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Abstract The diffuse aurora is a natural phenomenon observed over the Earth's polar region. Compared
with the nightside diffuse aurora, the brightness of the dayside diffuse aurora (0600–1800 magnetic local time
(MLT)) is relatively weak, thus requiring more stringent observation conditions. Therefore, the current
understanding of what causes the dayside diffuse aurora is still quite limited. Here, we present an intense
morningside diffuse aurora (0600–1000 MLT) event observed on 1 January 2016 during the recovery phase of
the substorm, using conjugate observations of wave and particle spectrum from the Radiation Belt Storm Probes
and auroral emission from the Special Sensor Ultraviolet Spectrographic Imagers on the Air Force Defense
Meteorological Satellite Program (DMSP/SSUSI). We perform calculations of diffusion coefficients and
simulations of the electron fluxes for this event. Our results show that the chorus waves are the primary
contributors to the formation of the morningside diffuse aurora, with precipitated electron energies ranging from
a few keV to tens of keV. The lower band chorus shows significant pitch angle scattering efficiency for electrons
with energies from 5 to 20 keV. The upper band chorus waves induce acceleration effects on 1–20 keV
electrons. We suggest that the upper band chorus waves accelerate low‐energy electrons to higher energies,
enabling them to engage in the scattering process of the lower band chorus waves. Our study makes a
contribution to recent research on the formation mechanisms of diffuse aurora and deepens our understanding of
wave‐particle interactions leading to dayside electron precipitation.

1. Introduction
Aurorae are the ionospheric manifestation of the coupling process between the solar wind and Earth's magne-
tosphere. Most of them occur in the oval‐shaped regions centered on the magnetic poles, called auroral ovals
(Feldstein, 1973, 2016), and they can also be observed in the polar cap surrounded by the poleward edges of the
auroral oval at some specific conditions (e.g., Feng et al., 2021; Han et al., 2020; Hosokawa et al., 2020;
Kullen, 2012). Based on their different optical characteristics and generation mechanisms, aurorae can be divided
into discrete aurora and diffuse aurora (e.g., Feldstein & Galperin, 1985; Frank & Ackerson, 1972; Lui
et al., 1975). Diffuse aurorae typically appear as hazy emissions with undiscernible patterns or structures, which
are usually observed in the equatorward portion of the auroral oval over a broad latitude range (Lui et al., 1973).
This region spans a latitude range of 5°–10° and maps the entire central plasma sheet (CPS) along geomagnetic
field lines. Under the combined action of E × B and gradient forces, the energetic particles originating from the
CPS with energies ranging from 0.1 to 30 keV will drift toward the dayside. During this process, they interact with
certain waves and are scattered into the ionosphere, forming the diffuse aurora (e.g., Lyons, 1974; Swift, 1981;
Thorne, 2010). Therefore, the diffuse aurora is most intense at midnight, gradually weakens toward the local
noon, and tends to be relatively unnoticeable from post‐noon to dusk sectors. Under moderate geomagnetic
activity conditions (Kp ∼3), the diffuse aurora can extend to more dayside and low‐latitude regions. It can be
observed at all magnetic local times under more active geomagnetic conditions (Royrvik & Davis, 1977).

The Earth's magnetosphere is host to various plasma waves, such as whistler mode waves, electromagnetic ion
cyclotron waves, electron cyclotron harmonic (ECH) waves et al. (e.g., Li et al., 2009; Ma et al., 2019; Min
et al., 2012; Teng, Li, et al., 2019; Thorne et al., 2010; Wang et al., 2016). These waves interact with radiation belt
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electrons, affecting the dynamics of charged particles in the magnetosphere (e.g., Baker, 2021; Lyons &
Thorne, 1973; Li & Hudson, 2019; Ripoll et al., 2020; Shprits et al., 2008a, Shprits, Thorne, et al., 2006; Thorne
et al., 2010). In particular, ultralow frequency waves are widespread in the magnetosphere, transporting electrons
radially outward or inward by radial diffusion (e.g., Elkington, 2006; Shprits, Thorne, et al., 2006). Whistler mode
chorus is mainly observed in the low‐density region outside the plasmapause from midnight to the post noon
sectors, manifesting as both a lower band with a frequency ranging from 0.05 electron cyclotron frequency ( fce) to
0.5 fce, and an upper band with a frequency ranging from 0.5 fce to fce, with a distinct gap near 0.5 fce, where fce is
the equatorial gyrofrequency of electrons (e.g., Burtis & Helliwell, 1969; Gao et al., 2019; Teng, Tao, & Li, 2019;
Tsurutani & Smith, 1974). Chorus waves are known to accelerate radiation belt electrons to relativistic energies,
and precipitate electrons into the upper atmosphere through pitch angle scattering (e.g., Bortnik & Thorne, 2007;
Shprits et al., 2008b; Thorne et al., 2010). The ECH waves are excited near the geomagnetic equator and appear as
multiple harmonic bands, distributed throughout the outer magnetosphere (L > 5) from nightside to dayside
during the active geomagnetic conditions (e.g., Horne et al., 1981; Kennel et al., 1970; Ni et al., 2012). The typical
energy of ECH resonant particles ranges from a few hundred eV to several keV (e.g., Horne & Thorne, 2000;
Horne et al., 2003).

