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Abstract

As part of the Whole Heliosphere and Planetary Interactions (WHPI) initiative, contrasting drivers of radiation belt electron

response at solar minimum have been investigated with MHD-test particle simulations for the 13 – 14 May 2019 CME-shock

event and the 30 August – 3 September 2019 high speed solar wind interval. Both solar wind drivers produced moderate

geomagnetic storms characterized by a minimum Dst = - 65 nT and - 52 nT, respectively, with the August - September

event accompanied by prolonged substorm activity. The latter, with characteristic features of a CIR-driven storm, produced

the hardest relativistic electron spectrum observed by Van Allen Probes during the last two years of the mission, ending in

October 2019. MHD simulations were performed using both the Lyon-Fedder-Mobarry global MHD code and recently developed

GAMERA model coupled to the Rice Convection Model, run with measured L1 solar wind input for both events studied, and

coupled with test particle simulations, including an initial trapped and injected population. Initial electron phase space density

(PSD) profiles used measurements from the Relativistic Electron Proton Telescope (REPT) and MagEIS energetic particle

instruments on Van Allen Probes for test particle weighting and updating of the injected population at apogee. Results were

compared directly with measurements and found to reproduce magnetopause loss for the CME-shock event and increased PSD

for the CIR event. The two classes of events are contrasted for their impact on outer zone relativistic electrons near the end of

Solar Cycle 24.

1



manuscript submitted to Space Weather 

 

 
MHD-test particles simulations of moderate CME and CIR-driven geomagnetic storms at 1 
solar minimum 2 
 3 
Mary K. Hudson1,2, Scot R. Elkington3, Zhao Li1, Maulik Patel1,2, Kevin Pham2, Alex Boyd4 and 4 
Allison Jaynes5 5 
 6 
1 Physics and Astronomy Dept. Dartmouth College, Hanover, NH, USA  7 
2 NCAR High Altitude Observatory, Boulder, CO, USA  8 
3 Laboratory for Atmospheric and Space Physics, University of Colorado Boulder, Boulder, CO, 9 
USA 10 
4Space Sciences Department, The Aerospace Corporation, Chantilly, VA, USA 11 
5 Department of Physics & Astronomy, University of Iowa, Iowa City, IA, USA 12 

 13 

Corresponding author: first and last name (mary.k.hudson@dartmouth.edu)  14 

Key Points: 15 

• MHD-test particle simulations of CME- and CIR-driven storms during the 2019 solar 16 
minimum are compared 17 

• Simulations reproduce magnetopause loss for the CME-shock event and increased Phase 18 
Space Density (PSD) for the CIR event 19 

• Radial transport dominates the CME-shock event main phase while local heating is seen 20 
in Van Allen Probes PSD for the longer CIR event 21 

 22 
Plain Language Summary 23 
 24 

Outer zone radiation belt electron flux is highly variable and responds differently to different 25 
solar wind drivers. Coronal Mass Ejections (CMEs) which are common at Solar Maximum, 26 
when the sun is most active with sunspots every 11 years, create interplanetary shocks as they 27 
propagate towards earth. These shocks compress the dayside magnetosphere and can cause rapid 28 
loss of outer zone electrons. Ensuing geomagnetic storms which accompany shocks can 29 
repopulate the magnetosphere on a rapid timescale. At solar minimum, the focus of this study, 30 
low latitude coronal holes, which are regions of open solar magnetic field lines attached and 31 
corotating with the sun (Corotating Interaction Regions, CIRs), allow high speed solar wind to 32 
reach the earth and drive increases in outer zone electron flux over many days. Two geomagnetic 33 
storms during the 2019 Solar Minimum, one CME-driven and one CIR-driven, are investigated 34 
using a global model of the solar wind interaction with the magnetosphere and compared with 35 
measurements of electron flux from the twin Van Allen Probes spacecraft in the inner 36 
magnetosphere.   37 
  38 
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Abstract 39 

As part of the Whole Heliosphere and Planetary Interactions (WHPI) initiative,  contrasting 40 
drivers of radiation belt electron response at solar minimum have been investigated with MHD-41 
test particle simulations for the 13 – 14 May 2019 CME-shock event and the 30 August – 3 42 
September 2019 high speed solar wind interval. Both solar wind drivers produced moderate 43 
geomagnetic storms characterized by a minimum Dst = - 65 nT and - 52 nT, respectively, with 44 
the August - September event accompanied by prolonged substorm activity. The latter, with 45 
characteristic features of a CIR-driven storm, produced the hardest relativistic electron spectrum 46 
observed by Van Allen Probes during the last two years of the mission, ending in October 2019. 47 
MHD simulations were performed using both the Lyon-Fedder-Mobarry global MHD code and 48 
recently developed GAMERA model coupled to the Rice Convection Model, run with measured 49 
L1 solar wind input for both events studied, and coupled with test particle simulations, including 50 
an initial trapped and injected population. Initial electron phase space density (PSD) profiles 51 
used measurements from the Relativistic Electron Proton Telescope (REPT) and MagEIS 52 
energetic particle instruments on Van Allen Probes for test particle weighting and updating of the 53 
injected population at apogee. Results were compared directly with measurements and found to 54 
reproduce magnetopause loss for the CME-shock event and increased PSD for the CIR event. 55 
The two classes of events are contrasted for their impact on outer zone relativistic electrons near 56 
the end of Solar Cycle 24. 57 

1 Introduction 58 

The Whole Heliosphere and Planetary Interactions (WHPI), an international initiative focusing 59 
on the Solar Cycle 24 solar minimum (https://whpi.hao.ucar.edu/), follows upon the Whole Sun 60 
Month in 1996 and the Whole Heliosphere Interval in 2008 (Gibson et al., 2010; Hudson et al., 61 
2012), aiming to understand the interconnected sun-heliospheric-planetary system at solar 62 
minimum when the sun’s magnetic field configuration is less complex than at solar maximum. 63 
Despite the relative infrequency of Coronal Mass Ejections (CMEs) compared with solar 64 
maximum, there were a series of CMEs and ensuing Interplanetary Shocks (IS) observed in May 65 
2019 from a solar active region that emerged a month earlier, providing an opportunity for 66 
comparison of the geoeffectiveness of CME-shocks with Corotating Interaction Regions (CIRs), 67 
more characteristic of solar minimum, in driving outer zone relativistic electron dynamics. CIRs 68 
recurrent with the solar rotation were seen throughout 2018 – 2019 and dominated radiation belt 69 
electron variability during this time. Measurements from the Van Allen Probes twin satellites 70 
launched 30 August 2012 into a near equatorial-plane orbit inside 5.8 earth radii (Mauk et al., 71 
2013) were available throughout the declining phase of Solar Cycle 24, until mid-October 2019 72 
when the Van Allen Probes mission ended. 73 

