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Abstract The 17 March 2015 St. Patrick’s Day Storm is the largest geomagnetic storm to date of Solar

Cycle 24, with a Dst of −223 nT. The magnetopause moved inside geosynchronous orbit under high solar

wind dynamic pressure and strong southward interplanetary magnetic field Bz causing loss; however, a

subsequent drop in pressure allowed for rapid rebuilding of the radiation belts. The 17 March 2013 storm

also shows similar effects on outer zone electrons: first, a rapid dropout due to inward motion of the

magnetopause followed by rapid increase in flux above the prestorm level early in the recovery phase and a

slow increase over the next 12 days. These phases can be seen in temporal evolution of the electron phase

space density measured by the Energetic Particle, Composition, and Thermal Plasma Suite (ECT) instruments

on Van Allen Probes. Using the Lyon-Fedder-Mobarry global MHD model driven by upstream solar wind

measurements, we simulated both St. Patrick’s Day 2013 and 2015 events, analyzing Lyon-Fedder-Mobarry

electric and magnetic fields to calculate radial diffusion coefficients. These coefficients have been

implemented in a radial diffusion code, using the measured electron phase space density following the

local heating as the initial radial profile and outer boundary condition for subsequent temporal evolution

over the next 12 days, beginning 18 March. Agreement with electron phase space density at 1000 MeV/G

measured by the MagEIS component of the ECT instrument suite on Van Allen Probes was much improved

using radial diffusion coefficients from the MHD simulations relative to coefficients parameterized by a

global geomagnetic activity index.

1. Introduction

The Earth’s outer radiation belt, which consists of relativistic electrons trapped in the Earth’s magnetic field,

is known to be highly dynamic in response to variations in solar wind driving conditions. These include

interplanetary shocks driven by Coronal Mass Ejections (CMEs) which are dominant drivers at solar maxi-

mum and Corotating Interaction Regions (CIRs) mapping to coronal holes which are dominant drivers during

the declining phase of the solar cycle [Tsurutani and Gonzalez, 1997; Tsurutani et al., 2006; Hudson et al.,

2008, 2012]. These MeV electrons pose a significant space weather hazard to spacecraft and astronauts.

Understanding the evolution of the Earth’s relativistic electron population is a primary goal of NASA’s Van

Allen Probes mission, twin satellites launched on 30 August 2012, during the recent weak solar maximum

[Mauk et al., 2013]

The 17 March 2015 St. Patrick’s Day Storm is the largest geomagnetic storm to date of Solar Cycle 24, with

a Dst of −223 nT. The magnetopause moved inside geosynchronous orbit under high solar wind dynamic

pressure and strong IMF Bz causing loss; however, a subsequent drop in pressure allowed for rapid rebuilding

of the radiation belts [Kanekal et al., 2016]. Local heating has been modeled for this and the 17 March 2013

storm [W. Li et al., 2014], weaker atDst of−132 nT and showing similar MeV electron flux changes: first, a rapid

dropout due to inward motion of the magnetopause followed by rapid increase in flux above the prestorm

level during the recovery phase. These phases can be seen in temporal evolution of the electron phase space

density measured by the ECT instruments on Van Allen Probes [Spence et al., 2014].

Prompt loss of electrons due to inward motion of the magnetopause following a CME shock arrival and

subsequent outward diffusive radial transport has been shown to characterize the initial phase of CME

shock-initiated storms [Shprits et al., 2006; Hudson et al., 2014, 2015]. Both local heating and radial transport
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result in an increase in flux at a fixed energy and constitute competing mechanisms which have been sug-

gested to explain the enhancement phase [Shprits et al., 2008a, 2008b; Thorne, 2010]. (ULF) waves are impor-

tant in transporting radiation belt electrons, because their frequency is in the mHz range, comparable to the

relativistic electron drift frequency in the outer zone [Elkington et al., 2003; Perry et al., 2005; Shprits et al.,

