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We would like to thank the reviewer for helpful suggestions.

A statistical study of spatial distribution and source region size of chorus waves using

Van Allen Probes data by Shangchun Teng et al. examines the spatial distribution

of rising and falling tone chorus, plus the chorus source region size using the

Van Allen Probe EMFISIS burst data. The paper presents new and interesting results

and it should be published after the authors take into consideration the following comments/
suggestions.

Page 3, first paragraph, you might want to include/discuss Taubenschuss et al., 2015
results in your intro since they also looked at rising and falling tones in the THEMIS
data

Taubenschuss, U., Y. V. Khotyaintsev, O. Santolik, A. Vaivads, C. M. Cully, O. Le
Contel, and V. Angelopoulos (2015), Wave normal angles of whistler mode chorus
rising and falling tones, J. Geophys. Res. Space Physics, 119, 9567-9578,
doi:10.1002/2014JA020575.

Thanks for pointing out this work. We have discussed this paper in Page 2 Lines 23-26.

Page 3, Line 29: What were the parameters of your fft? How many samples? Any
overlap? | think it would be good to state/discuss what you did since it can make a big
difference on the resolution and the types of structure you will see in the spectra.

The FFT parameters are as follows: FFT samples are 1024 point with an overlapping

512 points (50%). And we have added this information in the revised version (P3L30). The
resulting spectrogram is shown in Figure 1, which shows that the parameters are good enough for
our purpose.

Page 4, Line 6: How is a chorus event (rising or falling) exactly defined? Is only a
single element needed in a snapshot to be an event, or a number of elements? How
“clear” does the element need to be to be defined as a riser or a faller? For example,
in your Figure 1a, | think | can see rising elements buried in the broad band more hiss
like structure, but from your test | believe this type of event was excluded from your
chorus list. Can a 6 second snapshot period have both rising and falling tones? Please
describe your methodology in more detail so we can better understand your process
on determining a riser and/or faller event. Also, from my experience with the EMFISIS
burst data, | am a little surprised there were that many falling tone events, so | want to
be sure | understand how they were defined.

Thanks for pointing this out.

First, the events (rising and falling) collected in this study is mainly based on visual inspection. This
inevitably introduces some subijectivity as pointed out by the reviewer using Fig 1a as an example.
As far as we were aware of at the time we prepared the database for this study, the only published
method that could automatically determine “chorus” events and “hiss” events was by Li et al.



Li, W., R. M. Thorne, J. Bortnik, X. Tao, and V. Angelopoulos (2012), Characteristics of hiss-like
and discrete whistler-mode emissions, Geophys. Res. Lett., 39, L18106, doi:
10.1029/2012GL053206.

The Li-method was based on the variation of the peak PSD with time. We have also tried this
method to automatically determine the events type, but we found that it could fail easily on some
chorus events because of the overlapping of elements and the fluctuated frequency range used to
determine the peak PSD. Note that Li et al also confirmed their automatically obtained results by
visual inspection. We have also tried using techniques from imaging processing to develop an
automatic method to identify chorus elements, but failed to find a method that gives high enough
positive identification rate.

Therefore, we agree with the reviewer and we fully understand that the method based on visual
inspection could miss some “chorus” events, but this is the best we could do. On the other hand,
there is some ambiguity on labeling a given spectrogram such the spectrogram in Fig 1a as
pointed out by the reviewer. For this study, we chose a more conservative approach when visually
identifying chorus elements: we require that discrete elements should be clearly identifiable such
as those in Fig 1b and 1c. Unfortunately, it is hard to give a quantitative criterion for visual
identification. So we list here some representative spectrograms of falling tones.
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Finally, by using a large amount of data, this approach should not affect our statistical results in a
significant way, which is the lowest order estimate of the source region size.

It is possible to have both rising tone and falling tone elements in a 6-second burst. We have found
a small number of events of this type, but they were not included in our database, because it is not
clear which category (rising or falling) we should put them.

The number of falling tone events is large here, probably because we surveyed a large amount of
wave bursts (1237851). The total number of falling tone events we found was 10477 out of
1237851 bursts, which gives a probability of roughly 1%. Among chorus events we selected, most
of them are rising tone chorus (66739 out of 77216 events).

In short summary, it is not easy to automatically pick out “chorus events”. We mainly used visual
inspection and did the best we could. There is some subjectivity introduced by this process, but
with large amount of data, we think this kind of subjectivity should not change our conclusion
significantly.

Page 5, Line 24: | think you need to describe how you determine the electron density.
Are you using the UHR band (Kurth et al., 2015), the EFW proxy density, or some other
method? The Kurth reference is below in case that is what you are using. Kurth, W.

S., De Pascuale, S., Faden, J. B., Kletzing, C. A., Hospodarsky, G. B., Thaller, S. and
Wygant, J. R. (2015), Electron densities inferred from plasma wave spectra obtained
by the Waves instrument on Van Allen Probes. J. Geophys. Res. Space Physics, 120:
904-914. doi: 10.1002/2014JA020857.

The electron density we use is from the EFW proxy density. The time resolution of EFW proxy
density data is about 10s, which can meet our requirement. On the other hand, EMFISIS L4 data,
based on Kurth method, also provides density information. But its time coverage is limited, so we
choose the EFW proxy density. We have added clarification about this in Page 7 Lines 22-23.

Minor suggestions
Page 3, Line 28: | believe the sampling rate for the EMFISIS burst is set at 35 kHz and
cannot be modified, so | would replace “up to” with “of”

Thanks. We have changed “up to” to “of”.

Figure 1 and 4: | would put the time and date of these data so the reader could plot the
original data if they wanted to do their own analysis to compare to your plots.

We have changed the labels in figures 1 and 4 as suggested.

We thank the reviewer again for these helpful comments.

