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Abstract It has been known that electromagnetic ion cyclotron (EMIC) waves can precipitate
ultrarelativistic electrons through cyclotron resonant scattering. However, the overall effectiveness of this
mechanism has yet to be quantiﬁed, because it is difﬁcult to obtain the global distribution of EMIC waves that
usually exhibit limited spatial presence. We construct a statistical distribution of EMIC wave frequency spectra
and their intensities based on Van Allen Probes measurements from September 2012 to December 2015.
Our results show that as the ratio of plasma frequency over electron gyrofrequency increases, EMIC wave
power becomes progressively dominated by the helium band. There is a pronounced dawn-dusk asymmetry
in the wave amplitude and the frequency spectrum. The frequency spectrum does not follow the commonly
used single-peak Gaussian function. Incorporating these realistic EMIC wave frequency spectra into radiation
belt models is expected to improve the quantiﬁcation of EMIC wave scattering effects in ultrarelativistic
electron dynamics.
1. Introduction
Generated in the magnetosphere by anisotropic ring current (~10–100 keV) ions [e.g., Horne and Thorne,
1993; Anderson et al., 1996; Jordanova et al., 2001, 2012], electromagnetic ion cyclotron (EMIC) waves typically
fall into a frequency range of 0.1–5 Hz in the Earth’s inner magnetosphere. They are usually separated into
hydrogen, helium, and oxygen bands by each ion gyrofrequency. EMIC waves have been intensively studied
because of their important contributions to thermal ion heating [e.g., Thorne and Horne, 1992; Anderson and
Fuselier, 1994; Thorne and Horne, 1997; Zhang et al., 2011], the loss of ring current ions [Jordanova et al., 2001;
Xiao et al., 2012] and relativistic electrons [e.g., Thorne and Kennel, 1971; Sandanger et al., 2007; Li et al., 2014;
Usanova et al., 2014; Engebretson et al., 2015; Zhang et al., 2016a]. The increase of cold plasma density
enhances the wave convective growth rate so that EMIC waves can be generated/ampliﬁed more easily in
regions of dense plasma [e.g., Cornwall, 1972; Gendrin, 1975; Horne and Thorne, 1994]. Therefore, both the
plasmapause and the plasmaspheric plume, where energetic ions overlap with cold heavy ions during storm
times, are suggested as preferred regions for EMIC wave excitation [Fraser et al., 1989; Anderson et al., 1992a;
Horne and Thorne, 1993]. Magnetospheric compressions can also lead to anisotropic distributions for ring
current ions, which generate EMIC waves on the dayside [e.g., Anderson and Hamilton, 1993; Denton et al.,
2002; Engebretson et al., 2002; McCollough et al., 2010; Zhang et al., 2016b].
Although there is growing support for relativistic electron losses due to precipitation from EMIC wave
scattering, this mechanism is yet to be systematically quantiﬁed (see discussions in, e.g., Kersten et al.
[2014]). Such a quantiﬁcation requires global distributions of both the EMIC wave intensity and spectral
properties. Previous statistical studies have shown consistent distribution patterns of EMIC waves. A peak
of wave occurrence has been reported near the dusk sector (~1300 < MLT < 1800) [Kasahara et al., 1992;
Anderson et al., 1992a; Halford et al., 2010; Min et al., 2012; Usanova et al., 2012, 2013; Keika et al., 2013;
Meredith et al., 2014; Saikin et al., 2015]. This duskside peak is in good agreement with theoretical predictions of favorable regions for EMIC wave excitation, where anisotropic ring current ions coexist with cold
plasmaspheric ions. Another peak of wave occurrence on the dawnside was reported in the outer magnetosphere (L > 7) with linear polarization [Anderson et al., 1992b; Min et al., 2012]. Min et al. [2012] attributed
different polarization properties of dawn waves to mode conversion as EMIC waves propagate to high latitude (for H-band) or the different wave properties for those generated at large wave normal angles when
the helium composition is low (for He-band) [Hu et al., 2010]. It was also shown that the wave occurrence
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rate generally increases with L shell in all MLTs [Anderson et al., 1992a; Min et al., 2012; Keika et al., 2013;
Allen et al., 2015].
Other than the distribution of EMIC wave properties, their variations with geomagnetic and solar wind
conditions have also been extensively investigated. The wave occurrence rate generally increases during
active geomagnetic conditions (denoted by the AE index) or storm times [Halford et al., 2010; Usanova
et al., 2012; Keika et al., 2013; Meredith et al., 2014; Saikin et al., 2016]. In the inner magnetosphere
(2 < L < 8), the peak occurrence shifts from prenoon (~0800 < MLT < ~1100) at quiet times to postnoon
(1200 < MLT < 1800) during active conditions [Saikin et al., 2016]. Speciﬁcally, more EMIC waves tend to be
captured on the duskside during the storm main and recovery phases [Halford et al., 2010; Saikin et al.,
2016]. The peak in the dawn sector is found to be coincident with magnetospheric compressions [Usanova
et al., 2012].
Previous statistics focused on the EMIC wave distribution characteristics and their variation during different
geomagnetic or solar wind conditions in the global magnetosphere, whereas a comprehensive analysis of
wave frequency spectra has not been carried out. Using the CRRES data set, Meredith et al. [2014] examined
EMIC wave spectral properties by ﬁtting the observed spectra with Gaussian distributions and reported
statistical results on the ﬁtted parameters. These results provide valuable information for modeling the
EMIC wave scattering effects [e.g., Kersten et al., 2014]. However, the actual frequency spectra of EMIC waves
may not necessarily follow the Gaussian form [e.g., Ukhorskiy et al., 2010]. Such an assumption may introduce
large errors in the quantiﬁed diffusion rates, which are highly sensitive to the form of wave frequency spectra
that is used. Therefore, in the present study, we obtain the EMIC wave amplitude and spectral properties
directly based on Van Allen Probes observations over the past >3 years. We describe the wave data set in
section 2 and present the statistical distribution of EMIC wave amplitude and frequency spectra in
section 3. We summarize and discuss our results in section 4.

