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Abstract Magnetospheric whistler mode waves play a key role in regulating the dynamics of the electron
radiation belts. Recent satellite observations indicate a significant influence of interplanetary (IP) shocks
on whistler mode wave power in the inner magnetosphere. In this study, we statistically investigate the
response of whistler mode chorus and plasmaspheric hiss to IP shocks based on Van Allen Probes and
THEMIS satellite observations. Immediately after the IP shock arrival, chorus wave power is usually intensified,
often at postmidnight to prenoon sector, while plasmaspheric hiss wave power predominantly decreases
near the dayside but intensifies near the nightside. We conclude that chorus wave intensification outside the
plasmasphere is probably associated with the suprathermal electron flux enhancement caused by the IP
shock. Through a simple ray tracing modeling assuming the scenario that plasmaspheric hiss is originated
from chorus, we find that the solar wind dynamic pressure increase changes the magnetic field configuration
to favor ray penetration in the nightside and promote ray refraction away from the dayside, potentially
explaining the magnetic local time-dependent responses of plasmaspheric hiss waves following IP
shock arrivals.

1. Introduction

Chorus emissions are intense electromagnetic whistler mode waves with discrete elements, excited naturally
in the low-density region outside the plasmapause due to cyclotron instability of energetic anisotropic
electrons (An et al., 2017; Meredith et al., 2003; Meredith, Horne, & Anderson, 2001; Tsurutani & Smith,
1974; Yue, An, et al., 2016). They typically occur in the range 0.1–0.8 fce (fce is the equatorial electron cyclotron
frequency), commonly in two distinct bands (lower and upper bands) with a gap near 0.5 fce (Santolík et al.,
2003; Tsurutani & Smith, 1977). Previous studies have shown that nightside chorus waves are confined to
within ~15° of the magnetic equator, whereas dayside chorus waves can extend to higher magnetic
latitudes (MLAT) (e.g., Bunch, Spasojevic, & Shprits, 2011; Li et al., 2009). Recent studies have demonstrated
the important role played by chorus waves in both the loss of plasma sheet electrons and the acceleration
of radiation belt relativistic electrons (e.g., Baker et al., 2014; Chen, Reeves, & Friedel, 2007; Horne et al.,
2005; Li, Shprits, & Thorne, 2007; Lorentzen et al., 2001; Ni et al., 2014; Reeves et al., 2013; Shprits,
Subbotin, & Ni, 2009; Thorne et al., 2005; Thorne, 2010; Thorne, Li, Ni, Ma, Bortnik, Chen, et al., 2013;
Thorne, Li, Ni, Ma, Bortnik, Baker, et al., 2013).

Plasmaspheric hiss waves are structureless, broadband whistler mode emissions typically observed within
the high plasma density regions that surround the Earth, including the plasmasphere and plasmaspheric
plumes (Dunckel & Helliwell, 1969; Meredith et al., 2004; Summers et al., 2008; Thorne et al., 1973).
Plasmaspheric hiss is widely distributed in radial distance and magnetic local time (MLT); the strongest
emissions typically occur in the dayside plasmasphere (Li et al., 2015; Spasojevic, Shprits, & Orlova, 2015).
Plasmaspheric hiss causes precipitation of electrons from tens of keV to a few MeV to the upper atmo-
sphere through pitch angle scattering on time scales ranging from days to weeks (Lyons & Thorne, 1973;

YUE ET AL. RESPONSE OF WHISTLER WAVES TO IP SHOCKS 10,047

PUBLICATIONS
Journal of Geophysical Research: Space Physics

RESEARCH ARTICLE
10.1002/2017JA024574

Key Points:
• We performed a statistical analysis of
the whistler mode wave power
response to IP shocks based on
THEMIS and Van Allen Probes
observations

• After the IP shock arrival, chorus wave
power is usually intensified, which is
associated with the suprathermal
electron flux enhancement