High‐energy electrons at geostationary orbit (L ~ 6.6) show a clear relationship between high‐74 
speed solar wind and subsequent relativistic electron enhancements (Paulikas and Blake, 1979; 75 
Baker et al., 1979). This suggests that magnetospheric substorm activity driven by high solar 76 
wind speed and enhanced convection of the dayside to nightside reconnected magnetic flux may 77 
play an important role in providing plasmasheet seed electrons with energy up to a few hundred 78 
keV which are transported to the inner magnetosphere (Baker et al., 1986). Subsequent studies 79 
using data from the Solar, Anomalous, and Magnetospheric Particle Explorer (SAMPEX) and 80 
Polar spacecraft confirmed that high‐speed solar wind streams are effective in producing outer 81 
radiation belt electron flux enhancements (Baker et al., 1997; Kanekal et al., 1999). Using data 82 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021234#jgra51985-bib-0043
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021234#jgra51985-bib-0001
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021234#jgra51985-bib-0002
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021234#jgra51985-bib-0005
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021234#jgra51985-bib-0030
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from the Highly Elliptical Orbit (HEO) spacecraft, it was demonstrated that strong relativistic 83 
electron acceleration occurs throughout the entire outer zone when the solar wind has a strong 84 
southward interplanetary magnetic field (IMF) component (Blake et al., 1997).  85 

This earlier work demonstrated that many geomagnetic storms produce relativistic electron flux 86 
enhancements at GEO (geostationary orbit), while other storms do not (Reeves et al., 2003; 87 
Summers et al., 2004; Hudson et al., 2008). Reeves et al. (2011) found that the relativistic 88 
electron‐solar wind speed relationship is not a simple linear one as posed by Paulikas and Blake 89 
(1979). Li et al. (2011) examined 15 years of solar wind data and compared with GEO 90 
observations of MeV electron flux finding that high solar wind speeds are not necessary for MeV 91 
enhancements when strong southward IMF Bz is present. The separation between high speed 92 
solar wind in CIRs and extended periods of southward IMF Bz associated with CME-shock 93 
driven storms can explain these disparate statistical conclusions about solar wind drivers of 94 
geomagnetic storms and their effective enhancement of outer zone electrons. 95 

Figure 1 shows electron flux vs. time and radial location from the Relativistic Electron Proton 96 
Telescope (REPT) on the Van Allen Probes (Baker et al., 2013) in three energy ranges from 1 97 
January 2018 until the end of the mission. A CME-shock induced enhancement in flux at 1.8 and 98 
4.2 MeV on 14 May 2019 is indicated which was accompanied by a Dst = -65 nT geomagnetic 99 
storm. The time axis is expanded in Supporting Information Figure S1a, showing that the 100 
enhancement was preceded by a dropout. Measured solar wind parameters at L1 for this event 101 
are shown in Figure 2a from NASA OMNIWeb. Recurrent CIRs which map to a coronal hole 102 
on the sun produced flux enhancements seen throughout summer 2019 in the lower energy 103 
channels of Figure 1. Recurring enhancement in radiation belt electron flux at the solar rotation 104 
period has long been measured at geosynchronous orbit (Reeves, 1998). The first enhancement 105 
in the 7.7 MeV channel since 7-8 September 2017 (not shown) was seen for the Aug – Sept CIR 106 
event (the time axis is expanded in Figure S1b). The 7.7 MeV enhancement at the beginning of 107 
September occurs over several days, as will be seen in closer examination of this high-speed 108 
stream event, similar to the CME-shock driven enhancement of lower energy flux 15-16 May 109 
following a flux dropout 14 May. It is typical of these two types of solar wind drivers of 110 
radiation belt flux changes that the CME-shock driven case produces a prompt change while the 111 
CIR case modifies radiation belt electrons over a period of days, accompanied by a longer 112 
interval of high solar wind velocity as seen in Figure 2b.  113 
 114 
Previous work has shown that the dynamic outer zone electron radiation belt evolves differently 115 
during storms driven by the two drivers (e.g., Borovsky and Denton, 2006; Denton et al., 2006; 116 
Kataoka and Miyoshi, 2006; Yuan and Zong, 2012). A study by Shen et al. (2017) compared 117 
CME-shock and CIR-driven storm effects on outer zone electrons using Van Allen Probes 118 
measurements, and found that CIR-driven events cause stronger enhancements at higher L values 119 
while CME-shock driven storms have a greater effect at lower L values in a statistical sense. 120 
Their study of 28 CME-shock driven and 31 CIR events between March 2013 through July 2016 121 
spanned the transition from dominance of CME-shock to CIR-driven storms in the Van Allen 122 
Probes data set, corresponding to the declining phase of Solar Cycle 24.  123 
 124 
In the present study we focus on two cases at solar minimum. The CME-shock driven storm of 125 
13-14 May 2019 was by no means the most dramatic example of the Solar Cycle 24 declining 126 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021234#jgra51985-bib-0011
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021234#jgra51985-bib-0044
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021234#jgra51985-bib-0055
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021234#jgra51985-bib-0029
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021234#jgra51985-bib-0045
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021234#jgra51985-bib-0034
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phase in terms of either the geomagnetic storm strength or radiation belt electron enhancement 127 
(Baker et al., 2019), but it serves to demonstrate distinct physical mechanisms which dominate 128 
this type of event as contrasted with the integral effect of the CIR interval in our second case 129 
studied, 30 August - 3 September 2019. In the next section we describe models used to simulate 130 
the time evolution of outer zone electrons from an initial radial profile taken directly from Van 131 
Allen Probes measurements. We then compare MHD-test particle simulations for the two events 132 
and show that the electron phase space density at fixed first invariant evolves over a longer time 133 
interval in the August-September case, while changes occur faster for the CME-shock driven 134 
case of 13-14 May 2019, consistent with observations. We examine the relative contribution of 135 
the initially trapped electrons vs. those transported earthward from the plasmasheet in both event 136 
studies. We conclude with discussion of how both types of events played a role in maintaining 137 
outer zone electron fluxes during the Solar Cycle 24 minimum. 138 