2. Van Allen Probes Data Set
The twin Van Allen Probes were launched in late August 2012 into a low-inclination (~10°) orbit, with a
perigee at ~1.1 RE and an apogee at ~5.8 RE [Mauk et al., 2012]. High-resolution magnetic ﬁeld measurements
(8 September 2012 to 31 December 2015) from the onboard Electric and Magnetic Field Instrument Suite and
Integrated Science (EMFISIS) ﬂuxgate magnetometer [Kletzing et al., 2013] are used to build the EMIC wave
database. The plasma density, which directly affects the EMIC wave dispersion relation and hence the wave
spectral pattern, is calculated from the upper hybrid resonance frequency [Kurth et al., 2015] measured by the
EMFISIS High-Frequency Receiver (HFR) or from the spacecraft potential measured by the Electric Field and
Waves instrument [Wygant et al., 2013].
In our EMIC wave database from >3 years of Van Allen Probes data, the cumulated dwell time in each bin
(with a bin size of 0.5 L × 1 MLT) is constantly >90 h for L < 6 (>30 h for L < 6.5) and fairly symmetric across
different MLTs, as shown in Figure S1 in the supporting information. We followed Bortnik et al. [2007] to automatically identify EMIC waves from the fast Fourier transformed (FFT-ed) magnetic ﬁeld spectra. Wave spectra
with an intensity >1 order of magnitude higher than the daily averaged spectra were selected into our EMIC
wave database. We limit the collected wave frequencies to >0.1 Hz to exclude the spin tone noise (at 0.1 Hz)
and ULF waves (<0.1 Hz), thus excluding most of the oxygen band waves (which are typically fairly rare), but
manage to capture most hydrogen band and helium band waves (these two bands are separated based on
the ratio of wave frequency fw and equatorial proton gyrofrequency fcp). We adopted an FFT window size of
2048 samples (32 s), with an ~30% (~10 s) overlap between adjacent windows. This produces ~3900 spectra
per day with an ~22 s cadence. Because the instrument sensitivity level signiﬁcantly decreases (due to the
large background ﬁeld) at L < ~2, we discard measurements within L = 2. An EMIC wave emission is selected
when the 4 min averaged signal exceeds the threshold noise level. To exclude isolated emissions that may
not be EMIC emissions, we require that each event should last more than 5 min.
The automatically selected database was manually veriﬁed to only include those with banded structures in
the frequency spectra. Broadband waves were excluded from our database because (1) they do not
contribute to the statistical characteristics of wave spectra other than providing a broadband background
in the frequency domain and (2) it is difﬁcult to differentiate broadband emissions from other wave modes
(such as kinetic Alfvén waves [e.g., Chaston et al., 2015]) that are also present in similar frequency ranges,
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Figure 1. An example of a typical EMIC wave event captured by Van Allen Probe B on 9 October 2015. (a) The frequencytime spectrogram of the electric ﬁeld spectral density in the HFR channel. (b) The EMIC wave magnetic ﬁeld spectral
density. The horizontal white line in Figure 1a marks the upper hybrid resonance frequency (fUHR) estimated by using
+
+
+
electron density inferred from the spacecraft potential. The dashed lines in Figure 1b denote the equatorial H , He , and O
ion gyrofrequencies (fcp, fcHe, and fcO) from top to bottom. The vertical lines mark the start and end times of the event
determined by the automatic detection algorithm.