The exact wave modes causing the diffuse aurora and the specific physical processes have been a subject of
ongoing investigation. Currently, studies suggest that the electrostatic ECH waves and whistler mode chorus
waves are the two main candidates for scattering particles from the plasma sheet into the loss cone (e.g., Ni &
Thorne, 2012; Ni et al., 2016; Nishimura et al., 2020; Lou et al., 2021). Thorne et al. (2010) show that both
ECH waves and chorus waves increase in intensity as geomagnetic activity intensifies, and this intensification
is accompanied by the enhancement of average diffuse aurora emission from 2 to 12 keV. Numerous prior
studies show that both kinds of waves play an important role in generating diffuse aurora in different regions of
the magnetosphere (e.g., Ni & Thorne, 2012; Nishimura et al., 2020; Teng et al., 2023). At the nightside in the
inner magnetosphere, chorus waves are suggested to be the dominant contributor, which is firmly supported by
both observational and simulated results (e.g., Ni & Thorne, 2012; Nishimura et al., 2020). For instance, Thorne
et al. (2010) conducted extensive theoretical and modeling studies based on NASA Combined Release and
Radiation Effects Satellite (CRRES) observations, and found that the chorus waves have a profound effect on
the overall electron population injected into the inner magnetosphere, leading to a pancake distribution at
energies below a few keV. Using joint in situ‐ and ground‐observations in Time History of Events and
Macroscale Interactions during Substorms (THEMIS) satellites, Nishimura et al. (2010) provided direct evi-
dence that the modulation by chorus waves drives the pulsating aurora, which are a type of diffuse aurorae, with
an almost one‐to‐one intensity correspondence with each chorus burst. With the observations from the Reimei
satellite, Miyoshi et al. (2015) found that the brightness of pulsating aurora shows good correlation with higher
energy electron precipitation, while general diffuse aurorae are well correlated with increased precipitation of
lower energy electrons, which they attributed to the presence of lower and upper band chorus waves. However,
it is not clear yet in which region chorus waves dominate the auroral electron precipitation and in which region
ECH waves dominate. At the nightside in the outer magnetosphere (L > ∼8), the ECH waves are thought to be
an important contributor (e.g., Ni & Thorne, 2012; Yamamoto, 1988). Liang et al. (2010, 2011) performed
detailed case studies that combined THEMIS and ground‐based NORSTAR optical auroral observations and
showed a positive correlation between the intensity of diffuse aurora precipitation and ECH emission. Later, Ni
et al. (2012) conducted a thorough theoretical and numerical analysis of the resonant scattering rate driven by
ECH waves for the event reported by Liang et al. (2011) and revealed that the observed ECH wave activity
leads to significant pitch angle scattering of plasma sheet electrons, resulting in diffuse aurora.

Dayside diffuse aurorae (0600–1800 magnetic local time (MLT)) are less intense than the ones on the nightside
(1800–0600 MLT), many previous studies primarily focused on the nightside, while only a few explored on the
dayside diffuse aurorae due to observational limitations (e.g., Han et al., 2015; Ni et al., 2016). Using 7‐year
ground auroral observations from Yellow River Station, Han et al. (2015) conducted a systematic statistical on
the dayside diffuse auroras and classified them into two broad types based on their optical characteristics, namely
unstructured and structured dayside diffuse auroras. The dayside chorus wave is a potential contributor to dayside
diffuse auroral precipitation considering the continuous presence of dayside chorus waves, as documented by Li
et al. (2009). Shi et al. (2012) reported an intense dayside diffuse auroral event from ground observations near
local noon at L=∼9.5. By computing bounce‐average pitch angle diffusion coefficients in realistic magnetic field
models, they concluded that the presence of dayside chorus during this event can result in significant precipitation
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losses of electrons from CPS on timescales of hours. Using simultaneous measurements of dayside diffuse aurora
and whistler‐mode waves made by the South Pole all‐sky imager and the THEMIS spacecraft, Nishimura
et al. (2013) found a strong correlation between the intensity of diffuse aurora at 557.7 nm and whistler‐mode
chorus on board the THEMIS satellites at 6 < L < 11. Ni et al. (2014) further performed a detailed quantita-
tive analysis of wave‐driven diffusion and electron precipitation for one event in Nishimura et al. (2013), and the
results indicate that dayside chorus scattering is likely to play a major contributing factor to the formation of the
dayside diffuse aurora during quiet geomagnetic conditions. Shi et al. (2015) reported another event in which the
intensity of dayside electron diffuse aurora was modulated by the solar wind dynamic pressure, with the corre-
lation coefficient reaching 0.89. The increase in dynamic pressure was suggested as a necessary condition for
creating favorable conditions for the generation of dayside chorus waves.