 139 
Figure 1. Differential electron flux vs. L value (vertical axis) and time (horizontal axis) from the 140 
Relativistic Electron Proton Telescope on Van Allen Probes (Baker et al., 2013) in three energy 141 
ranges from 1 January 2018 until the end of the mission. Arrows indicate the two event periods 142 
studied, a CME-shock event 13-14 May 2019 and a CIR event 30 Aug - 4 Sept 2019. 143 
 144 
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 145 

 146 
 147 
Figure 2. a) OMNIWeb solar wind data for 13 – 14 May 2019 CME-shock driven storm: speed 148 
Vsw, IMF Bz, density, pressure; Shue et al. (1998) magnetopause location and SymH in bottom 149 
two panels. CME-shock arrives at Earth ~ 00 UT 14 May. b) same for Aug-Sept 2019 CIR event. 150 
Vsw exceeds 600 km/s after 09 UT 31 Aug. The magnetopause location remains well outside 151 
geosynchronous for both events, however it is compressed inward to L = 8 for the CME-shock 152 
event. OMNIWeb time shift of L1 data to the noon bow shock is described at: 153 
https://omniweb.gsfc.nasa.gov/html/ow_data.html#time_shift 154 

(a) 

(b) 

https://omniweb.gsfc.nasa.gov/html/ow_data.html#time_shift
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 155 
 156 
2 Models 157 
 158 
We use global MHD and test particle modeling tools developed to simulate magnetospheric 159 
response to measured upstream solar wind input. We begin with the Lyon-Fedder-Mobarry 160 
model (Lyon et al., 2004) coupled to the Rice Convection Model (Pembroke et al., 2012; 161 
Wiltberger et al., 2015) to incorporate drift physics in the inner magnetosphere, with a Gallagher 162 
et al. (2000) Kp = 3 plasmasphere density weighting of the zeroeth energy channel of RCM to 163 
model a fixed plasmasphere. LFM fields were used in test particle simulations for the May CME-164 
shock event while a parallel set of MHD simulations were run for the two events studied using 165 
the newer GAMERA MHD model which draws heritage from LFM, but has greater 166 
computational efficiency for longer runs (Zhang et al., 2019). The GAMERA model is again 167 
coupled to the Rice Convection Model, with the zeroeth energy channel of RCM initialized with 168 
a Kp = 2 plasmasphere profile (Gallagher et al., 2000), then allowed to evolve in the MHD fields 169 
with a fixed refilling rate (Pham et al., 2021).  MHD input parameters for both event simulations 170 
were taken from OMNIWeb. The LFM model uses a computational domain extending from +30 171 
Re to -300 Re along the sun-earth line (SM-x) and from -150 Re to +150 Re along SM-y and 172 
SM-z (–110 Re to + 110 Re for GAMERA along SM-y,z). All MHD input variables are assumed 173 
to be uniform in y and z at the upstream boundary. The LFM simulation grid has resolution 106 174 
x 96 x 128 along radial, azimuthal and polar directions. The GAMERA grid resolution used is 175 
comparable. The inner boundary for LFM simulations is at 2 Re and for GAMERA is at 1.5 Re 176 
geocentric radius, with coupling to the ionosphere using an electrostatic potential solver 177 
incorporating changes in field-aligned currents and dynamic conductivities for both models 178 
(Merkin and Lyon, 2010). The MHD fields are dumped at 1min cadence.  179 
 180 
For this project we use the 2D particle tracing code developed by Elkington et al. (2002) which 181 
follows the drift motion of guiding center electrons on a Cartesian grid in the MHD fields. Test 182 
particle electrons are initiated on the equatorial plane between 3 and 5.8 Re for the trapped 183 
population with a flat azimuthal distribution across all MLT for a total of 1 million test particles. 184 
As a post-processing step the test particles are weighted using the measured electron Phase Space 185 
Density (PSD) calculated at fixed first and second invariants from flux measured by the ECT 186 
instrument suite on Van Allen Probes (Spence et al., 2013), which includes high energies ( > 2 187 
MeV) measured by REPT and energies below 2 MeV measured by the MagEIS instrument 188 
(Blake et al., 2013). The weighting algorithm uses the orbit prior to the beginning of each test 189 
particle simulation to serve as an initial radial profile. The injected population is launched 190 
continuously from an annulus sector which spans 165 – 195 degrees from noon centered on 191 
midnight with a radial location of 5.8 – 6 Re. The PSD in the annulus is updated in the 192 
simulations at the value corresponding to the measured PSD at apogee from Van Allen Probes, 193 
which takes into account increased PSD due to plasmasheet injections and any local heating that 194 
increases PSD beyond the apogee of the Van Allen Probes (Boyd et al., 2018). The first invariant 195 
is chosen to be 2000 MeV/G and 5000 MeV/G to cover the energy ranges shown in Figure 1 in 196 
the inner magnetosphere. Both May and Aug - Sept events have 1 million trapped particles 197 
initially. Test particles representing a plasmasheet source are injected at 70,000/hr, randomly 198 
distributed in the 5.8 – 6 Re, 30 degree anulus centered on midnight shown in Figure 3. Both 199 
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populations are weighted in a post-processing step with the same methods from Nunn (1993) so 200 
as to conserve PSD according to Liouville’s theorem. 201 
 202 
3 Results for May 13-14 CME-shock driven geomagnetic storm 203 
 204 
Figure 2a shows OMNIWeb solar wind parameters used as input to MHD test particle 205 
simulations of the May 13 – 14 CME shock event along with the magnetopause location from the 206 
Shue et al. (1998) model and SymH, which indicates changes in magnetospheric current systems, 207 
primarily the ring current. The disturbance arrival at L1 is at 2326 UT in the Cane and 208 
Richardson list of ICMEs (http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm) 209 
while the OMNIWeb data shown in Figure 2a is propagated to the bow shock nose assuming 210 
purely radial propagation in GSE coordinates at the measured solar wind velocity. Solar wind 211 
velocity, density and pressure increase around 00 UT on 14 May in Figure 2a with southward 212 
turning of IMF Bz around 04 UT driving buildup of the ring current and a SymH minimum.  213 
Figure 3a shows the initial configuration of the GAMERA simulations (LFM is comparable, and 214 
Bz from the two models is compared in Figure S6 at 0530 UT 14 May), including dipole tilt 215 
evident in the meridional plot of MHD pressure on the right, with northern and southern 216 
hemispheric field aligned currents in the polar regions shown as inserts. On the left, residual Bz 217 
(dipole subtracted) is plotted along with an insert showing RCM pressure in the inner 218 
magnetosphere. The LFM simulation was run from 2100 UT on 13 May to 1000 UT on 14 May. 219 
Test particle simulations were begun at 2300 UT on 13 May for a total run time of 11 hours to 220 
capture the rapid CME-shock impact effects on the magnetosphere. A longer multiday 221 
simulation was run for the Aug-Sept CIR event. Figure 3b shows the initial location of test 222 
particles traced in the MHD fields, with the initial trapped population in black and injected 223 
electrons in red.  224 
 225 
Figure 4 shows the Phase Space Density profile for 2000 MeV/G electrons measured by the 226 
ECT instrument on the Van Allen Probes used for initial test particle weighting in the simulation 227 
studies, beginning with blue curves shown at 00 UT on 13 May and 00 UT on 29 August, 228 
respectively, with subsequent orbits indicated by the color bar on the right over the next 2 days. 229 
The black curve indicates the PSD profile used for weighting the trapped test particle population 230 
chosen to reflect the initial radial profile for each event, e.g. prior to the interplanetary shock for 231 
the May event. Note 1) that initial PSD is a factor 100 times higher for the May case and 2) flat 232 
at higher L, while increasing at higher L for the Aug-Sept case. An assumption must be made 233 
about assigning phase space density to test particles, which is then conserved according to 234 
Liouville’s Theorem. McCollough et al. (2009) implement the areal weighting scheme of Nunn 235 
(1993), used here in the 2D test particle simulations. Here PSD is plotted vs. L* (Roederer, 1970) 236 
using the TS04 magnetic field model (Tsyganenko and Sitnov, 2005), which is inversely 237 
proportional to flux inside an electron drift orbit adiabatically conserved in the absence of field 238 
variations on the electron drift time. 239 
 240 
 241 
 242 
 243 
 244 
 245 
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 246 
 247 
 248 

