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Abstract Although magnetospheric chorus plays a signiﬁcant role in the acceleration and loss of radiation
belt electrons, its global evolution during any speciﬁc time period cannot be directly obtained by spacecraft
measurements. Using the low-altitude NOAA Polar-orbiting Operational Environmental Satellite (POES)
electron data, we develop a novel physics-based methodology to infer the chorus wave intensity and
construct its global distribution with a time resolution of less than an hour. We describe in detail how to apply
the technique to satellite data by performing two representative analyses, i.e., (i) for one speciﬁc time point
to visualize the estimation procedure and (ii) for a particular time period to validate the method and
construct an illustrative global chorus wave model. We demonstrate that the spatiotemporal evolution
of chorus intensity in the equatorial magnetosphere can be reasonably estimated from electron ﬂux
measurements made by multiple low-altitude POES satellites with a broad coverage of L shell and magnetic
local time. Such a data-based, dynamic model of chorus waves can provide near-real-time wave information
on a global scale for any time period where POES electron data are available. A combination of the
chorus wave spatiotemporal distribution acquired using this methodology and the direct spaceborne wave
measurements can be used to evaluate the quantitative scattering caused by resonant wave-particle
interactions and thus model radiation belt electron variability.
1. Introduction
Resonant wave-particle interactions play a fundamental role in the acceleration and loss of radiation belt
energetic electrons [see Thorne, 2010, and references therein]. Quantiﬁcation of the rates of transport, loss,
and acceleration by various magnetospheric plasma waves requires detailed information of the global
(spatiotemporal) distribution of magnetospheric waves, which cannot be acquired from localized in situ
satellite wave measurements alone, since these satellites inherently only measure a few points in space at any
given time. Consequently, previous numerical simulations of radiation belt storm time dynamics [e.g., Li et al.,
2007; Fok et al., 2008; Varotsou et al., 2008; Xiao et al., 2009; Albert et al., 2009; Thorne et al., 2010; Subbotin
et al., 2011; Su et al., 2011; Tu et al., 2013] have generally been based on statistical wave distributions obtained
from surveys of long-term spacecraft wave data, which have been categorized into different levels of
geomagnetic activity [e.g., Meredith et al., 2003, 2004, 2012; Li et al., 2009b, 2011; Ma et al., 2013]. However,
such statistical data may not always yield a realistic global wave distribution and its temporal variation for any
selected geomagnetic storm. Nonetheless, such modeling has led to greatly improved understanding of the
physical relationship between the properties of plasma waves and wave-driven electron acceleration and
pitch angle scattering loss [e.g., Thorne et al., 2005; Meredith et al., 2006, 2009, 2011; Albert, 2007, 2008;
Summers et al., 2007, 2008; Shprits et al., 2008; Ni et al., 2008, 2011, 2013, 2014; Horne et al., 2009, 2013; Thorne,
2010; Lam et al., 2010]. Speciﬁcally, a quantitative connection has been established between the wave
intensities and the resultant ratio of precipitated to trapped electron ﬂuxes measured by low-altitude
satellites. Using the rough conjunctions between Polar-orbiting Operational Environmental Satellite
(POES) and Van Allen Probes measurements with the bin size of 0.5 h × 0.5 L × 0.5 magnetic local time (MLT),
Li et al. [2013] studied the correlations between the measured chorus wave power obtained near the
geomagnetic equatorial plane and the trapped and precipitated ﬂux of 30–100 keV electron ﬂux (and their
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ratio) obtained on the low-altitude POES satellites. As expected theoretically, the highest correlation is found
between the measured wave intensity and the POES ﬂux ratios, indicating that there should exist a causal
connection between chorus wave intensity in the equatorial region and the precipitated-to-trapped ﬂux
ratio at low altitudes. Among the most intense electromagnetic emissions in Earth’s magnetosphere,
whistler mode chorus waves are triggered from the linear instability driven by the temperature anisotropy of
10–100 keV energetic electrons [Li et al., 2008, 2009a], followed by the nonlinear growth phase with a
rising tone frequency [e.g., Katoh and Omura, 2007; Omura et al., 2008, 2009; Hikishima et al., 2009; Omura and
Nunn, 2011; Summers et al., 2012]. Chorus waves play a dual role in driving the stochastic acceleration and
scattering loss of energetic electrons in the magnetosphere [e.g., Omura and Summers, 2006; Bortnik and
Thorne, 2007; Omura et al., 2007; Summers et al., 2007; Hikishima et al., 2010; Thorne, 2010; Thorne et al., 2010,
2013]. Here we develop a detailed theoretical methodology, which enables us to construct a global model of
chorus wave intensities from the low-altitude POES observations. This model has been validated with
instantaneous wave measurements from near-equatorial spacecraft and used recently to identify the
processes responsible for ultrarelativistic electron acceleration during the magnetic storm on 9 October 2012
[Thorne et al., 2013].
The NOAA POES mission consists of a number of satellites operating simultaneously with good coverage over
a broad range of MLT and L = ~2–8 every ~100 min. As polar-orbiting Sun-synchronous satellites at an
altitude of ~800 km with an orbital period of ~100 min, the POES satellites have the Space Environmental
Monitor 2 (SEM-2) instrument package that includes two electron solid-state detector telescopes to measure
electron ﬂuxes in three energy bands (>30 keV, >100 keV, and >300 keV) [Evans and Greer, 2004; Green,
2013]. The 0° telescope, mounted on the three-axis stabilized POES spacecraft, has the center ﬁeld of view
approximately upward, along the local zenith, and it measures precipitating ﬂux inside the bounce loss cone
at L > 1.4 [Rodger et al., 2010]. The 90° telescope, mounted approximately perpendicular to the 0° telescope,
mostly measures the trapped particles between 55° and 68° invariant latitude (L = ~3–7 in a dipole ﬁeld)
[Meredith et al., 2011]. All the POES data are available from http://satdat.ngdc.noaa.gov/sem/poes/data/. By
analyzing the POES electron data, both Lam et al. [2010] and Meredith et al. [2011] suggested that lower band
chorus is responsible for scattering >30 keV electrons from the Earth’s inner magnetosphere into the
atmosphere, which provides further important support for our proposed methodology to infer chorus wave
intensity using the POES electron data. In the present study, we use the medium energy proton and
electron detector (MEPED) electron data from the NOAA POES satellite series including NOAA 15, NOAA 16,
NOAA 17, NOAA 18, NOAA 19, and MetOp-A (also referred to as MetOp-2). To make the data sets as clean
as possible for assessing the chorus wave amplitude, we remove the proton contamination using the
correction procedure described by Lam et al. [2010] and remove the points during the solar proton events
and those measured at the region of the South Atlantic anomaly [Casadio and Arino, 2011].
The structure of this technique paper is outlined as follows: Section 2 gives a thorough description of the
methodology that we develop to use the POES precipitated and trapped electron data to acquire the
wave amplitude information. Two representative examples are illustrated in section 3 to validate our
methodology and to justify its advantage for studies of the global wave distribution and associated waveparticle interactions. One example focuses on a speciﬁc time in order to show the details of how we evaluate
the wave amplitude using the POES data, and the other focuses on a 2 h time interval in order to show
how we can construct a reasonable data-based, time-varying (dynamic) global model of lower band chorus
waves for a storm. We discuss our technique and our results in section 4, followed by our conclusions
summarized in section 5.