2008a]. If an electron experiences an approximately constant azimuthal electric field in its drift frame, it can

be accelerated or decelerated by the wave field. Conserving its first two adiabatic invariants, the electron will

be transported inward or outward depending on the sign of electric field antiparallel or parallel to its drift

motion. Such interaction can be coherent or a stochastic random walk process depending on the spectral

coherence of the ULF waves [Elkington et al., 2003]. Changes in the convection electric field also cause both

coherent and diffusive radial transport. Many models have incorporated the effects of changing convection

electric field into modeling such transport of plasma sheet electrons and ions into the inner magnetosphere,

see, for example, Jordanova et al. [2014], Fok et al. [2014], Kress et al. [2014], and Gabrielse et al. [2016], along

with radial diffusion models going back to Fälthammar [1965].

GlobalMHD simulations drivenby upstream solarwindparameters specify fields for both types of radial trans-

port: those due to ULF waves and to variations in the convection electric field. The mechanisms for exciting

ULF waves in the mHz frequency range have been investigated using MHD simulations [Claudepierre et al.,

2016] dividing excitation mechanisms into Kelvin-Helmoholz instability due to velocity shear along the mag-

netopause [Claudepierre et al., 2008] and transfer of ULF oscillations in the solar wind into themagnetosphere

[Claudepierre et al., 2010] for idealized simulations. MHD simulations do not capture the high m number

poloidal modes excited by drift bounce resonance [Southwood and Kivelson, 1981] which have little resonant

effect on MeV radiation belt electrons [Ozeke andMann, 2004].

Recent statistical studies of measured magnetic and electric field wave power in the mHz frequency range,

both on the ground [Ozeke et al., 2014] and in space [Ali et al., 2016], have been parameterized by the global

geomagnetic activity index Kp and used to compute radial transport coefficients. This paper will compare

with those studies for specific event simulations analyzing electric and magnetic fields in the mHz frequency

range calculated using the Lyon-Fedder-Mobarry MHD code [Lyon et al., 2004]. Upstream solar wind param-

eters are taken from OMNIWeb for the March 2013 storm and the ARTEMIS spacecraft [Angelopoulos, 2009]

for the March 2015 storm, used previously as input to simulation of the 7–8 October 2013 storm [Hudson

et al., 2015]. The ARTEMIS measurements have higher time resolution (6 s) when available than the OMNI-

Web solar wind measurements from ACE and Wind (1 min) used for other storms [Hudson et al., 2015].

Magnetosphere-ionosphere coupling is handled in our simulations of the 17–18March 2013 and 2015 storms

using the Magnetosphere-Ionosphere-Coupler (MIX) code [Merkin and Lyon, 2010], which also handles cou-

pling to the Rice Convection Model (RCM) [Pembroke et al., 2012] used in the present study for comparison of

the simulated background magnetic field with measurements for both storms.

2. Calculation of Radial Diffusion Coefficients

Both the 17 March 2013 and 2015 storms produced strong enhancements of outer zone electrons with the

2015 storm producing the strongest enhancement of the ring current seen in Solar Cycle 24 in terms of

SYM-H (a symmetric disturbance index describing the horizontal geomagnetic disturbance fields, similar to

Dst index) [Baker et al., 2014; Kanekal et al., 2016]. Solar wind speed, IMF By, IMF Bz, and SYM-H are plot-

ted in Figures 1 (top) and 1 (bottom) for both storms. A strong CME shock hit the Earth’s magnetosphere

at 0604 UT in Figure 1 (top) and at 0445 UT in Figure 1 (bottom). The magnetopause moved inside geosyn-

chronous orbit under high solar wind dynamic pressure and strong southward IMF Bz for the 2015 storm

[Le et al., 2016], while it was strongly compressed close to geosynchronous orbit for the 2013 storm [Hudson

et al., 2015].

