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[1] This report presents the first study of the global
distribution and properties of kinetic scale electromagnetic
waves on the Earth’s magnetopause. From a statistical study
using THEMIS fields observations over a frequency range
from 0.01–2 Hz, we find waves on scales of the order of ion
gyro‐radii at all magnetic local times surveyed (4–20 MLT).
The spectral energy densities (�) within these waves across
the magnetopause are larger on the dawn (4–12 MLT)
than duskside (12–20 MLT) irrespective of the direction
of the magnetosheath magnetic field BZ_sheath component.
Furthermore, these observations reveal that � is magnetic
shear dependent with large enhancements for shear angle
>60°. The similarity between dawn‐dusk asymmetry in � we
observe and reported distribution of magnetosheath ions in
the magnetosphere suggest that gyro‐radii scale magnetic
field structures/waves may facilitate a significant fraction of
cross magnetopause plasma transport. Citation: Yao, Y.,
C. C. Chaston, K.-H. Glassmeier, and V. Angelopoulos (2011),
Electromagnetic waves on ion gyro‐radii scales across the magne-
topause, Geophys. Res. Lett., 38, L09102, doi:10.1029/
2011GL047328.

1. Introduction

[2] The Earth’s magnetopause is a transition layer between
the shocked plasmas of interplanetary space and those of
the magnetosphere. It is a critical region for solar wind‐
magnetosphere coupling because the structure and dynamics
of the magnetopause alter the rate of mass, momentum and
energy transport from the solar wind into the magnetosphere
[Paschmann, 1997]. These rates are determined by physical
interactions, which occur on small scales where the frozen‐in
approximation is violated and relative motion between the
plasma and magnetic fields can occur. The largest of these
scales include the ion inertial length at which scale magnetic
reconnection can occur [Mozer et al., 2002], and the ion
gyro‐radius (ri) at which scale regular cyclotron motion can
be disrupted and electric fields parallel to the magnetic field
facilitate cross‐field transport and heating [Hasegawa and
Mima, 1978]. Electromagnetic features on ion gyro‐radii
scales are often described as kinetic Alfvén waves (KAWs)
[Hasegawa and Chen, 1975], and their role in particle heating/
acceleration and plasma transport across the magnetopause

has been considered by several authors [Hasegawa and
Mima, 1978; Rezeau et al., 1989; Lee et al., 1994;
Johnson and Cheng, 1997, 2001; Chaston et al., 2007].
[3] While direct observations of plasma transport across the

magnetopause are experimentally challenging [Paschmann,
1997], its consequences are well established and reveal dis-
tinct features that can be checked against proposed entry
mechanisms. For example, observations from the Geotail and
DMSP spacecrafts have revealed a dawn‐dusk asymmetry
during periods of northward interplanetary magnetic field
(IMF) in the distribution of cold magnetosheath ions in the
boundary layer and plasma sheet [Hasegawa et al., 2003;
Wing et al., 2005] and certain MLT ‘hot spots’ [Nishino
et al., 2007]. The MLT dependence of magnetosheath
ion observations in the dayside magnetosphere implies that
there is an MLT dependence in the entry mechanisms. To
determine if such a distribution can be expected from KAW
driven transport we have performed a statistical study using
THEMIS fields observations to analyze the MLT distribution
of the spectral energy density of gyro‐radii scale magnetic
field structures. From a dispersion analysis these structures
are shown to have the properties of KAWs. To determine
how this distribution varies with the orientation of the mag-
netic field through the magnetosheath these results are cate-
gorized according to the orientation of BZ_sheath (GSE)
component in the magnetosheath and magnetic shear angle
(�B) observed across the magnetopause.