• Plasmaspheric hiss wave power
decreases near the dayside but
intensifies near the nightside which
may be due to B field topology
change

Correspondence to:
C. Yue,
yuechao@atmos.ucla.edu

Citation:
Yue, C. Chen, L. Bortnik, J. Ma, Q. Thorne,
R. M. Angelopoulos, V., … Spence, H. E.
(2017). The characteristic response of
whistler mode waves to interplanetary
shocks. Journal of Geophysical Research:
Space Physics, 122, 10,047–10,057.
https://doi.org/10.1002/2017JA024574

Received 6 JUL 2017
Accepted 22 SEP 2017
Accepted article online 29 SEP 2017
Published online 14 OCT 2017

©2017. American Geophysical Union.
All Rights Reserved.

http://orcid.org/0000-0001-9720-5210
http://orcid.org/0000-0003-2489-3571
http://orcid.org/0000-0001-8811-8836
http://orcid.org/0000-0001-5452-4756
http://orcid.org/0000-0003-2410-3437
http://orcid.org/0000-0003-0500-1056
http://orcid.org/0000-0003-2507-8632
http://orcid.org/0000-0003-2692-9451
http://orcid.org/0000-0002-4136-3348
http://orcid.org/0000-0002-7985-8098
http://orcid.org/0000-0002-2526-2205
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1002/2017JA024574
http://dx.doi.org/10.1002/2017JA024574
mailto:yuechao@atmos.ucla.edu
https://doi.org/10.1002/2017JA024574


Ma et al., 2016; Meredith et al., 2006, 2007, 2009; Thorne et al., 2013). Ray tracing and conjunctive satellite
observations have shown that whistler mode chorus waves outside the plasmapause can propagate into
the plasmasphere where they can be amplified further to form plasmaspheric hiss (Bortnik et al., 2008;
Bortnik, Li, et al., 2009; Bortnik, Thorne, et al., 2009; Chen et al., 2012). Another possible mechanism of
plasmaspheric hiss generation is excitation by the electron cyclotron instability in the outer plasmasphere
(e.g., Thorne, Church, & Gorney, 1979).

The whistler wave power in the inner magnetosphere may significantly change following the arrival of an
interplanetary (IP) shock. Su et al. (2015) have reported enhanced damping and resultant disappearance of
plasmaspheric hiss due to increased fluxes of superthermal electrons during an IP shock event with Van
Allen Probes observations. The disappearance of plasmaspheric hiss, exohiss (which is defined as the plasma-
spheric hiss wave power leaking from the plasmasphere to the low density plasmatrough; Bortnik et al., 2008;
Thorne et al., 1973), and chorus waves may also be caused by increased field line inhomogeneity after the
solar wind dynamic pressure decrease (Liu et al., 2017), which tends to inhibit wave growth and propagation.

Only few studies of the whistler wave amplification/suppression have been done in the past due to the
scarcity of such events and the fortuitous presence of near-Earth satellites at the right locations to observe
the waves. It is thus presently unclear what the effects of IP shocks on whistler mode waves are as function
of MLT and what controls the wave amplification or damping during the passage of IP shocks. Such knowl-
edge is critical in order to further understand the origin of particle acceleration or precipitation during the
passage of IP shocks. Toward that goal, we surveyed 86 fast forward IP shock events from 2010 to 2016, which
are identified as the abrupt increase of solar wind number density, temperature, velocity, magnetic field
magnitude, and dynamic pressure following the IP shock arrival, based on the upstream Advanced
Composition Explorer and Wind satellite observations (the shock list can be found here: https://www.cfa.har-
vard.edu/shocks/) to investigate the effects of IP shocks on the whistler mode waves, including plasma-
spheric hiss and whistler mode chorus waves, using Van Allen Probes (A and B) and Time History of Events
and Macroscale Interactions during Substorms (THEMIS) (A, D, and E) spacecraft observations, and report
the different responses of chorus wave and plasmaspheric hiss at different MLTs to the IP shocks. We used
symH and AE indices as indicators of the shock arrival on the ground for consistency of all events, which
may introduce a 1 or 2 min difference between our shock arrival time and the signal observed by the satellite
in the magnetosphere. We also employed the two near-Earth ARTEMIS P1 and P2 satellites (also known as
THEMIS B and C), when available, as high-fidelity upstream monitors.