The Lyon-Fedder-Mobarry (LFM) global MHD model implemented with the Magnetosphere-Ionosphere-

Coupler (MIX) is run for 17–18March 2013 and 2015 at a grid resolution of 106×96×128 in radial, azimuthal,

andpolar directions. Resultswith andwithoutRCMcouplingareplotted in thebottompanels of Figures 1 (top)

and 1 (bottom) showing simulated SYM-H calculated from a Biot-Savart integration comparedwithmeasured

SYM-H. To further evaluate LFM performance, we compare the magnitude of the magnetic field at simulated

GOES locations from LFM with GOES 13 and 15 satellite measurements of magnetic field, shown in Figure 2
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Figure 1. Solar wind speed, IMF By , IMF Bz , and SYM-H on (top) 17–18 March 2013 and (bottom) 17–18 March 2015.

for the March 2013 storm [Li et al., 2015]. For the ULF wave analysis presented next, we use fields from the

LFM-MIX simulations of 17–18 March 2013 and 2015. ULF wave analysis has been repeated for the fields

obtained from the LFM-RCM simulations with little change from the results presented here after 1200 UT on

the second day of each storm. This result indicates that the effects of RCM coupling are greater for the back-

groundDCfield than at ULFwave frequencies. Radial diffusion analysiswill be restricted to the recovery phase

of both storms when local heating can be incorporated as an initial condition in the measured phase space

density profile and diffusion coefficients from LFM-RCM and LFM-MIX converge.

At each time step, the fluctuating electric field is decomposed into the symmetric and asymmetric compo-

nents for successive radial distances [Elkington et al., 2012]. Then, at each radial location, the DC component

is removed by subtracting the mean value of a 30 min signal centered at each time step. The data are then

multiplied by a Hanning window and processed by Fast Fourier transform [Li et al., 2016]. The reverse order

aliases DC power to low frequencies due to windowing of the DC component. Fei et al. [2006] derived the
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Figure 2. LFM-MIX (blue), LFM-RCM (red), and measured (black) magnetic field strength at GOES 13 and GOES 15

locations for the March 2015 storm [Li et al., 2016].

radial diffusion coefficients in a dipole magnetic field as a function of ULF wave power following Brizard and

Chan [2001], separated into electric and magnetic field contributions:

DE
LL
=

1

8 B2
E
R2
E

L6
∑

m

PE
m
(m�d) (1a)

DB
LL
=

M2

8q2�2B2
E
R4
E

L4
∑

m

m2PB
m
(m�d) (1b)

In our calculation, we include the power of all azimuthal mode numbers wherem�d is lower than the Nyquist

frequency 8.3 mHz,m is the azimuthal mode number, and �d is the azimuthal drift frequency. Li et al. [2016]

have plotted the fluctuating electric and magnetic field power spectrum as a function of L, radial distance

in the solar magnetic (SM) equatorial plane in Earth radii, and m. The power along straight lines which sat-

isfy the drift resonant condition for a given first invariant, � = m�d , is inserted into equations (1a) and (1b)

Figure 3. Electric (solid lines) and magnetic (dashed 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 mode numbers at

corresponding drift resonant frequencies from 0.5–8.3 mHz [Li et al., 2016].
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to calculate the diffusion coefficient at each L value due to electric and magnetic field fluctuations, and plot-

ted in Figure 3 at geosynchronous orbit for three values of the first invariant for theMarch 2015 storm.DE
LL
and

DB
LL
both increase for all first invariants as geomagnetic activity level increases and the dependence on the first

invariant is very weak for bothDE
LL
andDB

LL
. ComputedDE

LL
dominatesDB

LL
, which is consistent with the Ali et al.

[2016] result using electric and magnetic field measurements from Van Allen Probes over 3 years. A recent

study byOzeke et al. [2014] shows similar dominance of DE
LL
, inferring equatorial plane azimuthal electric field

from groundmagnetometer measurements assuming a standing Alfven wavemodel. Both statistical models

also confirm lack of dependence on first invariant and therefore energy. Comparisons with other models for

DLL are deferred to section 5.