2. Methodology
According to Walt [1994] (equation (5.21), p. 71), the count rate (CR) for an integral ﬂux of j(α, E > Eth) into
a particle detector is given by
CRðE > E th Þ ¼

2π β

∫ ∫
0

0

jðα; E > E th Þ  A sin ηd ηd ψ;

(1)

where j(α, E > Eth) is the particle directional ﬂux at the local pitch angle α for electron energies (E) above
the threshold energy Eth, A is the sensor area, and β is the half angle of the detector acceptance. In the
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integrand, the local pitch angle α is a function of η,
θ, and ψ given implicitly by the cosine law for
spherical triangles:
cos α ¼ cos θ cos η þ sin θ sin η cos ψ;

(2)

where θ is the angle between the ambient
magnetic ﬁeld B0 and the detector axis (available
from the POES SEM-2 data) and η and ψ are
deﬁned in Figure 1, which schematically shows the
geometry of the POES MEPED detector.

Figure 1. Geometry for calculating the counting rates of the
POES MEPED detector when the directional ﬂux varies over
the acceptance solid angle of the detector (adapted from
Walt [1994], p. 71).

LC
z0 ¼ p2αﬃﬃﬃﬃﬃﬃﬃ
¼


To connect the POES electron count rates
measured by the 0° and 90° telescopes with
electron ﬂux distribution inside and outside the
loss cone, we follow the equilibrium equation
pitch angle distribution of electron differential ﬂux
solved from the 1-D diffusion equation [Kennel and
Petschek, 1966; Theodoridis and Paolini, 1967]
α

eq;in

 SðE Þ I0 αLC z0
J in αeq;in ; E ¼ 
;
(3)
z0 I1 ðz0 Þ
D



 SðE Þ I0 ðz 0 Þ
sin αeq;out
;
J out αeq;out ; E ¼ 
þ ln
D z0 I1 ðz0 Þ
sin αLC
(4)
where S(E) is the ﬂux distribution as a function
of energy for electrons entering the loss cone,

qﬃﬃﬃﬃﬃﬃﬃ

2DSD
D with αLC as the equatorial loss cone, τ B as the electron bounce period, the strong diffusion
2
DSD = 2(αLC) /τ B [Kennel, 1969], and D* ≈ hDααi|LC cos αeq, where hDααi|LC is the bounce-averaged
D τB

rate
electron pitch angle scattering coefﬁcient at αLC and αeq is the equatorial pitch angle. Note that both hDααi|LC
and DSD are energy dependent; therefore, z0 is a function of electron kinetic energy, E. The parameters αeq,in
and αeq,out are the equatorial electron pitch angles inside and outside the loss cone, respectively, which
are obtained from conserving the ﬁrst adiabatic invariant associated with the gyration of a particle about a
ﬁeld line; i.e.,
sin2 αeq ¼

Beq
sin2 α;
BL

(5)

with Beq and BL as the equatorial and ambient magnetic ﬁeld intensity at the POES location, respectively,
and with the local pitch angle α computed from equation (2) for the detector geometry in Figure 1.
Parameters I0 and I1 are the modiﬁed Bessel functions.
Subsequently, we reach the following expressions for the POES electron count rates measured by the 0°
and 90° telescopes,
α

eq;in
I0 α z0
E 2 2π β
SðE Þ
LC
CRðE 1 < E < E 2 Þj0∘ ¼ E 0 0
A sin ηd ηd ψ dE;
(6)
1
hDαα ijLC cos αeq;in z0 I1 ðz0 Þ

∫ ∫ ∫

CRðE 1 < E < E 2 Þj90∘ ¼



SðE Þ
I0 ðz0 Þ
sin αeq;out
A sin ηd ηd ψ dE;
þ
ln
0 hDαα ij cos αeq;out z 0 I 1 ðz 0 Þ
sin αLC
LC

E 2 2π β

∫∫ ∫
E1 0

(7)

with the ratio (RR) between them given by
α

eq;in
I0 α z 0
SðE Þ
LC
sin ηd ηd ψ dE
E 1 0 0 hDαα ij cosαeq;in
z0 I1 ðz 0 Þ
LC


:
β
SðE Þ
I0 ðz0 Þ
sin αeq;out
sin
ηd
ηd
ψ
dE
þ
ln
0 hDαα ij cos αeq;out z 0 I 1 ðz 0 Þ
sin αLC
LC
E 2 2π β