 249 
 250 
 251 

 252 
Figure 3. a) CME-shock simulation shown at 2200 UT 13 May 2019, using GAMERA 3D MHD 253 
code coupled to the Rice Convection Model and TIEGCM ionospheric model (Pham et al., 254 
2021). Meridional plot of MHD pressure is shown on the right, with northern and southern 255 
hemispheric field aligned currents in the polar regions shown as inserts. On the left, residual Bz 256 
(dipole subtracted) is plotted along with an insert showing RCM pressure in the inner 257 
magnetosphere. Upstream solar wind input is taken from OMNIWeb (Figure 2) propagated to the 258 
30 Re upstream boundary. b) Initial test particle populations in the GSM equatorial plane. 259 
Injected (red) and trapped (black) are the same for both May and Aug – Sept 2019 event studies 260 
prior to weighting with PSD measured from Van Allen Probes.  261 
 262 

(b) 

(a) 
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 263 
 264 
Figure 4. Radial profile of PSD for protons measured by REPT and MagEIS instruments on Van 265 
Allen Probe A for first invariant M = 2000 MeV/G (2 MeV at L = 6.6 in a dipole) and second 266 
invariant K =0.051 Re G0.5 plotted vs. L* (Roederer, 1970) using the TS04D magnetic field 267 
model (Tsyganenko and Sitnov, 2005). Initial orbit is shown (blue) and subsequent orbits 268 
indicated over 48 hours from 0 UT 13 May (left) and 0 UT 29 Aug (right). Black curve is used 269 
for simulated initial PSD radial profile of the trapped population for each event. 270 

 271 
Figure 5. Simulated PSD (trapped + injected) radial profile vs. L* following arrival of IP shock 272 
at L1 at 23:26 UT 13 May is shown. IMF Bz reaches a southward minimum at 06 UT 14 May 273 
and min Dst = -65 nT at 08 UT (http://wdc.kugi.kyoto-u.ac.jp/dst_realtime/201905/index.html), 274 
see Fig. 2a. The blue patch of low PSD in the upper left corner is due to mapping from L to L* 275 
since test particles are initialized inside L = 6 Re, see Figure 3b, which is inside L* = 6 Re using 276 
the TS04D magnetic field model for mapping.   277 

