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Abstract: 24 
Magnetospheric whistler mode waves play a key role in regulating the dynamics of the 25 
electron radiation belts. Recent satellite observations indicate a significant influence of 26 
interplanetary (IP) shocks on whistler mode wave power in the inner magnetosphere. In 27 
this study, we statistically investigate the response of whistler mode chorus and 28 
plasmaspheric hiss to IP shocks based on Van Allen Probes and THEMIS satellite 29 
observations. Immediately after the IP shock arrival, chorus wave power is usually 30 
intensified, often at dawn, while plasmaspheric hiss wave power predominantly decreases 31 
near the dayside but intensifies near the nightside. We conclude that chorus wave 32 
intensification outside the plasmasphere is probably associated with the suprathermal 33 
electron flux enhancement caused by the IP shock. On the other hand, the solar wind 34 
dynamic pressure increase changes the magnetic field configuration to favor ray 35 
penetration into the nightside and promote ray refraction away from the dayside, 36 
explaining the magnetic local time (MLT) dependent responses of plasmaspheric hiss 37 
waves following IP shock arrivals.   38 
 39 
 40 
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1. Introduction 48 
Chorus emissions are intense electromagnetic whistler mode waves with discrete 49 

elements, excited naturally in the low-density region outside the plasmapause due to 50 
cyclotron instability of energetic anisotropic electrons [Tsurutani and Smith, 1974; 51 
Meredith et al., 2001, 2003; Yue et al., 2016b; An et al, 2017]. They typically occur in the 52 
range 0.1–0.8 fce (fce is the equatorial electron cyclotron frequency), commonly in two 53 
distinct bands (lower and upper bands) with a gap near 0.5 fce [Tsurutani and Smith, 54 
1977; Santolík et al., 2003]. Previous studies have shown that nightside chorus waves are 55 
confined to within ~15° of the magnetic equator, whereas dayside chorus waves can 56 
extend to higher magnetic latitudes (MLAT) [e.g., Li et al., 2009; Bunch et al., 2011]. 57 
Recent studies have demonstrated the important role played by chorus waves in both the 58 
loss of plasma sheet electrons and the acceleration of radiation belt relativistic electrons 59 
[e.g., Lorentzen et al., 2001; Horne et al., 2005; Thorne et al., 2005; Chen et al., 2007; Li 60 
et al., 2007; Shprits et al., 2009; Thorne, 2010; Reeves et al., 2013; Thorne et al., 2013a; 61 
2013b; Ni et al., 2014; Baker et al., 2014]. 62 

Plasmaspheric hiss waves is a structureless, broadband whistler mode emission 63 
typically observed within the high plasma density regions that surround the Earth, 64 
including the plasmasphere and plasmaspheric plumes [Dunckel and Helliwell, 1969; 65 
Thorne et al., 1973; Meredith et al., 2004; Summers et al., 2008]. Plasmaspheric hiss is 66 
widely distributed in radial distance and magnetic local time (MLT); the strongest 67 
emissions typically occur near the dayside plasmasphere [Li et al., 2015; Spasojevic et al., 68 
2015]. Plasmaspheric hiss causes precipitation of electrons from tens of keV to a few 69 
MeV to the upper atmosphere through pitch angle scattering on time scales ranging from 70 
days to weeks [Lyons and Thorne, 1973; Meredith et al., 2006, 2007, 2009; Thorne et al., 71 



2013b; Ma et al., 2016]. Ray tracing and conjunctive satellite observations have shown 72 
that whistler mode chorus waves outside the plasmapause can propagate into the 73 
plasmasphere where it can be amplified further to form plasmaspheric hiss [Bortnik et al., 74 
2008, 2009a; 2009b; Chen et al., 2012]. 75 

The whistler wave power in the inner magnetosphere may significantly change 76 
following the arrival of an interplanetary (IP) shock. Su et al. [2015] have reported 77 
enhanced damping and resultant disappearance of plasmaspheric hiss due to increased 78 
fluxes of superthermal electrons during an IP shock event with Van Allen Probes 79 
observations. The disappearance of plasmaspheric hiss, exohiss, and chorus waves may 80 
also be caused by increased field line inhomogeneity after the solar wind dynamic 81 
pressure decrease [Liu et al., 2017], which tends to inhibit wave growth and propagation. 82 