2. Data and Instrumentation

Van Allen Probes (otherwise known as the Radiation Belt Storm Probes, RBSP, mission) consists of two iden-
tically instrumented, near-equatorial (10° inclination) spacecraft in operation since 30August 2012 (Mauk et al.,
2013). Both satellites are equippedwith comprehensive suites of particles and fields instruments. Herewe per-
formour survey by using the electric andmagnetic power spectral densities from theHigh-Frequency Receiver
(HFR) and the Waveform Receiver (WFR) of the Electric and Magnetic Field Instrument Suite and Integrated
Science instrument (EMFISIS) (Kletzing et al., 2013). The suprathermal (hundreds of eV to tens of keV) electron
fluxes are observed by the HeliumOxygen Proton ElectronMass Spectrometer (HOPE) (Funsten et al., 2013) of
the Energetic Particle, Composition, and Thermal Plasma (ECT) Suite (Spence et al., 2013). Background electron
density is derived from the upper hybrid resonance frequency measured by EMFISIS or from the spacecraft
potential measured by the Electric Field and Waves instrument (Wygant et al., 2013).

THEMIS consists of five identically instrumented satellites designed to study energy releases duringmagneto-
spheric substorms (Angelopoulos et al., 2008). The wave magnetic power spectral density is obtained from
the search coil magnetometer (Le Contel et al., 2008). Suprathermal electron fluxes, ion density, and flow
velocity are obtained from the electrostatic analyzer (ESA) (McFadden et al., 2008). The magnetic field is
measured by the fluxgate magnetometer (Auster et al., 2008). Electron density is derived from the spacecraft
potential, measured by the electric field instrument (Bonnell et al., 2008) and ESA.

3. Results

We investigate the wave power distribution of whistler mode waves during each of the 86 IP shocks. Seventy
events were observed by Van Allen Probes and 60 by THEMIS, fewer due to THEMIS’s higher apogee (~12 RE)
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causing those spacecraft to be located often outside the magnetopause after impact of the IP shock and also
due to the ~50% duty cycle of high-resolution fast survey data due to telemetry limitations. The background
electron density and/or upper hybrid resonance frequency are used to identify satellite location with respect
to the plasmapause (e.g., Meredith et al., 2004). Plasmaspheric hiss waves are identified typically inside the
plasmasphere and chorus waves typically in the plasma trough. Each single spacecraft observation around
any of the IP shocks is counted as one event. There are 123 events where spacecraft are inside the plasma-
sphere and 151 events where spacecraft are in plasma trough. Using 10�14 (V/m)2/Hz and 10�9 (nT)2/Hz as
the lowest power thresholds for electric and magnetic power densities, respectively, we find 43 (35%)
plasmaspheric hiss reduction/disappearance events, 36 (29%) plasmaspheric hiss excitation/intensification
events, and 62 (41%) chorus wave excitation/intensification events in response to the IP shocks, whereas
no chorus wave disappearance event was found in this database. The rest of the events show either no wave
activity or no wave intensity change, and we call them nonwave events.