Due to the limitations in observations for the dayside auroral measurements (i.e., Imager observations require the
polar night season), understanding the mechanisms responsible for the generation of dayside aurora is still
incomplete, and it is challenging to find favorable conjugate events for concurrent observations of in situ wave
properties and auroral emission. However, observations by the Air Force Defense Meteorological Satellite
Program (DMSP) and the Radiation Belt Storm Probes (RBSP) provided an opportunity to find such conjunctions
during disturbed geomagnetic activity. In this paper, we show an ultraviolet diffuse aurora event observed in the
morningside (0600–1000 MLT) from the Special Sensor Ultraviolet Spectrographic Imagers (SSUSI) on the
DMSP satellites, combined with the wave spectra and particle observations from RBSP. Based on the observation
of this event, we compute wave‐driven bounce‐averaged quasi‐linear diffusion coefficients using Full Diffusion
Code (FDC) (Ni et al., 2008; Shprits & Ni, 2009). Then we use these diffusion coefficients to solve the 2‐D
bounce‐averaged Fokker‐Planck equation for the evolution of electron fluxes, and also evaluate the electron
lifetimes following Shprits, Li, and Thorne (2006) to gain a comprehensive understanding of the origin of the
dayside diffuse aurora.

2. Data
The auroral data used in this paper are derived from DMSP satellites operating in a sun‐synchronous orbit of
∼840 km with an orbital period of 101 min (Paxton et al., 1992). The DMSP satellite carries the SSUSI providing
five wavelengths to record auroral emission, at 121.6 nm, 130.4 nm, 135.6 nm, 140–150 nm (LBHS), and 165–
180 nm (LBHL) (Paxton et al., 1992). In addition, the satellite is equipped with the Special Sensor J (SSJ) in-
strument to record the energy flux of precipitating ions and electrons (Hardy et al., 1984). The wave spectrograms
used for the study are retrieved from the Electric and Magnetic Field Instrument Suite (EMFISIS) (Kletzing
et al., 2013) running on the RBSP satellites (probes A and B) with a high elliptical orbit of 600 km altitude, an
apogee at ∼5.8 RE, 10° inclination, and ∼9‐hr orbital period (Kessel et al., 2013). The EMFISIS provides
measurements of wave electric and magnetic fields with a wide frequency range, spanning from 10 Hz to
400 kHz, and a sampling cadence of 64 vectors/s (Kletzing et al., 2013). The particle data used for the study is
from the Helium, Oxygen, Proton, and Electron (HOPE) Mass Spectrometers on RBSP, which measure both ions
and electrons over 1 eV to 50 keV in 36 log‐spaced steps (Funsten et al., 2013). The interplanetary magnetic
field data used in this study are extracted from the National Aeronautics and Space Administration/Goddard
Space Flight Center (NASA/GSFC)'s OMNI data set.