2. Observations

[4] Figure 1 presents a case study of a magnetopause
crossing (MPC) observed from probe B of the THEMIS
mission [Sibeck and Angelopoulos, 2008]. As indicated by
the labeling at the top of Figure 1, the spacecraft travels
from the magnetosphere through a boundary layer and
across the magnetopause into the magnetosheath. These
transitions can be identified through the distinct jumps in
density and temperature shown in Figure 1a and the steps in
the ion energy spectra shown in Figure 1b as measured by
the Electrostatic Analyzer (ESA) instrument [McFadden
et al., 2008]. The boundary layer is composed of a mix-
ture of hot magnetospheric plasmas and the warm plasmas
of the magnetosheath. We note that in this case the mag-
netopause population has been accelerated to energies
intermediate between that of the magnetosphere and the
magnetosheath. The magnetopause traversal is identified by
the rotation of the magnetic field shown in Figure 1d as
measured by the Fluxgate Magnetometer (FGM) instrument
[Auster et al., 2008]. Significantly in this case the BZ (GSE)
component undergoes a reversal from positive to negative
on field‐lines dominated by magnetosheath plasmas. This
field reversal together with the accelerated magnetosheath
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plasma and two plasma jets seen in positive VZ flow
velocities observed at 22:24 and 22:26 UT in the boundary
layer shown in Figure 1c suggesting that the spacecraft is
passing over the reconnection field lines with the X point
located below the spacecraft. The boundary layer we iden-
tify in this case is therefore a consequence of the recon-
nection process and occurs largely on open field‐lines.
Figure 1e shows the wavelet spectrogram in total magnetic
field (Btotal). This reveals increasing spectral energy density
at spacecraft frame frequencies below 1 Hz as the spacecraft
transitions from the magnetosphere into the boundary layer
and across the magnetopause where the largest amplitudes
are found. It is these fluctuations, which form the subject of
this paper.
[5] We have compiled a database of wave observations

derived from 389 THEMIS magnetopause crossings similar
to the case study example shown in Figure 1 for all BZ_sheath

orientations from years 2007–2009. In each case, the
boundary layer (BL), magnetopause (MP) and magne-
tosheath (SH) intervals observed with each crossing have
been identified from the summary plots similar to Figure 1
by visual inspection as described above. We note that since
we include both northward and southward orientations of
BZ_sheath we use the term boundary layer here in the general
sense as that region with plasma properties, such as ion
density and electron density and temperature, intermediate

between those of the SH and magnetosphere and distinct
from the MP in the sense that there is no appreciable change
in the magnetic field. Averages of wave and plasma prop-
erties are compiled through each regions. The averaging
window in the case of the BL and MP is defined by their
width, and in the case of the SH we average over an
interval extending from just outside the MP to 10 ri out-
wards along the magnetopause normal [Russell and Elphic,
1979]. 10 ri is known as typical thickness of magneto-
pause. For the SH region, it is not necessary to have a
whole SH spacial interval between the MP and bow shock.
The SH width defined as 10 ri is to provide several gyro‐
radii wave scales outside the magnetopause sufficient to
derive wave properties and thin enough to pertain only to
those waves just outside of the MP. This spatial interval
also defines the time‐range over which the value of Bsheath

is determined. Since this interval is typically much greater
than the wave periods of interest, Bsheath provides a
meaningful measurement of background magnetic field in
the magnetosheath just outside the magnetopause.
[6] For each traversal we evaluate the wave power spectra

in the transverse magnetic field (B?). These have a highly
repeatable scaling and vary as ∼fs/c−1.5 − fs/c

−1.7 and ∼fs/c−2.9 at
low and high spacecraft frame frequencies ( fs/c), respec-
tively. The average of these is plotted in Figure 2a. The
location of the breakpoint in fs/c between these dependencies
varies with the plasma flow speed (vflow) over the spacecraft
as fs/c≈vflow /(2iri), where ri is the ion gyro‐radius derived
from the observed ion distribution. The robustness of both the
scaling and location of the breakpoint in fs/cmakes it possible
to specify the energy content in the fields fluctuations
over the range from fs/c = 0.01–2 Hz at the magneto-
pause from a single measurement of the spectral energy
density at fs/c≈vflow /(2pri). To apply this in a statistical
manner we take measurements of the spectral energy
density in nT2/Hz from each of our measured spectra
averaged over a frequency range ±25% of fs/c≈vflow /(2pri).
Our studies show that this range always includes the spectral
breakpoint and is shown by the shaded regions in Figure 2
and on the spectra of the case study example in Figure 1e.
[7] The constancy in spectral form observed suggests that