Anonymous Referee #2

Received and published: 10 April 2018

This paper performs a statistical study of the spatial distribution and source region size
of both rising tone and falling tone chorus waves based upon a Van Allen Probes data
survey. They find that rising tone chorus waves have a higher occurrence rate near the
geomagnetic equator, while the falling tone chorus waves have a higher possibility to

be observed at lower L-shells and higher magnetic latitudes. They also conclude that
both rising tone and falling tone chorus waves are generated near the equatorial plane,
roughly consistent with previous theoretical estimates.

This study brings statistically new information about naturally discrete chorus emissions,



in terms of exploration of the unprecedented Van Allen Probes data sets. Since whistler mode
chorus is a key contributor to the acceleration and loss of magnetospheric

electrons and its generation mechanism remains not fully understood, the presented

results act as a valuable and timely addition to the current knowledge about

magnetospheric chorus and arouse further efforts to look into its drivers and associated
quasi-linear / nonlinear wave-particle interactions as well.

We thank the reviewer for these comments.

Below are some specific comments for the authors to consider and address:
Specific:

1. A number of studies have adopted AE* (the maximum or average value of AE in
previous hour) to investigate the geomagnetic activity dependence. Please justify or
discuss the adoption of AE for such an analysis.

We re-analyzed our data using AE* and it does not make a significant difference. We understand
that some studies used AE* and some used AE. We mainly followed the Meredith-2003 method.

Meredith N, Horne R, Thorne R, Anderson R (2003) Favored regions for chorus-driven electron
acceleration to relativistic energies in the Earth’s outer radiation belt. Geophys Res Lett 30:1871.
https://doi. org/10.1029/2003GL017698

We have added a reference to this paper in Page 5 Line 20.

2. Figure 5 shows very interesting results of the chorus wave source region size and the
good agreement between observations and theories. What is the error bar associated
with the average observational results? Please clarify. By the way, for L = 4.5 on the
bottom panel, is one blue line on the right missing (or overlapping)?

This is indeed a very good suggestion. But unfortunately we cannot put a good estimate of the
error bar here, since errors of some factors cannot be estimated; e.g.,the error from the
background magnetic field model used in this work to determine the geomagnetic equator and
MLAT. The bottom line here is this study uses a large amount of data mainly to provide a lowest
order estimate of the source region size. There are lots of factors we do not consider in this work;
e.g., the move of the source region along a field line, which is only possible to identify using
simultaneous observations from multiple closely spaced spacecraft.

For L = 4.5 on the bottom panel, the blue line on the right is overlapping with the red line. We have
added a sentence in the caption to clarify this.

3. Also about the source region sizes of rising tone and falling tone chorus. The
presented results show a clear dependence on the chorus spectral shape. Say, atL =
4.5 and 5, the former is statistically larger than the latter; and vice versa at L = 5.5 and
6. Is there any explanation for this feature? Please give some discussions.

We do not think the small difference (about 300-400 km) between the source region size of rising
and falling tones is large enough to be considered important. As we stated in our manuscript, this is
mainly to provide a statistical analysis of the rough source region size. Falling tone chorus is so
poorly understood from the theoretical point of view that we really cannot provide an explanation
for the difference about the source region size of rising tone and falling tone chorus. We will
continue investigating the generation of falling tone chorus.

4. Lines 19 — 20: Please add the following references about chorus-driven diffuse
auroral precipitation Ni, B., R. M. Thorne, Y. Y. Shprits, and J. Bortnik (2008), Resonant



scattering of plasma sheet electrons by whistler-mode chorus: Contribution to diffuse
auroral precipitation, Geophys. Res. Lett., 35, L11106, doi:10.1029/2008GL034032.
Ni, B., R. M. Thorne, X. Zhang, J. Bortnik, Z. Pu, L. Xie, Z.-J. Hu, D. Han, R. Shi, C.
Zhou, and X. Gu (2016), Origins of the Earth’s diffuse auroral precipitation, Space Sci.
Rev., 200(1), 205-259, doi:10.1007/s11214-016-0234-7.

Thanks for pointing these references out. They have been added in the revised manuscript.

Minor: Page 1: Lines 6-7: better read as “at lower L-shells and higher magnetic latitudes”
Line 10: the observations

Page 3: Line 12: better remove “conditions”

Page 4: Line 4: using the quasilinear theory

Page 9: Line 23: better read “during periods of different geomagnetic activities” and

“at the dayside sector”

Line 27: at higher geomagnetic latitudes

Line 28: between the equator and higher latitudes (< 1070)

These corrections have been made. Thanks.

We thank the reviewer again for these helpful comments.

O. Agapitov
t@univ.ki
Received and published: 17 March 2018

The manuscript "A statistical study of spatial distribution and source region size of
chorus waves using Van Allen Probes data" by Shangchun Teng, Xin Tao, Wen Li, Yi
Qi, Xinliang Gao, Lei Dai, Quanming Lu, and Shui Wang is dedicated to the study of
the chorus source size along the magnetic field. The study is based on unprecedented
big VLF waveform database from the 3 years Van Allen Probes measurements. The
separated processing of rising and falling tones provides an interesting information
about chorus properties in the outer radiation belt. | think a couple of points in the
manuscript might be presented with more details that improves the material presented.

The local minimum of the background magnetic field can be displaced from the geomagnetic
equator up to 2-3 degrees at L=4-6. Also, the local minimum can be shifted

by large amplitude magnetic field perturbations. This correspondingly shifts the generation
region location (see Santolik et al., PSS2004; Kozelov et al., JGR2008; Vaivads

et al., GRL2010), which actually looks as a step-like change of the Pointing flux direction
in the continuous record (Santolik et al., PSS2004; Agapitov et al., JGR2011).

Statistically, this shift is seen as spreading of the Poynting flux predominant direction

and intermediate value of <S>, which is discussed in the manuscript as the “source

size". Thus, the presented results more likely could provide the distribution of the local
magnetic field minimum than the chorus source size estimation. | would suggest

to discuss this in the text and to provide the physics-based definition for the "source
region”.

Dear Dr. Agapitov,
Thanks for pointing this out.