3. Solution of Radial Diffusion Equation

Relativistic electrons trapped in the Earth’s magnetic field undergo three types of periodic motion: gyromo-

tion around thefield lines, bouncemotion alongfield lines, anddriftmotion around the Earth. Three invariants

are related to the three types of periodic motion: gyro, bounce, and drift. The three adiabatic invariants and

their phase angle form a set of canonical variables. By averaging over three phase angles, setting the second

invariant to zero for equatorially mirroring electrons, and representing violation of the first invariant M, or

magnetic flux through the gyro orbit, by a loss term, the Fokker-Planck equation reduces to

�

�t
f (M, L∗) = L∗2

�

�L∗

(

DLLL
∗2 �f

�L∗

)

−
f

�
(2)

Here L∗ defined by Roederer [1970] is inversely proportional to the magnetic flux through a drift orbit and

requires a magnetic field model specification. We use TS04 to solve the radial diffusion equation in L∗ incor-

porating effects of adiabatic changes such as the buildup and relaxation of the ring current, the so-called

Dst effect [Kim and Chan, 1997]. The International Radiation Belt Environment Modeling (IRBEM) library

(https://craterre.onecert.fr/prbem/irbem/description.html) is used to transform DLL calculated in L from LFM

into L∗ for implementation in the radial diffusion calculation. The second term on the right-hand side of

equation (2) represents Kp parameterized pitch angle scattering loss to the atmosphere. We implement a dif-

ferent loss model inside and outside of the plasmapause to model hiss [Orlova and Shprits, 2014] and chorus

[Orlova et al., 2014] loss, respectively. We have used both a Kp parameterized plasmapause in our radial dif-

fusion model [Carpenter and Anderson, 1992; Li et al., 2014a] and a plasmapause location determined from

measuring spacecraft potential with the Electric Fields and Waves (EFW) instrument on Van Allen Probes

[Wygant et al., 2014; Li et al., 2014b] with little difference in radial diffusion results for the two plasmapause

models during the recovery phase modeled here, beginning 0000 UT 18 March 2013 and 2015.

To investigate the role of radial diffusion and test the diffusion coefficients obtained from MHD simulations,

it is necessary to implement boundary conditions. Figure 4 shows 1000 MeV/G electron phase space den-

sity (PSD) from successive orbits calculated using Van Allen Probes (RBSP-A) measurements from themedium

energy (30 keV to 4 MeV) MagEIS instrument from the ECT suite [Blake et al., 2013] for the March 2015 storm.

The measurements show an initial increase in PSD with L∗, which is inversely proportional to magnetic flux

inside a drift orbit [Roederer, 1970], calculated using the TS04 magnetic field model. Evidence for local heat-

ing is seen for the orbit beginning 0000 UT on 18 March, when a peak at L∗ ∼ 4 is measured. On subsequent

orbits, continued inward radial transport of electrons from their plasma sheet source appears evident while

local heating around L∗ ∼ 4may continue to enhance outward radial transport [Reeves et al., 2013]. The com-

pression of the magnetosphere is evident as the radial profile extending to Van Allen Probes apogee initially

moves inward over sequential orbits and then relaxes radially in L∗. This relaxation of the L to L∗ mapping

continues over subsequent days.

