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TNASA Goddard Space Flight Center, Greenbelt, Maryland, USA, 2Department of Automatic Control and Systems
Engineering, University of Sheffield, Sheffield, UK, 3Space Sciences Laboratory, University of California, Berkeley, California,
USA, 4Astronomy and Space Physics Department, Taras Shevchenko National, University of Kiev, Kiev, Ukraine,
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Abstract Highly energetic electrons in the Earth’s Van Allen radiation belts can cause serious damage
to spacecraft electronic systems and affect the atmospheric composition if they precipitate into the upper
atmosphere. Whistler mode chorus waves have attracted significant attention in recent decades for their
crucial role in the acceleration and loss of energetic electrons that ultimately change the dynamics of the
radiation belts. The distribution of these waves in the inner magnetosphere is commonly presented as

a function of geomagnetic activity. However, geomagnetic indices are nonspecific parameters that are
compiled from imperfectly covered ground based measurements. The present study uses wave data from
the two Van Allen Probes to present the distribution of lower band chorus waves not only as functions of
single geomagnetic index and solar wind parameters but also as functions of combined parameters. Also
the current study takes advantage of the unique equatorial orbit of the Van Allen Probes to estimate the
average scale size of chorus wave packets, during close separations between the two spacecraft, as a
function of radial distance, magnetic latitude, and geomagnetic activity, respectively. Results show that the
average scale size of chorus wave packets is approximately 1300-2300 km. The results also show that the
inclusion of combined parameters can provide better representation of the chorus wave distributions in
the inner magnetosphere and therefore can further improve our knowledge of the acceleration and loss of
radiation belt electrons.

1. Introduction

Plasma waves within the inner magnetosphere play an important role in the dynamics of the radiation belts
[Bortnik and Thorne, 2007; Thorne, 2010; Shprits et al., 2013]. They are observed in different regions with various
frequency domains and are studied by various satellites such as the Van Allen Probes [Santolik et al., 2014;
Lietal., 2014], THEMIS (Time History of Events and Macroscale Interactions during Substorms ) [Li et al., 2009;
Meredith et al., 2012], Cluster [Santolik et al., 2004; Yearby et al., 2011; Agapitov et al., 2011; Meredith et al., 2012;
Agapitov et al., 2013], CRRES (Combined Release and Radiation Effects Satellite) [Meredith et al., 2003, 2012],
Double Star [Aryan et al., 2014], Polar [LeDocgq et al., 1998; Santolik et al., 2010; Tsurutani et al., 2012], and Geotail
[Yagitanietal.,2014]. One of the most conspicuous is the discrete chorus emission, which is a very intense right
hand polarized electromagnetic whistler mode wave. Chorus waves are excited naturally in the low-density
region within a few degrees of the geomagnetic equator outside the plasmapause [Burtis and Helliwell, 1969;
LeDocq et al., 1998; Santolik et al., 2005; Agapitov et al., 2010]. They are observed as short coherent bursts in
two separate frequency bands: the lower band (0.1f,, < f < 0.5f,,) and the upper band (0.5f,, < f <f.,) with a
gap in wave power at 0.5 f,, [Burtis and Helliwell, 1969; Helliwell, 1967; Tsurutani and Smith, 19741, where f_, is
the electron gyrofrequency (f,, = eB/m, ). Cyclotron resonance with anisotropic energetic electrons injected
from the plasma sheet is thought to be responsible for the excitation of chorus waves [Kennel and Petschek,
1966; Meredith et al., 2000; Omura et al., 2009] that will subsequently propagate from equatorial regions to
higher latitudes in both the Southern and the Northern hemispheres [LeDocq et al., 1998; Santolik and Gurnett,
2003; Bortnik and Thorne, 2007; Santolik et al., 2014].

