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Abstract wave growth of electromagnetic ion cyclotron (EMIC) emissions observed in the outer
magnetosphere is mainly controlled by compression events resulting from solar wind dynamic pressure
pulses. During such events wave growth is expected to be maximum close to the magnetopause. In
previous studies, distribution of EMIC waves was analyzed according to their distance from the Earth,
which is inadequate for studying the magnetopause region. We map a data set of EMIC waves observed by
Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft according to
their distance from case-by-case modeled magnetopause. EMIC occurrence rate is found to be maximum
within two Earth radii from the magnetopause and then it linearly decreases with an increasing distance,
especially close to the local noon. Asymmetries between the morning and evening magnetic sectors are
explained by asymmetries in the upstream conditions and by the presence of another EMIC population of
a different origin.

Plain Language Summary The magnetopause is the boundary of the Earth's magnetosphere
cavity in the heliosphere. When the magnetosphere is compressed by particles of solar origin (solar wind),
the magnetopause is moving toward the Earth and specific waves, called electromagnetic ion cyclotron
(EMIC), are expected to be strongly amplified just inside the magnetopause.

Several studies found that EMIC waves are more frequently observed at a larger distance from the
Earth. The influence of the distance from magnetopause was thus never directly investigated because
the magnetopause is not observed at a fixed distance from the Earth.

To address this problem, we use a magnetopause model whose position depends on solar wind
properties. We then compute the distance from the magnetopause for a large data set of observed
EMIC waves. Our results prove that EMIC waves in the outer magnetosphere are most frequently
observed in the vicinity of the magnetopause, at distances less than two Earth radii. We also note and
discuss a local time asymmetry in EMIC occurrence rates.

1. Introduction

Electromagnetic ion cyclotron (EMIC) emissions usually arise from hot proton temperature anisotropy
(Kennel & Petschek, 1966). In the premidnight and dusk regions where the plasmapause boundary plays an
important role (Tetrick et al., 2017), enhanced magnetospheric convection and ion injections consecutive
to substorms are the main drivers of EMIC waves (Remya et al., 2020, and references therein). Temperature
anisotropy can also result from a sudden increase in the magnetic field intensity through betatron accelera-
tion. Terrestrial magnetosphere compression events, identified by sudden impulses in the Earth's magnetic
field, are thus the main explanation of Pc1 waves (0.2-5 Hz, Jacobs et al. [1964]) observed frequently on the
dayside from high-latitude ground stations (Hirasawa, 1981; Kangas et al., 1986; Olson & Lee, 1983).

Anderson et al. (1992) mapped EMIC waves observed in situ by AMPTE spacecraft in the magnetosphere
between L = 3.5 and L = 9, where L is the McIllwain L-parameter. They found that EMIC waves are most fre-
quently observed in the outer magnetosphere region, L > 7. According to ground-based observations amplifi-
cations of EMIC waves are correlated with modest magnetosphere compressions identified by in situ magnetic
field intensifications (Anderson & Hamilton, 1993). These compression events result from increases of the
solar wind dynamical pressure which are well correlated with EMIC wave observations (Usanova et al., 2012).
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All these studies note that the largest wave growth should be observed near the magnetopause. However, it
is difficult to locate the continuously moving magnetopause, especially during magnetosphere compression
events. Additionally, the inner magnetopause boundary is located at larger L on the flanks than in the sub-
solar region of the magnetosphere. Dependence on L or on radial distance is thus inadequate to study the
EMIC occurrence in the vicinity of the magnetopause. Considering a magnetopause model, such as Shue
et al. (1998) would be the adequate way to address this issue.

Occurrence rate of EMIC waves in the outer magnetosphere also varies with magnetic local time (MLT).
In Anderson et al. (1992) the occurrence rate of the main population at large L is 10%-20% in the 11—
15 MLT sector, and only 5% in the morning and evening sectors. Authors also note a monotonic increase
with increasing L. Usanova et al. (2012) analyzed a database of EMIC observations by four of the Time
History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft for 3 < L < 10. The
EMIC occurrence rate, always lower than 10%, is also found to peak at a large L with an increase in the
12-18 MLT sector. In the dawn sector the occurrence rate sharply increases in the largest L-bin (9.5-10).
Allen et al. (2015) gathered 10 years of Cluster-4 spacecraft data to study EMIC properties as a function of
the magnetic latitude in addition to L and MLT values. In L-MLT projection plane the maximum occurrence
rate is again observed at large L (L > 10), in the afternoon sector followed by the dawn sector. These statis-
tical studies all agree on the predominance of EMIC emissions at large L but they find some differences in
the preferred MLT sectors. These differences can result from the inaccuracy of L-values to properly map the
vicinity of the magnetopause.

