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Abstract The full spatiotemporal distribution of chorus wave-induced relativistic electron microburst is
modeled for chorus waves originated from different L shells and MLTs, based on the newly developed
numerical precipitation model (Kang et al., 2022, https://doi.org/10.1029/2022g1100841). The wave-particle
interaction process that induces each microburst is analyzed in detail, and its relation to the chorus wave
propagation effects is explained. The global distribution of maximum precipitation fluxes and scale sizes of
relativistic microbursts is then obtained by modeling chorus waves at different L-shells and local times. The
characteristics of dawn and midnight sector microbursts have little difference, but the noon sector has much
larger maximum flux and much smaller full width at half maximum, which may be due to dayside's low electron
flux in the Landau resonance range. This suggests the controlling effect of keV electrons on the MeV electron
precipitation intensity and properties and the overall relativistic electron loss in the outer radiation belt.

1. Introduction

Microbursts are impulsive, energetic electron precipitation bursts whose typical duration is <1s. They were first
discovered through balloon arrays (Anderson & Milton, 1964), and have been extensively observed and studied
through low earth orbit (LEO) spacecrafts (Douma et al., 2017; Imhof et al., 1992; Lorentzen, Blake, et al., 2001;
Lorentzen, Looper, & Blake, 2001; O’Brien et al., 2003; Zhang et al., 2022). Microbursts are believed to be
important for the Earth's radiation belt dynamics, especially as one of the major loss mechanisms of relativistic
electrons in the heart of the outer radiation belt (Douma et al., 2019; Lorentzen, Blake, et al., 2001; O’Brien
et al., 2003; Thorne et al., 2005).

It is widely accepted that chorus waves are a major driver of relativistic microbursts. Previous statistical
works (Douma et al., 2017; Nakamura et al., 2000; Zhang et al., 2022) show that microbursts have very
similar statistical properties as chorus waves (Li et al., 2009), including higher occurrence rates during more
disturbed times, similar high-occurrence at the same L shell and MLT ranges, and predominantly occurring
outside the plasmapause. Conjunctions between equatorial chorus waves and low-altitude microbursts have
also been reported (Breneman et al., 2017; Kersten et al., 2011; Lorentzen, Looper, & Blake, 2001). However,
the detailed mechanism of chorus waves driving relativistic microburst and the qualitative contribution of
precipitation flux through chorus-driven relativistic microbursts are still not fully understood. Also, the scale
size of microbursts, as an important element in quantifying electron loss, has very limited observational
evidences and modeling predictions, and is poorly understood about its connection to their chorus wave
drivers.

Many previous modeling works (Chen et al., 2020, 2021; Hikishima et al., 2010; Miyoshi et al., 2010, 2020;
Ozaki et al., 2021, 2022; Saito et al., 2012) on microbursts have been dedicated to addressing these
questions. However, most of the modeling works are constrained to a group of parallel-propagating chorus
waves on a single field line or a narrow L shell range around the source region, which is not realistic in the
absence of a duct and will not fully reflect the propagation effects of chorus waves in the more common
unducted case. Recently, Kang et al. (2022) developed a model that includes the full propagation effects of
chorus waves, and addressed its importance on microburst. This model is also able to simulate the full
spatiotemporal distribution of the precipitation flux induced by chorus waves, using which Kang
et al. (2022) conducted an event-based simulation and predicted a relativistic microburst scale size of several
tens km, which agrees with previous observation works (Blake et al., 1996; Crew et al., 2016; Parks, 1967;
Shumko et al., 2018, 2020). Compared to previous models of chorus-driven electron precipitation (e.g.,
Bortnik & Thorne, 2007, Figure 3) that assumed a chorus source region distributed in space, and initial
wave normal angles set at the Gendrin angle (which was believed to be the most representative chorus
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model at the time), the model of Kang et al. (2022) assumed a spatial chorus point source, and a wide
distribution of WNAs, which is more representative of the present understanding of the chorus source
characteristics.

In this work, we will apply the newly developed model of Kang et al. (2022) to conducting simulations under
different wave and plasma conditions at different L shells and MLTs, thus attempting to construct a globa
distribution of the spatial characteristics of chorus wave induced relativistic microbursts. This model provides
theoretical comparison for recent statistical works on relativistic microburst (Shumko et al., 2021), and the globa
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distribution of microburst scale size is also an important ingredient in better understanding the role that choruss
wave induced relativistic microburst plays in the global energetic electron loss (Pailoor et al., 2023). We introduce
our simulation code and the simulation setup based on the previous statistical chorus and electron distributions in¢
Section 2, and in Section 3 we present our results in detail. In Section 4, we discuss the simulation results and
summarize the key findings.