Substorms and enhanced convection events transport energetic electrons into geosynchronous orbit
[Li and Cho, 1997]. This process creates seed (tens to hundreds of keV) electrons, which form an important
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source of energetic electrons in the radiation belts. Local acceleration by wave particle interactions [Summers
etal., 2002; Thorne et al., 2005; Horne et al., 2005] through efficient energy diffusion [Horne and Thorne, 1998;
Summers et al., 2002] can further energize the seed electrons to highly relativistic energies [Horne and Thorne,
2003; Baker and Kanekal, 2008; Thorne, 2010]. In fact, during storm recovery phase, electron acceleration by
chorus waves can increase the energetic electron flux in the radiation belts by 3 orders of magnitude over
prestorm values [Summers et al., 1998; Meredith et al., 2003; Horne et al., 2005; Thorne et al., 2013; Reeves et al.,
2013]. In addition, combined acceleration by chorus and magnetosonic waves can yield an unusual butterfly
distribution of relativistic electrons well inside of geostationary orbit [Xiao et al., 2015].

Chorus is also the dominant scattering process leading to diffuse auroral precipitation [Ni et al., 2008; Thorne,
2010] and it has been shown that lower band chorus is the driver of the pulsating aurora [Nishimura et al.,
2010, 2011]. Additionally, evidence points to whistler mode chorus as an important source of plasmaspheric
hiss [Bortnik et al., 2009; Meredith et al., 2013; Bortnik et al., 2016], which is responsible for both the formation
of the slot region [Lyons et al., 1972; Lyons and Thorne, 1973; Abel and Thorne, 1998], and also responsible for
the decay of energetic electrons in the outer radiation belt during relatively quiet times [Summers et al., 2007]
due to resonant pitch angle scattering of energetic electrons [Lyons et al., 1972]. According to a detailed ray
tracing by Bortnik et al. [2008], a fraction of the chorus wave energy can propagate from an equatorial source
region (4 <L <7) outside the plasmasphere to high latitudes and subsequently refract into the plasmasphere,
where it blends into the incoherent band of plasmaspheric hiss.

Rightfully, whistler mode chorus waves have attracted significant attention in recent decades for their crucial
role in the acceleration and loss of energetic electrons [Bortnik and Thorne, 2007; Shprits et al., 2009; Baker et al.,
2014] that ultimately change the dynamics of the radiation belts [Meredith et al., 2002, 2003; Li et al., 2009; Xiao
etal., 2009, 2010; Thorne, 2010; Thorne et al., 2010; Li et al., 2011; Meredith et al., 2012; Li et al., 2014]. The dis-
tribution of chorus waves in the inner magnetosphere is commonly presented as a function of geomagnetic
activity [Meredith et al., 2004; Li et al., 2009, 2011; Meredith et al., 2012; Agapitov et al., 2015]. However, geo-
magnetic indices are compiled from imperfectly covered ground based measurements [Weygand and Zesta,
2008]. Although geomagnetic indices are principally continuous and homogeneous over long time periods,
they are indirect and nonspecific parameters [Baker et al., 1990; Turner et al., 2000]. In general, geomagnetic
indices indicate the solar wind changes that ultimately drive energetic electron enhancements [Baker et al.,
1990]. Recently, Aryan et al. [2014] used the Double Star wave data to show that chorus emissions depend on
both geomagnetic activity and solar wind parameters.

The present study uses wave data from the two Van Allen Probes to present the distribution of lower band cho-
rus waves not only as functions of single geomagnetic index and solar wind parameters but also as functions
of combined geomagnetic index and solar wind parameters. Furthermore, chorus emissions contain many
distinct nonlinear wave packets with changing frequency. Individual chorus elements, in terms of frequency
change with time, can be classified into intense short duration (typically 107 s) rising tone, falling tone, hooks,
flat types, and triggered emissions [Burtis and Helliwell, 1976; Sazhin and Hayakawa, 1992]. Groups of chorus
elements within an individual wave packet pulsate with a periodicity of approximately 10 s and may be gen-
erated at random places over a broader source region [Santolik et al., 2004; Nishimura et al., 2011] close to
the magnetic equatorial plane [Helliwell, 1967; LeDocgq et al., 1998; Santolik, 2008], where the central position
of the chorus source fluctuates at time scale of minutes within 1000-2000 km of the geomagnetic equator
[Santolik et al., 2004]. While the location of chorus wave source region [LeDocq et al., 1998; Inan et al., 2004;
Santolik, 2008; Santolik et al., 2010] has been explored thoroughly, there are some uncertainty in the scale size
of chorus wave packets. According to Santolik and Gurnett [2003], the dimension of the chorus source regions
measured along the magnetic field lines is 3000-5000 km based on Poynting flux and polarization measure-
ments by the STAFF-SA instruments [Cornilleau-Webhrlin et al., 2005] on board the Cluster spacecraft. More
recently, Agapitov et al. [2010] evaluated the Poynting flux and wave vector distributions by the search coil
magnetometer observations [Le Contel et al., 2008] on board THEMIS to show that the dimension of the chorus
source scale transverse to the local magnetic field to be in the 2800-3200 km range. In addition, Nishimura
etal. [2011] estimated the transverse scale size of coherently pulsating chorus patches to be in the range of
several thousands of kilometers, with the aid of all sky imagers.