Only few studies of the whistler wave amplification/suppression have been done 83 
in the past due to the scarcity of such events and the fortuitous presence of near-Earth 84 
satellites at the right locations to observe the waves. It is thus presently unclear what the 85 
effects of IP shocks on whistler mode waves are as function of MLT, and what controls 86 
the wave amplification or damping during the passage of IP shocks. Such knowledge is 87 
critical in order to further understand the origin of particle acceleration or precipitation 88 
during the passage of IP shocks. Towards that goal, we surveyed 86 forward IP shock 89 
(dynamic pressure abrupt increases following IP shock arrival) events from 2010 to 2016 90 
based on the upstream Advanced Composition Explorer (ACE) and Wind satellite 91 
observations (the shock list can be found here: https://www.cfa.harvard.edu/shocks/) to 92 
investigate the effects of IP shocks on the whistler mode waves, including plasmaspheric 93 
hiss and whistler mode chorus waves, using Van Allen Probes (A and B) and Time 94 



History of Events and Macroscale Interactions during Substorms (THEMIS) (A, D and E) 95 
spacecraft observations, and report the different responses of chorus wave and 96 
plasmaspheric hiss at different MLTs to the IP shocks. We also employed the two near-97 
Earth ARTEMIS P1 and P2 satellites (also known as THEMIS B and C), when available, 98 
as high-fidelity upstream monitors. 99 
2. Data and Instrumentation 100 

Van Allen Probes (otherwise known as the Radiation Belt Storm Probes, RBSP, 101 
mission) consists of two identically instrumented, near-equatorial (10o inclination) 102 
spacecraft in operation since 30 August 2012 [Mauk et al., 2013]. Both satellites are 103 
equipped with comprehensive suites of particles and fields instruments. Here we perform 104 
our survey by using the electric and magnetic power spectral densities from the High-105 
Frequency Receiver (HFR) and the Waveform Receiver (WFR) of the Electric and 106 
Magnetic Field Instrument Suite and Integrated Science instrument (EMFISIS) [Kletzing 107 
et al., 2013].  The suprathermal (hundreds of eV to tens of keV) electron fluxes are 108 
observed by the Helium Oxygen Proton Electron Mass Spectrometer (HOPE) [Funsten et 109 
al., 2013] of the Energetic Particle, Composition, and Thermal Plasma (ECT) Suite 110 
[Spence et al., 2013]. Background electron density is derived from the upper hybrid 111 
resonance frequency measured by EMFISIS or from the spacecraft potential measured by 112 
the Electric Field and Waves (EFW) instrument [Wygant et al., 2013].  113 

THEMIS consists of five identically instrumented satellites designed to study 114 
energy releases during magnetospheric substorms [Angelopoulos et al., 2008]. The wave 115 
magnetic power spectral density is obtained from the Search Coil Magnetometer (SCM) 116 
[Le Contel et al., 2008]. Suprathermal electron fluxes, ion density, and flow velocity are 117 



obtained from the Electrostatic Analyzer (ESA) [McFadden et al., 2008]. The magnetic 118 
field is measured by the Flux Gate Magnetometer (FGM) [Auster et al., 2008]. Electron 119 
density is derived from the spacecraft potential, measured by the Electric Field 120 
Instrument (EFI) [Bonnell et al., 2008] and ESA. 121 