we may be always observing the same wave modes. To aid
in identifying these we have also determined the spectra of
the coincident electric fields and plot in Figure 2b the value
of E?/B? normalized by the local Alfvén speed (vA). This
ratio is approximately constant over fs/c < vflow /(2pri) with
a value slightly larger than the vA and at higher frequencies
the ratio increases nearly linearly with fs/c. This variation
is consistent with that expected for kinetic Alfvén waves
(KAWs) if fs/c∼vflow /l (or alternatively ws/c∼kvflow), where
k = 2p/l and l is the wavelength. To demonstrate this
the solid, dotted and dashed curves show the expected
E?/B? result in each region for a number of wavenormal
angles (�k) based on the relationship jE?

B?
j = vA

2 jkk! j(1 +
k?
2 ri

2)(1 − !2

!2
ci
). Significantly, agreement at fs/c ≥ vflow /

(2pri) requires �k approaching almost 90°. This is internally
consistent with our assumption that fs/c∼vflow/l or more for-
mally that w � ws/c in the expression ws/c = 2pfs/c = w + k ·
vflow. To show this we plot in Figure 2c the wave fre-

quency ( f ) of KAWs as function of fs/c using the expression

w = kkvA
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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et al., 2000] for a number of �k. For �k greater than 80°

Figure 1. THEMIS B observations on September 6, 2007.
(a) Ion density and average temperature of ions and elec-
tions referring to black, blue and red lines, respectively;
(b) ion energy flux; (c) ion flow velocity in GSE coordinate;
(d) magnetic field in GSE and (e) spectral energy density
in Btotal, black line corresponding to time series of fre-
quency in spacecraft frame (fs/c) at fs/c≈vflow /(2pri), two
blue dashed lines corresponding to a fs/c range ±25%
of fs/c≈vflow /(2pri). Four vertical lines from left to right
referring to boundary layer inner edge (magenta), magne-
topause inner edge (green), magnetopause outer edge
(green) and edge (light blue) in magnetosheath (see text
for details).
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we find that at fs/c = vflow/(2pri) f for KAWs is less than fs/c,
and for those larger �k which provide the best fit to the
observations shown in Figure 2b, f is an order or magni-
tude or more less than fs/c. This result, the observed vari-
ation in E?/B?, and the location of the spectral breakpoint
at fs/c≈vflow/(2pri) as expected from models of KAW tur-
bulence [Howes et al., 2008], provides a plausible case
that for fs/c ≥ vflow/(2pri) we are observing Doppler shifted
KAWs in the spacecraft frame. We note that this is
consistent with a smaller study by Chaston et al. [2008],
where interferometry was used to remove space‐time
ambiguity. Outside this range it is possible that the value
of E?/B?/vA > 1 found for fs/c < vflow/(2pri) may be a
consequence of non‐local effects in shear Alfvén waves
[Chaston et al., 2007], where there may be large varia-
tions in the vA over one parallel wavelength. Alternatively

E?/B? values larger than vA over this range may be an
indicator of the fast mode [Johnson and Cheng, 1997].
[8] Figure 3 shows distribution of spectral energy density

(� = (BX
2 + BY

2 + BZ
2)/Df in nT2/Hz) as a function of MLT

under conditions of (a) positive (northward pointing) and
(b) negative (southward pointing) BZ_sheath. These results
are equivalent to the distributions with northward and
southward IMF respectively where the interplanetary
magnetic field is usually propagated to the magnetopause
from an upstream measurement [Wing et al., 2005].
Moving outward from the center of the polar plots the
three concentric circular grids correspond to the boundary
layer (BL), magnetopause (MP) and magnetosheath (SH)
regions, respectively. The color scale shows the logarithm
of � with black representing no data. The location of the
magnetotail is represented by the black sector near mid-
night where for obvious reasons no MP traversals are
recorded. In referring to these plots in the text the dawn-
side is taken to be from 4–12 MLT and the duskside from
12–20 MLT. These plots show that the largest � irrespec-
tive of the orientation of BZ_sheath is observed near noon
and peaks in the SH just outside the MP with a distribution
that favors the pre‐noon hours.
[9] However at MLTs more than 2 hours either side of