The current study estimates the scale sizes of chorus wave packets using the two Van Allen Probes during
close separations between the two spacecraft as a function of radial distance (L), magnetic latitude (1), and
geomagnetic activity (AE), respectively. The orbit of the two Van Allen Probes is designed such that roughly
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every 69 days, the separation distances between the two spacecraft vary between approximately 55 km and
4.4 x 10* km. This unique equatorial orbit of the Van Allen Probes provides the platform to study scale sizes
of chorus wave packets in more detail in order to understand the interaction region better and allow us to
compare theoretical predictions with the observations.

2. Data

The two identical Van Allen Probes, launched on 30 August 2012, operate in almost identical orbits with a
perigee of approximately 1.1 R, an apogee of 5.8 R, geocentric, and an inclination of 10° [Mauk et al., 2013]
allowing the Van Allen Probes to access all of the most critical regions of the radiation belts. Aboard each
Van Allen Probe, the Waveform Receiver (WFR) on the EMFISIS (Electric and Magnetic Field Instrument Suite
and Integrated Science) waves instrument measures wave power spectral density between 10 Hzand 12 kHz
[Kletzing et al., 2013; Wygant et al., 2013]. The EMFISIS instrument suite measures the background magnetic
fields by a triaxial fluxgate magnetometer and wave magnetic field fluctuations by a triaxial search coil mag-
netometer [Kletzing et al., 2013]. A comprehensive set of wave electric and magnetic field measurements is
processed by the EMFISIS waves instrument, thus enabling comprehensive measurements of chorus waves.
This study uses almost 3 years (from September 2012 to end of May 2015) of EMFISIS waves data on board the
two Van Allen Probes.

Relativistic electrons interact more readily with lower band chorus in the frequency range of 0.1f, <f <0.5f,
[Horne and Thorne, 1998]. Therefore, for the study of chorus wave distributions the wave spectral intensity
(pT2 Hz™ ") is integrated over the lower band chorus frequency range (0.1f,, < f < 0.5f,,) to obtain the lower
band chorus magnetic field intensities, B, 2, where B, is the magnetic field amplitude. The data are selected
only in the cases where the wave frequencies are within the range 0.1f,, < f < 0.5f,, [Meredith et al., 2001,

2012] and in the low-density region outside the plasmapause [Sheeley et al., 2001].

The second part of this study uses the 3-D magnetic field waveforms from search coil magnetometers which
have been captured in a continuous waveform burst mode with selected 6 s snapshots from search coil
magnetometers. We select chorus elements with frequencies in the range of 0.1f,, < f <0.5f, and in the
low-density region outside the plasmapause [Sheeley et al., 2001]. We then perform Hilbert transform on the
waveform data to obtain wave amplitudes (B) for all identified chorus elements. The difference in wave ampli-
tude (AB) observed by each of the two spacecraft for the selected events is then grouped in 10 km S, bins
(where S, is the separation distance between the two spacecraft). We then plot AB versus S, and use these
plots to estimate the chorus scale size as a function of radial distance, magnetic latitude, and geomagnetic
activity, respectively.

The geomagnetic index (AE) and the solar wind parameters (southward interplanetary magnetic field (B;),
where B is the negative component of B, (i.e, B, = —B, for B, < 0), and velocity (V) used in this study was
obtained by NASA’s Goddard Space Flight Center (GSFC) SPDF OMNIWEB [King and Papitashvili, 2005] using
data from Wind and ACE spacecraft and is available online with relatively high resolution (1 min). The data
are binned in linear steps of 0.1 L and 1 h MLT (magnetic local time). The geomagnetic activity is split into
three intervals which are defined as quiet when AE < 100 nT, moderate when 100 < AE < 500 nT, and active
when AE > 500 nT. The solar wind velocity is also split into three intervals which are defined as slow when
V <400 km/s, moderate when 400 < V < 600 km/s, and fast when V > 600 km/s. Similarly, the B; is split into
three intervals which are defined as low when B, <4 nT, moderate when 4 <B; <8 nT, and high when B, > 8 nT.