which may contaminate our EMIC wave statistics. In total, our database includes 1060 events (covering 408 h
of the 51183 h analyzed interval) from two Van Allen Probes observations. An example of a typical EMIC wave
event (with banded structure) detected by Van Allen Probe B on 9 October 2015 is shown in Figure 1.

3. Statistical Results
Because the global distributions of EMIC wave occurrence have been reported by Saikin et al. [2015] using a
similar database, in this study we will focus on spatial variations of the EMIC wave amplitude and frequency
spectra and aim to obtain realistic wave spectra under different conditions. These results can be directly
applied to quantitative modeling of EMIC wave scattering.
Figure 2 shows the spatial distribution of EMIC wave root-mean-square (RMS) amplitudes and their occurrence rates for three different levels of AL* (deﬁned herein as the minimum AL index in the preceding 3 h)
in the H+ and He+ frequency bands. Only bins where the number of points is larger than 20 (to be statistically
signiﬁcant) are shown in Figure 2. Figures 2a and 2c show the RMS wave magnetic ﬁeld amplitude as a
function of L and MLT (mapped along dipole magnetic ﬁeld lines to the magnetic equator), for H-band
and He-band, respectively. Figures 2b and 2d demonstrate the occurrence rate (in percentage) under each
category, which is deﬁned as the ratio between the cumulative EMIC wave duration and the total dwell time
in each bin. The distribution pattern of both H-band and He-band EMIC waves is well organized by the AL*
index: during quiet times (AL* > 250 nT), H-band waves (both their amplitude and their occurrence rate
distribution) are almost symmetric across the midnight meridian, whereas a weak preference toward the
dusk sector is present in the He-band wave distribution. With increasing levels of geomagnetic activity
(decreasing AL*), the prevalence on the duskside (1200 < MLT < 1800) becomes more evident for both
H-band and He-band waves. It is also clear that during active times, strong EMIC waves (with amplitudes close
to 1 nT) are captured closer to the Earth, compared to the quiet time observations, especially on the nightside
(1800 < MLT < 2300). In the prenoon to dusk sector (1100 < MLT < 1800), EMIC waves tend to intensify with
increasing activity levels, although not signiﬁcantly. A similar trend can be seen when we categorize the
database according to Dst* (deﬁned herein as the minimum SYM-H index in the preceding 3 h, despite the
slight difference between SYM-H and Dst indices), as shown in Figure S2.

ZHANG ET AL.

STATISTICS ON EMIC WAVE SPECTRA

3

Geophysical Research Letters

10.1002/2016GL071158

Figure 2. Global distribution of EMIC waves observed by Van Allen Probes (2 < L < 6.5) categorized by different AL*. (a and c) The RMS EMIC wave amplitudes (nT) as
a function of L and MLT with a bin size of 0.5 L × 1 MLT. (b and d) The occurrence rate (%) in the same format. The upper two panels show the result for hydrogen
band (H-band) waves, whereas the lower two panels show the result for helium band (He-band) waves. Blank bins indicate absence of EMIC wave events.

Detailed EMIC wave spectra are required to quantify their role in relativistic electron losses. It has been suggested that EMIC wave characteristics are dependent on MLT and the ratio of plasma frequency (fpe) and electron gyrofrequency (fce) [Anderson et al., 1992b, 1996; Horne and Thorne, 1994; Min et al., 2012]. We thus
examined the wave frequency spectra separately for different ranges of fpe/fce (where fce is the equatorial
ZHANG ET AL.
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Figure 3. EMIC wave (H-band and He-band) frequency spectra categorized into three different ranges of fpe/fce. Average magnetic power spectral density as a function of normalized wave frequency (fw/fcp, where fcp is the equatorial proton gyrofrequency) and MLT is shown for (a) fpe/fce ≤ 5, (b) 5 < fpe/fce ≤ 15, and (c) fpe/
+
fce > 15. The dash-dotted lines in each panel mark the He ion gyrofrequency (fcHe), which separates the He-band (below) and the H-band (above). The bin size is
0.02 fw/fcp × 2 MLT for H-band and 0.0125 fw/fcp × 2 MLT for He-band. In our database, the average AL* for three ranges of fpe/fce are 485, 433, and 541.