the noon we find � peaks at the MP and is an order of
magnitude larger on the dawn than duskside. Comparing
Figures 3a and 3b shows that the distribution of � in MLT
is similar for both BZ_sheath orientations. Exceptions include
the ‘hot spot’ on the MP at 15 MLT for BZ_sheath positive
and the extension of large spectral energy densities to early
morning hours on both the MP and BL for BZ_sheath neg-
ative. Integrating over the entire spatial range surveyed
shows that � is larger for BZ_sheath negative than BZ_sheath

positive.
[10] Figure 4 reveals the detailed dependence of these

distributions with the degree of magnetic shear, �B = cos−1

(Bsheath · Bsphere/∣Bsheath∣∣Bsphere∣), across the magnetopause.
�B = 0° on the abcissae of these plots corresponds to aligned
Bsheath and magnetospheric magnetic fields (Bsphere) fields
whereas �B = 180° corresponds to anti‐alignment. We note
that while �B near 0° and 180° generally correspond to
BZ_sheath positive and negative respectively, for shear angle
from 60°–120° this is not generally the case, since the
BZ_sheath does not show a clear relationship with �B, which
means that BZ_sheath can be positive or negative irrespective
of whether �B < 90° or �B > 90° over this shear angle
range after investigating their relationship in this study.
From Figures 4a to 4c, relationships in dawn (3–10 MLT),
noon (10–14 MLT) and dusk (14–21 MLT) sectors are
shown. In each panel, blue, green and red square lines
correspond to boundary layer (BL), magnetopause (MP),
and magnetosheath region (SH), respectively. In general
the spectral energy density (�) in all three regions increase
with �B. The most marked changes are however observed
across the MP where we find nearly order of magnitude
increases in � on the dawn and dusk sectors for �B exceeding
60°. In the dawn sector � at the MP also increases for the
smallest �B.

3. Discussion and Conclusion

[11] These observations provide details of the global dis-
tribution and nature of electromagnetic field fluctuations

Figure 2. (a) Power spectral density of transverse magnetic
field (B?) as a function of frequency in spacecraft frame
(fs/c). Lines colored in blue, green and red corresponding to
median wave spectrograms in different regions as boundary
layer (BL), magnetopause layer (MP) and magnetosheath
region (SH), respectively. Error bars determined by Boxplot,
corresponding about 0.67 standard deviation around median
value. (b) Comparison between observed E?/B? (filled cir-
cle‐lines blue, green, red referring to BL, MP, SH) ratio
and theoretical predicted result (solid, dotted, dashed lines
referring to BL, MP, SH) (both normalized by Alfvén speed)
for all selected magnetopause crossing events in different
regions and at different wavenormal angles (�k), 45°, 75°,
89.95° referring to blue, green and red, respectively.
(c) Wave frequency ( f ) as a function of fs/c at different �k.
At different �k, f in different regions is shown in different line
styles. Black solid line corresponding to f = fs/c.
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across the Earth’s magnetopause. The statistics we have
provided pertain to observations at scales of a Doppler
shifted ion gyro‐radius, however we note that because of the
robust power law scaling of spectral energy density (�) with
spacecraft frame frequency (fs/c) observed, this measurement
provides a proxy for the energy content in electromagnetic
field fluctuations over the entire fs/c range sampled (0.01–
2 Hz). We find for fs/c ≥ vflow/(2pri) that the dispersive
properties of these fluctuations are consistent with that
expected for kinetic Alfvén waves (KAWs) with phase
speeds less than the flow speed. However we note that this
does not necessarily eliminate the possibility of other modes
being present. These waves are observed at all MLTs
surveyed, but have largest amplitudes near noon, where
they peak in the magnetosheath just outside the magneto-
pause. Away from noon however peak � is observed on
the magnetopause and an asymmetry in the distribution of
� is observed which favors the pre‐noon/dawnside. This
distribution can in part be qualitatively understood as a
consequence of magnetosheath flow around the magneto-
pause, where these slowly propagating waves ‘pile‐up’ in
the depletion layer, just outside the magnetopause and
progressively propagate inwards across field lines as they
convect tailward with the flow. However this does not
account for the dawn‐dusk asymmetry through the mag-
netopause and boundary layer. This may be a consequence
of location on the magnetopause downstream from a quasi‐
perpendicular vs quasi‐parallel shock. It is known for
instance that turbulence levels downstream from a quasi‐
parallel shock are significantly enhanced relative to that
found downstream of a quasi‐perpendicular shock [Shevyrev
and Zastenker, 2005] and for a Parker spiral a quasi‐parallel
orientation is expected on the morning side. Wing et al.
[2005] also suggested that the dawn‐dusk asymmetry
could be introduced by an asymmetry in the source of
compressions, which could be driven directly in the solar
wind.
[12] Importantly, we observe a magnetic shear (�B) depen-