RR ¼

∫ ∫ ∫
∫∫ ∫
E 2 2π
E1 0
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Equation (8) demonstrates that given S(E), RR can be well related to wave diffusion efﬁciency through the
energy-dependent quantities hDααi|LC and z0 (also associated with hDααi|LC), which further connects to
the intensity of contributing waves since hDααi|LC and z0 are proportional to the square of the scattering wave
amplitude and the inverse of wave amplitude, respectively, for any speciﬁc electron energy. In other
words, with the electron energy spectrum available, there exists a one-to-one relationship between RR value
and hDααi|LC, thereby introducing a feasible method to infer the amplitudes of plasma waves responsible for
electron precipitation observed by POES when the value of RR is accurately measured.
Since the POES electron data sets provide the count rates for only three energetic electron channels, a
number of assumptions are required before numerical calculations can be implemented to evaluate the
wave intensity corresponding to any given time:
1. The electron energy spectrum S(E) needs to be assumed. In the present study, we adopt a Kappa-type
distribution following Xiao et al. [2008],

SðE Þ e

p2 Γðκ þ 1Þ
ð2π Þ3=2 χ 3 κ3=2 Γðκ

 1=2Þ

1þ

p2
2κχ 2

ðκþ1Þ

;

(9)

where Γ represents the Gamma function, p is the electron momentum (normalized by mec, where me is
the electron mass and c is the light speed), and κ and χ are the ﬁtting parameters associated with
electron energy spectrum. In the present study, we choose κ = 5.0 and χ 2 = 0.05 based on the results of
Xiao et al. [2008].
2. Models for the ambient magnetic ﬁeld and background plasma density need to be assumed. In the
present study, we adopt a dipole magnetic ﬁeld described by
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ 3 sin2 λ 0:31 1 þ 3 sin2 λ
BðλÞ ¼ Beq
¼ 3
ðGaussÞ;
cos6 λ
cos6 λ
L

(10)

where λ is the magnetic latitude and L is the McIlwain L parameter. Since here we focus on inferring
the wave amplitude of chorus emissions that occur in the low-density region outside the plasmasphere,
for simplicity, we adopt the statistical plasmatrough electron density model of Sheeley et al. [2001] to
obtain the equatorial value of ambient electron density as a function of L shell and MLT,

3
Ne ¼ 124
L

4:0

3
þ 36
L

3:5

(
cos

"

3
MLT  7:7
L

2:0

#)
þ 12

!
π  3 
cm :
12

(11)

We further assume that the ambient electron density is constant with latitude, which can be justiﬁed by
the fact that ~30–300 keV electrons of interest are most likely to resonate with chorus waves near the
geomagnetic equator.
3. The wave model, including wave frequency spectrum, wave normal angle distribution, and wave latitudinal coverage, needs to be assumed. For the chorus waves of interest in this study, we concentrate on
lower band chorus, which is typically much stronger than upper band chorus [e.g., Li et al., 2011; Meredith
et al., 2012] and plays a dominant role in driving the resonant scattering loss of >10 keV electrons
outside the plasmasphere [e.g., Ni et al., 2008, 2011; Thorne et al., 2010; Lam et al., 2010]. Following
previous studies [e.g., Lyons et al., 1971; Glauert and Horne, 2005], we assume that lower band chorus
follows a Gaussian frequency distribution given by
"

f  fm
IB ðf Þ ¼ A exp 
Δf
’
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Table 1. Adopted Model Parameters at L~5

00–04 MLT
04–08 MLT
08–12 MLT
12–16 MLT
16–20 MLT
20–24 MLT

3

fm/fce

Δf/fce

|λ|

0.25
0.23
0.21
0.2
0.2
0.22

0.1
0.1
0.08
0.08
0.06
0.08

<15°
<25°
<45°
<40°
<30°
<20°

Ne (cm

10.2
12.1
18.0
22.0
20.1
14.2

)

fpe/fce
4.1
4.5
5.5
6.1
5.8
4.9

where IB is the power spectral intensity of wave magnetic ﬁeld in nT2/Hz, fm and Δf are the frequency of
maximum wave power and bandwidth, respectively, flc and fuc are the lower and upper cutoffs to the wave
spectrum outside which the wave power is assumed to be 0, and A’ is a normalization factor given by

A′ ¼


B2w 2
f m  f lc
erf
Δf π 1=2
Δf

f uc  f m
Δf

þ erf

1

;

(13)

where Bw is the wave magnetic ﬁeld amplitude and erf is the error function. For lower band chorus, we ﬁx
flc/fce = 0.05 and fuc/fce = 0.5 (fce is the equatorial electron gyrofrequency). Due to its MLT dependence
[e.g., Bortnik et al., 2007], the peak wave frequency is chosen to decrease gradually with MLT, varying from
fm/fce = 0.25 on the postmidnight side to fm/fce = 0.2 on the afternoon and dusk side, as shown in Table 1
for the selected 6 MLT intervals. The wave normal angle distribution is also assumed to be Gaussian for chorus
[e.g., Lyons et al., 1971; Glauert and Horne, 2005; Albert, 2008; Ni et al., 2008, 2011]; i.e.,
"

tan φ  tan φm
gðφÞ ¼ exp 
tan φw

2

#
;

ðφlc ≤ φ ≤ φuc Þ ;

(14)

where φ is the wave normal angle, φm is the peak, φw is the angular width, and φlc and φuc are the lower
and upper bounds to the wave normal distribution outside of which the wave power is 0. In the present
study, we ﬁx φlc = 0°, φuc = 45°, φm = 0°, and φw = 30°. According to the statistical analysis of the latitudinal
distribution of chorus emissions [e.g., Meredith et al., 2012], we assume that lower band chorus waves
are conﬁned within 15° of magnetic latitudes on the postmidnight side, extend to 45° on the noon side, and
are conﬁned again within 20° of magnetic latitudes on the premidnight side. The details of wave latitudinal
coverage for different MLT sectors are also shown in Table 1. Furthermore, we assume that the wave power
spectrum and the wave normal angle distribution do not change with latitude. We defer the discussions
on the above assumptions to section 4.