3. Results and Discussions

3.1. Distribution of Chorus Waves in the Inner Magnetosphere

Many studies have shown that the intensities of lower band chorus emissions depend on geomagnetic activ-
ity, where the largest peak chorus intensities are observed during active conditions, primarily, in the region
of 4 < L < 9from 2300 MLT to 1300 MLT [Meredith et al., 2004; Li et al., 2009, 2011; Meredith et al., 2012;
Agapitov et al., 2013; Aryan et al., 2014]. However, geomagnetic indices are indirect parameters that are com-
piled from imperfectly covered ground based measurements. For example, the AE index is compiled from
the magnetograms of several auroral zone observatories to represent auroral electrojet properties [Davis and
Sugiura, 1966]. Despite its universal use in wave models, the AE index may not always be able to monitor
the electrojet activity precisely [Akasofu et al., 1973; Lui et al., 1976] due to the highly variable auroral ovals
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Figure 1. The (a-c) average lower band chorus intensities observed by Van Allen Probes as a function of L, MLT, and
geomagnetic activity during quiet (a), moderate (b), and active (c) conditions. The (d-f) average lower band chorus
intensities as a function of L, MLT, and southward interplanetary magnetic field for low (d), moderate (e), and high (f) B,.
The (g-i) average lower band chorus intensities as a function of L, MLT, and solar wind velocity during slow (g),
moderate (h), and fast (i) velocities.

[Hoffman and Burch, 1973; Lui et al., 1975; Kamide and Winningham, 1977]. Meanwhile, the planetary Kp index
is derived from the subauroral K index measurements obtained from various midlatitude ground based mag-
netometer stations [Menvielle and Berthelier, 1991] to describe the geomagnetic disturbance. However, the
subauroral stations are largely sensitive to convection due to the effects of the inner edge of the plasma sheet
[Thomsen, 2004], which may introduce ambiguities in its interpretations [Wing et al., 2005]. Similarly, the Dst
index is developed from low-latitude horizontal component magnetograms in an effort to determine the ring
current strengths [Sugiura, 1963; Turner et al., 2000]. Although the ring current is the most significant con-
tributing current system in Dst index [Roeder et al., 1996; Hamilton et al., 1988; Jordanova et al., 1998], it is
possible that other low-latitude current systems, such as substorm induced currents, magnetotail currents,
and induced currents in the solid Earth may also contribute to the Dst index [Rostoker et al., 1997; Turner et al.,
20001. In addition, not all geomagnetic storms necessarily change the flux of relativistic electrons in the outer
radiation belt as it was shown by Reeves et al. [2003]. Therefore, it is important to use alternative parameters,
such as the solar wind parameters and use multiple parameters in order to improve distribution models. Solar
wind parameters are directly measured and more reliable. Solar wind velocity and southward interplanetary
magnetic field are known to be effective in the control of electron fluxes. The flux enhancement in the outer
belt is controlled by the interplanetary magnetic field sector polarity via the Russell-McPherron [Russell and
McPherron, 1973] effect. Russell-McPherron effect strongly controls whether or not a given high speed stream
is geoeffective. According to Russell-McPherron effect, the probability of southward interplanetary magnetic
field increases when the angle 6 (between the z axis in the GSM coordinate system and the y axis in the GSEQ
coordinates system) decreases; thus, the southward interplanetary magnetic field is very important.