http://wdc.kugi.kyoto-u.ac.jp/dst_realtime/201905/index.html
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 278 
Figure 5 shows simulated PSD using LFM-RCM fields to advance test particles, updating the 279 
outer boundary test particle weighting of injected electrons with measured PSD at apogee (r = 280 
5.8 Re) every 9 hours for each spacecraft. The initial measured radial profile from Van Allen 281 
Probes plotted as the black curve in Figure 5a is used to initialize the radial weighting profile of 282 
the trapped population, while the plasmasheet population is injected between r = 5.8 and 6 Re in 283 
a 30 degree anulus with PSD weighting that matches the measured PSD at apogee, see Figure 3b. 284 
Strong erosion of the dayside magnetopause which coincides with southward turning of IMF Bz, 285 
seen in the Shue et al. (1998) model magnetopause plotted in Figure 2a beginning around 04 UT 286 
on 14 May, drives magnetopause loss over the 11 hour simulation time scale shown in Figure 5. 287 
L is mapped into L* using the LANLstar artificial neural network trained using the TS04D 288 
magnetic field model (https://spacepy.github.io/lanlstar.html). The 10 min time-varying solar 289 
wind parameters and TS04D coefficients were obtained from Tsyganenko's database archive 290 
(https://geo.phys.spbu.ru/~tsyganenko/TS05_data_and_stuff/). Dst reaches a minimum around 291 
08 UT and adiabatic relaxation of the magnetic field during recovery phase (Kim and Chan, 292 
1997) contributes to inward radial transport. However, mapping PSD in L* (within uncertainties 293 
of the L-L* mapping algorithm) should remove dominance of adiabatic relaxation, so inward 294 
radial transport seen in Figure 5 suggests that radial diffusion is occurring, as seen and modeled 295 
in other CME-shock driven storms (see Li et al., 2017 and references). The PSD plot combines 296 
contributions from plasmasheet injection with the initial trapped population. As seen in 297 
Supporting Information Figure S3, the trapped population makes a larger contribution at lower 298 
L* values than the injected population by the end of the 11-hour simulation. We will find the 299 
opposite behavior for the long duration simulation of the Aug-Sept CIR event, where the 300 
contribution from plasmasheet injection dominates. Results for 5000 MeV/G are shown in 301 
Figure S5.  302 
 303 
Figure 6 shows the evolution of PSD for the Aug - Sept event for 2000 MeV/G electrons using 304 
GAMERA fields. The test particle simulations are run longer for the Aug – Sept event (00 UT 30 305 
Aug to 00 UT 3 Sept) to capture the time interval of CIR driving of outer zone electron response 306 
in contrast with the CME-shock event study (11 hours) which evolves faster. Kp reached a 307 
maximum of 6 on both 31 Aug and 1 Sept (not shown), indicating strong substorm activity on 308 
those days. Ten substorms occurred during the time interval simulated, see Supporting 309 
Information Table S1. The contributions of the injected and initial trapped population are plotted 310 
separately in Figure S4. Here the injected population dominates over the course of the CIR-311 
driven storm with a more slowly evolving ring current than for the CME-shock driven storm 312 
(contrast SymH in the bottom panels of Figures 2a and 2b). While loss to the magnetopause is a 313 
prominent feature for the CME-shock driven case, the CIR-driven storm is characterized by 314 
emergence of a local peak in PSD associated with updating the PSD carried by injected test 315 
particles at the Van Allen Probe A apogee every 9 hours (Van Allen Probe B ceased operations 316 
19 July 2019), spreading to higher and lower L* through radial transport. Figures 5 and 6 provide 317 
a stark contrast between the two types of events studied which will next be compared directly 318 
with measured PSD.  319 

https://nam12.safelinks.protection.outlook.com/?url=https%3A%2F%2Fspacepy.github.io%2Flanlstar.html&data=04%7C01%7CMary.K.Hudson%40dartmouth.edu%7C4bad266fdfdf4e64e75508d913d7f7d6%7C995b093648d640e5a31ebf689ec9446f%7C0%7C0%7C637562640565904337%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=rU45FjnslrZj%2FRFXb7ayNaAUYVr3xF%2BWeDaaNTXhMF4%3D&reserved=0
https://nam12.safelinks.protection.outlook.com/?url=https:%2F%2Fgeo.phys.spbu.ru%2F%7Etsyganenko%2FTS05_data_and_stuff%2F&data=04%7C01%7CMary.K.Hudson%40dartmouth.edu%7C4bad266fdfdf4e64e75508d913d7f7d6%7C995b093648d640e5a31ebf689ec9446f%7C0%7C0%7C637562640565909323%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=y1Aicfaujt1p5e4da%2Fku37cmpigRmS3WD5vEdwcD0og%3D&reserved=0
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 320 
 321 
Figure 6. Simulated PSD (trapped + injected) radial profile vs. L* using TS04 model during the 322 
CIR interval shown in Fig. 2b. Vsw exceeds 600 km/s after 09 UT 31 Aug, IMF Bz is oscillatory 323 
around 0 nT with min Dst = - 52 nT at 07 UT on 1 Sept in Fig. 1b. Test particle simulation was 324 
started at 00 UT 30 Aug and ran until 0900 UT on 2 Sept.  325 
 326 
Figure 7 (top panels) compares the measured PSD at 2000 and 5000 MeV/G for the May CME-327 
shock event over 48 hours starting at 0 UT 13 May with the simulated PSD at 34 hours (10 UT 328 
14 May) shown in black dots. The initial orbit of measured PSD is shown in dark blue and 329 
subsequent orbits of the two Van Allen Probes spacecraft are indicated over 2 days from 0 UT 13 330 
May to 0 UT 15 May shown in yellow. Black dots indicate the radial profile at the end of the 331 
simulation shown in Figure 5. Inward radial transport relative to the initial radial profile is 332 
evident in both simulated and measured PSD. Loss at higher L is captured for both first 333 
invariants (compare black dots with green at 34 hours). Atmospheric loss processes produced by 334 
higher frequency whistler mode or EMIC waves are not included in the MHD simulations (see 335 
review by Li and Hudson, 2019). However, the decrease in PSD at higher L values is consistent 336 
with magnetopause loss seen in other MHD-test particle simulations where loss due to radial 337 
transport and inward motion of the magnetopause dominates (Hudson et al., 2014). Decrease in 338 
PSD at higher L is greater at 5000 MeV/G than at 2000 MeV/G, consistent with the shorter 339 
timestep for a random walk in the radial variable (radial diffusion) as the drift period decreases 340 
with higher first invariant.  341 
 342 
Figure 7 (bottom panels) compares the measured PSD at 2000 and 5000 MeV/G for the Aug-343 
Sept CIR-driven event.  Note that the timescale for the CIR event shown is 4 days vs. 2 days for 344 
the CME-shock event comparison, since the evolution occurs over a longer timescale for CIR 345 
driving than for CME-shocks producing more abrupt changes, in particular magnetopause loss 346 
(Hudson et al., 2014; 2015).  While the CME-shock event produced a loss of PSD over the 347 
timescale shown, the CIR event produced a substantial increase in PSD over three orders of 348 
magnitude at 2000 and 5000 MeV/G.  There is good agreement between simulated and measured 349 
PSD at high and low L*, however the simulation does not capture the peak in PSD evident by 0 350 
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UT 3 September (yellow), likely due to local heating not included in the simulations (Boyd et al.  351 
2018; see review by Li and Hudson, 2019). 352 
 353 
 354 