In order to incorporate the effects of local heating, the model uses the MagEIS radial profile for 1000 MeV/G

at 0000 UT on 18 March 2013 (2015) and the corresponding MagEIS flux measurements at apogee converted

to phase space density f as the outer boundary condition, along with the assumption that f vanishes at the

inner boundary. The European Space Agency (ESA) statistical model based on measurements from the Com-

binedRelease andRadiation Effects Satellite [Vampola, 1996] is adjusted to theMagEIS observation at L∗ = 4.3

for the grid points outside the Van Allen Probes apogee. The outer boundary adjusts to the L∗ value of f

measurements over the 12 day radial diffusion calculation. The average diffusion coefficient, which is rela-

tively constant on 18 March in Figure 3, and the corresponding plot for 2013, is used over the next 12 days,
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Figure 4. The 1000 MeV/G electron phase space density calculated using RBSP-A MagEIS measurement for 17–18 March

2015.

while dynamically mapping from L (radial distance in the SM equatorial plane of the MHD simulation) to L∗

using TS04 as themagnetosphere relaxes poststorm. This dynamicmapping is also implemented in the outer

boundary condition on f determined from the Van Allen Probes apogee measurement. At the beginning of

18 March the radial profile has a peak around L∗=3.5–4 in Figure 5a (4–5 in Figure 5c). This peak relaxes as a

result of outward diffusion along with inward radial transport from the outer boundary as measured by the

flux and f update at the apogee of Van Allen Probes mapped into L∗. The relaxation of this outer boundary is

indicated by the two horizontal black lines showing the initial (bottom) and final (top) apogee over the 12 day

simulation.

Figure 5. (a) The 1000 MeV/G electron phase space density calculated using radial diffusion model for the March 2015

storm. (b) Error between simulation and MagEIS measurement. (c) Same as Figure 5a but for March 2013 storm. (d) Same

as Figure 5b for March 2013 storm. Black lines indicate range of Van Allen Probes apogee from 00 UT on 18 March

(bottom line) near SYM-H minimum to end of event study (top line) when magnetosphere has relaxed. The simulation

domain outside the MagEIS outer boundary is the “ghost cell,” as discussed in Li et al. [2014a], and should be ignored as

it is likely that flux continues to increase at higher L∗ but is set to f = 0 at L∗ = 10. Note that 1000 MeV/G measurements

are at background levels inside L∗ ∼ 2.75.
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Figure 6. (top) Electron phase space density calculated using radial diffusion model for M = 1000 MeV/G,

K = 0.0100REG
1∕2. The black line is the plasmapause location measured by the EFW instrument, converted to L∗

using T96 magnetic field model, close to TS05 at low L∗ . The white line shows the last closed drift shell, outside the

plotting domain most of the time. (bottom) Error between the radial diffusion model and Van Allen Probes MagEIS

data [Li et al., 2014a].

4. Comparison With Van Allen Probes MagEIS Measurements

To compare with the Van Allen Probes MagEIS measurements, the error Log10(Model) − Log10(Data) is plot-

ted in Figures 5b and 5d for both storms. This subtraction between the radial diffusionmodel for phase space

density and that measured yields an error less than 0.5 orders of magnitude (3.2 times). These results are

significantly improved over what is obtained using a radial diffusion coefficient in wide use developed by

BrautigamandAlbert [2000], based on a limited set of ground and geosynchronous satellitemeasurements. Li

et al. [2014a] performed analysis similar to that shown in Figure 5 for the entire month of March 2013, repro-

duced in Figure 6, using the Kpparameterized BrautigamandAlbert [2000]DLL coefficients and the sameouter

boundary condition used in Figure 5. A careful analysis was given byAli et al. [2016] of the distinction between

Brautigam and Albert [2000] DLL coefficients, neglecting an electrostatic contribution shown to be minor, but

including the induction electric field as well as magnetic contribution implied by Faraday’s Law, contained in

the radial diffusion coefficients of equation (2). The radial diffusion code using Brautigam and Albert [2000]

diffusion coefficients overestimates phase space density at L∗ = 3.5–4 in the first half of the month of March

2013 following a CIR-driven storm [Baker et al., 2014] and underestimates f by more than an order of magni-

tude during the recovery phase of the CME shock-driven storm beginning 18 March 2013, when compared

with Figure 5. We conclude that implementation of diffusion coefficients based on the MHD event studies

and incorporation of measured boundary conditions from Van Allen Probes (initial radial profile and outer

boundary) significantly improve the comparison withMagEISmeasurements at 1000MeV/G over the 12 days

following minimum SYM-H for the March 2013 storm. A caveat in all radial diffusion calculations compared

with measured flux converted to phase space density profiles is the competition between source and loss

processes. Our model isolates those due to radial transport and modeled loss to the atmosphere.