Figure 1 illustrates the average lower band chorus intensities observed by Van Allen Probes as functions
of L, MLT, and geomagnetic activity during quiet (a), moderate (b), and active (c) conditions; southward
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Figure 2. The average lower band chorus intensities observed by Van Allen Probes as functions of L, MLT for
geomagnetic activity and (a-c) By, and (d-f) solar wind velocity (caption of Figure 1 applies).

interplanetary magnetic field (Bs) for low (d), moderate (e), and high (f) B;; solar wind velocity during slow (g),
moderate (h), and fast (i) velocities. It is commonly accepted that there is a time delay between changes in the
solar wind parameters at L1 and the temporal changes observed in the inner magnetosphere [Li et al., 2005;
Boynton et al., 2011; Reeves et al., 2011; Aryan et al., 2013]. Therefore, appropriate time delays were calculated
using Kullback-Leibler theory [Kullback and Leibler, 1951; Kullback, 1959; Aryan et al., 2014] for the solar wind
parameters (B, and V). The Kullback-Leibler theory calculates the difference between two probability distribu-
tions, which is known as the Kullback-Leibler distance, Dy, [Aryan et al., 2014, equation (1)]. The distribution of
chorus waves is divided under three different solar wind conditions (low, moderate, and high) for each solar
wind parameter as shown in Figure 1. The Kullback-Leibler theory is applied by calculating D,, between low
and high (Dy;,), low and moderate (Dy;;,,,), and moderate and high (Dy ,,;;) distributions. This is repeated for dif-
ferent time delays of up to 48 h ata 15 min time interval. The distribution for a particular time delay is deemed
valid only if Dy, > Dy @nd Dy, > Dy - Amongst the valid distributions, the largest Dy, represents the
distribution with the best time delay.

Figure 1 illustrates that chorus emissions depend on geomagnetic activity and solar wind parameters. The
largest peak chorus intensities in the order of 50 pT are observed during active conditions, high B,, and fast
solar wind velocities in the region of 3.5 <L <6 from 2300 MLT to 1300 MLT. These results are largely consistent
with those from previous studies [e.g., Li et al., 2009, 2011; Meredith et al., 2012; Aryan et al., 2014] that have
presented the distribution of chorus waves in the inner magnetosphere as functions of geomagnetic activ-
ity or solar wind parameters. However, the models in Figure 1 are all based on a single geomagnetic index
or solar wind parameter. As discussed above the geomagnetic indices are indirect and nonspecific, while the
solar wind parameters observed at L1 may not impact the magnetosphere and vice versa. Therefore, a model
based on a combination of geomagnetic index and solar wind parameter should mitigate possible errors and
result in a better representation of chorus wave distributions in the inner magnetosphere. Figure 2 illustrates
the average lower band chorus intensities observed by Van Allen Probes as functions of L, MLT for geomag-
netic activity and B, (Figures 2a-2c), and solar wind velocity (Figures 2d-2f). Results show that the largest
peak chorus intensities are observed during active conditions and high B, and active conditions and fast solar
wind velocities in the region of 3.5 < L <6 from 2300 MLT to 1300 MLT. Results show that the peak chorus inten-
sities of the combined parameter distributions model (Figure 2) are larger than those of the single parameter
distributions model (Figure 1). In fact, the average peak intensities of the combined geomagnetic index and
B, model during active conditions and high B; (Figure 2¢) is 14% larger than the average peak intensities of the
single parameter geomagnetic index during active conditions (Figure 1c). Similarly, the average peak inten-
sities of the combined geomagnetic index and solar wind velocity model during active conditions and fast
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Figure 3. The peak average lower band chorus intensities for (top) AE > 500, (middle) AE > 500 and B > 8, and (bottom)
AE > 500 and V > 600.

velocities (Figure 2f) are 17% larger than the average peak intensities of the single parameter geomagnetic
index during active conditions (Figure 1c). Figure 3 shows a histogram of the peak average lower band chorus
intensities for (top) AE > 500, (middle) AE > 500 and B, > 8, and (bottom) AE > 500 and V > 600. It is clear that
the peak average intensities for the AE parameter model are largely between 40 pT and 50 pT. In contrast, the
peak average chorus intensities for the combined parameters extend from 40 pT to 70 pT. This shows that the
single parameter AE model alone can underestimate the average chorus intensities. Therefore, it is important
to take into account the effect of solar wind parameters not only because the combination of geomagnetic
index and solar wind parameters provide better representation of chorus wave distributions but also because
solar wind parameters are directly measured and more specific parameters. This can benefit studies of elec-
tron interaction with plasma waves, improve models that rely on the knowledge of chorus activity in the inner
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Figure 4. The difference between chorus wave amplitude (AB) observed by the two Van Allen Probes over different
separation distances. Linear data are marked with blue circles, nonlinear data are marked with red circles, and the black
line is the line of best fit.

magnetosphere (e.g., the Comprehensive Inner Magnetosphere-lonosphere (CIMI) model) [Fok et al., 2014],
and therefore improve our knowledge of the acceleration and loss of radiation belt electrons.