First, we agree with you that the displacement of the local minimum B position could affect the
location of the generation region location. Their effect should be similar to the moving of the source


mailto:agapit@univ.kiev.ua

region along a field line as discussed in the manuscript. These two effects should be best
investigated using simultaneous observations from multiple spacecraft as discussed in the
comment. Since the current study is superposing a large number of single point measurements,
the size of the source region defined here cannot eliminate the effects of a moving source or the
displacement of minimum B. This is certainly a limitation of this work, whose aim is to provide the
lowest order estimate of the source region size.

Second, it is difficult for us to understand physically why the generation region of chorus should
correspond to a step like change in the Poynting flux direction. This kind of behavior of Poynting
flux direction change should indicate a very sharp boundary of the generation region. Could this be
caused by the observation itself? We think more investigation is needed to understand this point in
your comment.

But in any case, we agree that the moving of the source region or the displacement of B could
cause a spreading of intermediate value of <S>, making the boundary of <S> less sharp than it
should be.

The physics related to the definition of <S> is based on that, in the generation region of chorus,
background noise from which whistler waves are amplified from should have equal probability to
propagate in both directions, because most chorus is driven unstable by a distribution with
temperature anisotropy instead of a uni-directional electron beam. Therefore, the Poynting flux
direction should have equal probability in both directions in the center of the generation region.
This is what our definition of <S> is based on and why we define the source region based on <S>
and its probability interpretation in Equation (3).

We have added a paragraph discussing the above points related to the limitation of the statistical
approach raised by the comment. Thanks for pointing out these studies.

Minor Comments:

P3L5: "The characteristic spatial correlation scale size transverse to the local magnetic
field is estimated to be in the 28003000 km range (Agapitov et al., 2010), and for
lower-band chorus it is about 100 km (Santolik and Gurnett, 2003)." - The source scale
in (Agapitov et al., 2010) is determined from THEMIS measurements at L11, so, is

not relevant here. | suggest citing (Agapitov et al., JGR2011) and (Agapitov et al.,
GRL2017) instead, where the transverse correlation scale was found to be 600-800
km in the outer radiation belt.

Thanks. We have changed the referred paper as suggested.

The similar statistical value as <S> in Eq.(3) based on the Poynting flux direction was
processed in (Agapitov et al., GRL2011,2012).

We apologize for missing the mentioned papers, which use a variable similar to <S>. Note that our
<S> is obtained from three values (+1,-1, and 0), while the mentioned papers effectively used two
(+1 and -1). The use of the three values allow us to give <S> an interpretation about the probability
of S at a given location, which is the basis for our definition of the boundary of the generation
region. We have added these references .

Agapitoyv, O., Krasnoselskikh, V., Dudok de Wit, T., Khotyaintsev, Y., Pickett, J. S.,
Santolik, O., & Rolland, G. (2011). Multispacecraft observations of chorus emissions
as a tool for the plasma density fluctuations’ remote sensing. Journal of Geophysical
Research: Space Physics (1978-2012), 116(A9).

Agapitoyv, O., Krasnoselskikh, V., Khotyaintsey, Y. V., & Rolland, G. (2011). A statistical study of the
propagation characteristics of whistler waves observed by Cluster.



Geophysical Research Letters, 38, L20103. https://doi.org/10.1029/2011GL049597
Agapitov, O., Krasnoselskikh, V., Khotyaintsey, Y. V., & Rolland, G. (2012).
Correction to “A statistical study of the propagation characteristics of whistler

waves observed by Cluster.” Geophysical Research Letters, 39, L24102.
https://doi.org/10.1029/2012GL054320

Agapitov, O., Blum, L. W., Mozer, F. S., Bonnell, J. W., & Wygant, J. (2017).

Chorus whistler wave source scales as determined from multipoint Van Allen

Probe measurements. Geophysical Research Letters, 44(6), 2017GL072701.
https://doi.org/10.1002/2017GL072701

Kozelov, B. V., Demekhov, A. G., Titova, E. E., Trakhtengerts, V. Y., Santolik, O., Macusova,
E., : : : Pickett, J. S. (2008). Variations in the chorus source location deduced

from fluctuations of the ambient magnetic field: Comparison of Cluster data and the
backward wave oscillator model. Journal of Geophysical Research: Space Physics,
113(A6), A06216. https://doi.org/10.1029/2007JA012886

Santolik, O., Gurnett, D. A., & Pickett, J. S. (2004). Multipoint investigation of the source
region of storm-time chorus. In Annales Geophysicae (Vol. 22, pp. 2555-2563).
Retrieved from https://hal-insu.archives-ouvertes.fr/docs/00/31/75/19/PDF/angeo-22-
2555-2004.pdf

Vaivads, A., Santolik, O., Stenberg, G., André, M., Owen, C. J., Canu, P., & Dunlop,
M. (2007). Source of whistler emissions at the dayside magnetopause. Geophysical
Research Letters, 34(9), L09106. https://doi.org/10.1029/2006GL029195

We thank you again for these helpful comments.
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A statistical study of spatial distribution and source region size of
chorus waves using Van Allen Probes data

Shangchun Teng'?, Xin Tao!?, Wen Li**, Yi Qi!*3, Xinliang Gao'?, Lei Dai®, Quanming Lu"?, and
Shui Wang!2

'CAS Key Laboratory of Geospace Environment,Department of Geophysics and Planetary Sciences, University of Science
and Technology of China,Hefei,China

2Collaborative Innovation Center of Astronautical Science and Technology,China

3Center for Space Physics, Boston University, Boston, Massachusetts, USA

4Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, California, USA

SInstitute of Geophysics and Planetary Physics, University of California,Los Angeles, USA

6State Key Laboratory of Space Weather, CAS, Beijing, China

Correspondence: Xin Tao (xtao@ustc.edu.cn)