3. Conjugate Measurement of Morningside Diffuse Aurora and In Situ Wave
Observations on 1 January 2016
We report a morningside diffuse aurora event associated with chorus wave activity, jointly observed by the DMSP
and RBSP‐B on 1 January 2016 during the recovery phase of a substorm. Figures 1a and 1b show the solar wind
dynamic pressure and geomagnetic indices from 0700 UT to 1100 UT derived from OMNI 1‐min data. During
this period, the geomagnetic condition is relatively active, accompanied by substorm events (Kp index changes
from 5 to 3, not shown here). Additionally, there is an enhancement in dynamic pressure from∼0.5 to∼1.5 nPa at
∼0900 UT, as indicated in the red arrow in Figure 1a. During the substorm recovery phase, as shown in the red‐
shaded region in Figure 1, we observe a strong morningside diffuse aurora precipitation event at DMSP/SSUSI, as
shown in Figure 1c. The DMSP F17 satellite flies from duskside to dawnside, denoted with a red line in Figure 1c.
From 1008 UT to 1012 UT, the F17 satellite is in the intense morningside diffuse aurora region, and coinci-
dentally, the footprints of RBSP‐b mapped by the T89 magnetic model (Tsyganenko, 1989) align perfectly with
this zone, denoted by the green line in Figure 1c. Figures 1d and 1e show the energy flux spectra of electrons and
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ions recorded by the SSJ instrument on DMSP F17. In the diffuse auroral region, the flux of electrons is relatively
uniformly distributed at high energy levels (from 1 keV to tens of keV) and shows low flux at lower energy levels
(<1 keV). The energy of precipitated ions ranges from tens to hundreds of eV (Note that the energy scale for ions
is the opposite of that for electrons). These particles are suggested to be from the CPS (Wing & Newell, 1998).

Figure 1. The conjugate observation of morning‐side diffuse aurora by Defense Meteorological Satellite Program (DMSP) and RBSP‐B on 1 January 2016. (a) The
variation of solar wind dynamic pressure. (b) The geomagnetic AU and AL indices. (c) The auroral emission observations in LBHS wavelength from DMSP/SSUSI.
The red arrow line shows the trajectory of the DMSP and the green arrow line is the footprint of RBSP‐b mapped by the T89 magnetic model. (d) and (e) The energy flux
spectrum of electrons and ions taken from the Special Sensor J instrument on DMSP (Note that the energy scale for ions is the opposite of that for electrons).
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Figure 2 shows the wave spectra and particle distribution observations from RBSP‐B on 1 January 2016. Figure 2a
presents the chorus wave spectra extracted from the EMFISIS instrument, with the white curves indicating the 0.05,
0.5‐, and 1‐times the electron cyclotron frequency ( fce) calculated from the equatorial magnetic field. From 0000
UT to 1800 UT, as the satellite traversed the same region along its pre‐orbit (from ∼0000 to ∼0900 UT) and post‐
orbit (from∼0900 to∼1800 UT) (hereafter we will refer to them as orbit‐1 and orbit‐2), chorus waves of different
intensities are observed. During orbit‐1, RBSP‐b first observed both the upper and lower band chorus, with the
lower band chorus taking on a dominant role. However, the chorus waves are less intense in orbit‐2 than in orbit‐1,
with both the upper band and lower band chorus present. Figure 2b shows the electron energy flux recorded by the
HOPE instrument on RBSP‐b. We can see that the electron flux is more concentrated on low energy levels (<1 keV)
during this period. However, at relatively high energy levels ranging from 1 keV to tens of keV, higher electron
fluxes are observed during the preceding phase of orbit‐1 compared to orbit‐2 (i.e., 0000–0400 UT and 0900–∼1300
UT). To further confirm which energy level electrons are mainly reduced, we initially reconstructed the full electron
energy flux matrix for the first half of orbit‐1 and orbit‐2, with the step size of L as 0.1, and calculated the average
flux for each energy level. Subsequently, we plot the ratio spectrum (orbit‐1/orbit‐2), as illustrated in Figure 2c. We
can see an obvious decrease in the flux of the particles with ∼5–∼20 keV energies during the period that diffuse
aurorae are observed (L is roughly from 3.5 to 4, UT= 1,000–1,018), which is consistent with these diffuse aurorae
associated with the precipitation electron with several keV to tens of keV observed by DMSP, as shown in Figure 1.

4. Simulation Methods and Results
In this section, we perform quantitative analysis to confirm whether the morning‐side diffuse aurora observed in
DMSP/SSUSI is associated with the chorus waves observed in RBSP‐b in this case. We first compute the bounce‐

Figure 2. The wave spectra and the electron energy flux distribution of RBSP‐b from 0000 UT to 1800 UT on 1 January 2016. (a) The chorus wave spectra on the
EMFISIS instrument. The white curves indicate 0.05‐, 0.5‐, and 1‐times fce calculated by the equatorial magnetic field. (b) The electron energy flux distributions on the
Helium, Oxygen, Proton, and Electron instrument. (c) The ratio of energy flux spectra of the first half of orbit‐1 and orbit‐2. The red box indicated the time period of
conjugate observation of diffuse aurora by Defense Meteorological Satellite Program and RBSP‐b.
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averaged pitch‐angle and momentum diffusion coefficients using chorus waves observed by RBSP‐b and a dipole
magnetic field model. Then, we simulate the temporal evolution of electrons in the inner magnetosphere based on
the average scattering rates derived from the diffusion coefficients, together with real electron distributions
observed by RBSP‐b/HOPE, as shown in Figure 2b.