2. Model Description
2.1. Simulation Code

The precipitation simulation code used in this work is based on the framework of the Whistler Induced Particle

Precipitation (WIPP) code (Bortnik et al., 2006a, 2006b; Kang, 2023; Kang & Bortnik, 2022), which was

originally designed for the precipitation modeling of lightning induced whistlers. We updated it to accom-

modate a chorus wave-induced precipitation scenario. The workflow of the model is: (a) first conduct an

extensive chorus wave ray tracing simulation, then (b) construct the wave characteristics on each field line

based on the ray trajectories crossing that field line, and finally (c) implement the wave characteristics on single

field lines to conduct a pitch angle (PA) scattering calculation, which further provides (d) the energy-time (E- t)
spectrum of the precipitation flux at the ionospheric footpoint of each field line. Here we briefly describe the
workflow of the code.

In the ray tracing stage (i), we use the Stanford VLF Ray Tracer (Inan & Bell, 1977). We initialize rays at an
equatorial chorus wave source point (and extend to a finite sized source region using the method described later)
with 151 frequencies ranging from 0. 1f, to 0. Sfce (f.e is the local electron gyrofrequency at the equatorial source~
region) and 51 initial WNAs ranging from —60" to 60 (positive/negative WNA means that the wave vector is
oriented outward/Earthward), which makes up 7,701 rays to be traced in total. All rays are damped through 2.
Landau damping, which is calculated based on the method of Brinca (1972). This method requires a hot electron &
velocity distribution, which can be inferred using the method of Bortnik et al. (2007) if an electron flux energy%
spectrum is given. We then use the ray path interpolation method introduced by Bortnik et al. (2003) to generate%
~311 million ray paths based on the 7,701 “sampled” rays that were actually traced by the ray tracer, thus =
reducing the discreteness of the ray path ensemble and smoothing the wave characteristic profiles generated in the
next step.

In order to generate the wave characteristics on a single field line, the field line is divided into multiple small
segments, and each small segment undergoes a check-crossing procedure with the 311 million rays to locate the

rays that contribute to this segment and record their characteristics (e.g., the crossing time, frequency, amplitude
and dispersion parameters), thus obtaining the desired spatiotemporal profile of the chorus wave at multiple points
along a given field line. With these wave characteristics, the PA scattering due to different resonance modes (see
Section 3.2 and Equation 5) can be calculated under a quasi-linear framework for a trapped electron (with energy
E) traveling on this field line from the equator. Combined with a trapped flux model the scattered PA can b
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converted to the desired precipitation flux E-t spectrum through a convolutional operation. This part of our code is

identical to the original WIPP code and readers who are interested can find more technical details in Bortnik @

et al. (2006a).

2suddI S

To take the finite size of chorus wave source region into consideration, we use the fact that the size of
chorus wave source region is usually only several hundred km or <0.1Rp (R = 6370 km is the Earth
radius), which is much smaller than the L shell range covered by the ray paths (see the ray tracing results in
Figure 2). We also assume that the ray paths of two rays are almost parallel to each other if their equatorial
source points are close enough. In other words, if their equatorial source points are separated by d < R,
then one of the ray paths can be well approximated by another which is displaced by d. This assumption is
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valid because we expect the ray paths in a smooth magnetosphere to be smooth and continuous. Therefore,
if we have the precipitation flux on different field lines (F,(L)) that is calculated from a point source whose

L shell is L, and the wave power density function (g(L)) over a small radial range of source region around
Ly, we can directly calculate the precipitation flux distribution F(L) considering the finite sized source
region by:

~
—
N

F(L) = ff;s(l)g(L— (I=Lo)dl.

This simple convolution method can help us extend our results from the point source case to the finite size sourced

=

region case. When we choose the power density function g(L) = 6(L 1- L), Equation 1 will reduce to the poin
source case F(L) = F((L). In this work, we assume the wave power distribution at the equatorial source region is

IS

Gaussian function peaked at L, with a width given by AL:

g(l) =

so Equation 1 becomes

~
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F(L) = f Ey(L— 1) e nidl.

1
AL\27

We adopt a chorus source size of ~500 km according to Agapitov et al. (2018), and use twice of the standard
variation (AL) of the Gaussian distribution as the scale length, thus setting the value of AL = 250 km.

2.2. Statistical-Result-Based Model Setup

To investigate the global distribution characteristics of the relativistic microburst spatial scale size, we separately

run the simulation at 3 different MLTs (0, 6, and 12) and 3 different L shells (5, 5.5, and 6) giving 9 different g
locations. These 9 locations are marked in Figure 1c by black crosses, in which the contours are the statlstlcal:?>
results of lower band chorus wave power density near the magnetic equator during disturbed times (Ma%

et al., 2020). From Figure 1c we see that the chosen L shells cover the most important L shells where lower band &

. . . [
chorus waves occur. Meanwhile, the MLT values (0, 6, and 12) are chosen to represent the 3 sectors (midnight, »
dawn and noon) where lower band chorus waves typically occur. These 9 locations reveal the general L-MLTwa
distribution of relativistic microburst characteristics and spatial scale sizes.

q pautanob o

We use a modified diffusive equilibrium (DE) model for the cold electron density in ray tracing which is critical
for guiding the ray trajectories, following Bortnik et al. (2011). Three DE models are adopted for the simulation o
the meridional plane density distribution for the 3 MLT sectors. We adjust the parameters in the DE model so that
the equatorial density profile fits the equatorial Carpenter and Anderson (CA) model (Carpenter & Ander
son, 1992) for each MLT. Figure 1b shows the density models we use. The solid lines are the DE models for the
MLTs that are used in the ray tracing, and the dashed lines are the CA models for each MLT. We can see that ou
DE model fit agrees well with the CA model, especially so for L > 5 where the ray paths are traced in this study.
We use a dipole magnetic field model in ray tracing.