Our goal is to map the EMIC emissions observed in situ according to their distance to the magnetopause
and to the MLT. We can thus check if EMIC occurrence rate peaks close to the magnetopause and at which
magnetic local time. In Section 2 we detail the magnetopause model (Shue et al., 1998) and the EMIC data
set (Usanova et al., 2012) considered for our study. The distribution of EMIC emissions in the vicinity of the
magnetopause is presented in Section 3. We discuss the validity of our results in Section 4. Conclusions are
presented in Section 5.

2. Data Set and Methodology

Our study is based on the raw data set of EMIC events collected by Usanova et al. (2012) from the FGM
instrument measurements (Auster et al., 2008) of the THEMIS mission (Angelopoulos, 2008). This data set
contains about 28,000 EMIC events observed by the THEMIS A, C, D, and E spacecraft at radial distances
(R**) smaller than 10 Rg. Each event lasts 3 min and their identification between 0.1 and 2 Hz, 2 Hz being
the FGM Nyquist frequency, relies on an automatic detection algorithm (Bortnik et al., 2007). This frequen-
cy range mainly relates in the outer magnetosphere with He* band. For more details, readers are referred to
Usanova et al. (2012). Input for our analysis is the universal time (UT) of each 3-min event from the list of
Usanova et al. (2012). We note t,; the time of the i-th EMIC event.

The magnetopause location is found with the Shue et al. (1997, 1998) two dimensional model that gives the
location in (X; VY* + Z?) half-plane, assuming an axial symmetry. (X; Y; Z) can be equally given in GSE or
GSM coordinate systems. Model inputs are interplanetary magnetic field (IMF) B, and solar wind dynamic
pressure Pgy,. We extract B, and Pqy,, propagated to the bow-shock nose location, from 5-min resolution
NASA/GSFC's OMNI data set (King & Papitashvili, 2005). We average B, and Py, during 10 min starting
from f,; — 20 min. Time intervals [t,; — 20 min; ¢,; — 10 min] are assumed to reflect the interplanetary condi-
tions prior to the EMIC events, including propagation time of pressure pulses through the magnetosphere.

Figure 1 illustrates how we proceed considering an EMIC event of the original data set projected into (X;

VY2 +7%) half-plane. The spacecraft location is marked with a triangle and the magnetopause is drawn in
purple. The shortest distance from the two dimensional magnetopause is DiZd, found between the spacecraft
position and point M, ,-2d on the magnetopause. As the Shue et al. (1998) model is rotationally symmetric,
the same shortest distance is also found in three dimensions. Since EMIC wave occurrence is mainly con-
trolled by solar wind pressure pulses, the distance to magnetopause along the X-axis, D,«X found between the
spacecraft and point M, ,-X on the magnetopause, makes also sense for this study. The selected EMIC event in
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Figure 1. Illustrative case of electromagnetic ion cyclotron (EMIC) event
(August 2, 2010 15:24:19, THEMIS-E) projected in the (X; \Y? +7%) GSE/
GSM plane. Spacecraft location is marked by a triangle; magnetopause
and related Shue et al. (1998) parameters are in purple. Two spacecraft-
magnetopause distances are drawn in red (D*) and in blue (D). Black
dotted curves mark equidistant location from the Earth (6 and 10 Earth
radii).

Figure 1, observed far from the magnetopause, illustrates the difference
between these two distances. It is obvious that close to the magnetopause
D" and D* tend to be equivalent.