3.1. Case Study

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

Figures 1c and 1d show the HFR-measured electric (top panels) and the WFR-measured electric and mag-
netic power spectral densities (second and third panels) and the electron omnidirectional energy flux from
100 eV to 20 keV (bottom panels) onboard Van Allen Probe A and B, respectively. The vertical dashed lines
mark the IP shock arrival (16:53 UT). The upper hybrid frequencies (positively correlated with the back-
ground electron density; Kurth et al., 2014) observed by HFR are around 20 kHz and >100 kHz in
Figures 1c and 1d, respectively, indicating the locations of Van Allen Probe A being outside and B being
inside the plasmasphere. After the shock arrival, at 16:54 UT, Van Allen Probe A observes lower band chorus
excitation/intensification for several minutes. The simultaneously observed suprathermal electron flux
increases could be responsible for the chorus emissions (e.g., Meredith et al., 2002; Miyoshi et al., 2007).
On the other hand, Van Allen Probe B, inside the plasmasphere, observes the disappearance/reduction of
plasmaspheric hiss for an extended period after the shock arrival, and the suprathermal electron flux also
increases there. Here we notice that the hiss emissions disappear nearly immediately after the shock arrival,
while the chorus wave intensification shows ~1 min delay, which is largely due to the signal propagation to
different locations of Van Allen Probe A and B (we have roughly estimated that the propagation time is
about 22 s by using the average values of magnetic field intensity, plasma density, and plasma pressure
obtained from these two Van Allen Probes at the time when the IP shock arrives at 16:53 UT. The compres-
sional fast MHD wave speed is considered).

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

3.2. Statistical Results

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

Van Allen Probes (cross signs) and THEMIS (diamond signs) locations at the time of IP shock arrival are
shown in Figures 3a and 3d, together with the corresponding whistler wave response and nonwave events
(color-coded). The rest of the bar plots show distributions of whistler events and nonwave events as function
of MLTs and MLAT, respectively. The blue color represents hiss wave power reduction/disappearance; the
red color represents hiss wave power intensification/excitation; the black represents chorus wave
intensification/excitation; the green represents nonwave events. As seen in the Figure 3, there was only

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. (top) Magnetic field magnitude in
black and the X component of solar wind velocity in GSE coordinate in red. (bottom) Ion density in black and dynamic pressure in red; (b) the variations of geo-
magnetic indices during the same time interval as in Figure 1a. The vertical dashed line marks the shock arrival time at ground observation; (c and d) the wave and
electron measurements by Van Allen Probes A and B, respectively. (top to bottom) The electric spectral density in the HFR channel, electric andmagnetic field power
spectral densities in the WFR channel, and the omnidirectional electron energy flux from 0.1 to 20 keV. The vertical dashed line marks the shock arrival time.
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intensification and no evidence of chorus wave reduction from our IP shock event list (we only investigate
the fast forward IP shock events in association with solar wind dynamic pressure increase).

Chorus wave amplifications are mostly observed at higher L shells and outside the plasmasphere (Figure 3a),
with a higher occurrence rate of chorus intensification near the postmidnight to prenoon sectors when
compared with the dusk sector as shown in Figures 3b and 3g. This is mainly caused by the eastward drift
of electrons injected from the tail plasma sheet, providing the free energy source for the excitation of

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. (top) Magnetic field magnitude in
black and the X component of solar wind velocity in GSE coordinates in red. (middle) Ion density in black and dynamic pressure in red. (bottom) The variations
of AE index in black and symH in red. (b) The 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) The wave and electron measurements made by Van Allen Probes A and B, respectively. (top to bottom)
The electric spectral density in the HFR channel, electric and magnetic field power spectral density in the WFR channel, and the omnidirectional electron energy flux
from 0.1 to 20 keV. The vertical dashed line marks the shock arrival time.
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chorus waves. On the other hand, nonchorus wave events are mainly located on the nightside at large L shell,
which is probably related to the satellite orbits. In contrast, the plasmaspheric hiss wave
disappearance/reduction occurs mostly on the dayside with peak occurrence around noon reaching about
70% (Figures 3d, 3e, and 3h), while the hiss intensification events occur at all local times with higher
occurrence rate on the nightside (Figures 3d, 3e, and 3i) following the IP shock arrival. In addition, the
nonhiss wave events predominantly occur on the nightside compared with the number of events on the
dayside (Figures 3d and 3e). The immediate reduction/disappearance of plasmaspheric hiss following the IP
shock arrival demonstrates that hiss damping rates should be significantly increased, such that hiss wave
lifetimes are comparable to the short time scale of the shock impact (~1 min). Although more wave events
were observed in general at lower latitude ranges (due to the spacecraft trajectory), no clear latitude
dependence of the whistler mode wave response is found in our survey as demonstrated in Figures 3c and 3f.