Abstract. Spatial distribution and source region size of chorus waves are important parameters in understanding their gen-
eration. In this work, we analyze over 3 years of continuous wave burst mode data from Van Allen Probes and build a data
set of rising and falling tone chorus. For the L shell range covered by Van Allen Probes data (3.5 < L <7), statistical results
demonstrate that the sector where rising tones are most likely to be observed is the dayside during geomagnetically quiet and
moderate times and the dawnside during active times. Moreover, rising tone chorus waves have a higher occurrence rate near
the equatorial plane, while the falling tone chorus waves have a higher possibility to be observed at lower L-shell and higher
magnetic fatitadelatitudes. By analyzing the direction of Poynting wave vector, we statistically investigate the chorus source
region size along a field line, and compare the results with previous theoretical estimates. Our analysis confirms previous con-
clusions that both rising tone and falling tone chorus waves are generated near the equatorial plane, and shows that previous
theoretical estimates roughly agree with the observation within a factor of two. Our results provide important insights into

further understanding of chorus generation.

1 Introduction

Chorus waves are whistler mode waves consisting of discrete coherent elements with frequency chirping. These waves play
important roles in energetic electron dynamics in the inner magnetosphere (Thorne et al., 2010). Through resonant wave-
particle interactions, chorus waves can accelerate a few 100keV electrons to MeV energy range during disturbed times,
contributing to the enhancement of relativistic electron flux in the outer radiation belt (Horne and Thorne, 1998; Summers
et al., 1998; Albert and Young, 2005; Horne et al., 2005a, b; Li et al., 2007; Tao et al., 2008; Thorne et al., 2013). These
waves can also lead to losses of MeV electrons, forming MeV electron microburst (Lorentzen et al., 2001; Kersten et al.,

2011; Saito et al., 2012; Tsurutani et al., 2013), and of keV electrons, forming diffuse aurora and electron pancake distributions

Ni et al., 2008, 2011, 2016; Nishimu
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The detailed wave-particle interaction process, being diffusive or nonlinear, is also undergoing intense debate and research (Al-
bert, 2002; Bortnik et al., 2008; Hikishima et al., 2010; Yoon, 2011; Tao et al., 2012, 2013, 2014a).

Chorus waves have two main spectral shapes, rising tone and falling tone chorus (Burtis and Helliwell, 1969), depending
on the sign of the frequency sweep rate. Observations have shown that rising tone and falling tone chorus have quite different
characteristics, suggesting that different physical processes might be involved in their generation (Li et al., 2011). Rising
tone chorus waves are more likely to be quasi field-aligned and therefore have stronger magnetic field. In contrast, falling
tone chorus waves typically have a wave normal angle close to the resonance cone angle and therefore are quasi-electrostatic
(Burton and Holzer, 1974; Cornilleau-Wehrlin et al., 1976; Li et al., 2011). Theoretically, it is widely accepted that chorus
waves are generated nonlinearly (Helliwell, 1967; Vomvoridis et al., 1982; Omura et al., 2008; Tao et al., 2017b, c), although
the detailed physical process is still an ongoing research topic. Most existing theories and particle-in-cell type simulations are
about rising tone chorus waves (Helliwell, 1965; Sudan and Ott, 1971; Nunn, 1974; Vomvoridis et al., 1982; Trakhtengerts,
1995; Omura et al., 2008; Tao, 2014); only a few theoretical models have been proposed for falling tone chorus (Nunn and
Omura, 2012; Soto-Chavez et al., 2014; Mourenas et al., 2015). In this work, we consider rising tone and falling tone chorus
waves separately.

In this study, we investigate the spatial distribution and the source region size along a magnetic field line for the two types of
chorus waves. The spatial distribution of chorus can give clues about what parameters may affect the excitation of chorus, and
has been studied extensively in previous work (e.g., Li et al., 2009; Meredith et al., 2014). Using THEMIS data, Li et al. (2009)
found that chorus waves have a higher occurrence rate at dayside, although no difference between rising tone and falling tone
chorus was made. The higher occurrence rate of chorus waves at dayside was suggested to be caused by the more homogeneous
magnetic field, which lowers the threshold of the free energy drive to excite chorus (Spasojevic and Inan, 2010; Keika et al.,
2012; Katoh and Omura, 2013; Tao et al., 2014b). Note that this threshold condition is different from that for broadband
whistler mode waves (Gary, 1993; Gary and Wang, 1996; Vifas et al., 2015), since the generation of broadband whistler waves
should be describable using quasilinear theory (Ossakow et al., 1972; Tao et al., 2017a). Recently, using—Van-AlenProbes
and falling tone chorus waves using THEMIS data and found that rising tone chorus can be either quasi-parallel or very oblique
with wave normal angle exhibi i istributi i i irectt
They-also-Using Van Allen Probes wave observations, Li et al. (2016) found that quasi-parallel chorus waves dominate over

quasi-electrostatic ones during more disturbed geomagnetic periods and at higher L shells. However, they did not differentiate

between rising or falling tones in the statistical results, since they used the survey mode wave data from the Van Allen Probes,
which has low time resolution (1 sample / 6 seconds), while the frequency of discrete elements of chorus changes on the order
of 1kHz typically within less than a second. In this study, we use high resolution burst mode waveform data with a sampling
rate up-to-of 35kHz from Van Allen Probes to analyze the spatial distribution of the rising and falling tone chorus under