The original data set is reduced to avoid false detections: following Usa-
nova et al. (2012) we consider only EMIC events that are detected in three
or more consecutive intervals, i.e., only events lasting at least 9 min. We
restrict our study to the dayside magnetosphere, i.e., X > 0. We consid-
er only events whose positions are predicted inside the magnetosphere
(D* > 0 which is equivalent to D* > 0).

We perform the same analysis over all 3-min interval of spacecraft posi-
tions between May 2007 and December 2011 satisfying the criteria used
for the EMIC events (X;* > 0, R* < 10 Ry, and D** > 0). The occurrence
rate of the EMIC events is obtained by dividing the number of EMIC
events in each bin by the total number of cases. Table 1 summarizes the
number of events obtained by application of these successive criteria. The
data set contains 16,244 3-min EMIC events and 635,368 3-min measure-
ment intervals. Overall EMIC occurrence rate is 2.6% in this data set.

3. Results: Influence of the Distance to
Magnetopause

3.1. EMIC Occurrence Rate

Number and occurrence rates of EMIC events found between 8 and
16 MLT are presented in Figure 2. The number of EMIC events (left
panel) and their occurrence rates (right panel) are plotted as a func-
tion of increasing distance from the Earth R™ (in black, lower ab-
scissa), increasing L (in red, lower abscissa), and decreasing distances

to the magnetopause (D* in green and D* in blue, upper abscissa). We choose opposed orientations
of lower and upper abscissa to facilitate comparisons between R**, L, D*, and D*. Roughly speaking
regions closer to the Earth are on the left-hand side and regions closer to the magnetopause are on the
right-hand side. We output the results in 1 R; wide bins, as it is the order of the standard deviation of

the magnetopause model.

We retrieve the previously known results that EMIC events are more numerous and more frequent with in-
creasing distance from the Earth and increasing L values (black and red solid lines). Occurrence rates versus
R**" and versus L values are close to each other. By definition R* is always smaller than the corresponding
L. The last L bin contains also some L > 10 values. The way we estimate the distance to the magnetopause
has no influence on the wave event distribution (see green and blue lines). We now focus on D*, but our
comments are also valid for D¥. The regular increase of EMIC counts with increasing distance to Earth also

Table 1
Counts of 3-Min Events for EMIC Observations and for Spacecraft
Location for Successive Selection Criteria

And > And And
Counts R <10  9min X“>0 D¥M>0
Measurement intervals 1,429,042 n/a 706,996 635,368
EMIC intervals 28,007 27,335 17,920 16,244

Note. X; “ > 0 events correspond to events observed in the dayside
magnetosphere.

results from the orbital motion of the spacecraft that dwell more time
at larger radial distances. The occurrence rate of the EMIC events lin-
early increases when approaching the magnetopause up to 2 Rg (right
panel, blue and green lines). It maximizes above 8% in the (1; 2] Rg bin.
In association with a low number of EMIC events (1,000 events), the
occurrence rate slightly decreases in the last bin (below 8%). This point is
discussed in Section 4.2.

The occurrence rate as a function of decreasing D** is larger than the
occurrence as a function of increasing R* or L in all the bins. This
figure proves that D* organizes better the EMIC events than R** or L
in the outer magnetosphere and that the EMIC wave occurrence rate
maximizes close to the magnetopause (<2 Rg), and not simply at larger
distances from Earth.
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Figure 2. Number (left panel) and occurrence rate (right panel) of EMIC events observed up to 10 Earth radii (Rg),
between 8 and 16 MLT, by the Time History of Events and Macroscale Interactions during Substorms (THEMIS)
spacecraft. Results are presented as a function of L (in red), the distance to Earth R** (in black) or to the modeled
magnetopause (absolute distance D* in green and distance toward the Sun D¥ in blue). Upper and lower abscissa have
opposite orientations to make comparisons easier.

3.2. Magnetic Local Time Dependence of the Occurrence Rate

The dependence on MLT of the EMIC waves distribution is investigated by comparing mapping obtained
for D* and R* in Figure 3. As mentioned in previous section D* and D* provide close results, R and L
too. We choose R™ rather than L values because the R™ data set is a bit larger when considering fixed bin
width as there are events located at L > 10. Events predicted up to 1 Ry outside the magnetosphere are also
included, with negative D* values.