3. Model Results
With the ambient magnetic ﬁeld model, the background plasma density model, the energetic electron
energy spectrum model, and the lower band chorus wave model described in section 2, we can utilize the
POES electron count rate data obtained from the 0° and 90° telescopes, which, when mapped to the
magnetic equator, correspond to the electron count rates deep inside the loss cone and just outside the loss
cone [e.g., Lam et al., 2010; Li et al., 2013], to quantitatively assess the intensity of the chorus waves in the
magnetospheric source region responsible for the scattering, based on equations (6)–(8). The general
procedure can be summarized as follows:
1. We use the count rates in two energy channels of 30–100 keV and 100–300 keV, obtained, respectively, by
subtracting the count rates in the >100 keV channel from that of the >30 keV channel and in the
>300 keV channel from that of the >100 keV channel. To avoid any potential issues associated with
background noise, and to consider the limit of trapped electron ﬂux in the magnetosphere [Kennel and
Petschek, 1966], we select 1000 c/s and 100 c/s as the respective threshold values for the 30–100 keV
and 100–300 keV electron channels at L~5, above which the data are considered to be statistically
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Figure 2. For L = 5 and MLT = 4.7, (a) bounce-averaged pitch angle scattering rates at the equatorial loss cone (hDααi|LC) as a function of
electron kinetic energy for three speciﬁc wave amplitudes of 10 pT,
100 pT, and 300 pT and their comparisons with the strong diffusion rate
DSD, and (b) hDααi|LC as a function of chorus wave amplitude for three
speciﬁc electron energies of 30 keV, 100 keV, and 300 keV and their
comparisons with DSD.

DSD ≈

9:66
4L
L4 4L  3

1=2



E^ E^ þ 2
E^ þ 1

10.1002/2014JA019935

signiﬁcant. In addition, to minimize
the effects of the drift loss cone, we
remove the data points inside
the region of the South Atlantic
anomaly. By doing so, we establish a
robust POES electron count rate database to compute the ratio of the count
rates measured by the POES/MEPED
0° and 90° telescopes for the evaluation of the chorus wave amplitude.
2. At each time of the POES electron
data with speciﬁc values of L shell
and MLT, we compute the bounceaveraged electron pitch angle
diffusion coefﬁcients at the equatorial loss cone (hDααi|LC) due to lower
band chorus for the energy range of
30–300 keV with high energy resolution for both the 30–100 keV
and 100–300 keV channels. The Full
Diffusion Code (FDC) developed at
the University of California,
Los Angeles (UCLA) [Ni et al., 2008,
2011; Shprits and Ni, 2009], is used to
obtain the matrix of hDααi|LC with a
nominal lower band chorus amplitude of 10 pT. The hDααi|LC for any
wave amplitude within the range of
1 pT–1 nT is subsequently scaled to
the square of wave amplitude. The
energy-dependent strong diffusion
rate DSD is also quantiﬁed by
Summers and Thorne [2003],
1=2




s1 ;

(15)

where E^ is the electron kinetic energy (E) normalized to its rest mass energy.
3. With the energy-dependent hDααi|LC and DSD available, together with the direction and geometry of
POES telescopes and the assumed electron energy spectrum, we evaluate the value of RR, based on
equation (8), as a function of the lower band chorus wave amplitude from 1 pT to 1 nT. Finally, by interpolating the obtained two RR  Bw curves, one for 30–100 keV channel and the other for 100–300 keV
channel, we reach two values of Bw corresponding to the observed ratios of the POES electron count
rates measured by the 0° and 90° telescopes for the two energy channels.
4. Using multiple POES satellites that provide broad coverage of both L shell and MLT and repeating steps
(1)–(3) for each time interval, we eventually obtain a global distribution of lower band chorus waves
with reasonably good spatiotemporal resolution, either for short-time event studies or for long-term
comprehensive analyses.
Correspondingly, we present two representative examples to validate this methodology and justify its
advantage for studies of the global wave distribution and associated wave-particle interactions. We show
two cases: one focuses on a speciﬁc time to show the details of how we obtain chorus wave amplitudes
and the other focuses on a 2 h time interval to show how we can construct a data-based, time-varying
(dynamic) global model of lower band chorus waves for comprehensive studies of a storm.
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Modeled RR

(a) 30 − 100 keV

3.1. Estimating the Chorus Wave
Amplitude at One Speciﬁc Time

POES data
RR=0.672,

10−1

BW=162 pT
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10−3
10

100

101

102

103

0

(b) 100 − 300 keV

Modeled RR

POES data
10

RR=0.602,
BW=293 pT

−1

10−2
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100

101

102
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103

Figure 3. Theoretical curve of the precipitated to trapped electron
ﬂux ratio (RR) as a function of chorus wave amplitude for the two
POES electron energy channels: (a) 30–100 keV and (b) 100–300 keV.
The red plus signs are shown as an example to illustrate how to infer
the chorus wave intensity using the POES electron data at one speciﬁc
time point by interpolation.