To analyze the interaction between chorus wave and morning‐side diffuse aurora on this day, we calculate the
bounce averaged quasi‐linear diffusion coefficients in pitch angle (〈Dαα〉), momentum (〈Dpp〉), and cross pitch
angle‐momentum (〈Dαp〉 = 〈Dpα〉) using the FDC (Ni et al., 2008; Orlova & Shprits, 2011; Shprits & Ni, 2009;
Shprits et al., 2009). We assume that the chorus wave power spectral density B2( f ) is distributed following the
Gaussian frequency distribution with lower bounds ( flc), upper bounds ( fuc), median value ( fm), and bandwidth (δf):

B2( f ) = B2
W

2
̅̅̅
π

√
δf
[erf(

fm − flc
δf

) + erf(
fuc − fm

δf
)]

− 1

exp[− (
f − fm
δf

)

2

] (1)

B2
W is the chorus wave amplitude and erf is the error function. Based on the observations of the time and L‐values

at which diffuse aurora and chorus occurred, we identify the flc, fuc, fm, and BW from the real chorus wave spectra
observed within the L‐value range of 3.9–4.1 in orbit‐1. We perform calculations separately for the lower band
chorus and upper band chorus. The parameters for lower band chorus are flc = 0.3fce, fuc = 0.5fce, fm = 0.4fce, and
BW = 23.7 pT, and for upper‐band chorus are flc = 0.5fce, fuc = 0.7fce, fm = 0.6fce, and BW = 43.27 pT. Plasma
density is about 20 cm− 3, derived from RBSP‐b observations. Waves are assumed to exist only within 10° from
equator (λm = 10°).

Figure 3 shows the bounce‐averaged diffusion rates of electrons between 10− 1 keV and 104 keV from the upper
band chorus and lower band chorus contributions separately. The pitch angle diffusion coefficients (〈Dαα〉) for
upper band chorus waves and lower band chorus waves show that near the loss cone, the upper band chorus induce
intense pitch‐angle scattering of electrons with energies ranging from 0.1 to ∼50 keV. The scattering is most
pronounced at energies below 10 keV. The lower band chorus can cause efficient pitch angle scattering of electron
between 3 and ∼100 keV, and is most intense for ∼10 keV. There is less efficient electron scattering for
αeq > ∼80°, which can explain the formation of a pancake shape pitch angle distribution (e.g., Meredith

Figure 3. The bounce‐averaged diffusion rates of electrons are between 10− 1 keV and 104 keV. The panels in the first and second rows (a) and (b) indicate the pitch
angle, momentum, and cross‐pitch angle‐momentum diffusion coefficients contributed from the upper band chorus and lower band chorus, respectively.
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et al., 1999). Calculation results show that the upper band chorus waves lead to large momentum diffusion co-
efficients for electrons with energies below∼20 keV, while the lower band chorus waves lead to large momentum
diffusion coefficients for electron energies varying from ∼3 to ∼200 keV.

The morning‐side diffuse aurora observed by DMSP is mainly produced by electrons with energy higher than
1 keV, especially those of tens of keV, as shown in Figure 1. However, both the upper band chorus and lower band
chorus exhibit the ability to scatter the electrons in the energy range from several keV to tens of keV. The
noticeable difference between them is that the upper band chorus has more effective scattering rates for relatively
low‐energy electrons (<10 keV), and the lower band chorus has intense scattering rates for relatively high‐energy
electrons (3–30 keV). Therefore, further analysis is needed to quantify the contribution from each. We thus model
the evolution of electron phase space density (PSD) f by solving the following 2‐D bounce‐averaged Fokker‐
Planck equation at a fixed L shell (here, L = 4) using the diffusion coefficients computed above (e.g., Al-
bert, 2004; Kozyra et al., 1994; Shprits et al., 2008b; Xiao et al., 2009),

∂f
∂t
=

1
Gp

∂
∂αe

[G(D^
αα

1
p

∂f
∂αe

+ D^
αp

∂f
∂p
)] +

1
G

∂
∂p
[G(D^

pα
1
p

∂f
∂αe

+ D^
pp

∂f
∂p
)] (2)

where p is the electron momentum, G= p2T (αe)sinαecosαe, the normalized bounce time T (αe) ≈ 1.30–0.56sinαe.
The boundary conditions for PSD in αeq space are f (αeq ≤ αLC) = 0 and ∂f

∂αeq(
αeq = 90°) = 0 where αLC is

equatorial bounce loss cone (for L= 4 here, αLC= 5.34°). Phase space density is assumed to be constant at the low
energy (0.1 keV) boundary and high energy boundary (100 keV). The simulation was performed for 10 hr with a
1s time step. The initial condition uses the electron PSD converted from the fluxes observed by the HOPE in-
strument at L = 4 during orbit‐1. We model the temporal evolution of energetic electron pitch angle distribution
due to the upper band chorus, lower band chorus, and the combined effect.