During the considered periods, THEMIS dwelt a longer time at large R*, predominantly in the noon and
afternoon sectors (top left panel of Figure 3). In the same data set, considering now D*, the spacecraft lo-
cation for MLT > 16 h (in the evening sector) is found most of the time at a distance larger than 4 Ry from
the magnetopause (bottom left panel). The same holds true for the morning sector with MLT < 8 h. On the
other hand, for MLT between 8 and 16 h, the spacecraft was more often closer to the magnetopause, espe-
cially around the local noon. This results from the shape of the magnetosphere: as our data set is limited
to R* < 10 Ry, spacecraft events observed close to the magnetopause in the morning and evening sectors
are limited to infrequent highly compressed magnetosphere episodes. During these episodes the magneto-
sphere can either compress or relax. They should thus not be related to an artificially increased number of
pressure-pulse related EMIC events as compression phases only are expected to be in favor of more EMIC
wave observations. The influence of the absolute Py, values on the EMIC wave occurrence rate should also
be investigated more in details.

The EMIC occurrence rate increases at large R** and it maximizes below 8% in the noon sector from 7 to 10
Rz (top right panel). EMIC events are more frequently observed in the dusk sector than in the dawn sector at
all R bins except for R > 9 Ry, where EMIC wave occurrence rates are rather symmetrical around noon.

When considering D* dependence, bins where spacecraft dwelt less than 12 h (240 3-min events) are ex-
cluded from the occurrence rate calculations (white bins in the bottom right panel). This is the reason why
occurrence rates in Figure 2 are calculated between 8 and 16 MLT. We remark that:

* Next to the magnetopause, in the magnetosphere (0 < D* < 1 Rg), EMIC waves are frequently observed
between 12 and 13 MLT (occurrence rate larger than 13%) and are not common after 14 MLT

* In the noon MLT sector (11-14 MLT), EMIC waves occurrence rate is continuously decreasing with
increasing distance to the magnetopause

* Theregion with the highest occurrence rates is the dawn sector (6-9 MLT) between 1 and 3 R to the mag-
netopause. Unfortunately, our data set did not sufficiently sample the closest bins to the magnetopause
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Figure 3. Dependence on MLT of EMIC emissions. Dwell time of the THEMIS spacecraft (left panels) and

EMIC occurrence rate (right panels) are obtained according to distance to Earth R** (top panels) and to modeled
magnetopause (bottom panels). Occurrence rate values in the white bins are void due to a low dwell time value (less
than 12 h). Note the different color scales. Events predicted outside the magnetosphere have negative D* values.

¢ When D* > 3 R, EMIC events are more frequent in all bins of the 16-18 MLT sector than in the mir-
roring bins of the morning sector. In 7 (of 8) bin pairs the occurrence rate differences between mirroring
bins are larger than the uncorrelated error (9%) found in section 4.1, making this finding significant

Using D* rather than R* (or L) gives a different representation of the EMIC waves in the outer magneto-
sphere. EMIC waves are more frequent in the vicinity of the magnetopause than at large distance from the
Earth (see the two different color scales in right panels of Figure 3). This is in agreement with a larger wave
growth predicted close to the magnetopause during magnetosphere compression events. The predominance
of EMIC waves in the morning MLT sector when D* < 3 Ry suggests that the magnetosphere compression
is more effective on the dawn side than on the dusk side of the magnetosphere as discussed in next section.
Finally the occurrence rate at distances larger than 3 Ry from the magnetopause is maximum in the 16—
18 MLT. These wave events might be connected with energetic ions arriving from the nightside MLT sectors.