5. Discussion and Conclusions

Determination of radial diffusion coefficients based on in situ measurements, as recently carried out by Ali

et al. [2016] using Van Allen Probes electric andmagnetic field data, and studies incorporating ground-based

measurements like Ozeke et al. [2014] using the CARISMA magnetometer chain, supplemented by in situ

measurements of compressional B, requires a statistical parameterization by geomagnetic activity level. Kp

has typically been used, following the parameterization of DLL by Brautigam and Albert [2000] who used

LI ET AL. RADIAL DIFFUSION CALCULATION 7359
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Figure 7. Comparisons of radial diffusion coefficients DLL from LFM-MIX simulations of the March 2013 and 2015 storms

(dashed and solid purple) with those from Ali et al. [2016] (yellow), Ozeke et al. [2014] (blue), and Brautigam and Albert

[2000] (green).

geosynchronous magnetometer measurements and ground-basedmagnetometer measurements at L = 4.2

to sort magnetic perturbations by Kp [Lanzerotti andMorgan, 1973; Lanzerotti et al., 1978] over a limited time

span of 6 months. Models parameterized by Kp are plotted as trapezoids in Figure 7, green corresponding to

Brautigam and Albert [2000], blue to Ozeke et al. [2014], and yellow to Ali et al. [2016]. These comparisons are

fraughtwith the need to compare the total diffusion coefficient as has beendone in Figure 7,where both elec-

tric and magnetic field contributions have been included, in contrast to comparisons of partial contributions

as, for example, Liu et al. [2016] have done solely with THEMIS electric field measurements. Brautigam and

Albert [2000] coefficients are based on a calculation by Fälthammar [1968] which assumes amagnetic fluctua-

tion spectrumwhich varies inversely with frequency and has a resulting L10 dependence, implicitly including

inductive electric field fluctuations. A companion electrostatic DLL calculation based on Fälthammar [1965]

and Cornwall [1968] was shown in their paper to be negligible.

We have used the same separation of field power into electric and magnetic as given in equations (1a) and

(1b) and originally used by Fei et al. [2006] who first calculated diffusion coefficients from an earlier version of

the stand-alone LFMglobalMHDsimulation for specified solarwind input corresponding to the 24 September

1998 CME shock-driven storm. We focus on the ULF wave contribution in which the electric field is inductive

and have found, as haveOzeke et al. [2014] and Ali et al. [2016] in their implementations of equations (1a) and

(1b), that the electric field component is dominant. Other studies using LFM driven by parameterized solar

wind velocity and measured upstream input parameters were performed by Huang et al. [2010] and Tu et al.

[2012], respectively, under assumptionswhich produce results bracketing those presented here [Li et al., 2016,

Figure 8]. Our results bound those obtained by Ali et al. [2016], which were limited to time intervals with Kp at

or below 5, due to the moderate activity level since the launch of Van Allen Probes in 2012. We have focused

on two storms where Kp exceeded that used in the statistical studies, with maximum Kp = 6.7 on 17 March

2013 and Kp = 7.7 on 17 March 2015.

What can we conclude about the larger DLL values obtained by Brautigam and Albert [2000] and Ozeke et al.