We take the POES data at the time
03:24:45 UT on 9 October 2012 when
NOAA 18 was located at L = 5 and MLT = 4.7
on the dawnside. The count rates
measured by the POES/MEPED 0° and 90°
telescopes were 33,021 c/s and 49,158 c/s
for the 30–100 keV electron channel and
3209 c/s and 5329 c/s for the 100–300 keV
electron channel, producing the observed
RR values of 0.672 for the former and
0.602 for the latter, which suggests that at
that time, the loss cone was considerably
full due to the chorus wave scattering
outside the plasmasphere on the
dawnside. Here we exclude the
contribution of hiss wave scattering [e.g.,
Meredith et al., 2004, 2006; Summers et al.,
2007], since the plasmapause, inferred
from the simultaneous Van Allen Probes
Electric and Magnetic Field Instrument
Suite and Integrated Science (EMFISIS)
measurements [Kletzing et al., 2013] using
the upper hybrid resonance frequency, was
located at L < 4.5.

Using the adopted models of ambient
magnetic ﬁeld and background plasma
density, we obtain the equatorial magnetic ﬁeld Beq = 248 nT and the plasma density Ne = 10.8 cm3 at L = 5,
resulting in an equatorial ratio of electron plasma-to-gyro frequency of 4.5. Furthermore, adopting the
corresponding lower band chorus wave model speciﬁed in section 2 and Table 1, we obtain the FDC bounceaveraged pitch angle diffusion coefﬁcients as a function of electron energy, which are also compared
with the strong diffusion rate at L = 5 calculated from equation (15), as shown in Figure 2 in two different
formats. Figure 2a presents the bounce-averaged pitch angle scattering rates at the equatorial loss cone
(hDααi|LC) as a function of electron kinetic energy for three speciﬁc wave amplitudes of 10 pT, 100 pT, and
300 pT and their comparisons with the strong diffusion rate DSD. As the lower band chorus intensity increases,
hDααi|LC approaches the strong diffusion rate and eventually exceeds the latter when the wave amplitude is
strong enough. Figure 2b shows clearly at which amplitude hDααi|LC equals DSD for three speciﬁc electron
energies of 30, 100, and 300 keV. Note that DSD increases with electron kinetic energy, while hDααi|LC
decreases with electron kinetic energy. As a consequence, the chorus amplitude required for strong diffusion
is 150 pT for 30 keV electrons, much weaker than 320 pT required for 100 keV electrons, and 900 pT for
300 keV electrons in the regime of quasi-linear diffusion.
The availability of the above matrix of hDααi|LC as a function of electron kinetic energy and lower band chorus
amplitude and the array of DSD as a function of electron kinetic energy facilitates the determination of z0 and
subsequently the numerical evaluation of the integration in equation (8) to establish an array of RR as a
function of the lower band chorus amplitude for the two POES electron energy channels, i.e., 30–100 keV and
100–300 keV, the results of which are shown in Figure 3. Theoretically, there is a monotonically increasing
relationship between Bw and RR until the wave scattering coefﬁcient exceeds the strong diffusion rate.
Under the latter situation, the loss cone is eventually ﬁlled, and the ratio of POES/MEPED-measured electron
count rate inside and just outside the loss cone is close to 1. Since the ratio of hDααi|LC/DSD associated
with lower band chorus decreases with increasing electron kinetic energy, for a given RR value, larger
chorus wave amplitudes are required for the 100–300 keV channel than for the 30–100 keV channel. For
instance, as shown in Figure 3a, RR reaches 0.9 at Bw of 400 pT for the 30–100 keV channel, but it requires
NI ET AL.

©2014. American Geophysical Union. All Rights Reserved.

5691

Journal of Geophysical Research: Space Physics

10.1002/2014JA019935

03-05 UT / Oct. 9 2012

Bw ~ 800 pT for the 100–300 keV channel,
as shown in Figure 3b. Thus, chorus wave
scattering ﬁlls the loss cone more easily
2
for the <100 keV electrons than for the
1
>100 keV electrons. For the speciﬁc time
point selected, the observation-based RR
x (RE)
value is 0.672 for the 30–100 keV channel
1
2
3
4
and 0.602 for the 100–300 keV channel,
NOAA-15
which are marked as red plus signs in
NOAA-16
Figure 3. By interpolation, we obtain the
NOAA-17
corresponding chorus wave amplitude of
NOAA-18
162 pT and 293 pT, respectively. Ideally,
VAP-A
NOAA-19
the chorus wave amplitude estimated
VAP-B
using the two POES energy channels
should be identical. The discrepancy in
inferred Bw, i.e., a factor of 1.8 for this
speciﬁc time, can be attributed to a
number of factors, including the
assumptions that we have made about the
Figure 4. Trajectories of the ﬁve POES satellites and the two
Van Allen Probes for the considered 2 h period during 03–05 UT on
characteristics of the chorus waves
9 October 2012.
required for the numerical calculations
of diffusion rates and RR and the
uncertainty associated with POES MEPED measurements for various electron energy channels, which will
be discussed in section 4.
y (RE)

3.2. Constructing the Global Distribution of Chorus Wave Amplitude for a Speciﬁc Time Interval

Diffusion Rates (s−1)

When the time period of interest is long enough for the POES/MEPED data to cover all MLT at a speciﬁc
location or certain range of L shell, the developed methodology can be applied to construct the global
distribution of chorus wave intensity for a speciﬁc time duration. The short orbital period (~100 min) and the
multiple-probe availability of the POES constellation make such a situation feasible. We concentrate on a 2 h
time interval between 03 and 05 UT on 9 October 2012. Figure 4 illustrates the trajectories of the available
ﬁve NOAA POES satellites and the two NASA Van Allen Probes in the x-y plane of the solar magnetic
coordinates. The POES satellite orbits
covered a broad range of MLT and L shell.
−2
During the same period, Van Allen Probe
10
A moved outward near the dawnside
and Van Allen Probe B moved inward
10−3
from post dawn to local noon. As a
representative example for constructing
the global distribution of chorus wave
10−4
amplitude using the POES/MEPED data,
here we focus on L~5 with a small range
10−5
of 4.8–5.2. We further separate the
30
60
90
120 150 180 210 240 270 300
MLT coverage into six MLT sectors: 0–4,
Ek (keV)
4–8, 8–12, 12–16, 16–20, and 20–24.