different geomagnetic activity conditions.
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The source region size characterizes the spatial scale of the nonlinear generation process, and can be used to constrain
theoretical models (Helliwell, 1967; Trakhtengerts, 1995). The source region of chorus waves is believed to be located close
to the geomagnetic equator, or more generally the minimum B-field region along a field line (Burtis and Helliwell, 1976;
LeDocq et al., 1998; Kurita et al., 2012). This is related to the fact that the energetic electron flux is largest and the non-
uniformity of the background magnetic field is smallest in the minimum-B region along a given field line. Kurita et al. (2012)
shows that falling tone chorus propagates from the equator, in the same way as rising tone chorus. Other relevant work (Par-
rot et al., 2003; Breneman et al., 2009; Santolik et al., 2009) all give the same conclusion. Several previous studies have
performed case analysis using multiple satellite observations simultaneously to identify the dimension of chorus source re-
gion (Santolik-and-Gurnett; 2003;-Agapitov-et-al52040)(Santolik and Gurnett, 2003). For example, Santolik et al. (2004) de-
termined that the source region size was about 3000 — 5000 km along the background magnetic field line at about 4 Earth
radii with the Poynting flux measurements by the Cluster satellites. The characteristic spatial correlation scale size trans-
verse to the local magnetic field is estimated to be in the 2800—-3000-kmrange(Agapitov-etal52610)600 — 800 km range
(Agapitov et al., 2011a, 2017), and for lower-band chorus it is about 100 km (Santolik and Gurnett, 2003). One purpose of this
study is to analyze statistically the source region of rising tone and falling tone chorus waves along the magnetic field line. We
will also compare previous theoretical estimate of the source region size with the observational data.

The remainder of the paper is organized as follows. We briefly describe our data set in Section 2. A statistical analysis of the
global distribution of rising tone and falling tone chorus for different levels of geomagnetic activity eenditions-using Van Allen
Probes data is given in Section 3. We present studies about chorus source region size in Section 4, with the method of obtaining
the source region size given in Section 4.1. The comparison between our observational results and previous theoretical models
and the implication of our results to chorus waves at other planets are given in Section 4.2. Finally, we summarize our findings

in Section 5.

2 Data base and event selection

The Van Allen Probes mission, consisting of two identical spacecraft (Probe A and B), operate in an elliptical orbit with an
apogee of 5.8 Rg, perigee ~ 600 km, and an inclination of approximately 10°. The orbital precession rate is about 200° per year,
thus the Van Allen Probes can sweep all MLT and complete one full precession within about 22 months (Kessel et al., 2013;
Mauk et al., 2013). Each Van Allen Probe includes an EMFISIS (Electric and Magnetic Field Instrument Suite and Integrated
Science) instrument (Kletzing et al., 2013) that provides high time resolution measurements of electric and magnetic fields
covering the frequency range from 10 Hz up to 400 kHz. The EMFISIS instrument suite measures the background magnetic
field by a tri-axial fluxgate magnetometer (MAG) (Kletzing et al., 2013).

In the present statistical study, we use the 3D Electric and Magnetic field waveform data obtained in a continuous wave
burst mode by EMFISIS from September 2012 to December 2015. Each waveform data lasts approximately 6 seconds with
a sampling rate up—to-of 35kHz. Such high time-frequency resolution is sufficient to resolve individual chorus elements. In

this work, each 6-second waveform data will be defined as an “event”, and there are in total about 1237851 events. We then



perform the fastFeuriertransformshort-time Fourier transform, with 1024 samples in each segment with 512 samples to overla
between segments, on waveforms to obtain the magnetic and electric power spectral density (PSD) of all events.
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Figure 1. Three typical spectrograms of whistler mode electromagnetic emissions with frequency below the electron cyclotron frequency:

(a) broadband whistler mode waves, (b) rising tone chorus, and (c) falling tone chorus.
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Figure 1 shows three typical spectrograms of electromagnetic emissions with frequency f < f.., where f.. is the electron
cyclotron frequency. The upper limit of y axis in all spectrogram plots in this work is set to f... These emissions are broadband
whistler mode waves (Figure 1a), rising tone chorus (Figure 1b), and falling tone chorus (Figure 1c). The term “chorus” in this
study specifically means the types of whistler mode emissions shown in Figure 1b or 1c; i.e., emissions consisting of discrete
elements with frequency chirping. The generation process of frequency chirping chorus waves is believed to be nonlinear
(Helliwell, 1967; Vomvoridis et al., 1982; Katoh and Omura, 2007; Omura et al., 2008; Tao, 2014; Tao et al., 2017b). On
the contrary, the generation and saturation of broadband whistler mode waves, shown in Figure 1a, might be understandable
using quasilinear theory (Kennel and Engelmann, 1966; Kennel and Petschek, 1966; Ossakow et al., 1972; Tao et al., 2017a;
Kim et al., 2017). By visually inspecting the power spectrogram of each event, we have found 77216 chorus events in total,
including 66739 rising tone chorus events and 10477 falling tone chorus events. Parameters such as MLT (magnetic local
time), MLAT (magnetic latitude) and L shell are derived from TS04D magnetic field model (Tsyganenko and Sitnov, 2005).
For 72 events that TS04D model data are not available, we use OP77Q (Olson and Pfitzer, 1982) external magnetic field model
instead. Considering that most of the events we found are located in the inner magnetosphere with 3.5 < L <7, the mixed use

of two magnetic field models does not make a big difference.

3 Spatial distribution of rising and falling tone chorus

The spatial distribution of chorus waves has been studied using data from previous satellite missions such as THEMIS (Li
et al., 2009) and CLUSTER (Meredith et al., 2014). In this section, we present the spatial distribution analysis for rising tone
and falling tone chorus waves separately using Van Allen Probes data.

Figure 2 presents the distribution of the occurrence rate of rising tone chorus and falling tone chorus, and the number of all
events under different levels of geomagnetic activity conditions as a function of L and MLT. Both types of chorus waves and
samples are sorted into three different levels according to the AE index (quiet: AE < 100 nT, moderate:100 < AE < 300nT,
strong: AE > 300 nT), following Meredith et al, (2003). Each bin has a size of 0.5Rg x 0.5MLT. The occurrence rate of chorus
is defined as the ratio of the number of chorus wave events to the total number of all events sampled in each bin. As can be seen
from the bottom three panels of Figure 2, the most well sampled region is located from L = 5.5 to L = 6 and from 1400 MLT
to 2000 MLT during geomagnetically quiet and moderate times, and 1100 MLT to 1800 MLT during geomagnetically active
times. The fact that the most well sampled region is located at L shells between 5.5 and 6 is not only because of the orbit of
the Van Allen Probes, but also the time periods when the continuous waveform data were collected.