Figure 4 shows the temporal variations of electron fluxes (converted from the PSD results) at five specific en-
ergies (E = 1, 2, 5, 10, 20 keV) for a period of 10 hr. Results are shown increasing from initial conditions (t = 0,
indicated by blue curve) in 1‐hr step to t = 10 hr (represented by red curves). The modeled pitch angle distri-
butions exhibit significant differences between the contributions of the upper band chorus and lower band chorus.
When only upper band chorus is included in the simulation, electrons are primarily accelerated, with the 5 keV
electrons being accelerated the fastest, as shown in the second column of Figure 4. In contrast, when the lower
band chorus is the main contributor, 5–20 keV electrons with low and middle pitch angles are rapidly lost, as
presented in the third column of Figure 4. This is consistent with the RBSP‐b electron observations showing that
the ∼5–∼20 keV electron flux decreases at orbit‐2 compared to orbit‐1, as shown in Figure 2c. The combined
effect causes acceleration at all electron energy levels due to the acceleration from the upper band chorus
contributing most significantly (the first column in Figure 4).

To further evaluate the loss effect of the lower band chorus on energetic electrons, we computed electron lifetimes
(τD) for 5 keV (red lines), 10 keV (blue lines) and 20 keV (green lines) electrons by only considering pitch angle
diffusion due to lower band chorus waves. Here, we compare the τD obtained by two methods, as shown in Figure 5.

The τD plotted in dotted lines are estimated by using 1/Dαα, where the Dαα is evaluated at the equatorial loss cone
angle (αeq)LC (e.g., Shprits, Li, & Thorne, 2006; Summers et al., 2007). The τD shown by the solid lines are given
by the formula as follows (Shprits, Li, & Thorne, 2006)

τ(α) =
( f n+1(α) + f n(α)) dt
2( f n(α) − f n+1(α))

(3)

where f(α) is a pitch angle distribution, dt is the time step of the simulation, and superscript n is an indicator of the
simulation time step. The loss cone at L = 4 is assumed to be constant 5.34°. The lifetimes for all these energetic
particles are short, only a few hours. Among them, the 10 keV electrons are scattered the most efficiently, with a
lifetime of 0.1 days. This means that the particles injected from the plasma sheet can be quickly scattered into the
atmosphere by the lower band chorus waves as they drift from midnight to morning side. As a result, this pre-
cipitation of a large number of energetic particles into the ionosphere excites the diffuse aurora over a large area
on the morningside, as shown in Figure 1c.
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5. Discussions
In this study, we present an observation of a strong morning‐side diffuse aurora associated with intense chorus
waves that occurred during the substorm, through conjugate observations from the DMSP F17 spectrometer and
the RBSP‐b wave and particle instruments. For this event, we performed a detailed quantitative analysis of the

Figure 4. The evolution of electron fluxes at L= 4 at energies of (a) 1 keV, (b) 2 keV, (c) 5 keV, (d) 10 keV, and (e) 20 keV. From left to right, columns are the results of
the combined effect of upper band chorus and lower band chorus, only upper band chorus, and only the lower band chorus, respectively. Results are displayed every 1 hr
in different colors (from blue to red) for the entire 10 hr of the simulation.
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interaction between chorus waves and particles by calculating the diffusion
coefficients, the evolution of electron fluxes, and the electron loss timescales.
We have confirmed that the scattering by the chorus waves accounted for a
large area of diffuse aurora on the morning‐side during the substorm. The
lower band chorus and upper band chorus play distinct roles during this
process. The lower band chorus shows an obvious pitch angle scattering effect
for 5, 10, and 20 keV electrons, but no effect on 1 and 2 keV electrons. While
the upper band chorus accelerates electrons at all energies from 1 to 20 keV,
the effect is most pronounced on electrons with energies higher than 5 keV.
We suggest that while the injected plasma sheet particles are drifting from
midnight to the dayside, the lower band chorus changes the pitch angle of
these electrons and scatters the electrons to the loss cone in a short time,
leading to an enhancement of the diffuse aurora, while the upper band chorus
accelerates electrons from low energies to high energies where the lower band
chorus can efficiently scatter them, thereby participating in the scattering
process.