1A
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Both the Landau damping calculation and the conversion of the scattered PA into a precipitation flux need an
energetic electron flux spectrum. Here we use the statistical result based on the data from Ma et al. (2020) to find
the electron energy spectrum for the three different MLTs, which is shown in Figure la. As done in M
et al. (2020), the trapped electron flux data are selected only when the chorus waves are observed to obtain th

o

statistical electron flux distribution. These flux spectra are used as the equatorial trapped fluxes in the precipi-
tation flux calculation. Following Kang et al. (2022) and Bortnik et al. (2006a), the flux PA distribution is
assumed to be empty inside the loss cone and isotropic outside as the first-order assumption. The flux spectra in
the energy range of 1 < E < 100 keV (which is the major Landau resonance range, as indicated in Figures 3 and 4)
are converted into an electron velocity distribution using the method of Bortnik et al. (2007), which is further used
for Landau damping calculation.
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Figure 1. Data-driven model for plasma and waves, based on RBSP statistical results. The blue, green and red lines/circles are
for MLT = 0, 6, and 12. (a) L-MLT distribution of chorus wave power density. The black crosses are the modeled chorus
wave source points. (b) Equatorial density model. The dashed lines are the Carpenter-Anderson model, and the solid lines are
the diffusive equilibrium model. (c) Electron flux energy spectrum for MLT = 0, 6, and 12. (d) The chorus wave power
density of the modeled source points.
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Figure 2. Ray paths of different frequencies for all modeled runs. Different frequencies are marked by different colors as shown by the color bar in the top right corner.
The three rows are for L = 5, 5.5, and 6, and the three columns are for MLT = 0, 6, and 12, as indicated by the top and leftmost labels. The transparency of the rays
indicates the ray power.
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Figure 3. Resonance energy along ray paths for Run L =5, MLT = 0. The three columns are rays with frequency 0.2, 0.3, and 0.4 source point gyrofrequency f,_, and the
three rows are for resonance energy through different resonance types (cyclotron, anomalous cyclotron and Landau resonance). The resonance energy is color coded as
indicated by the color bar in the top right corner. The transparency of the rays indicates the ray power. The thick black dashed line indicates the field line of L = 6.312,
whose precipitation flux E-t spectrum is shown in Figure 4.
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We assume the initial chorus wave power at each source point follows a sine-shaped frequency distribution
between 0.1 ~ 0.5 £.. and a Gaussian WNA distribution. Specifically, the initial wave power density.
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P(f.0) =

0.1587B2 —0.1f 2
%0 gin ] "fen' e ne,
fA0 0.4£,

where fis the frequency and 6 is the initial WNA. The initial WNA width A@is settobe 15, and B‘zVO is the average

0.1587B% . .
THW is given from the lower band chorus wave

amplitude statistical results in Figure 1c. The detailed ray power for each of the 9 runs are plotted in Figure 1d.

wave power (0.1587 is the normalized factor). The value of
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Figure 4. The precipitation flux E-t spectrum for field line L = 6.312 in Run L = 5, MLT = 0. Panels (a) and (b) precipitation
on the Northern/Southern hemisphere foot points. The contour color is the precipitation flux. The white dashed lines marks
the 1 MeV energy. Each panel has three parts marked by label i, ii, and iii. CoS and CtS means co-streaming and counter-
streaming.
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3. Results

3.1. Ray Tracing Results

Figure 2 shows the ray paths for 9 ray tracing simulation runs. Panels in different rows/columns represent ray pathsg
for chorus wave source regions at different L shells and MLTs as labeled at the left/top of the figure. In each panel,
rays of different frequencies are color coded according to the color bar on the top right, and for each frequency, 51
rays with different initial WNA are plotted. The transparency of the ray paths indicates the ray power.

Two important propagation properties are noted from the ray tracing results. First, for the non-ducted choruss
waves, most of the wave power tends to propagate to slightly higher L shells. In all cases, for the latitude region
4> 20, there is no longer any significant wave power within the L shell of the chorus wave source region (the?
thick dashed line) since the rays have moved to higher L shells. This is in consistent with previous studies (Chen
et al., 2020; Horne & Thorne, 2003; Miyoshi et al., 2015, 2020; Saito et al., 2012). Although the chorus wav
power is usually considerably reduced at such high latitudes due to Landau damping, it is nevertheless the hig
latitude region instead of the low latitude region, that plays a critical role in generating relativistic electro

microbursts, as will be illustrated in the next subsection. That means we would generally expect relativistic
microbursts to be observed at a higher latitude by low-Earth orbit satellites than the invariant latitude of the chorus
wave source region. Furthermore, the relativistic microbursts will keep moving poleward (as projected onto the
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ionosphere) because as chorus waves propagate to higher latitudes, the remaining wave power will keep prop-
agating to higher L shells and map to higher invariant latitudes.