[2014]? Both yield larger Kp-parameterized diffusion coefficients thanAli et al. [2016]. Neither uses directmea-

surement of electric fields in situ as Ali et al. [2016] has included and we have incorporated from analysis of

MHD fields. There are certainly caveats in the use of the Brizard and Chan [2001] formulation, now in preva-

lent use when it is not possible or straightforward to separate an electrostatic from an inductive electric

field contribution. They are based on the assumption of random correlation between electric and magnetic

field perturbations about a background dipole magnetic field. The ULF waves analyzed in our simulations,

and the statistical measurement-based studies of Ozeke et al. [2014] and Ali et al. [2016], do not satisfy these

assumptions in a strict sense. However, fewer assumptions aremade than, for example, theDLL ∼ L10 assump-

tion by Brautigam and Albert [2000], which is not born out even in the two-point fit to L = 4 and L = 6.6
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measurements in Figure 5 of their paper, where it can be seen thatDLL has a stronger (weaker) dependence on

L with lower (higher) Kp than L10. Similarly, Ozeke et al. [2014] assume a standing Alfven wave model to con-

vert ground-based measurement of transverse magnetic field power to equatorial plane azimuthal electric

field power, a model-dependent transformation from the physical quantity measured.

Good overlap is seen in Figure 7 between results of the LFM-MIX simulations of both the 2013 (dashed purple)

and 2015 (solid purple) storms and the DLL coefficients obtained by Ali et al. [2016] based on in situ measure-

ments of both electric and magnetic fields from Van Allen Probes. In all cases the vertical range in Figure 7

represents Kp variation. Ali et al. [2016] are limited to inside the apogee of Van Allen Probes (5.8 RE) while the

MHD simulations can be used to calculate radial diffusion coefficients at radial distances inside the magne-

topause, which was outside of Van Allen Probes apogee for most of the 2015 and 2013 storms. Further, the

MHD simulations covered timeswhen Kp exceeded the Kp=5 limit of theAli et al. [2016] study, whichwas con-

strained by the requirement of acquiring an adequate statistical sample over all local times given the 19

month cadence of the Van Allen Probes orbit in magnetic local time (MLT) coverage. Both Ali et al. [2016]

and Ozeke et al. [2014] studies are statistical studies from a large time interval. The diffusion coefficient dur-

ing the two extreme events presented in this study shows a higher upper limit than average. Like prior

measurement-based models, including Brautigam and Albert [2000] as well as Ozeke et al. [2014], Ali et al.

[2016] assume that all power measured is occurring in the fundamentalm= 1mode. We are able to analyze

the global mode structure in the MHD simulations, and power is summed over allm contributions below the

Nyquist frequency of our simulation, 8.3 mHz, as described by Li et al. [2016]. Performing a subtraction anal-

ysis between results of our radial diffusion calculation and that measured by the MagEIS instrument on Van

Allen Probes, we have found improved agreement using coefficients based on MHD simulation in the radial

diffusion calculation relative to using Brautigam and Albert [2000] coefficients for the 17 March 2013 storm

[Li et al., 2014b]. We have incorporated the nonnegligible contribution of power at higherm numbers to the

evaluation of diffusion coefficients. Li et al. [2016] showed that althoughm=1, power is largest on 18 March

2015, used to calculate DLL in this study, the contribution of m = 2 is ∼50% and m = 3 is ∼25% of m = 1,

thus inclusion of highermmodes can be significant in evaluating the diffusion coefficients using equation (1).

MHD specification of ULF wave power, which is required globally for calculating radial diffusion coefficients,

and can only be known globally in a statistical sense frommeasurements, can be useful in deciding between

data-based diffusion coefficients parameterized by Kp, not only in a 1-D radial diffusion model, but in 3-D

models which have been developed [Subbotin et al., 2011; Tu et al., 2013]. Further analysis of ULF wave power

level andmode structure in azimuthal electric field and compressional magnetic field components as a func-

tion of specified solar wind input [Claudepierre et al., 2008, 2010] may lead to parametrizing DLL by solar wind

input rather than Kp, much as the Tsyganenko-Sitnov magnetic field model based on solar wind input has

advanced, for example, over T89 specification by Kp of the global background magnetic field.
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