We investigate the wave power distribution of whistler mode waves during each 122 
of the 86 IP shocks. Seventy events were observed by Van Allen Probes and sixty by 123 
THEMIS, fewer due to THEMIS’ higher apogee (~12RE) causing those spacecraft to be 124 
located often outside the magnetopause after impact of the IP shock and also due to the 125 
~50% duty cycle of high-resolution fast survey data due to telemetry limitations. The 126 
background electron density and/or upper hybrid resonance frequency are used to identify 127 
satellite location with respect to the plasmapause [e.g., Meredith et al., 2004]. 128 
Plasmaspheric hiss waves are identified typically inside the plasmasphere, and chorus 129 
waves typically in the plasma trough. Each single spacecraft observation around any of 130 
the IP shocks is counted as one event. There are 123 events where spacecraft are inside 131 
the plasmasphere and 151 events where spacecraft are in plasma trough. Using 10-14 132 
(V/m)2/Hz and 10-9 (nT)2/Hz as the lowest power thresholds for electric and magnetic 133 
power densities, respectively, we find 43 (35%) plasmaspheric hiss 134 
reduction/disappearance events, 36 (29%) plasmaspheric hiss excitation/intensification 135 
events and 62 (41%) chorus wave excitation/intensification events in response to the IP 136 
shocks.  137 
3. Results  138 
3.1. Case study 139 



Figure 1 shows a representative response of whistler mode waves following an IP 140 
shock, at 16:53 UT on 7 June 2014. Figure 1a shows the solar wind magnetic field 141 
magnitude, x-component of solar wind velocity in GSE coordinate, ion number density 142 
and dynamic pressure at THEMIS-C (ARTEMIS-P2) located at (-21.2, 57.5, -1.7) RE, 143 
outside the magnetopause. It observed the IP shock at 16:57 UT, as a total magnetic field 144 
(black curve) increase from 5 to ~15 nT, a solar wind velocity (red curve) increase (-300 145 
to -400 km/s), ion number density increase (5 to 15 cm-3), and dynamic pressure rise (1 to 146 
4 nPa). In response, the AE and symH indices increased abruptly around 16:53 UT from 147 
100 to >300 nT and from -5 to +25 nT, respectively (Figure 1b).   148 

Figures 1c and 1d show the HFR-measured electric (top panels) and the WFR-149 
measured electric and magnetic power spectral densities (2nd and 3rd panels), and the 150 
electron omni-directional energy flux from 100 eV to 20 keV (bottom panels) on board 151 
Van Allen Probe A and B, respectively. Vertical dashed lines mark the IP shock arrival 152 
(16:53 UT). The upper hybrid frequencies (positively correlated with the background 153 
electron density [Kurth et al., 2014]) observed by HFR are around 20 kHz and >100 kHz 154 
in Figures 1c and 1d respectively, indicating the locations of Van Allen Probe A being 155 
outside and B being inside the plasmasphere. After the shock arrival, Van Allen Probe A 156 
observes lower band chorus excitation/intensification for several minutes. The 157 
simultaneously observed suprathermal electron flux increases could be responsible for the 158 
chorus emissions [e.g., Meredith et al., 2002; Miyoshi et al., 2007]. On the other hand, 159 
Van Allen Probe B, inside the plasmasphere, observes the disappearance/reduction of 160 
plasmaspheric hiss for an extended period after the shock arrival, and the suprathermal 161 
electron flux also increases there. 162 



Opposite plasmaspheric hiss response can be observed at different spacecraft 163 
located at different MLTs during a single IP shock event. Figure 2 shows an IP shock at 164 
17:05 on 7 February 2014 (format similar to Figure 1). THEMIS-C at (-8.3, 60.7, -2.8) RE 165 
observed an IP shock at 17:04 UT as a total magnetic field (black curve) increase (5 to 166 
~12nT), solar wind velocity (red curve) increase ( -300 to -400 km/s), ion number density 167 
increase (4 to 13 cm-3), and dynamic pressure increase (1 to 3 nPa) (Figure 2a). At 07:05 168 
UT, AE and symH abruptly increased (0 to >150 nT and -5 to +20 nT, respectively) 169 
indicating the arrival of the shock arrival. Shortly thereafter, THEMIS-D, at L=8.4 at 170 
dusk, observed newly excited chorus waves (Figure 2b), while Van Allen Probes A and 171 
B, both inside the plasmasphere, observed hiss intensification at dusk (Figure 2c) and hiss 172 
disappearance/reduction at dawn (Figure 2d), respectively. The suprathermal electron 173 
energy flux of 0.3 to 1 keV (Figure 2d) shows obvious increase following the IP shock 174 
arrival.  175 
3.2. Statistical results 176 