355 
356 
357 

358 
Figure 7.  Comparison of simulated PSD radial profile at the end of the time intervals shown in 359 
Figures 5 and 6 (black dots) with measured PSD profiles from Van Allen Probes over sequential 360 
orbits.  Initial orbit is shown (blue) and subsequent orbits are indicated over 2 days from 0 UT 13 361 
May (top) and 4 days from 0 UT 30 Aug (bottom). Black dots indicate end of the simulation 362 
(after 34 hours of data shown for the May event and at 0 UT on 3 Sept for the September event) 363 
using PSD updated at apogee every 9 hours for the RBSPA and RBSP B spacecraft as available, 364 
with data combined for the May event and only RBSP A measurements available every 9 hours 365 
for the September event.  366 
 367 
4 Discussion and Conclusions 368 
 369 
In contrasting the two events studied, the CME-shock produced solar wind drivers characterized 370 
by a moderate solar wind pressure impulse at 00 UT on 14 May in Figure 2a and increase in 371 
solar wind velocity from 300 to 500 km/s, with IMF Bz turning southward to – 13 nT for 4 372 
hours, and increased magnetospheric convection during this time building up the ring current as 373 
reflected in SymH. A second stronger pressure impulse occurred as Bz increased sharply around 374 
07 UT on 14 May and is reflected in SymH. Otherwise, this event has characteristic solar wind 375 
driving features seen in other CME-shock driven storms which are distinct from the features seen 376 
in the Aug-Sept CIR event in Figure 2b. The CIR event is characterized by ~ 4 days of high solar 377 
wind velocity exceeding 600 km/s and a long but very moderate enhancement of the ring current 378 
reflected in SymH, beginning 00 UT 31 Aug and extending over a week, typical of CIR driven 379 
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storms (Tsurutani et al., 2006). Embedded in this period of enhanced solar wind velocity 380 
characteristic of CIRs, Alfvenic fluctuations typically drive recurring substorms, providing a 381 
seed population for radiation belt electron enhancement when plasmasheet electrons are 382 
efficiently transported earthward via enhanced convection and dipolarization events (Borovsky 383 
and Denton, 2006). Table S1 in the Supporting Information provides a list of substorms during 384 
the CIR event. Five substorms occurred on 30 August, just prior to the drop in SymH, with 385 
subsequent days of multiple substorm occurrence (2 and 3 September). Kp reached an event high 386 
of 6 on 31 Aug and 1 Sept (not shown). 387 
 388 
These contrasting scenarios of solar wind driving for the CME-shock and CIR events explain the 389 
different timescales for PSD evolution seen in the two cases. The CME-shock event initiated by 390 
an L1 disturbance at 2326 UT on 13 May was followed by another CME-shock at 2100 UT on 391 
16 May, the third and fourth of five ICME shocks in the Cane- Richardson ICME shock list for 392 
May 2019, and the only ICME shocks arriving at L1 between 23 Sept 2018 and 29 Oct 2019 393 
(http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm), all five from the same 394 
active region on the sun. The 13-14 May event caused initial loss from inward motion of the 395 
magnetopause, characteristic of CME-shock driven storms (Hudson et al., 2014; 2015).  396 
We focused on the dropout period for the May event since recovery likely involves local heating 397 
by whistler mode chorus not contained in the MHD-test particle model (Thorne et al., 2013). 398 
Outer zone electron dropout events are a common feature of geomagnetic storms at higher L 399 
shells (e.g., Green et al., 2004; Matsumura et al., 2011; Millan and Thorne, 2007; Morley et al., 400 
2010; Ni et al., 2013; Onsager et al., 2002; Shprits et al., 2006; Su et al., 2017; Turner et al., 401 
2012; Turner et al., 2014a; Turner et al., 2014b; Ukhorskiy et al., 2015; Xiang et al., 2017). 402 
Rapid radial loss is observed with CME shock‐driven storms (Hudson et al., 2014) and well 403 
correlated with the last closed drift shell during strong magnetopause compression (Albert et al., 404 
2018; Olifer et al., 2018). Drift shell splitting is enhanced during such events with electrons near 405 
90° pitch angle moving to larger radial distance on the dayside conserving their first adiabatic 406 
invariant (Roederer, 1967, 1970). They may then be preferentially lost to the magnetopause. Fast 407 
inward motion of the magnetopause can produce a negative PSD gradient which leads to outward 408 
radial diffusion (e.g., Shprits et al., 2006), particularly in the presence of enhanced ULF wave 409 
power which follows such compressions (e.g., Hudson et al., 2014, 2015; Zong et al., 2009; 410 
Zong et al., 2017). The Dst effect (Kim and Chan, 1997) is weak for the moderate storms in the 411 
present study, however calculating PSD from measured and simulated flux using a model 412 
magnetic field (TS04D) allows for inclusion of adiabatic reduction in flux due to buildup of the 413 
ring current and outward motion of electrons conserving their magnetic flux through a drift orbit, 414 
the third adiabatic invariant. The local magnetic field is weakened by the opposing magnetic 415 
field due to the ring current (Kim and Chan, 1997).  416 
 417 
The Aug – Sept CIR driven storm was weaker and the initial PSD at 2000 MeV/G was lower by 418 
two orders of magnitude as seen in Figure 4 relative to the CME-shock event. Nonetheless, a 419 
strong enhancement is seen both at 2000 and 5000 MeV/G for the Aug – Sept event, see Figure 7 420 
bottom, with a three order of magnitude enhancement in PSD at 2000 and 5000 MeV/G. Note 421 
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that the flux enhancement occurs first at lower energies, at 1.8 then at 4.2 MeV in Figure 1, 422 
before enhancement is seen at 7.7 MeV. This delayed enhancement at higher energies is 423 
commonly observed and expected both for energization due to inward radial transport conserving 424 
the first invariant and for local acceleration by whistler mode chorus, a process which is expected 425 
during recurring substorms.   426 
 427 
Jaynes at al. (2015) have identified two distinct electron populations resulting from 428 
magnetospheric substorm activity which are crucial for the acceleration of highly relativistic 429 
electrons in the outer zone: a source population (tens of keV) that gives rise to whistler mode 430 
chorus growth and a seed population (hundreds of keV) that is accelerated via interaction with 431 
the chorus to much higher energies (Thorne et al., 2013). By updating the simulations with 432 
measured PSD at the Van Allen Probes apogee, we effectively capture the enhanced seed 433 
population transported from the plasmasheet; however additional local acceleration and 434 