Figure 2 demonstrates that rising tone and falling tone chorus waves have different spatial distribution features. From the
top three panels of Figure 2, the highest occurrence rate of rising tone chorus is located at dawnside and dayside between
L = 5.5 and 6.5. During quiet and moderate conditions, rising tone chorus has the highest occurrence rate on the dayside and
at I > 5.5. However, during strongly disturbed periods, the largest occurrence rates are seen at the dawnside between 0400
MLT and 0900 MLT at 5 < L < 6.5. The L shell range covered by the Van Allen Probes data is from 3.5 < L < 7; therefore,
higher L shell regions at dayside are not sampled. Note that the waveform data from the EMFISIS instrument onboard Van
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Figure 2. Spatial distribution of the occurrence rate of rising tone (top), falling tone (middle) chorus, and the number of samples (bottom) in

MLT-L coordinates categorized by different AE index.

Allen Probes were not collected randomly, but mostly based on wave amplitudes. Therefore, the statistical results shown in
Figure 2 may have a bias on the larger-amplitude chorus, which potentially reduces the occurrence rate of falling tones, whose
amplitudes are typically lower than those of the rising tones (e.g., Li et al., 2011; Gao et al., 2014). Furthermore, the present

statistical results are very complementary to the previous statistical results based on the THEMIS waveform data (Li et al.,
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2011; Gao et al., 2014), since THEMIS provides good coverage of chorus wave measurements at L shells over 5-10, compared
to the Van Allen Probes coverage over L shells of 3-7.

The distribution of falling tone chorus is shown in the middle three panels. During quiet time periods (AE < 100 nT), falling
tone chorus is distributed almost uniformly across dawnside between 4.5 < L < 6, and peaks between 0900 MLT and 1000
MLT at 6 < L < 6.5. Under moderately disturbed conditions (100 < AE < 300nT), falling tone chorus waves have a higher
occurrence rate at dawnside in L shell between 4.5 and 5.5. During strongly disturbed periods, the highest occurrence rate
of falling tone chorus occurs in a narrow MLT range between 0500 MLT and 0700 MLT and 4 < L < 5. Compared with the
most intense region for rising tone chorus (5 < L < 6.5), falling tone chorus tends to occur at lower L shells (4 < L < 5) and
smaller MLT range for AE > 300nT. Because falling tone chorus waves tend to be quasi-electrostatic (Li et al., 2011), our
result is consistent with that of Li et al. (2016), who found that quasi-electrostatic whistler mode waves preferentially occur at
lower L-shell’s compared to quasi-parallel ones. Note that Li et al. (2016) based their analysis on the propagation direction of
whistler mode waves only. The physical reason for the preference of quasi-electrostatic whistler mode waves to occur at lower
L shell is unknown at this time.

Figure 3 shows the distribution of two types of chorus and the total number of samples in MLAT-L coordinates. The bin
size is 0.1 Rg x 1°MLAT. The majority of sampled data are located between 5.5 and 6 Rg near the equator, typically less than
MLAT=10° for any geomagnetic conditions. Top panels show that rising tone chorus waves have a more uniformly distributed
occurrence rate around L = 5.5 under all geomagnetic conditions, while falling tone chorus waves tend to have a higher
occurrence rate at higher magnetic latitude-latitudes than at the equatorial region at any L shell. This is also consistent with the
THEMIS statistical results shown in Li et al. (2011). Further work is needed to understand the different distributions of rising

tone and falling tone chorus waves.

4 The Source Region Size of Chorus

In this section, we statistically analyze properties of source region of rising tone and falling tone chorus. To reduce the effect
of the electron number density on the theoretical estimate of the source region size (see Section 4.2), we exclude 1549 events
whose electron number density is larger than 100cm~3. The electron density is obtained from the Electric Field and Waves

density data (Wygant et al., 2013), which was estimated from the spacecraft potential, calibrated from the EMFISIS upper
hybrid line. The automatic algorithm described below failed in about 18% of the events (see Section 4.1). In total, there are

54283 rising tone chorus events and 7901 falling tone chorus events used in the following analysis.
4.1 Observation

We statistically determine the source region of chorus using the direction of the Poynting vector with respect to the background

magnetic field. The Poynting flux vector P is defined by

P= icSE x 0B, (1)
Ho
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Figure 3. Similar to Figure 2 but in MLAT-L coordinates.

where J F and § B are the wave electric field and magnetic field, respectively. One reasonable assumption used in determining
the source region of chorus waves or its size along a field line is that inside the source region, there is no preference for the
direction of wave excitation with respect to the background magnetic field B. Therefore, waves propagating in both directions
should be observed, and the Poynting vector in the source region should have mixed directions with respect to B. Outside

the source region, waves propagate away from the generation region and would have a uniform direction of propagation. This
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assumption has also been used by several previous studies to determine the source region or its size of chorus waves along
a magnetic field line in case studies (e.g., Santolik et al., 2004; Hospodarsky et al., 2008). The direction of the background
magnetic field is derived from the fluxgate magnetometer (MAG).

Figure 4 shows three events with different types of Poynting fluxes discussed above. The z component of the Poynting flux
(hereafter denoted as P,) of the three events is shown in the second row. The Poynting flux of all chorus elements of event
(a) (the left column) is positive, and that of event (b) (the middle column) is negative. Event (c) (the right column) shows a
case where chorus elements propagate in both directions, suggesting that this event is observed within its generation region.
As demonstrated below, when using the Poynting flux to quantitatively estimate the source region size parallel to the magnetic
field, we define a quantity which we call the sign of the event direction, denoted hereafter as S. This quantity takes the value
of 1, —1 or 0. If S of an event is 1 (-1), it means that P, of all chorus elements in the event is positive (negative). On the other
hand, if S = 0, there are both northward and southward propagating chorus elements in the event.