A second important wave property is that chorus waves experience much weaker Landau damping on the dayside
(MLT = 12) compared to the nightside. Figures 2c, 2f, and 2i show that dayside chorus waves can preserve a
much larger portion of their wave power to high latitudes compared to similar L-shell waves at MLT = 0 or 6.
This is a direct result of the low electron fluxes responsible for Landau damping, at 1-100 skeV. From Figure 1a
we see that the dayside (MLT = 12, red line) electron flux level between 1 and 100 keV is one or two orders o
magnitudes lower than those at MLLT = 0 or 6 (blue and green lines). We will show that this is the key energy
range for Landau resonance between chorus waves and electrons. The low electron fluxes at Landau resonance
energy on the dayside result in low Landau damping rates, which makes it possible for the dayside chorus waves S,

S9|NJ JO.

to retain significant amounts of wave power at very high latitudes compared to the waves at midnight and dawn. { V’

We would also like to point out the formation of magnetospherically reflected (MR) waves, particularly on the

|21 YO @

dayside. Those are the waves that encounter a reflection at very high latitudes due to reaching their lower hybrid 2.
resonance point (Kimura, 1966; Smith & Angerami, 1968) and thus reverse their propagation direction (in this §
case, switch from northward to southward propagating). These waves are usually highly damped (power is 343

)

orders of magnitude lower), and the remaining power keeps propagate to higher L shells which can result in an'g *
additional component of electron precipitation.

3.2. Resonance Energy of Chorus Waves and Precipitated E-t Spectrum

To understand where the relativistic electrons are scattered to produce relativistic microbursts, we calculate the;
resonance energy of chorus waves along their ray paths. The resonance condition is given by

~
9]
N
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Q,
@ — kv =m——,
v

where w and k are the angular frequency and parallel wave number, vy, Q, and y are the parallel velocity, un-
signed gyrofrequency and relativistic Lorentz factor of the resonant electron, and m is the order of resonance d
which takes the value of any integer. The value of m determines the characteristic of the resonance. For m > 0, the ﬁ
resonance is counter-streaming, and for m < 0, the resonance is co-streaming. The most important resonance types §
are those with smallest Iml, which are cyclotron resonance (m = 1), anomalous cyclotron resonance (m = —1) and 3

Landau resonance (m = 0). The resonance energy E,., is determined by

res (}' - l)me s (6)
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where m, is the mass of electron and c is the speed of light. y is determined from Equation 5 noticing that

y = » where a is the PA of the electron. Thus E, can be expressed as a function of .k, Q,.a and m.

We use the run with a chorus wave source region location of L = 5, MLT = 0 as an example, which is shown in:
Figure 3. We calculate the resonance energy for three frequency modes 0.2, 0.3, and 0.4 £, (the three columns i
Figure 3) and each for the normal cyclotron resonance, anomalous cyclotron resonance and Landau resonance
(shown in the three rows in Figure 3). The transparency of the ray paths represents the ray power, and the

=3

resonance energy is color coded according to the color bar on top right.

From Figure 3 we see that the relativistic electron microburst is only generated due to the cyclotron ands
anomalous cyclotron resonance. Landau resonance is almost unable to scatter electrons with energies >1 MeV
into the loss cone. Furthermore, even for cyclotron and anomalous cyclotron resonances, scattering the MeV
electrons is only possible after chorus waves propagate to latitudes higher than 25°. Near the equatorial source
region, the chorus waves can only scatter electrons with energy up to several hundred keV. In other words,
relativistic electron microbursts are produced at high latitudes through cyclotron or anomalous cyclotron reso-
nance. Ray tracing results shows that such resonances almost always occur at a higher L shell relative to the
causative chorus wave source region.

Figure 4 illustrates the structure of the E-t spectrum of the precipitation flux on a certain field line, calculated fro
all rays that cross this field line and contribute to electron scattering. We use the field line at L = 6.312 (the thic
dashed line in each of the panels of Figure 3) as an example, whose precipitated E-t spectrum is plotted in
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Figure 4. Panels (a) and (b) show the precipitated E-t spectrum in the northern and southern hemisphere on thi

7]

field line, respectively. The asymmetry across hemispheres arises from our model assumption that the choru

k<

wave element propagates northward from equatorial source region, thus the northern and southern asymmetr
will be formed as a result of different types of resonances depending on whether the electrons are counter-
streaming (CtS) or co-streaming (CoS).