Figure 5. Bounce-averaged pitch angle scattering rates at the equatorial loss cone (hDααi|LC) as a function of electron kinetic energy, obtained
with an amplitude and 100 pT and the MLT-dependent model parameters in Table 1 and their comparisons with the strong diffusion
rate DSD at L = 5.
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Using the adopted model parameters in
Table 1 for the six MLT intervals at L ~ 5,
we compute the bounce-averaged
scattering rates at the equatorial loss
cone (hDααi|LC), using a chorus amplitude
of 100 pT for 30–300 keV electrons, the
results of which are shown in Figure 5
for comparison with the strong diffusion
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rate (DSD). Clearly 100 pT chorus waves can
produce efﬁcient scattering of energetic
electrons but cannot reach the limit of
strong diffusion at any MLT. Moreover, the
MLT distribution of hDααi|LC tends to
exhibit a strong dependence on electron
energy, with the difference becoming
signiﬁcant for electrons ≥120 keV, due to a
combined effect of MLT-dependent wave
frequency spectrum, latitudinal extent, and
ambient plasma density.

Precipitated

ratio

Inf. BW
(pT)

compar.
RMS BW Obs. BW
(pT)
(pT)

100 − 300 keV

Count
rates

To infer the chorus wave intensity for the
2 h time interval, we apply the same
103
procedure, described in section 3.1 for one
102
time instance, to the POES electron data
100
points identiﬁed over the spatial region of
−1
10
L = 4.8–5.2 and MLT = 4–8. In Figure 6, the
10−2
count rates of trapped electrons (red plus
460
360
signs) and precipitated electrons (blue
260
plus signs) are shown in the ﬁrst and fourth
160
60
panels, the ratios RR (black cross signs) are
shown in the second and ﬁfth panels,
2
10
and
the inferred chorus wave intensities
1
10
VAP-A data (6 sec)
(black cross signs) are shown in the third
100
240
and sixth panels. For the 30–100 keV
200
energy channel, the ratio between
160
precipitated and trapped electron ﬂux
120
03:00
03:30
04:00
04:30
05:00
varies from 0.11 to 0.81, and the inferred
UT of October 9, 2012
wave amplitude varies from 50 pT to
229 pT with a root-mean-square (RMS)
Figure 6. For the spatial region of L = 4.8–5.2 and MLT = 4–8 during
amplitude of 133 pT (red solid line). For the
03–05 UT on 9 October 2012, (ﬁrst to third panels) the count rates of
100–300 keV energy channel, the ratio
trapped electrons (red plus signs) and precipitated electrons (blue
plus signs), the ratios RR, and the inferred chorus wave intensity based between precipitated and trapped electron
on the POES 30–100 keV channel data, (the fourth to sixth panels) the
ﬂux varies from ~0.02 to 0.77, and the
count rates of trapped electrons (red plus signs) and precipitated
electrons (blue plus signs), the ratios RR, and the inferred chorus wave inferred wave amplitude varies from 60 pT
to 432 pT with a RMS wave amplitude of
intensity based on the POES 100–300 keV channel data, (the seventh
panel) Van Allen Probe A EMFISIS observed instantaneous chorus
225 pT (blue solid line). As shown in the
wave intensities with a cadence of 6 s, and (the eighth panel) observed seventh panel of Figure 6, Van Allen Probe
and inferred root-means-square (RMS) amplitude of chorus waves for
A also crossed through the same spatial
a quantitative comparison.
region (Figure 4) and observed
instantaneous chorus wave intensities with
a cadence of 6 s, showing variation over 2 orders of magnitude from ~1 pT to 788 pT with a RMS amplitude of
144 pT. Comparisons between the three RMS wave amplitudes, at Figure 6 (bottom), demonstrate that
using our developed methodology to infer averaged chorus wave intensity for a speciﬁc time interval
produces good agreement with available in situ measurements. Even though using the 100–300 keV channel
data gives a model result larger than the measured value, the difference is nevertheless considered
reasonable and is within a factor of 2.
10

4

The consistency between our model results, especially using the POES 30–100 keV channel data, and the
available conjugate Van Allen Probe measurements gives us conﬁdence to extend our method to other
MLT intervals, where simultaneous data are available from POES satellites but not from Van Allen Probes, in
order to construct a global model of chorus wave intensity at a speciﬁc L for a speciﬁc time period. For
the case under investigation, Figure 7 gives the summary plots of the constructed global distribution of
chorus RMS amplitude at L = 4.8–5.2 for 3–5 UT on 9 October 2012. For different MLT intervals, the ratios RR
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Figure 7. Summary plots of the constructed global distribution of chorus amplitude at L = 4.8–5.2 for 3–5 UT on 9 October 2012 using the POES trapped and
precipitated electron data for the two energy channels. (a) Observed ratios of the precipitated to trapped electron count rates, (b) inferred chorus wave intensity
for the indicated six MLT intervals, and (c) subsequently constructed global distribution of chorus wave amplitude using the POES 30–100 keV channel data. (d–f)
are the same as Figures 7a–7c except using the POES 100–300 keV channel data.
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(Figures 7a and 7d) are different and result in different values of inferred chorus wave amplitudes
(Figures 7b and 7e). The Bw inferred using the 100–300 keV channel data are consistently larger than those
obtained using the 30–100 keV channel data, which will be discussed later. But the general trend and the
magnitude of both the MLT distributions of inferred chorus wave intensity are consistent with previous
statistical results of the global chorus wave distribution based on satellite wave measurements [e.g.,
Meredith et al., 2003, 2012; Li et al., 2009b, 2011]. As shown in Figures 7c and 7f, the inferred chorus waves
are weakest at the afternoon to duskside, become stronger at the dawnside and local noon, and are most
intense on the nightside. While the Bw values inferred from the 100–300 keV channel data for the indicated
MLT sectors are all above 150 pT, very likely overestimating the chorus wave intensities, the results
obtained from the 30–100 keV channel data are considered as a reasonable representation of the global
feature of the average chorus wave amplitude for a moderate storm with the minimum Dst~100 nT
during 3–5 UT on 9 October 2012. As a consequence, by adopting the methodology that we have
developed in section 2 and the NOAA POES 30–100 keV electron channel data, we ﬁnally establish a
feasible global model of magnetospheric chorus intensity at L~5 with quantitative inferred Bw values. In
this case Bw is 195 pT for 20–24 MLT, 127 pT for 0–4 MLT, 133 pT for 4–8 MLT, 72 pT for 8–12 MLT, 43 pT
for 12–16 MLT, and 75 pT for 16–20 MLT, showing good agreement with available dawnside Van Allen
Probe measurements.

