariant values, 500, 1000, and
2000 MeV/G at geosynchronous orbit. DE

LL and DB
LL both increase for all first invariants as geomagnetic activ-

ity level increases. The dependence on the first invariant is very weak for both DE
LL and DB

LL. Computed DE
LL

dominates over DB
LL, which is consistent with Ali et al. [2015] calculation using Combined Release and Radi-

ation Effects Satellite (CRRES) data and a recent study by Ozeke et al. [2014] using more extensive ground
magnetometer data and in situ measurements than used by Brautigam and Albert [2000].

The change in an equatorially mirroring electron’s energy can be calculated by [Li et al., 1993]

dW
dt

= qv⟂EΦ + M
𝛾

𝜕B
𝜕t

, (8)

v⟂ =
e1

B
×
(
−Efl + M

𝛾q
∇B

)
, (9)

where W is the electron’s energy, v⟂ is the guiding center’s motion perpendicular to the magnetic field,
e1 =B∕B is a unit vector along the magnetic field, 𝛾 is the relativistic factor, and M is the first adiabatic invariant.
Assuming that E = EΦ and B = BZ [Northrop, 1963], equations (8) and (9) become

dW
dt

= M
𝛾

(
(∇B)r

BZ
EΦ + 𝜕B

𝜕t

)
. (10)
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Figure 5. Power spectral density at geosynchronous orbit of (left column) fluctuating electric and (right column)
magnetic field (top row) before and (bottom row) during the CME shock arrival on 17 March 2015. The white and black
lines correspond to 𝜔 = m𝜔d for 500 and 2000 MeV/G electrons, respectively.

The two right terms represent the change of particle’s energy due to electric field and magnetic field, respec-
tively. At geosynchronous orbit during high geomagnetic activity, the first term is of the order of 10−13 W and
the second term is of the order of 10−17 W for 1000 MeV/G electrons. The EΦ term is dominant over the dB∕dt
term in changing electron energy and therefore radial location when the first invariant is conserved for the
ULF wave frequency and magnetic field gradient scale length in the simulations.

The radial profile of the 1000 MeV/G electron diffusion coefficients plotted in Figure 7 show a drop in DB
LL

around L = 4.5, where increasing strength of the background magnetic field and increased MHD pressure
combine to reduce ULF wave amplitudes as is observed at lower L [Mathie and Mann, 2001], and a rise at L = 7,
where magnetic fluctuations driven by the solar wind become a larger fraction of the total magnetic field as
the dipole strength decreases. The abrupt rise at L = 7 is associated with inward motion of the magnetopause
inside geosynchronous orbit as seen in the simulations which compare favorably with the Shue et al. [1998]
magnetopause location [Hudson et al., 2014].

5. Discussion and Conclusions

This paper presents a calculation of the radial diffusion coefficient based on simulated ULF wave power for
the 17–18 March 2015 storm. Compared to previous calculations that assumed the ULF wave power comes
from only the m = 1 azimuthal mode, due to insufficient resolution by ground magnetometers of higher m
values, and satellite measurement that is limited to along the satellite track [Dai et al., 2013], our calculation
using a global MHD model, LFM-MIX, driven by measured upstream solar wind parameters includes all power
up to m = 10 for 500 MeV/G electrons and up to m = 4 for 2000 MeV/G electrons. Higher m modes are shown
to be important in the ULF wave analysis (Figures 3–5).

Following Huang et al. [2010], our radial diffusion coefficient lies in a reasonable range compared with previ-
ous studies (Figure 8). It is ∼1/day at geosynchronous orbit during high activity and ∼10−2/day when quiet.

LI ET AL. RADIAL DIFFUSION COEFFICIENT CALCULATION 6202
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Figure 6. Electric (solid lines) and magnetic (dash lines) radial diffusion coefficient at geosynchronous for three first
invariants: 500 MeV/G (blue), 1000 MeV/G (red), and 2000 MeV/G (green), integrated over drift-resonant power
from 0.5 to 8.3 mHz.

It has little energy dependence, which is consistent with recent studies by Ozeke et al. [2014] and Ali et al.
[2015]. We also found that the diffusion coefficient contributed by electric field fluctuations is generally two
orders of magnitude larger than the diffusion coefficient contributed by fluctuations in the magnetic field.
This latter result, confirmed by Ozeke et al. [2014], based on ground magnetometer measurements and the
assumption of a standing Alfven wave model to calculate EΦ in the equatorial plane along with Bz determined
from satellite observations, challenges the pervasive use of Brautigam and Albert [2000] Kp-parametrized DLL

Figure 7. Electric (blue) and magnetic (red) field radial diffusion coefficient for 1000 MeV/G electrons at 1230 UT on
17 March 2015, summing over all azimuthal mode numbers contributing to simulated electric and magnetic field wave
power at 𝜔 = m𝜔d within the frequency range 0.5–8.3 mHz using equations (5) and (6).