The two representative observations in Figures 1 and 2 indicate that the chorus 177 
waves and plasmaspheric hiss can exhibit dramatically different responses to IP shocks, 178 
at different locations. In order to understand the characteristics of these whistler mode 179 
waves and look for patterns on a global scale, we have conducted a statistical survey by 180 
investigating the wave power variations during each of the 86 IP shock events we have 181 
identified. Figure 3 shows the statistical distributions of the whistler mode chorus and 182 
plasmaspheric hiss wave responses to IP shocks observed by the Van Allen Probes and 183 
THEMIS.  184 



Van Allen Probes (cross signs) and THEMIS (diamond signs) locations at the 185 
time of IP shock arrival are shown in Figure 3a, together with the corresponding whistler 186 
wave response (color-coded). Figures 3b and 3c show whistler event distributions as 187 
function of MLTs and MLAT, respectively. Blue color represents hiss wave power 188 
reduction/disappearance; Red color represents hiss wave power intensification/excitation; 189 
Black represents chorus wave intensification/excitation. As seen in the figure, there was 190 
only intensification and no evidence of chorus wave reduction from our IP shock event 191 
list (we only investigate the forward IP shock events in association with solar wind 192 
dynamic pressure increase).  193 

Chorus wave amplifications are mostly observed at higher L shells and outside the 194 
plasmasphere (Figure 3a), with a peak in MLT at the post-midnight to dawn sector 195 
(Figure 3b), where presumably electron injections provide the free energy source. 196 
Meanwhile, the plasmaspheric hiss wave disappearance/reduction occurs mostly on the 197 
dayside, while hiss intensification events occur at all local times except for the noon 198 
sector following the IP shock arrival. The immediate reduction/disappearance of 199 
plasmaspheric hiss following the IP shock arrival, demonstrates that hiss damping rates 200 
should be significantly increased, such that hiss wave lifetimes is comparable to the short 201 
time scale of the shock impact (~1 min). Although more wave events were observed at 202 
lower latitude ranges (due to the spacecraft trajectory), no clear latitude dependence of 203 
the wave response is found in our survey.  204 
4. Discussion 205 
 When an IP shock impinges upon the Earth’s magnetosphere, the magnetic field 206 
intensity due to the solar wind dynamic pressure increase, and the dayside magnetic field 207 



configuration becomes more compressed while the nightside magnetic field becomes 208 
more stretched [e.g., Wang et al., 2009; Yue et al., 2009; 2011a]. Meanwhile, the thermal 209 
plasma is adiabatically heated mainly in the perpendicular direction resulting in an 210 
increase in the electron anisotropy. Subsequently, geomagnetic activity is broadly 211 
enhanced, which includes the appearance of many wave phenomena and substorm 212 
injections [e.g., Yue et al., 2010; 2011b; 2013; 2016a]. Previously Zhou et al. [2015] have 213 
shown that chorus waves at the dayside magnetosphere are excited after the IP shock 214 
arrival. The IP shock impinging on the magnetosphere leads to a more homogeneous 215 
background magnetic field configurations in the near-equatorial dayside magnetosphere 216 
and therefore, lower the threshold of nonlinear chorus wave growth, favoring chorus 217 
wave generation [Tao et al., 2014; Keika et al., 2012]. This is supported by the 218 
observational evidence that a decrease of solar wind dynamic pressure causes an increase 219 
of the threshold for chorus wave excitation, and thus results in disappearance of 220 
plasmaspheric hiss and exohiss [Liu et al., 2017].  221 

In this study, we have found that chorus waves intensified both on the dayside and 222 
the nightside after the IP shock arrival. We have also investigated the IP shock list by 223 
Zhou et al. [2015], and found that there were in fact, many events associated with chorus 224 
excitation/intensification on the nightside or at near Earth dayside region which were not 225 
originally detected. However, the authors claim that these chorus 226 
excitation/intensification events are not associated with magnetic field topology change 227 
which is the focus of their paper (private communication).  Given the fact that chorus 228 
wave is excited/intensified following IP shock arrival at all MLTs, it is reasonable to 229 
expect that in addition to the background magnetic field geometry change, another 230 



important factor that causes chorus wave excitation/intensification is the enhanced flux 231 
(and anisotropy) of suprathermal electrons produced by IP shocks. We have checked all 232 
the chorus intensification events observed by Van Allen Probes and found that about 80% 233 
of them show suprathermal electron flux (anisotropy) increase.  234 