electron gyrofrequency). Figure 3 shows the average wave magnetic ﬁeld intensities as a function of normalized frequency (to the equatorial proton gyrofrequency, fcp) and MLT for three ranges of fpe/fce. The results
are shown in the frequency range of 0.05–1.0 fcp, including both the H-band and the He-band. At regions
of fpe/fce < 5, the EMIC wave power is dominated by the H-band; with increasing values of fpe/fce, more wave
power tends to be captured in the He-band, resulting in the wave spectra dominated by the He-band at
fpe/fce > 15. The stop band between H-band and He-band is always evident in the dawn sector, whereas
on the duskside the gap between H-band and He-band almost disappeared at fpe/fce > 15. It is also clear that
the H-band wave power decreases signiﬁcantly above ~0.5 fcp (compared to the peak wave power at a
certain MLT), where scattering of electrons (less than several MeV) by H-band EMIC waves is effective.
Therefore, the scattering of relativistic electrons (less than several MeV) is predominantly contributed by
the duskside He-band EMIC waves.
As shown in Figure 3, at almost all times, the statistical distribution of wave frequency spectra does not follow
a single-peak Gaussian distribution (although spectra collected for sufﬁciently short time intervals can often
be well ﬁtted by a single-peak Gaussian function [Meredith et al., 2014]). These results suggest that more
realistic EMIC wave frequency spectra should be adopted, instead of the commonly used Gaussian distribution (with a single, arbitrary peak), to accurately quantify EMIC wave effects in relativistic electron

Table 1. The Fitting Parameters of EMIC Wave Frequency Spectra at Three Different Ranges of fpe/fce
fpe/fce
≤5

Band

i

ai0

ai1

ai2

ai3

ai4

H

0
1
2
0
1
2
0
1
2
0
1
2
0
1
2
0
1
2

1.3732
1.1000
2.3500
0.1405
1.4874
0.0450
0.3435
0.3435
0.0300
1.0549
1.4755
1.4755
0.4000
0.5000
0.0250
3.1114
3.1114
0.5000

0.3032
0.3400
0.3650
0.1206
0.1089
0.1946
0.3723
0.3700
0.5000
0.1134
0.1780
0.0900
0.3405
0.4048
0.5500
0.0767
0.1676
0.1331

0.0010
0.0050
0.0120
0.0013
0.0005
0.0100
0.0026
0.0040
0.1000
0.0006
0.0013
0.0010
0.0065
0.0050
0.0250
0.0018
0.0041
0.0022

0.0000
0.4648
0.9966
0.1060
0.6404
0.7744
0.1000
0.7000
0.7000
0.1000
0.7494
0.9000
0.7176
0.0000
0.6000
0.6556
0.8131
0.0541

0.0052
0.0047
0.0234
0.0137
0.0107
0.0169
0.0173
0.1000
0.0500
0.0078
0.0529
0.1000
0.0940
0.0040
0.0250
0.0449
0.0630
0.0049

He

(5,15)

H

He

>15

H

He
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Figure 4. The ﬁtted distribution of EMIC wave (H-band and He-band) frequency spectra categorized into three different ranges of fpe/fce, in the same format as
Figure 3. As shown in Figure S4, the normalized difference (to the peak wave intensity) between observed and ﬁtted spectra generally falls within 25%.