3.2. Scale Size of Chorus Wave Packets

The separation distance between the two Van Allen Probes varies periodically between approximately 55 km
and 4.4 x 10 km. When the two spacecraft are closely separated within the same chorus wave activity region,
they may observe similar wave amplitudes and/or fluctuations that may be related to the same/similar cho-
rus wave packets. This provides a unique opportunity to study chorus wave packets in more detail and try to
estimate their scale sizes. The current study examines observations of chorus waves by the Van Allen Probes
during close separations, up to 10,000 km. Figure 4 shows the difference between chorus wave amplitude
(AB) observed by the two spacecraft over different separation distances (S,). It is clear that AB is small when
S4 is small, i.e, the two spacecraft are observing the same/similar chorus wave packets when they are close
together. AB and S, increase linearly (marked with blue circles) up to a saturation point (SP). Beyond the sat-
uration point there is no relationship between AB and S; (marked with red circles), i.e., the two spacecraft
do not observe the same/similar chorus wave packets. Hence, the saturation point marks the transition point
between the linear and nonlinear part of the plot, which is estimated to occur at around 1745 km using the
reverse arrangement test [Bendat and Piersol, 2000; Beck et al., 2006; Aryan et al., 2013]. The separation distance
where the saturation point occur is used as an estimate for the average scale size of chorus wave packets,
which in this case it is approximately 1745 km. The black line with a correlation coefficient of 0.058 represents
the line of best fit for the linear section of data.

The current study examines how the scale size of chorus wave packets may vary with radial distance, mag-
netic latitude, and geomagnetic activity (AE), respectively. Figure 5 shows the difference between chorus wave
amplitude (AB) observed by the two spacecraft over different separation distances as a function of L in the
region of (a) 3.0 < L < 4.0,(b) 4.0 <L < 5.0,and (c) 5.0 < L < 6.0. Results show that at higher L the scale size
of chorus wave packets is smaller than at lower L, as indicated by the saturation points (marked with arrows,
from Figures 5a to 5¢, 2265 km, 1745 km, and 1315 km), resulting in steeper line of best fit at higher L (the cor-
relation coefficients, from Figures 5a to 5¢, are 0.0593, 0.0868, and 0.0895). This means that at lower L the two
spacecraft are more likely to observe the same/similar chorus wave packets over a larger S, than at higher L.
Beyond the saturation point AB is approximately 115 + 10 pT in all four cases.
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Figure 5. The difference between chorus wave amplitude (AB) observed by the two Van Allen Probes over different
separation distances (S,) as a function of L in the region of (a) 3.0 <L < 4.0,(b) 4.0 <L <5.0,and (c) 5.0 <L < 6.0
(caption of Figure 4 applies).

Chorus wave emissions also depend on magnetic latitude. They are excited naturally in the low-density region
within a few degrees of the geomagnetic equator outside the plasmapause [Burtis and Helliwell, 1969; LeDocq
et al., 1998; Santolik et al., 2005; Agapitov et al., 2010] then they propagate to higher latitudes in both the
Northern and Southern hemispheres. Figure 6 illustrates the difference between the wave amplitude
observed by the two spacecraft over different separation distances as a function of magnetic latitude for (a)
equatorial (0°< 1< 5°), (b) midlatitude (5°< A< 10°), and (c) high latitude (4 > 10°). Results show that at high
latitude the scale size of chorus wave packets is smaller than at the equator and midlatitude (marked with
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Figure 6. The difference between chorus wave amplitude (AB) observed by the two Van Allen Probes over different
separation distances (S,) as a function of magnetic latitude (4) for (a) equatorial (0°< 4 < 5°), (b) midlatitude
(5°< 4 <£10°), and (c) high latitude (41 > 10°) (caption of Figure 4 applies).