There are three parts of the precipitation signature that are evident in both panels (labeled i, ii and iii), in which
part (i) exceed 1 MeV and corresponds to the relativistic electron microburst. From Figure 3 we see that part (i)
should be due to either cyclotron resonance or anomalous cyclotron resonance. Considering that cyclotron @
resonance is a counter-streaming interaction and anomalous cyclotron resonance is co-streaming, and that chorus
waves propagate northward, we can identify part (i) in the northern hemisphere as being caused by anomalous
cyclotron resonance and the one in the southern hemisphere as being cause by cyclotron resonance. Comparlng
the precipitation flux amplitude of part (i) in both hemispheres, we see that the one in the southern hemisphere is
stronger, which agrees with the fact that cyclotron resonance is more effective than anomalous resonance.
Although the energy of efficient CoS precipitation in the southern hemisphere is only above 800 keV, the chorus
waves at lower latitudes could scatter lower energy (down to ~10 keV) electrons through efficient cyclotron
resonance at lower L shells (Figure 3), which are not detected at L = 6.312.

Another strong precipitation part is part (ii) in the northern hemisphere at lower energies. Comparing the electron
energy range with the resonance energy shown in Figure 3 and the co-streaming nature of northern hemlsphere
precipitation, we can identify this part of precipitation as being due to Landau resonance. The resonance energy of
Landau resonance is always below 1 MeV (below 1 keV to at most 500 keV), so this part of precipitation is not the
direct focus of this work but is important for driving the pulsating and diffuse aurora (Nishimura et al., 2010,
2011; Thorne et al., 2010) which will be studied in future works.

D dAReaI) 3|qedl|

Note that although the chorus waves are launched toward the northern hemisphere near the equator, there are alsog
southward propagating waves, that is, the highly damped MR waves (one example marked in Figure 3a). Theseg
MR waves allow resonance modes with reversed streaming nature for both hemispheres. For example, part (iii) inz
the northern hemisphere is due to counter-streaming cyclotron resonance with MR waves, and parts (ii) and (iii) in §
the southern hemisphere are due to co-streaming Landau and anomalous cyclotron resonance with these MR §
waves, respectively. These three parts of the precipitation signature are of lesser significance because MR waves
are highly damped, which results in very low scattering rates. As shown in Figure 4, the fluxes of part (iii) are 4-5
orders of magnitudes lower than part (i), and part (ii) in southern hemisphere is also 4-5 orders of magnitudes
lower than those in northern hemisphere.
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3.3. Microburst Spatiotemporal Distribution

precipitation along a single field line, or equivalently, temporal precipitation information at only two single point
on the ground (which are the two foot points of the field line in each hemisphere). By integrating the precipitatio

cipitation induced by a single chorus wave element.
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duration of a microburst (e.g., Imhof et al., 1992; Tsurutani et al., 2013). In all cases, the microburst occurs g
poleward of the foot point of the chorus wave source region (marked by the vertical black dashed line in each%
panel), and the microburst peak keeps moving poleward throughout the entire duration of the event. Panels (k) and
(1) of Figures 57 show the latitude of the maximum precipitated flux as a function of time, and the different colors
show different source ML Ts as indicated by the legend. We see that in all cases the peak of the microburst keeps

13eal) a|qed!

moving poleward, and the ground velocity estimated by RE% is 700-1,000 km/s. This is a consequence of the §
chorus wave propagation effect, namely that the chorus wave power propagates to higher L shells, as we discussed &
in Sections 3.1 and 3.2. The microburst in the southern hemisphere occurs later than those in the northerng
hemisphere because the chorus waves propagate only northward. As a result, the wave-particle interactions occur 3
in the northern hemisphere, and thus more flight distance is required for electrons to travel from the interaction%
location to southern hemisphere foot point than northern hemisphere resulting in a longer delay to the onset of the§
precipitation signature. However, the precipitation flux in the southern hemisphere is stronger than the northern
hemisphere because the counter-streaming cyclotron resonance (which results in precipitation occurring in the
southern hemisphere) leads to more efficient PA scattering than the co-streaming anomalous cyclotron resonance.

In comparing the microburst properties between different L shells and MLTs, we notice that microbursts occur
earlier at lower L shells and MLTs closer to midnight, compared to those at higher L shells and the dayside source

KANG ET AL.

9 of 15



Ay

Figure 7. All notations are the same as Figure 5 but Lsrc = 6.