Considering the MLT dependence of plasmaspheric hiss reduction or 235 
intensification, the major factors that could affect hiss waves include: (1) the ability of 236 
whistler-mode waves to enter the plasmasphere from outside; (2) the length of 237 
propagation paths; (3) the chorus Landau damping rate which is determined by 238 
suprathermal electron flux level; (4) hiss Landau damping inside the plasmasphere which 239 
is usually much weaker compared with chorus wave Landau damping in the 240 
plasmatrouph region. The fist factor controls accessibility of chorus waves into the 241 
plasmasphere through propagation, while the latter three factors control overall path-242 
integrated damping before and after entering the plasmasphere. Figure 4 shows an 243 
example of ray tracing in the noon-midnight meridian plane for two different 244 
geomagnetic field configurations (Kp=1 and Kp=6) of Tsyganenko 89 (T89) magnetic 245 
field model [Tsyganenko, 1989]. Chorus waves of different wave normal angles (color-246 
coded) are launched in this model with a fixed frequency 500 Hz at L=7 at the magnetic 247 
equator. The background density model adopts a modified diffusive equilibrium model 248 
with a plasmapause location at Lpp = 5.5.  The density model parameters are similar to 249 
those of Chen et al. [2012]. Note that instead of using dipole magnetic field, the ray 250 
tracing code (HOTRAY [Horne, 1989]) is extended to a more realistic T89 model to 251 
investigate the effect of magnetic field geometry on whistler mode propagation. 252 



Compared to the magnetic field configuration corresponding to Kp=1 (Figure 4, 253 
top), for Kp=6 the magnetic field lines are more compressed on the dayside while they 254 
are more stretched at the nightside (Figure 4, bottom). The choice of the two magnetic 255 
field configurations is intended to model the magnetic field configuration change just 256 
before (Kp=1) and just after (Kp=6) the IP shock impinging the Earth’s magnetosphere. 257 
From the comparison of ray paths on the nightside for the two conditions, there are much 258 
more rays, especially those with initial wave normal closer to the parallel direction, 259 
propagating into the plasmapshere for Kp=6 than during Kp=1. This can result in the 260 
plasmaspheric hiss intensification at the nightside, after the shock arrival. We have tested 261 
different magnetic field configurations, and found that a more stretched magnetic field 262 
configuration favors the chorus wave entrance into the plasmasphere. Generally, the 263 
waves with wave normal angles between 30○ to 60○ have easier access into the 264 
plasmasphere [e.g., Chen et al., 2012], whereas with a stretched magnetic field 265 
configuration, chorus waves with almost all wave normal angles can propagate into the 266 
plasmasphere and evolve into plasmaspheric hiss. Examination of the dayside ray paths 267 
shows no significant change in terms of the number of rays that access the plasmasphere 268 
compared to the nightside. Note that here we did not consider chorus wave Landau 269 
damping for the ray tracing result to keep the model simple and only assess the 270 
propagation effect of magnetic field configuration. However, Landau damping may play 271 
a role in reducing the wave power of chorus when propagating away from the equatorial 272 
source region, and therefore prevent chorus from evolving into the plasmasphere [e.g., Su 273 
et al., 2015]. In our survey, we have observed about 50% of chorus wave events with 274 



electron parallel flux increases after the IP shock arrival, which may result in the increase 275 
of Landau damping along magnetic field line.  276 
5. Summary 277 

In this paper, we have performed a statistical study of whistler mode wave 278 
modifications in response to IP shocks based on data from both Van Allen Probes and 279 
THEMIS observations. 86 IP shock events were studied and we found 43 (35%) 280 
plasmaspheric hiss reduction/disappearance events, 36 (29%) hiss 281 
excitation/intensification events and 62 (41%) chorus wave excitation/intensification 282 
events from single satellite observation. Our main findings are: 283 