atmospheric loss due to higher frequency waves than captured by MHD physics (higher than the 435 
ion gyrofrequency) are not included in our simulations. The importance of these processes is 436 
expected to be greater over the longer timescale of a CIR event. However, the overall radial 437 
profile evolution of both events is well captured, with loss of the initial trapped population 438 
dominating the CME-shock driven storm during main phase and increase in PSD due to the 439 
injected population dominating the CIR-driven storm. MHD-test particle simulations have also 440 
captured well CME-shock driven prompt injection events such as 17 March 2015 (Hudson et al., 441 
2017) and 16 July 2017 (Patel et al., 2019), wherein a stronger CME-shock produces a coherent 442 
magnetosonic wave disturbance inside the magnetosphere with an azimuthal electric field 443 
transporting trapped MeV electrons inward ahead of the magnetopause compression (Li et al., 444 
1993; Hudson et al., 2020 reviews this type of event). For the weaker CME-shock event studied 445 
13 – 14 May 2019, magnetopause loss is the dominant early signature of the event with no 446 
evidence of prompt injection in the REPT data. Later recovery over 15-16 May, shown in greater 447 
detail than Figure 1 in Figure S1, may be due to a combination of local heating by VLF waves 448 
and inward radial transport to which ULF waves contribute (see Li and Hudson, 2019 for a 449 
review of both processes).  450 
 451 
Overall our conclusions in comparing the impact on outer zone electrons of a moderate CME-452 
shock driven storm with a 4-day CIR event, more characteristic of solar minimum, supports our 453 
earlier conclusions about these two distinct types of solar wind drivers based on separate studies 454 
(Hudson et al., 2012; Hudson et al., 2014; 2015). Here we use well-developed MHD-test particle 455 
tools with input parameters calibrated to measured PSD at 5.8 Re to study both events. Increased 456 
MHD grid resolution and coupling to RCM significantly advances our prior 4-day CIR study for 457 
the Whole Heliosphere Interval at the last solar minimum (Hudson et al., 2012), bringing code 458 
resolution and representation of the ring current up to the level of recent work on CME-shock 459 
driven storms during the Van Allen Probes era. Future work will make further quantitative 460 
comparisons using the newly developed GAMERA code which allows for longer simulation 461 
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studies at higher efficiency (Zhang et al., 2019; Pham et al., 2021). It remains for us to add a 462 
model for the atmospheric losses which accumulate over longer runs like the Aug – Sept CIR 463 
event. 464 
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 743 
Figure 1. Differential electron flux vs. L value (vertical axis) and time (horizontal axis) from the 744 
Relativistic Electron Proton Telescope on Van Allen Probes (Baker et al., 2013) in three energy 745 
ranges from 1 January 2018 until the end of the mission. Arrows indicate the two event periods 746 
studied, a CME-shock event 13-14 May 2019 and a CIR event 30 Aug - 4 Sept 2019. 747 
 748 
Figure 2. a) OMNIWeb solar wind data for 13 – 14 May 2019 CME-shock driven storm: speed 749 
Vsw, IMF Bz, density, pressure; Shue et al. (1998) magnetopause location and SymH in bottom 750 
two panels. CME-shock arrives at Earth ~ 00 UT 14 May. b) same for Aug-Sept 2019 CIR event. 751 
Vsw exceeds 600 km/s after 09 UT 31 Aug. The magnetopause location remains well outside 752 
geosynchronous for both events, however it is compressed inward to L = 8 for the CME-shock 753 
event. OMNIWeb time shift of L1 data to the noon bow shock is described at: 754 
https://omniweb.gsfc.nasa.gov/html/ow_data.html#time_shift 755 
 756 
Figure 3. a) CME-shock simulation shown at 2200 UT 13 May 2019, using GAMERA 3D MHD 757 
code coupled to the Rice Convection Model and TIEGCM ionospheric model. Meridional plot of 758 
MHD pressure is shown on the right, with northern and southern hemispheric field aligned 759 
currents in the polar regions shown as inserts. On the left, residual Bz (dipole subtracted) is 760 
plotted along with an insert showing RCM pressure in the inner magnetosphere. Upstream solar 761 
wind input is taken from OMNIWeb (Figure 2) propagated to the 30 Re upstream boundary. 762 
b) Initial test particle populations in the GSM equatorial plane. Injected (red) and trapped (black) 763 
are the same for both May and Aug – Sept 2019 event studies prior to weighting with PSD 764 
measured from Van Allen Probes. 765 
 766 
Figure 4. Radial profile of PSD for protons measured by REPT and MagEIS instruments on Van 767 
Allen Probe A for first invariant M = 2000 MeV/G (2 MeV at L = 6.6 in a dipole) and second 768 
invariant K =0.051 Re G0.5 plotted vs. L* (Roederer, 1970) using the TS04D magnetic field 769 
model (Tsyganenko and Sitnov, 2005). Initial orbit is shown (blue) and subsequent orbits 770 
indicated over 48 hours from 0 UT 13 May (left) and 0 UT 29 Aug (right). Black curve is used 771 
for simulated initial PSD radial profile of the trapped population for each event. 772 
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 774 
Figure 5. Simulated PSD (trapped + injected) radial profile vs. L* following arrival of IP shock 775 
at L1 at 23:26 UT 13 May (http://wdc.kugi.kyoto-u.ac.jp/dst_realtime/201905/index.html) is 776 
shown. IMF Bz reaches a southward minimum 06 UT 14 May and min Dst = -65 nT at 08 UT, 777 
see Fig. 2a. The blue patch of low PSD in the upper left corner is due to mapping from L to L* 778 
since test particles are initialized inside L = 6 Re, see Figure 3b, which is inside L* = 6 Re using 779 
the TS04D magnetic field model for mapping.  780 
  781 
Figure 6. Simulated PSD (trapped + injected) radial profile vs. L* using TS04 model during the 782 
CIR interval shown in Fig. 2b. Vsw exceeds 600 km/s after 09 UT 31 Aug, IMF Bz is oscillatory 783 
around 0 nT with min Dst = - 52 nT at 07 UT on 1 Sept in Fig. 1b. Test particle simulation was 784 
started at 00 UT 30 Aug and ran until 0900 UT on 2 Sept.  785 
 786 
Figure 7.  Comparison of simulated PSD radial profile at the end of the time intervals shown in 787 
Figures 5 and 6 (black dots) with measured PSD profiles from Van Allen Probes over sequential 788 
orbits.  Initial orbit is shown (blue) and subsequent orbits are indicated over 48 hours from 0 UT 789 
13 May (top) and 0 UT 30 Aug (bottom). Black dots indicate end of the simulation (after 34 790 
hours of data shown for the May event and at 0 UT on 3 Sept for the September event) using 791 
PSD updated at apogee every 9 hours for the RBSPA and RBSP B spacecraft as available, with 792 
data combined for the May event and only RBSP A measurements available every 9 hours for 793 
the September event. bbb 794 