dence, which provides the largest spectral energy densities at
the magnetopause under conditions of �B exceeding 60°.
This may be consistent with either mode conversion from

fast mode waves as previously reported by Johnson et al.
[2001], which leads to a sharp increase in KAW power
spectral density beyond around 50° �B and enhancement
� on the magnetopause for BZ_sheath negative similar to
observation, or reconnection which has been shown to drive
broad spectrum of KAWs as described previously in a case
study by Chaston et al. [2005]. Distinguishing mechanisms
requires the association of enhanced spectral energy densities
under conditions of large �B with reconnection outflow jets
or the observation of KAWs radiating from the Alfvén res-
onance on the magnetopause. This study has not as yet been
performed.
[13] Finally we note that since cross‐field diffusion

coefficients and the efficiency of scattering in gyro‐radii
scale field fluctuations (or KAWs) are proportional to
spectral energy density (�) [Johnson and Cheng, 1997], the
distributions we have derived are proxies for the efficacy of
the cross‐field transport process. KAWs can heat ions per-
pendicular to the magnetic field line [Johnson and Cheng,
2001], consequently if KAWs are an important driver of
cross‐field transport, similar distributions in � and heated
transported magnetosheath ions should be observed. Previ-
ous studies have found that magnetosheath ions have higher
temperatures and densities when observed in the dawnside
magnetosphere than the duskside during northward IMF
[Hasegawa et al., 2003; Wing et al., 2005]. This morphol-
ogy may be associated with the gyro‐scale magnetic field
structure (or KAW) distributions shown in the Figure 3a for
positive (northward) BZ_sheath where an enhancement in � is
observed over the pre‐noon hours on the magnetopause.
Magnetosheath ions entering the magnetosphere at these

Figure 3. The polar map of power spectral density of
total magnetic field as a function of magnetic local time
(MLT) in XGSE‐YGSE plane under conditions of (a) pos-
itive (northward pointing) and (b) negative (southward point-
ing) BZ_sheath. Three concentric circular grids from inside to
outside corresponding to boundary layer (BL), magnetopause
layer (MP) and magnetosheath region (SH), as defined in the
text, respectively.

Figure 4. Variation of power spectral density of total
magnetic field as a function of magnetic shear angle (�B).
Different magnetic local time sectors, (a) dawn, (b) noon
and (c) dusk. In each panel, blue, green and red lines cor-
responding to the relationship in boundary layer (BL),
magnetopause layer (MP) and magnetosheath region (SH),
respectively. Since logarithmic y‐axis, error bars are plotted
just in upper direction.

YAO ET AL.: MP KAWS L09102L09102

4 of 5



local times through the action of these gyro‐scale structures
could then continue to stream tailward in the flow through
the boundary layer to account for the −XGSE extent of
the enhanced dawnside magnetosheath fluxes in the mag-
netosphere. Under condition of negative BZ_sheath to our
knowledge there are no reported studies of the spatial dis-
tribution of magnetosheath plasmas in the magnetosphere
with which to compare our results. It might be expected that
magnetic reconnection dominates as a means for plasma
entry into the magnetosphere under this condition, however
we are unable to quantify the relative contributions from each
process in this study. Nonetheless, the results for positive
BZ_sheath show that the dawn‐dusk asymmetry observed in
magnetosheath plasmas within the magnetosphere is quali-
tatively consistent with transport through the action of gyro‐
radii field structures (or KAWs) on plasmas across the
magnetopause.
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