Ni et al. (2014) showed that the dayside chorus scattering was the dominant
contributor to the observed dayside diffuse auroral precipitation during

relatively quiet geomagnetic conditions. Compared to Ni et al. (2014), the current study presents observations
from the recovery phase of a substorm, and the results show that the chorus wave scattering also plays an
important role in diffuse aurora formation by affecting the injected particles that are drifting toward the dayside.
Furthermore, we confirmed that for this special event, the lower band chorus is the primary contributor for the
scattering of 5–20 keV precipitated electrons. During substorms, the plasma sheet electrons from ∼100 eV to
1 keV are injected into the nightside magnetosphere (DeForest & McIlwain, 1971), and drift from the midnight
sector through the dawn to the local noon under the effect of gradient and curvature force, and the injected en-
ergetic particles could provide the free energy for the excitation of chorus waves (Tsurutani et al., 1979). When
the geomagnetic activity intensifies, the amplitude of the chorus also increases (e.g., Li et al., 2009; Meredith
et al., 2003; Wang et al., 2019). If chorus provides the dominant scattering mechanism of plasma sheet electrons in
the inner magnetosphere, it is not surprising for us to observe the strong emission of morning‐side diffuse aurora
during this event. In our case study, the RBSP‐b instruments detected intense chorus wave activity and a
considerable enhancement of ∼10 keV particles when it first traversed the region with 3.5 < L < 4 at approxi-
mately 0130 UT. However, when the RBSP‐b passed through this region on its next orbit, the intensity of
observed chorus waves was lower, accompanied by a significant reduction in the population of∼10 keV particles,
as shown in Figure 2. These observational results reflect the results of interaction between the chorus waves and
particles, that is, the injection of energetic particles facilitates the excitation of chorus waves, and in turn, these
waves influence the behavior of the particles, notably by scattering them into the atmosphere. Shi et al. (2015)
concluded that the variations of solar wind dynamic pressure can efficiently modulate the intensity of dayside
diffuse aurora, which can be explained by the enhancement of solar wind dynamic pressure leading to favorable
conditions for the generation of chorus waves. In our case, we also observed an enhancement of solar wind
dynamic pressure before the observation of diffuse aurorae, as shown in Figure 1a. Quantifying the relative
contribution of the change in dynamic pressure and the injection of energetic particles to the excitation of chorus
waves is left as a subject for a future study.

Thorne et al. (2010) showed that the lower band chorus is the most significant contributor to electron precipitation at
higher energies (>7 keV), and that the upper band chorus is more important for energies below ∼3 keV. We note
that our calculation of the diffusion coefficients using real spectral data shows that the lower band chorus induces
scattering of electrons higher than 5 keV, but has no effect on 1–2 keV electrons, as shown in Figure 4. These results
are consistent with the results of Yu et al. (2023), who found that the lower band chorus alone can only cause
precipitation of electrons with energies greater than 4 keV. The lifetime of these particles with energies above 5 keV
is only a few hours, as shown in Figure 5, which is much shorter than the time required for particles to drift from the
nightside to the dayside. This means that these particles rapidly enter the loss cone due to the scattering effect of
waves, causing strong diffuse auroral emission on the morning‐side. It is worth noting that the shortest lifetimes are
obtained for 10 keV electrons, which is consistent with the RBSP‐b observation that the electron flux decreases the
most is most noticeable at 10 keV, as shown in Figure 2. The lifetimes computed by the reversing Dαα at the loss

Figure 5. The lifetime (τD) of electrons with energies of 5 keV (red lines),
10 keV (blue lines), and 20 keV (green lines). The τDaa and τS2006