1. Chorus wave power is usually intensified, with most cases occurring 284 
predominately at dawn. This is generally caused by the enhancement of 285 
suprathermal electrons produced by IP shock compressions.  286 

2. Plasmaspheric hiss disappearance events occur predominantly on the dayside. 287 
This is probably related to the enhanced Landau damping from the observed 288 
enhancements in suprathermal electron flux as well as the slight reduction in 289 
accessibility of chorus waves into the plasmasphere due to the compressed 290 
magnetic field configuration following the IP shock arrival (based on our ray 291 
tracing result).  292 

3. Plasmaspheric hiss intensifications occur mostly on the nightside. This can be 293 
explained by the enhanced accessibility of chorus waves, which refract into 294 
the plasmasphere due to the magnetic field stretching after the shock arrival. 295 

On average, plasmaspheric hiss intensities are an order of magnitude larger on the 296 
dayside than on the nightside due to stronger Landau damping on the nightside, and hiss 297 



intensity increases during high solar wind dynamic pressure [Tsurutani et al., 2015]. 298 
However, in this study, we have demonstrated that abrupt solar wind dynamic pressure 299 
increases cause plasmaspheric hiss disappearance on the dayside and intensification on 300 
the nightside following the changes in magnetic field configuration, which favors ray 301 
penetration into the plasmasphere on the nightside while preventing ray refraction at 302 
dayside. The MLT-dependent response of plasmaspheric hiss to IP shocks was not 303 
expected and is not well understood. The nightside ray number increases are clearly 304 
demonstrated by our ray tracing model, whereas the hiss reduction/disappearance and the 305 
chorus wave excitation/intensification right after the shock arrival still needs further 306 
detailed investigation for a more comprehensive explanation. For example, Landau 307 
damping could be another factor causing the hiss reduction/disappearance on the dayside. 308 
Since the wave power and distributions significantly vary following the IP shock arrival, 309 
our study suggests the importance of investigating the detailed wave and particle 310 
distributions in studying the local wave-particle interactions especially around the periods 311 
of IP shocks. 312 
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Figure Captions: 516 
Figure 1. (a) An IP shock observed by the THEMIS-C spacecraft at 16:57 UT at (-21.2, 517 
57.5, -1.7) RE in solar wind on 7 June 2014. The top panel shows magnetic field 518 
magnitude in black and the X-component of solar wind velocity in GSE coordinate in 519 
red. The bottom panel shows ion density in black and dynamic pressure in red; (b) The 520 
variations of geomagnetic indices during the same time interval as in Figure 1a. The 521 



vertical dashed line marks the shock arrival time at ground observation; (c) and (d) are 522 
the wave and electron measurements by Van Allen Probes A and B, respectively. The 523 
panels from top to bottom are the electric spectral density in the HFR channel, electric 524 
and magnetic field power spectral densities in the WFR channel, and the omni-directional 525 
electron energy flux from 0.1 to 20 keV. The vertical dashed line marks the shock arrival 526 
time. 527 
 528 
Figure 2. (a) An IP shock observed by the THEMIS-C spacecraft at 17:04 UT at (-8.3, 529 
60.7, -2.8) RE in solar wind on 7 February 2014. The first panel shows magnetic field 530 
magnitude in black and the X-component of solar wind velocity in GSE coordinates in 531 
red. The second panel shows ion density in black and dynamic pressure in red. The 532 
bottom panel shows the variations of AE index in black and symH in red. (b) The 533 
magnetic field power spectral density in the parallel and perpendicular directions 534 
observed by THEMIS-D. The vertical dashed line marks the IP shock arrival time. (c) 535 
and (d) are the wave and electron measurements made by Van Allen Probes A and B, 536 
respectively. The panels from top to bottom are the electric spectral density in the HFR 537 
channel, electric and magnetic field power spectral density in the WFR channel, and the 538 
omni-directional electron energy flux from 0.1 to 20 keV. The vertical dashed line marks 539 
the shock arrival time. 540 
 541 
Figure 3. The global distribution of the whistler mode chorus and plasmaspheric hiss 542 
wave responses to IP shocks observed by Van Allen Probes and THEMIS satellites. (a) 543 
Distribution in the X-Y plane in SM coordinates. The cross sign represents the locations 544 