The value of S for each event is determined automatically in three steps. First, using the spectrogram matrix of the wave
magnetic field, we remove background noise and only keep strong wave signals. We define a reference value of the power
spectral density (PSD) which is the mean value of the maximum five PSD’s for waves between 0.1 f.. and 0.8 f.., which is
the typical frequency range of chorus (Li et al., 2009). Any data points with power spectral density three orders of magnitude
lower than the reference PSD will not be considered in the next two steps. Second, we calculate the Poynting flux using the
wave magnetic and electric field, and separate the Poynting flux into P,n (P, > 0) and P,s (P, < 0). Here subscripts “N”
and “S” refer to northward and southward propagating waves, respectively. The calculated Poynting flux matrix may contain
isolated data points that do not belong to any chorus element, which typically consists of continuous data points in the PSD or
P, matrix. To remove these isolated data points, we define a bin to be 0.015 second. This is also the length of the window when
performing the moving-window FFT to calculate the PSD spectrogram. Statistical study shows that chorus elements typically
last about 0.1 — 0.8 second (Teng et al., 2017); therefore, a chorus element typically covers a few tens of bins. To consider
only data points of chorus elements, we only include bins with more than eight data points and data points that are distributed
in three continuous bins. After the first two steps of pre-processing data, the resulting Poynting flux data points are verified to
belong to actual chorus elements. These first two steps work correctly for about 82% of the events previously selected. The
remaining 18% of the events cannot be handled automatically due to too much noise signals and are therefore excluded from
the final data base.

The third and fourth rows of Figure 4 show the final Poynting flux matrices for all three events. To determine the value of S
for a given event, we calculate the summation of P, of all selected data points, > P,. Note that [ P.dfdt/T ~ Y P,AfAt/T,
with T' = 6 second, is the average Poynting flux of all waves. If > P, =0 (or >_ P,y = 0), then S = 1 (or —1). In case neither
> P,snor Y P,y is 0, the value of S for a given event is determined by

L logio(XPen/| 22 Pesl) > 3
S=4-1, log1o(1>- Pasl/ Y- Pan) > 3; @)
0, [log1o(XPen/I22 Pesl) < 3.
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This means that if > P, (| Y P,s|) is larger than | > P,s| (3 P,n) by three orders of magnitude, then S =1 (—1). On the
other hand, if the difference between ) P,y and |>_ P.g| is within three orders of magnitude, it means that waves propagate
both northward and southward and therefore .S = 0. We set the threshold value to be three orders of magnitude through exper-
imenting on a subset of the whole database. This process of determining the value of S is illustrated in Figure 4 for these three
types of events.

Figure 5 illustrates the method we use to statistically analyze the source region size of chorus waves at a given L shell bin
with the event direction S defined above. For a bin whose center is at L, we select all events located between L — AL and
L+ AL, where AL is the width of the bin. We choose AL = 0.5 in all analyses in this study. Figure 5 displays different L
shell’s centering at L = 4.5,5,5.5,6 for rising and falling tone chorus. We uniformly divide the MLAT into 40 bins from -20°
to 20°, so each bin is 1° in MLAT. For all events in a given MLAT bin, we then calculate the average value of .S, denoted by

(S). A similar quantity has been used by Agapitov et al. (2011b, 2012) to analyze the propagation characteristics of whistler
waves. Because of the definition of .S, we have-can re-interpret (9) as

N(S=1)x1+N(S=0)x0+N(S=—1)x (—1)
() = ¥

~P(S=1)-P(S=-1), €)

where N (.S = 1) is the number of events with S = 1, N, is the total number of events for a given bin, and P(S =1) = N(S =
1)/N¢ is the estimated probability of S = 1 for that bin. Other variables are defined similarly. Therefore, if (S) = 0 for a bin,
it means that the probabilities for chorus elements to propagate northward and southward are the same. If (S) = 0.9, because
P > 0, this means that at least 90% of the events in the bin propagate north. Data are represented by gray circles in the selected
MLAT bin in Figure 5. Clearly, for events located in the center of the source region, we expect (S) to be close to 0. As
one moves away from the center of the source region, the absolute value of (S) increases and eventually becomes 1 as one
is completely outside the source region. The top (bottom) four panels of Figure 5 is (S) as a function of MLAT for rising
(falling) tone chorus. As can be easily seen, for both types of chorus waves, (.S) is closer to 0 near the equator (MLAT = 0),
and becomes larger and closer to 1 (—1) as MLAT increases (decreases). Moreover, the sign of .S shows that waves propagate
northward (southward) in the northern (southern) hemisphere. This confirms previous results of Kurita et al. (2012) that the
both type of chorus waves are generated near the equator, despite their different characteristics.

Ideally, to obtain the source region size /, one would use |{.S)| =1 to define the boundary of the source region and estimate
I. However, as can be seen from Figure 5, 9|(S)|/0\ ~ 0 as |[(S)| ~ 1, where A is MLAT. Correspondingly, a small change
in |[(S)| can lead to a very large variation in the source region size. Accordingly, the method we use here is to estimate three

boundary sizes determined using |{.S)| = 0.85,

(S)] =0.9 and |(S)| = 0.95, and use the average of three [’s to represent the
final boundary size. The average of three estimates of [ is used to reduce the statistical variation. The source region sizes
for the four L’s are shown in Figure 5 and marked by blue dashed lines. The size of the source region is also expressed in
kilometers, which is converted from MLAT assuming a dipole field. From these figures, we conclude that the source region
of chorus is located within about 3° in MLAT for all four L’s for both types of chorus waves. Note that the actual source

region of chorus waves for a given event might be time dependent, and could move rapidly around the equator as suggested by
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previous studies (Inan et al., 2004; Santolik et al., 2004; Santolik et al., 2005). The local minimum of the background magnetic
field displacement could also affect the location of the generation region location (Santolik et al., 2004; Kozelov et al., 2008).