4. Discussion

When an IP shock impinges upon the Earth’s magnetosphere, the magnetic field intensity due to the solar
wind dynamic pressure increases and the dayside magnetic field configuration becomes more compressed
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Figure 3. The global distribution of the whistler mode chorus and plasmaspheric hiss wave responses to IP shocks observed by Van Allen Probes and THEMIS
satellites. Distribution in the X-Y plane in SM coordinates (a) outside the plasmasphere and (d) inside the plasmasphere. 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) chorus/(e) hiss event distributions as function
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events; (h) hiss reduction/disappearance events; (i) hiss intensification/excitation events. The blue color represents hiss wave reduction/disappearance; the red
color represents hiss wave intensification/excitation; the black color represents chorus wave intensification/excitation; the green color represents nonwave events.
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while the nightside magnetic field becomes more stretched (e.g., Wang et al., 2009; Yue et al., 2011; Yue,
Zong, & Wang, 2009). Meanwhile, the thermal plasma is adiabatically heated mainly in the perpendicular
direction resulting in an increase in the electron anisotropy. Subsequently, geomagnetic activity is broadly
enhanced, which includes the appearance of many wave phenomena and substorm injections (e.g., Yue
et al., 2010, 2013; Yue, Li, 2016; Yue & Zong, 2011). Previously, Zhou et al. (2015) have shown that chorus
waves at the dayside magnetosphere are excited after the IP shock arrival. The IP shock impinging on the
magnetosphere leads to a more homogeneous background magnetic field configurations in the near-
equatorial dayside magnetosphere and therefore lower the threshold of nonlinear chorus wave growth,
favoring chorus wave generation (Keika et al., 2012; Tao et al., 2014). This is supported by the observational
evidence that a decrease of solar wind dynamic pressure causes an increase of the threshold for chorus wave
excitation and thus results in disappearance of plasmaspheric hiss and exohiss (Liu et al., 2017).

In this study, we have found that chorus waves intensified both on the dayside and the nightside after the IP
shock arrival. We have also investigated the IP shock list by Zhou et al. (2015) and found that there were, in
fact, many events associated with chorus excitation/intensification on the nightside or at near Earth dayside
region that were not originally detected. However, the authors claim that these chorus
excitation/intensification events are not associated with magnetic field topology change, which is the focus
of their paper (private communication). Given the fact that chorus wave is excited/intensified following IP
shock arrival at all MLTs, it is reasonable to expect that in addition to the background magnetic field geome-
try change, another important factor that causes chorus wave excitation/intensification is the enhanced flux
(and anisotropy) of suprathermal electrons produced by IP shocks. We have checked all the chorus intensifi-
cation events observed by Van Allen Probes and found that about 80% of them show suprathermal electron
flux (anisotropy) increase. In addition, compared to nonchorus wave events, we found that the increase of the
geomagnetic indices AE and symH is slightly larger for the chorus wave intensification events, indicating
stronger IP shock events with larger enhancement of flux (and anisotropy) of suprathermal electrons.
Moreover, chorus intensification events preferentially occur during northward interplanetary magnetic field
(IMF). With less energy input into magnetosphere during the northward IMF, wave-particle interaction
(Landau damping) would be weak.