4. Discussion
4.1. Investigation of Potential Biases

A potential bias stems from the automatic detection procedure of EMIC emissions which may give us a
certain percentage of false detections. We checked results of the automatic detection of EMIC emissions
by visual inspection of the spectrogram for one spacecraft (THEMIS-A, 5,597 3-min EMIC events). In ap-
proximately 90% of the automatic detections, EMIC emissions are clearly visible in the magnetosphere. In
few cases (less than 1%) EMIC waves are both automatically and visually detected in the magnetosheath
but close to the magnetopause. In the remaining intervals (9%) EMIC are not clearly visible. This can result
from false detection of EMIC waves, but also from a false visual nondetection, when narrowband waves are
hidden in a broadband structure, or when the signals are weak. We did not notice any preferred location for
these possible false detections that could affect our study.
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The main limitation of our study is therefore the exact determination of the magnetopause location at the
observation times. Shue et al. (1998) model has a precision of about 1 Rg. This precision can be worse during
strong or sudden magnetosphere compression events, the magnetopause being always closer to the Earth
than the predicted one (Staples et al., 2020). During such events the distance to the magnetopause is overes-
timated by the model: EMIC might be even closer to the magnetopause than reported in previous sections.
The 1 Ry order of precision is confirmed by direct comparisons of magnetopause locations observed by
THEMIS to model predictions (Némecek et al., 2016). Alternatively, we could estimate the distance to the
magnetopause location considering the previous or next magnetopause crossings. However, the magneto-
pause still moves between the wave observation time and the next/previous crossing, and the precision of
its position then would also depend on the time delay between the wave event time and the magnetopause
crossing time. We therefore decided not to use this method as it would add a nonsystematic uncertainty
with no real improvement. The distance to the magnetopause can be improved in the future with a better
magnetopause model or a global picture of the magnetopause as expected from the future SMILE mission.

Limiting the observations to 10 Ry introduces a bias, as 10 Rg corresponds to the magnetopause subsolar
point for P4y, = 2.4 nPa (case B, = 0 in Shue et al. [1998] model). Wave events observed during low Pqy, pe-
riods are seldom located close to the magnetopause in our data set. The influence on the occurrence rate is
not clear as EMIC observations are related to a jump in Pgy, rather than to high Pqy, values and even modest
magnetosphere compression events can be linked to EMIC emissions (Anderson & Hamilton, 1993). We
checked that limiting the events with Pqy,, > 2.4 nT does not affect the overall EMIC wave distribution.

4.2. Influence of the Distance to Magnetopause

The wave growth increase following magnetosphere compression is expected to be the largest near the mag-
netopause (Anderson & Hamilton, 1993). In that respect it is thus surprising to note a plateau in the EMIC
occurrence rate between 2 Rg and the magnetopause (Figure 2). This is true for most MLT sectors, excepted
between 12 and 13 MLT (Figure 3). It can result from a low number of events in the (0; 1] bin (Figure 2) or
from combined effect of the model precision and different wave activity between the magnetosphere and
the magnetosheath. The inaccuracies of the magnetopause model can cause that an event can be predicted
in the magnetosheath when actually located in the magnetosphere and vice-versa. This should not sub-
stantially affect the spacecraft position statistics: a comparable number of spacecraft positions are wrongly
predicted in the magnetosphere or in the magnetosheath. This is not the case for the wave events, as the
dominant broadband wave activity in the magnetosheath is excluded by the EMIC detection algorithm
(Bortnik et al., 2007). Consequently, wave events observed close to the inner magnetosphere boundary but
predicted outside are more numerous than the wave events observed in the magnetosheath but predicted
close to the inner magnetosphere boundary. The occurrence found in the (0; 1] Rg range can be therefore
considered as a lower estimate. We can only conclude that the wave growth is maximum within 2 Ry from
the magnetopause. However the number of measurement intervals observed in the (—1; 0] bin (outside the
magnetosphere) in Figure 3 is very small and it is still possible that the plateau in the occurrence rate in the
immediate vicinity of the magnetopause is a real effect. Saturation of the compression effects on the wave
growth or the propagation of the compression effects in the magnetosphere are two possible explanations
that should be investigated in the future.