shown as
dotted lines and solid lines respectively are calculated by reversing Dαα at the
loss cone and the method outlined in Shprits, Li, and Thorne (2006),
respectively.
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cone and the formula outlined in Shprits, Li, and Thorne (2006) show a slight difference, which results from very
small diffusion coefficients near 90‐degree pitch‐angle. If there exists other scattering process that helps with
transporting near 90° pitch angle, for example, by magnetosonic waves, the estimate of lifetime using the diffusion
coefficients near the loss cone can be more realistic. Previous studies suggested that the upper band chorus pitch‐
angle scatters the 1–10 keV electrons, causing the diffuse aurora (e.g., Inan et al., 1992; Miyoshi et al., 2015; Ni
et al., 2008). However, in our simulation results, the net effect of upper band chorus on low energy (1–5 keV)
particles is acceleration, as shown in Figure 4. This means that the acceleration caused by upper band chorus waves
dominate the loss caused by them. On one hand, upper band chorus waves contribute to the precipitation of
electrons with energy lower than 5 keV observed by DMSP by scattering these electrons into their loss cones. On
the other hand, the acceleration caused by upper band chorus waves also contributes to the precipitation of electrons
with energy higher than 5 keV. Here, combining observation and simulation results, we suggest that the upper band
chorus accelerates the low energy electrons to higher energies where they can be efficiently pitch‐angle scattered by
the lower band chorus. This explains why intense upper band chorus activity is correlated with creation of diffuse
aurora, describing the contribution of the upper band chorus as the first step of a two‐step process. This conclusion
is further supported by the fact that our simulation produces these results while overestimating the contribution
from the upper band chorus. The wave distribution in our model is assumed to be constant, therefore, the combined
action theoretically exhibits an accelerating effect on electrons at all energy levels, as shown in the first column of
Figure 4. However, in a real wave spectrum, the upper band chorus wave quickly weakens at orbit‐2, as shown in
Figure 2, which means lower band chorus scattering will quickly become the major contributor to electron scat-
tering. This indicates that in order to more conclusively describe the specific roles played by upper band chorus and
lower band chorus in the generation of dayside diffuse aurora, more in‐depth studies using additional examples of
wave and auroral conjugate observations are required.

Moreover, butterfly distributions are produced in the simulation results for electrons <10 keV (see Figures 4a–
4d). We attribute this phenomenon to acceleration by the upper band chorus, aligning with findings from previous
studies (e.g., Fennell et al., 2014). The Van Allen Probes and Arase observations reveal the swift acceleration of
electrons characterized by a butterfly type pitch‐angle distribution during interactions with upper band chorus
(Fennell et al., 2014; Kurita et al., 2018). Test‐particle simulations, utilizing data from the Arase satellite,
demonstrated that interactions with upper band chorus induce rapid electron acceleration (Saito et al., 2021).
Notably, the varied frequencies of the upper band chorus result in differing levels of accelerated energy. We also
noticed that the energy flux spectrum of precipitated electrons has a significant gap at ∼1 keV after ∼10:11:00
UT, as shown in Figure 1d. We consider that this gap corresponds to the precipitation gap in Miyoshi et al. (2015).
They have discussed that this precipitation gap may correspond to the resonance energy of the half‐gyro fre-
quency where the wave amplitude was small. In addition, for this diffuse auroral event, there also exists some
burst of the electron precipitation with energy <1 keV from 10:10:00 to10:11:30 UT. Although our simulation
results do not primarily account for electrons with energies below 1 keV, we speculate that the wave‐particle
interactions to scatter the electrons <1 keV are also necessary.

6. Conclusion
In this study, we present a conjugate observation in details that the occurrence of large‐scale of morningside
diffuse aurora accompanied by intensive chorus waves during a substorm. Through detailed simulation analysis
for this event, we found that the lower band chorus wave scattering plays a main role in forming of the large‐scale
morningside diffuse aurora with precipitated electron energies higher than 5 keV. While the upper band chorus
wave accelerates the particles with lower energy to high energy in this event, so that these particles can also
participate in the scattering process to form diffuse auroras. The observations and simulation results for this
particular event also provide support for our explanation of the relationship between chorus wave and mor-
ningside diffuse auroras. However, further investigations about morningside diffuse aurora and waves are still
needed, with more joint satellite and ground‐based observations of diffuse aurora and wave spectral.

Data Availability Statement
We would like to thank Johns Hopkins University Applied Physics Laboratory for providing the DMSP/SSUSI
data https://ssusi.jhuapl.edu/data_products. The DMSP particle detectors were designed by Dave Hardy of
AFRL, and data obtained from JHU/APL http://sd‐www.jhuapl.edu/Aurora/. We acknowledge the use of NASA/

Journal of Geophysical Research: Space Physics 10.1029/2023JA032240

FENG ET AL. 10 of 13

 21699402, 2024, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

032240 by H
elm

holtz-Z
entrum

 Potsdam
 G

FZ
, W

iley O
nline L

ibrary on [02/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://ssusi.jhuapl.edu/data_products
http://sd-www.jhuapl.edu/Aurora/
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index was provided by GFZ Section 2.3 and downloaded from the World Data Center. We acknowledge the
NASA Van Allen Probes and Craig Kletzing (University of Iowa), Harlan E. Spence (University of New
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