These effects should be best investigated using simultaneous observations from multiple spacecraft. Since the current study is

superposing a larege number of single point measurements, the size of the source region defined here cannot eliminate the above

two effects. Therefore, our way of statistically estimating the source region size should be interpreted to be the lowest order

estimate, and the resulting [ might be different from the actual source region size for a particular event.
4.2 Comparison between the theoretical source region size and observation

In this section, we compare the source region size from observation with previous theoretical estimates. Helliwell (1967)

estimated that the length of the resonance region parallel to the magnetic field region is roughly

lg =25 =2 2my v 4
H — H — 590 bl ( )

Here 3 is the inhomogeneity factor, resulting from approximating the magnetic field strength as a function of s using a

parabolic function near the equator; i.e., B =~ By(1+ (s?) with By the magnetic field strength at s = 0. For a dipole field,
B=4.5/(LR,)? where R, is planet radius. The cyclotron resonance frequency at equator Qg = gBy/me. The cyclotron
resonant velocity at the equator is

(QO _ w)3/2
wpew'/?

; ®)

’U” =C

where w), is the plasma frequency, and w is wave frequency. The physical meaning of [7; is essentially the distance for the
wave particle interaction phase angle to be changed by 7 from the equator. Based on the same principle, the source region size

estimated by Trakhtengerts (1995) is

_ (37 v e
v=(Trmea) ©

Therefore I and [y have the same dependence on the electron number density, L shell, and planet radius R,,. Choosing a
characteristic frequency of chorus w = 0.3Q, /I3, =~ 1. The estimates in Equations (4) and (6) should be considered as the
lowest order approximation instead of a rigorous theoretical calculation (Helliwell, 1967; Trakhtengerts, 1995). In analysis
below, we only use [y as the theoretical estimate for simplicity.

Before we compare /g with I, we show the dependence of /g on L shell and other parameters. Substituting v (Equation

(5)) and 3 into Equation (4) results in

1/3
b [ A=/ (LR o
Wpe(w/Q)1/2 4.5
For a given w/Qy,
Iy xng /OL2BR2/E, (8)
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It is clear that [ has a very weak dependence on n.. The value of n. for chorus wave events used in the source region
analysis are all below 100 cm~2. In the following analysis, we use a typical electron number density outside the plasmapause
ne = 10cm™3. For a given planet such as Earth, Equation (8) suggests that the source region size increases with increasing
L as L?/3. Physically, this conclusion can also be understood using Equation (4). The inhomogeneity factor 3 decreases with
increasing L as 3 o< L~2. The background magnetic field becomes more homogeneous as L increases, and correspondingly
the source region size increases.

To estimate 7, we use a representative frequency w = 0.3€29. The theoretical source region size is shown by red dashed
lines in Figure 5. For simplicity, the boundary of theoretical source region size in MLAT is determined from [z, assuming a
dipole field and a north-south symmetric source region. For both rising tone and falling tone chorus at all four L shell’s, [z
agrees with [ within a factor of two. Given the crude simplification of the theory, and the statistical nature of our analysis,
we conclude that the theoretical estimate roughly agrees with observation. Note here that we do not compare the observed
source region size with that of Omura et al. (2009), because the source region size of Omura et al. (2009) depends on the wave
amplitude ¢ B, which can vary significantly during propagation.

Observations of chorus at other planets should be helpful to further test previous theoretical estimates of chorus source
region size. For example, the radius of Saturn is roughly ten times larger than that of Earth. At a given L shell, the source
region size of chorus at Saturn should be larger than that at Earth by roughly about a factor of 102/ ~ 5, following Equation
(8). Similar conclusions can be reached for Jupiter. However, these tests depend on the accumulation of enough observational

data of chorus waves at these planets.

5 Summary

In this work, we statistically analyzed the distribution and the source region size parallel to the background magnetic field of
rising tone and falling tone chorus waves using burst mode waveform data from Van Allen Probes. A total of 77216 rising
and falling tone chorus events were identified visually. Our analysis shows that the spatial distribution of the occurrence rate
of rising and falling tone chorus during different-magnetie-periods of different geomagnetic activities is different. Rising tone
chorus mainly occurs at the dayside sector during quiet times and moves to dawnside during active conditions. Falling tone
chorus is more likely to be observed at lower L shells, while rising tone chorus has a high occurrence rate at larger L shells.
The feature is consistent with the recent finding that the quasi-electrostatic whistler mode waves preferentially occur at lower
L shells compared to the quasi-parallel ones (Li et al., 2016). In addition, falling tone chorus tends to have a higher occurrence
rate at higher magnetic latitude-latitudes than at the equator, whereas rising tone chorus has a more uniform occurrence rate
between the equator and mid-tatitude-higher latitudes (10°).

We then investigated the source region size parallel to the background magnetic field for both types of chorus waves using the
direction of the Poynting flux vector. Our results suggest that both types of chorus waves are generated near the equator, despite
their different characteristics. This conclusion confirms previous results by Kurita et al. (2012). We showed that statistically

the source region of both types of chorus waves is within about 3° in MLAT. We also demonstrated that previous theoretical

12



estimates of the source region size by Helliwell (1967) and Trakhtengerts (1995) roughly agree with observation, and the
difference is within about a factor of two. Our work should be helpful to further understand the generation mechanism of

chorus.
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Figure 4. Illustration of three types of S: S =1 (left), —1 (middle), and O (right). From top to bottom rows: the magnetic power spectra

density, the z-component of the Poynting flux vector (P.), and the northward and southward > P,.
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Figure 5. Comparison of the source region size between theoretical (red) and observational results (blue) at different L shell’s. The top four

panels are for rising tone chorus; the lower four, falling tone chorus (for L = 4.5 of falling tone, the blue line on the right is overlapping with

the red line). Observational estimates of the source region size are marked by blue dashed lines; theoretical estimates, the red dashed lines.

Source region sizes in km are shown in corresponding panels.
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