arrows, from Figures 6a to 6¢, 2285 km, 2355 km, and 1545 km), resulting in steeper line of best fit marked with
black lines (the correlation coefficients, from Figures 6a to 6¢, are 0.036, 0.037, and 0.077). This indicates that
the two spacecraft are more likely to observe the same/similar chorus wave packets over a large S, near the
equator. By contrast, at higher latitudes the two spacecraft are only likely to observe the same/similar chorus
wave packets when they are very closely separated. Also, the average AB beyond the saturation point varies
with latitude. The average equatorial ABis 124 pT, average midlatitude ABis 117 pT, and average high-latitude
ABis 103 pT. This is due to more intense chorus emissions near the equatorial source region [Santolik et al.,
2004; Helliwell, 1967].

ARYAN ET AL.

CHORUS WAVE DISTRIBUTION AND SCALE SIZE 7616



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA022775

Chorus
0-AE<100

S, (km)

Chorus
100 AE<500

SP=1315

S, (km)

SP=1705

Figure 7. The difference between chorus wave amplitude (AB) observed by the two Van Allen Probes over different
separation distances (S,) as a function of geomagnetic activity for (a) quiet (0 < AE < 300), (b) moderate
(300 < AE < 500), and (c) active (AE > 500) conditions (caption of Figure 4 applies).

Figure 7 illustrates the difference between the wave amplitude (AB) observed by the two Van Allen Probes
over different separation distances as a function of geomagnetic activity for (a) quiet (0 <AE <300), (b) mod-
erate (300 <AE <500), and (c) active (AE >500) conditions. Results indicate that during active conditions the
scale size of chorus wave packets is larger than during quiet conditions (marked with arrows, from Figures 7a
to 7¢, 1215 km, 1315 km, and 1705 km). Also, results show that the average AB beyond the saturation point
varies with geomagnetic activity. The average AB during quiet, moderate, and active conditions are 75 pT,
128 pT, and 131 pT, respectively. This is due to higher chorus intensities during active conditions.
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4, Conclusion

The present study examined almost 3 years (from September 2012 to end of May 2015) of EMFISIS data on
board the two Van Allen Probes. The distribution of lower band chorus waves in the inner magnetosphere
is presented as functions of combined geomagnetic index and solar wind parameters. The results show that
combined parameter models provide better representation of the chorus wave distributions in the inner mag-
netosphere. In fact, the peak intensities of the combined geomagnetic index and B, model during active
conditions and high B are 14% larger than the peak intensities of the single parameter geomagnetic index
during active conditions. Similarly, the peak intensities of the combined geomagnetic index and solar wind
velocity model during active conditions and fast velocities are 17% larger than the peak intensities of the sin-
gle parameter geomagnetic index during active conditions. This shows that the single parameter AE model
alone can underestimate the average chorus intensities. Therefore, it is important to take into account the
effect of solar wind parameters not only because combining solar wind parameters provide better represen-
tation of chorus wave distributions but also because solar wind parameters are directly measured. This can
benefit studies of electron interaction with plasma waves, improve models that rely on the knowledge of cho-
rus activity in the inner magnetosphere (such as the Comprehensive Inner Magnetosphere-lonosphere (CIMI)
model) [Fok et al., 2014], and ultimately improve our knowledge of the acceleration and loss of radiation belt
electrons.

The latter part of this study estimated the average scale size of chorus wave packets, during close separations
between the two spacecraft, as a function of radial distance, magnetic latitude, and geomagnetic activity,
respectively. Results illustrated that the two spacecraft observe the same/similar chorus wave packets when
the separation distance between them is small. The difference between the wave amplitude (AB) observed
by the two spacecraft increases as the two spacecraft move further apart up to a saturation point. Beyond the
saturation point the two spacecraft do not observe the same/similar chorus wave packets. The location of the
saturation point was used as an indication for the average scale size of chorus wave packets. Results indicated
that chorus wave packets are larger near the equator, at lower radial distances, and during active conditions,
respectively. The average scale size of chorus wave packets is generally between 1300 and 2300 km. This is
comparable with previous studies, in particular, with the results of Agapitov et al. [2010]. Also the average AB
beyond the saturation point is high near the equator and during active conditions due to more intense chorus
activity. The estimated chorus wave packet scale sizes can help us understand the interaction region better
and can allow us to compare theoretical predictions with the observations.
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