N
. . N
MA\I Journal of Geophysical Research: Space Physics 10.1029/20231A032250 &
AND SPACE SCIENCES "ﬁ
S
N
S
L =6 ~
src w
I North 7 South o
i3 T T T T . 500 T = T T 1 =9
L= (@) i & (b) : X, Zs
- » 100p i 5 N i - 3 <:)_S
il I 2 g I ™ S8
E “;6 0 1 —— > _“6 0 ¢ 1 == 0.7 gm
- X[°] 645 650 655 66.0 66.5 67.0 67.5 68.0 685 69.0 -~ X[°] 645 650 655 66.0 66.5 67.0 67.5 68.0 68.5 69.0 | o6 _ =2
L 548 569 591 6.14 639 6.65 6.94 7.24 7.56 7.91 L 548 569 591 614 639 6.65 694 7.24 7.56 7.91 || 20
o o : =3
(- . : —y— . . . : : e . : —— I3
n <7 500(c) 1 l - (d) 1 - s T
- : » 1000 - : 03 <5
- a a D
s & ! 5 ! 02 22
S T o— . 5 o —_ : — 01 2g
- X[°] 645 650 655 66.0 66.5 67.0 67.5 680 685 69.0 -~ X[°] 645 650 655 66.0 66.5 67.0 67.5 68.0 68.5 69.0 P
N _ L 548 569 591 614 639 665 694 724 7.56 7.1 _ L 548 569 591 614 639 665 6.94 7.24 7.56 7.91 8¢S
L Hh 5000 - - - - - - - - ﬂ'h 10000 - - — >3
n (e) 1 - ( 1 gb
- o i o 5000 ] =
= ' E ) °5
S = = o)
5 0 . —L— 5 0 ! 32F
- X[] 645 650 655 660 66.5 67.0 67.5 68.0 68.5 69.0 -~ X[°] 645 650 655 66.0 66.5 67.0 67.5 680 68.5 69.0 > g
L 548 569 591 614 639 665 694 7.24 7.56 7.91 L 548 569 591 614 639 665 694 7.24 7.56 7.91 S3
2 - - - - : : . - o - - : : : : . : : as
5, 68 1 5, 68 " ] =
g & / 5 (h) / g@
S 66| . 2 66 1 2a
¥ E 53
364 L L ! L L L L L 364 " L ) L L L L L B
_~ 01 02 03 04 05 06 07 08 09 1 .~ 01 02 03 04 05 06 07 08 09 1 =g
i t[s] g t[s] =——MLT =0 =
=" 5000 - T T T < 10000 F T T T - MLT = 6 g3
Ny (i) o (J) e MLT = 12 o=
'c J ‘s —RFT 53
5 : 5 5000f = =AFT Fo
3 ! 3 °n
£ 0 ‘ . < 0 ; =R
% 01 02 03 04 05 06 07 08 09 1 % 01 02 03 04 05 06 07 08 09 1 S w
=c t[s] = ¢ t[s] 2>
E = S o
300 ! e 300 : : : . = @
< 250 (k) R - 5 250(() i CEN
9200 - 1 1A 1 2200 - 1 i e, =3
g 150¢ 2y 1 G 150 gl % :
100 e : 100 | %__.__r’ w
% 50 . . L | et . . % 50 L L . 1 . Sﬂ"—l g‘<
S 01 02 03 04 05 06 07 08 09 1 S 01 02 03 04 05 06 07 08 09 1 ¢
= t[s] = ts] Gz
o e
ou.
>
QU
32
aon
o L
=
9
3,
o
—
o
»
=

regions. The L shell dependence is due to shorter field line length at lower L shells, which reduces both the time §

waves propagate from the equatorial source to the wave-particle interaction region and the electron flight time §

from interaction region to the ground. The MLT dependence is because of the fact that cold electron density'g
<

increases from the nightside to the dayside (see Figure 1b), which means an increasing refractive index org

decreasing phase and group velocities, thus it takes longer for chorus waves to propagate from the equator to the &

3

wave-particle interaction location. We also note that in moving from the nightside to the dayside, microbursts< <
o
occur at progressively higher latitudes. This might be due to a number of factors, including an increasing cold @

electron density radial gradient from nightside to dayside (see Figure 1b), which leads to a larger radial group§

velocity according to Snell's Law, as well as decreasing suprathermal fluxes (responsible for Landau damping) &
which causes longer propagation paths extending to higher latitudes and L-shells.

1eal) 9|qe

We also see that the total relativistic precipitation flux is much stronger on the dayside compared to the night and

dawn sides. To better illustrate this, we plot the maximum total relativistic precipitation flux J,,(¢) in panels (g)

D anl
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and (h) of Figures 5-7. The x-axis is time, and the y-axis is the instantaneous maximum flux J,,(f) = max[J(t,4)],. o
The subscript 4 means the maximum value across all A for a given 7. The blue, red and green curves are forg
MLT =0, 6, and 12, respectively. We see that for every source region L shell and for both northern and southern 3
hemispheres, the total flux at MLT = 12 is always much larger than those at MLT = 0 and 6. This is a consequenceg'
of the low suprathermal electron fluxes between 1 and 100 keV on the dayside (see Figure 1b), and indeed both§
Figures 3g-3i and 4a part (ii), show that the typical Landau resonance energy range is 1-100 keV. Dayside
electron flux in this energy range being 1-2 orders of magnitudes lower than MLT = 0 and 6 means a much lower
Landau damping rates on the dayside, which makes it possible for chorus waves to maintain high wave power at
high latitudes on dayside, as can be seen from Figures 2c. 2f, and 2i. It is this much larger wave power on the
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dayside that makes the electron scattering much more efficient at ~MeV energies, thus leads to a much larger
relativistic electron microburst precipitation flux.