precipitation. In order to do this, we constructed an EMIC wave model based on the statistical results. We performed a 2-D least squares ﬁt of the statistical wave spectra within each band using the following function:
!
!
2
X
ðf  ai1 Þ2
ðm  ai3 Þ2
ai0 exp 
y¼
exp 
;
ai2
ai4
i¼0
where y is the magnetic wave intensity (nT2/Hz), f is the normalized wave frequency (fw/fcp), and m is the
normalized MLT (MLT/24). The corresponding ﬁtting parameters are listed in Table 1. As shown in Figure 4,
our ﬁtted wave spectra are able to capture all signiﬁcant features (such as the wave amplitude, frequency
peaks, and the dawn-dusk asymmetry) of the statistical EMIC wave spectra.
Although the EMIC wave frequency spectral shape also varies slightly with AL* and L shell, we ﬁnd a more
evident, systematic dependence on fpe/fce and MLT. In addition, our EMIC wave model is expected to be
incorporated into radiation belt models, which require fpe/fce as an input parameter and include AL* (or other
geomagnetic indexes) only indirectly. EMIC waves are often observed within regions of enhanced fpe/fce,
which cannot be realistically derived from empirical plasma density models adopting typical, average plasma
density distributions in the magnetosphere. Therefore, it is more applicable to parameterize our EMIC wave
model by fpe/fce. Moreover, we ﬁnd that EMIC wave intensity correlates well with both fpe/fce (as shown by
Figure S3) and AL* (Figure 2). For each fpe/fce range, we have estimated the average AL* (included in the
caption of Figure 3), which can be used in diffusion models as well. To account for the strong dependence
of EMIC waves on MLT (Figures 1 and 3), we also include MLT in our model. Thus, the above-modeled
EMIC wave frequency spectra at various ranges of fpe/fce are representative yet simple enough for applications in radiation belt models.

4. Discussion and Summary
Using Van Allen Probes measurements from September 2012 to December 2015, we present the statistical
distribution (2 < L < 6.5) of EMIC wave intensity and wave frequency spectra over the H-band and He-band,
which dominate the EMIC wave power. Stronger EMIC waves are captured with increasing substorm (AL*) or
storm (Dst*) activity levels. In addition, the occurrence rate distribution exhibits a clear peak in the postnoon
to dusk sector (1300 < MLT < 1900) during active times. Such a dependence on geomagnetic conditions
agrees well with prior statistical results in the overlapping region [Min et al., 2012; Usanova et al., 2012;
Meredith et al., 2014; Allen et al., 2015; Saikin et al., 2015, 2016]. In our study, we focus on extracting wave
characteristics, speciﬁcally the wave amplitude and wave frequency spectra, that are directly applicable to
radiation belt modeling, yet lacking in previous results. We adopted the minimum values of AL and SYM-H
during the preceding interval (3 h), instead of instantaneous indices, to better organize the wave amplitude
distribution. In addition, we reported the statistical distribution of EMIC wave frequency spectra at different
ranges of fpe/fce. He-band waves are dominant at regions with high fpe/fce, whereas H-band waves are more
ZHANG ET AL.
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prevalent at low fpe/fce regions. This is consistent with previous statistical/modeling results [e.g., Anderson
et al., 1992b; Horne and Thorne, 1994], which demonstrate that He-band waves (with low normalized
frequency, fw/fcp) are expected to amplify in high-density regions. Consistently, He-band EMIC waves are
found to be dominant inside the plasmapause (including the plasmaspheric drainage plume region
corresponding to high fpe/fce), whereas power in the two bands is comparable outside the plasmapause
corresponding to low fpe/fce, as shown in Figure S5. Because H-band wave power drops signiﬁcantly below
~0.5 fcp (Figure 3), the scattering of less than several MeV electrons may mainly come from He-band waves.
This also agrees with previous statistical results based on the CRRES measurements [Meredith et al., 2014].
Highly conﬁned in the magnetosphere [Blum et al., 2016], EMIC waves are not always captured by available
spacecraft. Without an existing frequency spectral model for reference, previous studies have frequently used
a Gaussian distribution with varying frequency peak and width. However, the scattering rates of less than several MeV electrons are strongly affected by the shape of the EMIC wave spectra [Li et al., 2007; Ukhorskiy et al.,
2010]. Our statistical distribution of EMIC wave frequency spectra deviates signiﬁcantly from a single-peak
Gaussian spectrum and serve as the realistic frequency spectra of EMIC waves in the inner magnetosphere
(2 < L < 6.5). It should be noted, however, that we use fpe/fce, instead of L shell, to parametrize our model.
Therefore, applicability of our statistical distribution is restricted by the plasma density data available in
the three ranges of fpe/fce (as shown in Figure S3).
Because accurate quantiﬁcation of EMIC wave scattering in relativistic electron losses requires realistic wave
frequency spectra, which largely deviate from the commonly used Gaussian distribution, we suggest that our
statistical EMIC wave spectra be adopted in modeling radiation belt electron dynamics.
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