4. Discussion
In contrast to the in situ wave measurements made by individual spacecraft, the measurements of
precipitated and trapped electron ﬂuxes on multiple, widely distributed low-altitude polar satellites offer the
possibility of constructing a dynamic global model of chorus wave intensity. The POES satellites have short
orbital periods of less than 2 h so that they can monitor the evolution of energetic electrons globally
by sampling a broad range of L shell and MLT within an hour. The combination of all these electron
measurements supplies a comprehensive database to link them to the causative waves. In particular, outside
the plasmasphere, resonant scattering by lower band chorus is the dominant mechanism responsible for
the precipitation loss of the >30 keV energetic electrons.
As shown in section 3.2, the inferred wave intensity using the POES 30–100 keV electron data is reasonably
consistent with available in situ Van Allen Probe wave measurement for the 2 h period. Li et al. [2013] also
validated this technique in terms of constructing a global model for chorus intensity by analyzing 435
conjunction events between the Van Allen Probes measuring chorus wave amplitudes near the equatorial
plane and the POES satellites measuring the 30–100 keV electron population at the conjugate low altitudes,
over a much longer period from 1 September to 31 December 2012. By applying the technique to
construct the chorus wave distributions for the 4 day period spanning 7–10 October 2012, they further
demonstrated that the inferred chorus wave amplitudes agree reasonably well with the conjugate
measurements of chorus wave amplitudes from the Van Allen Probes. The advantage of constructing the
global chorus model using the POES electron data is also demonstrated by the recent study of Thorne et al.
[2013]. Using the time-varying, POES data-driven global model of chorus amplitude developed based on our
technique, they implemented the diffusion simulations for the 16 h of the 9 October 2012 storm, which
demonstrated the remarkable efﬁciency of chorus wave acceleration on Earth’s outer radiation belt. The 2-D
simulations clearly explained the temporal evolution of both the energy spectrum and angular distribution of
the observed increase in relativistic electron ﬂux. Therefore, the technique proposed in the present study
can act as an innovative and feasible tool to quantitatively evaluate the spatiotemporal evolution of whistler
mode chorus under various geomagnetic conditions.
On the other hand, it is important to note that our methodology is subject to limitations, due to a number of
assumptions that have to be made, as summarized below:
1. To compute the chorus-driven rates of pitch angle scattering, the frequency spectrum, the latitudinal
extent, and the wave normal angle distribution of chorus waves are assumed to be constant along the
geomagnetic ﬁeld line. There is no way to obtain real-time, simultaneous measurements of these
parameters. For any given time period of interest, while we cannot improve the models for these wave
parameters, we can investigate the sensitivity of the inferred chorus wave intensity to them by a
parametric study, which will be left to a future study.
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2. A dipolar magnetic ﬁeld and a latitudinally constant plasmatrough density model of Sheeley et al. [2001]
are assumed. These are reasonable approximations for L < ~5 and during geomagnetically quiet and
moderately disturbed periods, but these two models can become problematic at higher L shells
under active conditions, for which the geomagnetic ﬁeld becomes highly stretched and the ambient
plasma density can be smaller than the statistical average values [e.g., Thorne et al., 2013]. Under the
latter circumstance, the use of an accurate background electron density and incorporation of the more
realistic ambient magnetic ﬁeld model should generate more reliable values of inferred high L chorus
amplitude at different MLTs. Their importance to the accuracy of evaluating the global chorus distribution
by using the POES electron data will be a subject of our following studies.
3. A kappa-type distribution of the energy spectrum of energetic electrons is assumed following Xiao et al.
[2008] with a ﬁxed set of model parameters. With better information of the radiation belt electron
energy spectrum, we can improve the estimate of chorus wave intensity using the POES electron data.
4. This technique can only be used to evaluate the wave power for lower band chorus, since the scattering loss due to upper band chorus is negligible for energies above ~30 keV, as demonstrated by
Thorne et al. [2010].
5. We have assumed the constructed chorus wave amplitude as the average (RMS) value of inferred wave
intensities within a couple of hours with a resolution of 4 MLT and 0.4 L. By doing so, we tend to reduce
the uncertainty associated with a lack of sufﬁcient data points for reconstruction. With increased
number of POES satellites and extended coverage of measured electron data, if available, we can
improve the spatial and temporal resolutions of inferred chorus wave amplitude on the basis of the
developed methodology.
6. We have implicitly assumed that chorus scattering is the dominant cause for POES measured energetic
electron precipitation at all MLTs in the plasmatrough, so that we are able to ignore other loss processes. This is not always the case especially during geomagnetically disturbed times when plasmaspheric
hiss in plumes can also contribute to the efﬁcient loss of tens to hundreds of keV electrons [e.g., Summers
et al., 2008; Ni et al., 2013, 2014; Li et al., 2014]. Hence, reliable information of the global plasmaspheric
conﬁguration is another factor that can inﬂuence the construction of the global model of chorus
wave intensity using our technique. If we can infer or measure the plasmaspheric conﬁguration to separate the regions of chorus, plasmaspheric hiss, and possibly electromagnetic ion cyclotron (EMIC)
waves, we can apply the methodology to infer the amplitudes of these plasma waves individually at
different L-MLT regions.
7. This technique is constrained by the limit of strong diffusion and the applicability of quasi-linear theory.
When reaching the strong diffusion limit (e.g., hDααi|LC well above DSD), the loss cone can be completely
ﬁlled so that the ratio between the POES precipitated and trapped electron ﬂuxes should be very close to
1 and thus becomes insensitive to wave intensity increase. In general, extremely large chorus wave
amplitudes, at least a few hundreds of pT, are required to drive strong diffusion of radiation belt
energetic electrons, especially for the 100–300 keV energy channel. Under such conditions, nonlinear
effects of resonant wave-particle interactions also become important and even dominant so that our
methodology based on quasi-linear diffusion may break down. In addition, this technique is insensitive
to low-amplitude chorus waves below ~10 pT since the precipitated ﬂux is too low to infer an accurate
wave amplitude.
Clearly, our developed technique is subject to potential errors for the constructed global model of chorus
wave intensity. The underlying errors associated with the POES electron measurements are unavoidable
and affect the accuracy of inferred chorus wave amplitude. In addition, due to uncertainties in the global
proﬁle of the plasmapause, it is also difﬁcult to distinguish the electron precipitation due to scattering by
chorus alone or by other wave modes. This can also introduce considerable errors in inferred wave
amplitude. We ﬁnally note that the ambient electron density and the energy spectrum of energetic electrons
constitute two other parameters that may inﬂuence the estimate of chorus wave intensity.
The differences between inferred chorus wave intensity using the POES 30–100 keV and 100–300 keV
channels also need to be better understood. There are a number of possible reasons: (1) the uncertainty
associated with the two energy channels may be different. By subtracting the count rates between the
original three POES energy channels, > 30 keV, > 100 keV, and >300 keV, we tend to place more conﬁdence
on the precipitated and trapped electron data for the 30–100 keV channel, since they become independent
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to any uncertainty associated with the >100 keV electron measurements. (2) Chorus-driven electron diffusion
is energy dependent. For the 30–100 keV electrons, pitch angle scattering dominantly controls the
electron dynamics. Therefore, POES that measured the 30–100 keV electron precipitation at low altitudes can
be used as an effective proxy for chorus activity in the equatorial magnetosphere. But for the 100–300 keV
electrons, pitch angle scattering rates become relatively smaller, and momentum diffusion may not be
simply neglected, thereby contributing to larger values of inferred chorus amplitudes. In addition, it could be
the case that the chorus waves have a different amplitude distribution along the ﬁeld line from the assumed
latitudinally constant model [e.g., Meredith et al., 2001; Bunch et al., 2013]. The ideal situation is that we
infer that the chorus wave intensities are consistent with each other from the two POES energy channels. But
from Figures 7c and 7f, we can see larger inferred values of global chorus distribution using the 100–300 keV
channel by a factor of ~2 or more, which is not realistic for the prevailing geomagnetic conditions. As a
compromise, we are more conﬁdent with the global model of chorus wave intensity constructed using the
POES 30–100 keV channel data, as long as the measured precipitated and trapped electron ﬂuxes are
reasonably reliable, and the ratio between precipitated and trapped electron ﬂuxes is <0.85.