Considering the MLT dependence of plasmaspheric hiss reduction or intensification, the major factors that
could affect hiss waves include (1) the ability of whistler mode waves to enter the plasmasphere from outside;
(2) the length of propagation paths; (3) the chorus Landau damping rate, which is determined by suprather-
mal electron flux level; (4) hiss Landau damping inside the plasmasphere, which is usually much weaker
compared with chorus wave Landau damping in the plasmatrouph region. The first factor controls accessibil-
ity of chorus waves into the plasmasphere through propagation, while the latter three factors control overall
path-integrated damping before and after entering the plasmasphere. Figure 4 shows an example of ray
tracing in the noon-midnight meridian plane for two different geomagnetic field configurations (Kp = 1
and Kp = 6) of Tsyganenko 89 (T89) magnetic field model (Tsyganenko, 1989). Chorus waves of different initial
wave normal angles (color-coded) are launched in this model with a fixed frequency 500 Hz at L = 7 at the
magnetic equator. The background density model adopts a modified diffusive equilibrium model with a
plasmapause location at Lpp = 5.5. The density model parameters are similar to those of Chen et al. (2012).
Note that instead of using dipole magnetic field, the ray tracing code (HOTRAY; Horne, 1989) is extended to
amore realistic T89model to investigate the effect ofmagnetic field geometry onwhistler mode propagation.

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

Furthermore, compared with hiss intensification events, the hiss disappearance events have larger
geomagnetic response with stronger substorm activity as AE increases from 200 to 500 nT under negative
IMF Bz condition after the IP shock arrival (not shown here), possibly suggesting stronger wave-particle inter-
actions. Besides, the solar wind dynamic pressure change during hiss disappearance events is much larger
after the IP shock arrival compared with that during hiss intensification events. The larger dynamic pressure,
generated by large solar wind number density and temperature, causes stronger compression at dayside that
prevent rays from accessing the plasmasphere according to our ray tracing result. No substorm activity is
found during hiss intensification events that preferentially occur during northward IMF, which may imply
weak Landau damping. This is probably another reason that hiss waves could intensify after the shock arrival.

5. Summary

In this paper, we have performed a statistical study of whistler mode wave modifications in response to IP
shocks based on data from both Van Allen Probes and THEMIS observations. Eighty-six IP shock events were
studied, and we found 43 (35%) plasmaspheric hiss reduction/disappearance events, 36 (29%) hiss

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 (top) quiet (Kp = 1) and
(bottom) disturbed (Kp = 6) conditions based on T89 magnetic field model. The plasmapause location is at Lpp = 5.5
(indicated by the red crosses on dayside and nightside equator).
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excitation/intensification events, and 62 (41%) chorus wave excitation/intensification events from single
satellite observation. Our main findings are as follows:

1. Chorus wave power is usually intensified, with most cases occurring predominately at postmidnight to
prenoon sector. This is generally caused by the enhancement of suprathermal electrons produced by IP
shock compressions.

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

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

On average, plasmaspheric hiss intensities are an order of magnitude larger on the dayside than on the night-
side due to stronger Landau damping on the nightside, and hiss intensity increases during high solar wind
dynamic pressure (Tsurutani et al., 2015). However, in this study, we have demonstrated that abrupt solar wind
dynamic pressure increases cause plasmaspheric hiss disappearance on the dayside and intensification on the
nightside following the changes in magnetic field configuration, which favors ray penetration into the plas-
masphere on the nightside while preventing ray refraction at dayside. The MLT-dependent response of plas-
maspheric hiss to IP shocks was not expected and is not well understood. The nightside ray number increases
are clearly demonstrated by our ray tracing model, whereas the hiss reduction/disappearance and the chorus
wave excitation/intensification right after the shock arrival still need further detailed investigation for a more
comprehensive explanation. For example, Landau damping could be another factor causing the hiss
reduction/disappearance on the dayside. Since the wave power and distributions significantly vary following
the IP shock arrival, our study suggests the importance of investigating the detailed wave and particle distri-
butions in studying the local wave-particle interactions, especially around the periods of IP shocks.
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