LI ET AL. RADIAL DIFFUSION COEFFICIENT CALCULATION 6203
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Figure 8. Comparisons of radial diffusion coefficients DLL from Figure 6 with Tu et al. [2012] and Huang et al. [2010] are
plotted along with other recent estimates: Selesnick et al. [1997], Fei et al. [2006], Brautigam and Albert [2000], Brautigam
et al. [2005], and Perry et al. [2005] are indicated by lines over a range of L. Elkington et al. [2003] is plotted as a single
black dot at geosynchronous where DLL was evaluated. Results from the LFM-MIX simulation of the 17–18 March 2015
storm (yellow) and the Tu et al. [2012] simulation of a moderate (Dst = −96 nT) storm on 8–9 March 2008 cover quiet to
disturbed times during those respective storms, just as Brautigam and Albert [2000] DLL increases with Kp. FFT methods
differ between the studies cited including DC field subtraction, affecting power level at low frequencies and relative DLL
amplitudes. Augments Huang et al. [2010], Figure 6.

which has DB
LL >>DE

LL and included only m = 1 drift resonance. These coefficients were based on a limited
data set from a ground magnetometer at L = 4 and geosynchronous (only) measurements of magnetic field
and an assumption about L dependence going back to Fälthammar [1965]. Our model allows for the calcula-
tion of power spectral density (PSD) integrated over frequency as a function of radial distance and azimuthal
mode number, showing the increased importance of higher m modes during disturbed times. Our diffusion
coefficients plotted in Figure 6 for the 17–18 March 2015 storm show not only the dominance of DE

LL at geosyn-
chronous orbit over the course of the storm but also at all other radial locations in Figure 7, when a snapshot
of poloidal mode (EΦ and Bz) wave power during the main phase of the storm around 1230 UT is used to com-
pute DE

LL and DB
LL. It no longer seems sufficient to use the Brautigam and Albert [2000] DLL in radial diffusion or

3-D diffusion models (momentum, pitch angle, and L) except as a benchmark against which to test diffusion
coefficients which include more detailed radial dependence and azimuthal mode structure.

MHD simulations such as presented here contain much higher grid resolution than current measurement
systems allow. Both ground magnetometers and spacecraft, such as the twin Van Allen Probes, which pro-
vide ULF wave frequency electric and magnetic field measurements over a range of L inside geosynchronous
orbit (apogee 5.8 RE and 10∘ inclination), provide more limited spatial coverage than the global MHD simu-
lations. However, the greatly improved data set available from Van Allen Probes in terms of time resolution
and varied spacecraft separation, as compared with single-point measurements from the Combined Release
and Radiation Effects Satellite (CRRES) with which Brautigam and Albert [2000] compared their radial diffusion
model, can be used to benchmark MHD fields along the satellite orbit [Hudson et al., 2015; Paral et al., 2015].
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Van Allen Probe measurements are still, however, confined to a single longitudinal sector for a given event
study and require ∼2-years to cover all MLT in a statistical study [Dai et al., 2015]. Thus, the global MHD model
can provide additional important information on azimuthal mode structure and radial dependence of power
spectral density which can be used to quantify the strongly time-dependent radial diffusion coefficients
during storm intervals.

Limitations on the MHD simulation results presented here include analysis of LFM-RCM fields as was done
for the MHD test particle study of the 17 March 2013 storm which focused on plasmasheet injection [Li et al.,
2015]. In that study, it is likely that the irregular coupling boundary between LFM and RCM, which excludes
nightside high-speed flows exceeding the Alfven speed from the coupling region, may affect the ULF wave
azimuthal mode structure, the focus of the present study. A fixed Kp-dependent plasmasphere included in
LFM-RCM [Pembroke et al., 2012] has been shown to affect the radial dependence of ULF wave power more
than ring current pressure for specified moderate northward IMF Bz driving conditions [Claudepierre et al.,
2016]. Future work will isolate inclusion of a fixed plasmasphere in the LFM framework along with corotation
in runs which have been shown to transport cold plasma to the dayside magnetopause, affecting ULF wave
mode structure [Hudson et al., 1996; Lyon et al., 2015]. Future work will also include implementation of calcu-
lated coefficients in the Dartmouth radial diffusion code and comparison with evolving phase space density
measured by the Energetic Particle Composition and Thermal Plasma Suite on Van Allen Probes [Spence et al.,
2014], along with in situ measurements of electric and magnetic fields from the Electric Fields and Waves
instrument [Wygant et al., 2014; Dai et al., 2015].
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