of Van Allen Probes and the diamond sign represents the locations of THEMIS satellites 545 
around the IP shock arrival time; (b) and (c) Event distributions as function of MLTs (b) 546 
and MLAT (c). Blue color represents hiss wave reduction/disappearance; Red color 547 
represents hiss wave intensification/excitation; Black represents chorus wave 548 
intensification/excitation. 549 
 550 
 551 
Figure 4. Illustration of ray tracing in the noon-midnight meridian plane for chorus 552 
waves of different wave normal angles (color-coded) launched with a fixed frequency 553 
500 Hz at L=7 at the magnetic equator during quiet (Kp=1, top panel) and disturbed 554 
(Kp=6, bottom panel) conditions based on T89 magnetic field model. The plasmapause 555 
location is at Lpp=5.5. 556 
 557 





Figure 1. (a) An IP shock observed by the THEMIS-C spacecraft at 16:57 UT at (-21.2, 

57.5, -1.7) RE in solar wind on 7 June 2014. The top panel shows magnetic field 

magnitude in black and the X-component of solar wind velocity in GSE coordinate in 

red. The bottom panel shows ion density in black and dynamic pressure in red; (b) The 

variations of geomagnetic indices during the same time interval as in Figure 1a. The 
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the wave and electron measurements by Van Allen Probes A and B, respectively. The 

panels from top to bottom are the electric spectral density in the HFR channel, electric 

and magnetic field power spectral densities in the WFR channel, and the omni-directional 

electron energy flux from 0.1 to 20 keV. The vertical dashed line marks the shock arrival 

time. 

 

 

 



Figure 2. (a) An IP shock observed by the THEMIS-C spacecraft at 17:04 UT at (-8.3, 

60.7, -2.8) RE in solar wind on 7 February 2014. The first panel shows magnetic field 

magnitude in black and the X-component of solar wind velocity in GSE coordinates in 

red. The second panel shows ion density in black and dynamic pressure in red. The 

bottom panel shows the variations of AE index in black and symH in red. (b) The 
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magnetic field power spectral density in the parallel and perpendicular directions 

observed by THEMIS-D. The vertical dashed line marks the IP shock arrival time. (c) 

and (d) are the wave and electron measurements made by Van Allen Probes A and B, 

respectively. The panels from top to bottom are the electric spectral density in the HFR 

channel, electric and magnetic field power spectral density in the WFR channel, and the 

omni-directional electron energy flux from 0.1 to 20 keV. The vertical dashed line marks 

the shock arrival time. 

Figure 3. The global distribution of the chorus and hiss wave responses to IP shocks 

observed by Van Allen Probes and THEMIS satellites. (a) Distribution in the X-Y plane 

in SM coordinates. The cross sign represents the locations of Van Allen Probes and the 

diamond sign represents the locations of THEMIS satellites around the IP shock arrival 

time; (b) and (c) Event distributions as function of MLTs (b) and MLAT (c). Blue color 

represents hiss wave reduction/disappearance; Red color represents hiss wave 

intensification/excitation; Black represents chorus wave intensification/excitation. 
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Figure 4. Illustration of ray tracing in the noon-midnight meridian plane for chorus 

waves of different wave normal angles (color-coded) launched with a fixed frequency 

500 Hz at L=7 at the magnetic equator during quiet (Kp=1, top panel) and disturbed 

(Kp=6, bottom panel) conditions based on T89 magnetic field model. The plasmapause 

location is at Lpp=5.5.  

 

-4

-2

0

2

4

Z
, R

E

10

20

30

40

50

60

70

initial w.n.a, deg

-10 -8 -6 -4 -2 0 2 4 6 8 10
R

XY
, R

E

-4

-2

0

2

4

Z
, R

E

10

20

30

40

50

60

70

initial w.n.a, deg