The dependence on MLT shows that EMIC emissions are more frequent on the morning side than on the
dusk side close to the magnetopause. Dawn-dusk asymmetries are a widely discussed topic (see review
by A. P. Walsh et al. [2014] and references therein). However, the overall influence and degree of transla-
tion of the upstream asymmetries on the magnetosphere is still an open question. At the magnetopause
itself, Kevin-Helmohlz instability takes place more often on the dawnside flank than on the duskside one
(Nykyri, 2013). However, resulting kinetic Alfvén waves, also observed in [0.1; 5] Hz frequency range, should
not increase the EMIC wave occurrence rate as they have a broadband spectrum (Grison et al., 2005). B. M.
Walsh et al. (2012) noted in a THEMIS study covering almost the same time period as the present one that the
proton density and bulk velocity in the magnetosheath are greater on the dawnside region (16 < MLT < 18)
than on the duskside in agreement with the expected effect of magnetohydrodynamic Parker spiral. Such
asymmetry can make the dawn MLT region more sensitive to pressure pulses in the solar wind.
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Inside the magnetosphere, at larger distances from the magnetopause, the EMIC waves occurrence rate is
the largest in the 16-18 MLT sector (Figure 3). As the EMIC waves are observed at large radial distances,
plasma sheet ions drifting on open paths are more probably involved, rather than ring current ions drifting
on closed paths (Anderson et al., 1992). Plasmaspheric plumes, often observed in this region and sometimes
associated with large triggered EMIC emissions (Grison et al., 2018), can also play a role during a high Py,
to explain the EMIC wave occurrence rate (Usanova et al., 2013).

The maximum occurrence rate is larger than the one observed in Usanova et al. (2012) with the same data
set, showing that EMIC waves in the outer magnetosphere region are more dependent on the distance to the
magnetopause than on the distance to Earth. It is worth to notice that we never find occurrence rate values
as high as 20% which were reported by Anderson et al. (1992). The criterion of wave activity found during
three or more consecutive 3-min intervals that we use in the present study is much more restrictive than the
criterion of one or more peaks during a 5-min interval used by Anderson et al. (1992). Being more restrictive
obviously leads to lower occurrence rates.

5. Conclusion

Mapping the distribution of EMIC waves according to L values or according to the radial distance from
Earth R** provide similar results in the outer magnetosphere region (see Figure 2). This representation is
not adapted for studying the role of the distance to magnetopause whose position varies in space and time,
while the EMIC wave growth is expected to be maximum close to the magnetopause after magnetosphere
compression events.

As the exact magnetopause position is unknown at the EMIC waves observation time, the distance to mag-
netopause used in this study is calculated from a modeled magnetopause (Shue et al., 1998) for each of the
16,244 EMIC events observed by the THEMIS spacecraft. The definition of the distance to the magneto-
pause, along one or two dimensions (D¥ or D*®) has no significant impact on the wave event distribution.
‘We conclude that such mapping provides a more realistic distribution of EMIC wave occurrence rate in the
outer magnetosphere, compared to mapping based on R*' or L.

This mapping provides the experimental confirmation that occurrence rates of EMIC waves are maximum
in the vicinity of the magnetopause, at distances lower than 2 Ry from the magnetopause. This EMIC popu-
lation is obviously related to magnetosphere compression events. At larger distances, the EMIC occurrence
rate linearly decreases with the increasing distance from the magnetopause. This is particularly true in the
noon magnetic sector where the compression effects are expected to be the strongest.

EMIC waves are more often present in the vicinity of the magnetopause in the morning MLT sector than in
the afternoon sector. The reason of this asymmetry comes probably from asymmetries in the proton density
and bulk velocities observed in the magnetosheath. The exact importance of the magnetopause for EMIC
wave at the flanks should be investigated with a data set containing EMIC observations at radial distances
larger than 10 Rp.

At distances larger than 3 R, occurrence rates are larger in the evening sector than in the other sectors. That
second EMIC population is possibly related to energetic ions coming from the nightside. The two EMIC pop-
ulations are better disentangled when mapping according to D* than when mapping according to L or R

The occurrence rate is mostly constant in [0-2] Ry range from the magnetopause. This would need further
investigations with a larger data set of waves close to the magnetopause along with a better magnetopause
location. Improving the precision of the magnetopause location can come from a more precise model and/
or new observations of the future SMILE mission.

Data Availability Statement

The THEMIS/L2/FGM data set are accessible at http://themis.ssl.berkeley.edu/data/themis/tha/l12/fgm or
via the repository http://doi.org/10.17616/R37M05h. The OMNI 5-min data set is accessible at https://spdf.
gsfc.nasa.gov/pub/data/omni/high_res_omni/ or via the repository http://doi.org/10.17616/R3THOD.
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