=
3.4. Microburst Scale Size ﬁ
>
S~
Using the precipitation flux spatial distributions at each time, such as those in panels (a)—(f) of Figures 5-7, weg_
can analyze the spatial characteristics of the microburst such as the scale size. To define the scale size of 3

microburst at a given time, we need a flux threshold Jy,(7), roughly corresponding to the fact that a satellite-based
particle detector could measure a precipitation signature above some given noise floor or minimum counting rate.
Because the flux spatial profile is always a simple single-peak structure, we can find the lowest and highest g
latitudes A, and A, at each time step between which the flux exceeds the threshold level J(£,4) > Jy,(1),¢

Amin< 4 < Aax- Thereafter, we can define the scale size at each time step as d(f) = (Apax — Amin) Re-

We use two different definitions for the flux threshold Jy; (7). Following the method of Shumko et al. (2021), we
define Jy; () = 5J,,(?) . In this way, J;, varies with time as the maximum flux changes, and the scale size is actually
defined as the full width at half maximum (FWHM) of the flux spatial distribution, and is not an absolute
threshold. We call this definition the relative flux threshold (RFT). We also use a fixed-value version of J,;,, which
is given by Jy, = émax[l (t, MLT = 0)],, corresponding to half of the maximum instantaneous maximum flux at
MLT = 0 which is more consistent with a satellite-based detector observation above some given noise floor or
minimum counting rate. For all the cases with chorus wave source region at the same L shell, we use this flux
threshold to define the scale size. We call this definition the absolute flux threshold (AFT). The reason for using,
this alternative definition is that the dayside precipitated flux is much larger than dawn and night sides, which
leads to a potentially misleading comparison if only FWHM is considered. Under the RFT definition, the day51de
will use a much larger Ji;, than dawn and night sides, so the results may appear distorted. Using both definitions
gives a more complete picture. The AFT definition is also provided to facilitate the comparison against various

AKieaqry suluQ Asjipp uo (SuonIpuod-pue-suwial/wod /(a||M/(,|e.|q||
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microburst selection methods in observational studies, which may be based on either the absolute fluctuation of
the precipitation flux or the relative formulation.

We now present the scale length results in panels (i) and (j) of Figures 5-7, where panels (i) correspond to the
northern hemisphere and panels (j) to the southern hemisphere. Different colors represent different MLTs, similar &
to panels (g) and (h). The solid and dashed curves are the scale lengths for the RFT and AFT definitions, ¢
respectively. We can see that the RFT scale lengths are usually between 50 and 100 km, which agrees well with
previous observational studies (Blake et al., 1996; Crew et al., 2016; Parks, 1967; Shumko et al., 2018, 2020). On
the other hand, the AFT scale lengths are also between 50 and 100 km for MLT = 0 and 6, but can be as large as
150 ~ 300 km for MLT = 12. This is a direct consequence of the significantly stronger precipitation flux on the
dayside compared to the night and dawn sides.

ale s3[d13de YO ‘asn 4O Sa|nJ 1oy

To further compare the global distribution characteristics of the scale length, we choose one representative scale
length for each case, which is chosen to be the scale length when J,,(¢) reaches its maximum, as indicated by the
vertical dashed lines in panels (g)—(j) of Figures 5-7. The scale lengths corresponding to the intersection point
between the vertical dashed line and the curves in panels (i) and (j) are the representative scale lengths. The global
distributions of the scale length and the maximum total relativistic precipitation flux are shown in Figure 8, wher

SIS
suowwo) aAneal) ajqedijdde ayy Aq pausanob

we use MLT = 0, 6, and 12 to represent the whole midnight, dawn and noon sectors for a better illustration of
general global trend.

From Figure 8 we can clearly see that the noon sector has distinct characteristics than the dawn and midnight
sectors. The dawn and midnight sectors have little differences in terms of maximum fluxes and scale sizes and
share the same trends that the precipitation flux is stronger in the inner L shells and the scale size is larger in the
outer L shells. However, for the noon sector, the maximum flux is about one order of magnitude stronger than the 3
dawn and midnight sectors, and the scale size is significantly smaller using RFT and larger using AFT, compared%
with the other two sectors. The RFT scale sizes in the noon sector also show an opposite trend as the other twoa
sectors that the scale size is smaller in the outer L shells.

4. Discussion and Summary

A few features became apparent from the detailed spatiotemporal signatures of the precipitation flux (Figures 5—
7) as well as the resultant scale sizes presented in Figure 8. The first feature is that the scale size of the relativistic
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Figure 8. (a)—(b) The maximum total precipitation flux over all latitude and time steps in each run. The centers of bins in each
panel represent the locations of the chorus wave source point. Color coded is the maximum total precipitation flux as
indicated by the color bar. The format is the same for panels (c)—(f). (c)—(d) are the scale size under relative flux threshold
definition, and (e)—(f) are the scale size under absolute flux threshold definition. Panels on the left/right column are for
northern/southern hemisphere.
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microbursts in the noon sector was seen to be smaller than that at the dawn and midnight sectors under the RFT
definition. This smaller scale size is due to the weak Landau damping on the dayside, which we have shown to be
a dominant controller of many characteristics of the precipitation flux. A related feature is the fact that the range of

W)

L shells covered by the chorus wave paths appeared to shrink as latitude increases, as a result of the chorus ray'g
paths on the Earthward side propagating further outward and getting damped quicker, resulting in an overall
convergence effect of the rays. Therefore, if most of the wave-particle interaction happens at lower latitudes, the
precipitated area mapped to the ground will be larger, resulting in a larger scale size. However, Figure 3 shows
that the >1 MeV resonance energies are typically only found at latitudes above 25, and Figure 2 shows that the
wave powers in MLT = 0 or 6 are mostly confined below 30", which means for midnight and dawn sectors, the
scattering of relativistic electrons occurs at the widest L-shell-coverage area at the lowest possible latitudes fors
relativistic electron scattering. In contrast, waves in the noon sector are weakly damped and can maintain

considerable power at higher latitude for strong relativistic electron scattering, at which region the waves cover
narrower range of L shells. Therefore, we would expect the scale size of the relativistic microburstin MLT = 12t

O » o

be smaller.