http://wdc.kugi.kyoto-u.ac.jp/dst_realtime/201905/index.html


 
 

1 
 

 

 
Space Weather 

Supporting Information for 

MHD-test particles simulations of moderate CME and CIR-driven geomagnetic 
storms at solar minimum 
 
Mary K. Hudson1,2, Scot R. Elkington3, Zhao Li1, Maulik Patel1,2, Kevin Pham2, Alex 
Boyd4 and Allison Jaynes5 

 
1 Physics and Astronomy Dept. Dartmouth College, Hanover, NH, USA  
2 NCAR High Altitude Observatory, Boulder, CO, USA  
3 Laboratory for Atmospheric and Space Physics, University of Colorado Boulder, 
Boulder, CO, USA 
4Space Sciences Department, The Aerospace Corporation, Chantilly, VA, USA 
5 Department of Physics & Astronomy, University of Iowa, Iowa City, IA, USA 
 
Contents of this file  
 

Introduction 
Figures S1 to S6 
Table S1  

 

Introduction  

Figure S1 shows expanded time intervals from Figure 1 for the 13-14 May 2021 CME-
shock driven storm and the Aug-Sept 2021 CIR-driven storm.  Figure S2 shows the Van 
Allen Probes orbits during the two events studied up to the time indicated by red and blue 
dots for Probes A and B, respectively. The orbital period is 9 hours. Figure S3 shows 
contributions of simulated trapped and injected PSD to the total PSD shown in Figure 5.  
Figure S4 shows the contributions of the simulated trapped and injected PSD to the total 
PSD shown in Figure 6. Figure S5 shows total PSD at 5000 MeV/G for both events 
studied. Table S1 lists the Aug -Sept event substorms. 
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Text S1. 

Figure S1. a) Expansion of the time interval 00 UT 13 May to 00 16 May in Figure 1, 
which shows a strong decrease in flux between the first outbound and inbound orbits on 
14 May, and recovery beginning on the next outbound orbit. The recovery continues 
through the end of the GAMERA simulation at 00 UT 16 May with evidence for steady 
inward transport characteristic of radial diffusion (Jaynes et al. 2018). b) Same as a) for 
30 Aug – 03 Sept. Note the absence of flux dropout initially for this CIR event as 
compared with the CME-shock event in Figure S1. 
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Figure S2. Van Allen Probes orbits for a) 13-14 May CME-shock event and b) Aug – 
Sept CIR event. Apogee is closer to noon for the second event. The left panel shows the 
GSM x-y plane, upper right shows y-z plane and lower right shows x-z plane. 
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Figure S3. a) Initially trapped and b) injected PSD populations plotted separately which 
combine to produce total PSD plotted in Fig. 5 for 13 - 14 May CME-shock driven storm. 
The injected population makes a larger contribution at lower L values than the initial 
trapped population by the end of the simulation. The blue patch of low PSD in the upper 
left corner is due to mapping from L to L* since test particles are initialized inside L = 6 
Re, see Figure 3b, which is inside L* = 6 Re using the TS04D magnetic field model for 
mapping.  The ~ 9 hour orbital period with both spacecraft in close proximity at apogee 
(Figure A2) accounts for the step changes evident at the inner boundary of the injected 
population which is no longer visible by 08:00 UT when Dst reaches its minimum value 
of – 65 nT and the injected flux reaches its minimum L* value. 
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Figure S4. a) Initially trapped and b) injected populations plotted separately which 
combine to produce total PSD plotted in Fig. 6 for Aug – Sept CIR driven storm. Injected 
electrons dominate the initial trapped population (note different color scale used) which 
has PSD two orders of magnitude lower than initial value for the 13 – 14 May CME-
shock driven storm, see comparison in Figure 4.  
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Figure S5. Total PSD (injected plus trapped) at 5000 MeV/G for a) 13 – 14 May CME-
shock event and b) Aug-Sept CIR event. Note PSD enhancement for Sept event over days 
(vs. loss for CME shock event over hours). 
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Figure S6. Comparison of LFM-RCM Bz left with GAMERA in the same format as 
Figure 3a at 0530 UT 14 May, showing premidnight structure in both related to fast flows 
(Li et al., 2015. 
 
Table S1. Substorms 28 Aug – 3 Sept from Supermag database. 
Date range: 2019‐08‐28T00:00:00+00:00 ‐ 2019‐09‐
04T00:00:00+00:00 
Downloaded from http://supermag.jhuapl.edu/substorms/ on Fri, 15 Jan 2021  
Data Revision:0005 
============================================================ 
<year>  <month>  <day>  <hour>  <min>  
2019  08  28  21  03  
2019  08  30  02  58  
2019  08  30  06  53  
2019  08  30  12  35  
2019  08  30  16  08  
2019  08  30  21  52  
2019  08  31  09  00  
2019  09  01  17  09  
2019  09  02  08  32  
2019  09  02  11  48  
2019  09  02  16  47  
2019  09  03  01  52  
2019  09  03  05  13  
2019  09  03  12  13  
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