5. Conclusion
In the present study, we have developed a novel, physics-based methodology to infer the whistler mode
chorus wave intensity and construct its global distribution using the NOAA POES electron data. We have
described in detail the procedure of applying the methodology to real data and validated its applicability by
performing two representative analyses for one speciﬁc time point and for a particular time period. We
have demonstrated that the spatiotemporal evolution of chorus wave intensity in the equatorial
plasmatrough can be reasonably assessed from the in situ electron ﬂux measurements by multiple lowaltitude POES satellites with a broad coverage of L shell and MLT. In contrast to in situ wave measurements
that are unavoidably conﬁned in time and space, such a data-based, dynamic model of chorus waves can
provide near real-time wave information on a global scale for any given time period that POES electron
data are available. This technique should be more reliable than the use of statistical chorus wave models
during a particular storm, and can be used to accurately understand the radiation belt electron dynamics and
uncover the quantitative roles of resonant wave-particle interactions.
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Even though this technique is sensitive to a number of assumptions, as discussed in section 4, it can be
further tested and improved in terms of accumulated data sets of conjugate observations from nearequatorial spacecraft and low-altitude satellites. Combinations of the chorus wave spatiotemporal
distribution acquired using this methodology and the direct spaceborne wave measurements will provide
unprecedented and useful data to facilitate our understanding of the quantitative role of chorus waves in
the acceleration and loss of radiation belt electrons at various energies and in different L-MLT regions.
While this study concentrates on extracting improved information of plasmatrough chorus waves from the
POES electron data, our proposed technique can be similarly applied to other wave modes inside the
plasmasphere such as plasmaspheric hiss and EMIC waves under the condition that their effect of electron
scattering loss can be reasonably linked to electron or ion measurements by the POES satellites. Therefore,
our proposed technique is of potentially signiﬁcant importance to dramatically improve future modeling of
the radiation belt electron dynamics and the roles of resonant wave-particle interactions under various
geomagnetic conditions.
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