One chorus wave feature that is not included in the present work is the chirping of the chorus wave element which
would tend to increase the duration of the precipitation signature to some extent. In the ray tracing modeling, all
rays with different frequencies are launched simultaneously, thus in effect assuming an infinitely large chirping
rate in order to focus only on the wave propagation and electron time-of-flight aspects. Test runs show that finite
chirping rates do have some impacts on the spatial precipitation flux distribution (Chen et al., 2020, 2021;
Miyoshi et al., 2010; Saito et al., 2012) but that it is a less important factor compared with other factors, especmlly
the effects of MLT. This might be due to the fact that the scale size is a spatial characteristic and will be less
affected by the temporal characteristics like the chirping rate. Therefore, we neglect the wave frequency chlrplng
in this work to focus solely on propagation effects, eliminate one variable from consideration to reduce the
complexity of the analysis, and leave the chirping rate effects for future detailed study.

Both our present study and Shumko et al. (2021) indicate that the dayside is very special in terms of the
spatiotemporal characteristics of relativistic electron microbursts. However, there is potential to misinterpret the
results of these two works since Shumko et al. (2021) finds that the duration of relativistic microbursts is larger on
the dayside while our work suggests that the scale size is smaller, if we follow the same FWHM definition, which
may lead to the incorrect conclusion that our modeling results are in conflict with existing observational results. Itg
is important to note that we analyze purely the spatial characteristics in this work, while in the work of Shumko
et al. (2021), their method of directly analyzing the in situ time history of precipitation flux implies that they &
analyze almost purely temporal characteristics. To support this statement, we estimate the distance traveled by the
LEO satellite during one microburst by multiplying the orbital speed (~7.9 km/s for LEO) and a typical,
microburst time duration (~0.2 s), which gives only ~1.6 km, a value that is one or two orders of magnitude
smaller than the typical scale size of the microburst (10—100s km, from Figure 8). Therefore, the spacecraft can be
assumed to be essentially stationary during the entire microburst measurement, so the time duration calculated by
Shumko et al. (2021) is a purely temporal signature observed from a fixed location, and cannot be directly
compared with our purely spatial signature. However, both works indicate the uniqueness of dayside for rela-
tivistic microburst, although one from the time perspective (Shumko et al., 2021) and one from the spac
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perspective (this work). The more detailed and complex temporal dimension modeling and comparison witl
observation is ongoing in future works.

In summary, following the method for modeling the chorus-induced precipitation flux spatial characteristics 2
developed by Kang et al. (2022), we extended the modeling work to several chorus wave source 1ocation59
distributed over L shells and MLTs, thus trying to model the global distribution of the relativistic microburst3
spatial characteristics. The model setup is based on statistical results of chorus wave characteristics and electrong
populations. The relativistic microburst was successfully reproduced for all runs. We comprehensively analyzed = c
the connection between the wave propagation and the precipitation properties. The contribution from different§
resonance modes to the E-t spectrum of the precipitation flux was identified, and we found that the relativistic &
microburst was induced through a combination of normal and anomalous cyclotron resonances during counter-
stream and co-streaming in the two hemispheres, and the wave-particle interaction region was located at high
latitudes (>20") and a higher L shell compared to the chorus source region, which was assumed to be at equator.
We also found that the relativistic microburst occurs poleward of the chorus wave source region, and it continues

moving poleward at a ground velocity of 700—-1,000 km/s. These features are also related to the chorus wave
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propagation properties where most of the ray power propagates to larger L shells. The maximum precipitation flux
and the scale size of the relativistic microburst are defined and compared among different L shells and MLTs. We
found that the characteristics of microburst in the dawn and midnight sectors have little difference, but micro-
bursts in the noon sector have much larger precipitation fluxes, much smaller RFT scale sizes and much larger
AFT scale sizes. This is attributed to the much weaker 1-100 keV trapped electron fluxes in the dayside, which
lead to a much weaker Landau damping and resultant wave propagation to higher latitudes which have access to
resonate with MeV electrons. Thus, our results indicate a controlling effect of keV electron populations on the
MeV electron precipitation. This work serves as a theoretical reference for future observational and statistica
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studies dealing with the relativistic electron microburst scale size, and is also an important step to a global:
modeling of quantifying the total contribution of chorus wave induced relativistic microburst.

Data Availability Statement
The modeling data from this study are available at the public data via https://doi.org/10.5281/zenodo.10064788.
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