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IMF dependence of energetic oxygen and hydrogen ion
distributions in the near-Earth magnetosphere
H. Luo1,2,3, E. A. Kronberg2,4 , K. Nykyri5, K. J. Trattner6 , P. W. Daly2 , G. X. Chen1,3, A. M. Du1,3,
and Y. S. Ge1,3

1Key Laboratory of Earth and Planetary Physics, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing,
China, 2Max Planck Institute for Solar System Research, Göttingen, Germany, 3College of Earth Sciences, University of Chinese
Academy of Sciences, Beijing, China, 4Department of Earth and Environmental Sciences, Ludwig-Maximilians University,
Munich, Germany, 5Centre for Space and Atmospheric Research and Department of Physical Sciences, Embry-Riddle
Aeronautical University, Daytona Beach, Florida, USA, 6Laboratory for Atmospheric and Space Physics, University of
Colorado Boulder, Boulder, Colorado, USA

Abstract Energetic ion distributions in the near-Earth plasma sheet can provide important information for
understanding the entry of ions into the magnetosphere and their transportation, acceleration, and losses in
the near-Earth region. In this study, 11 years of energetic proton and oxygen observations (> ~274 keV) from
Cluster/Research with Adaptive Particle Imaging Detectors were used to statistically study the energetic ion
distributions in the near-Earth region. The dawn-dusk asymmetries of the distributions in three different
regions (dayside magnetosphere, near-Earth nightside plasma sheet, and tail plasma sheet) are examined in
Northern and Southern Hemispheres. The results show that the energetic ion distributions are influenced by
the dawn-dusk interplanetary magnetic field (IMF) direction. The enhancement of ion intensity largely
correlates with the location of the magnetic reconnection at the magnetopause. The results imply that
substorm-related acceleration processes in the magnetotail are not the only source of energetic ions in the
dayside and the near-Earth magnetosphere. Energetic ions delivered through reconnection at the
magnetopause significantly affect the energetic ion population in the magnetosphere. We also believe that
the influence of the dawn-dusk IMF direction should not be neglected in models of the particle population in
the magnetosphere.

1. Introduction

It is well known that the energetic ions (> ~100 keV) in the near-Earth plasma sheet are important conse-
quences of transport and acceleration in the magnetosphere. The ions cannot be accelerated by quasi-
stationary dawn-dusk electric field like Speiser acceleration [Speiser, 1965] or betatron acceleration [e.g.,
Sarafopoulos et al., 2001] alone to energies higher than typical tail potential drop. Substorm-associated mag-
netic field reconfiguration is also thought to be an important process to accelerate the ions to high energy
when they are transported to the near-Earth region from the magnetotail [e.g., Nosé et al., 2000a, 2000b;
Ono et al., 2009; Grigorenko et al., 2017]. Acceleration of energetic ions higher than ~140 keV is reported in both
earthward and tailward fast flows, which are associated with the near-Earth X line [Luo et al., 2014]. Magnetic
reconnection-associated structures such as flux ropes and plasmoids in the distant magnetotail are also
thought to be the regions where the tailward energetic oxygen flux is significantly increased [Wilken et al.,
1995; Zong et al., 1997, 1998]. Grigorenko et al. [2015] found that ion resonant interactions with the low-
frequency electromagnetic fluctuations are important for ion acceleration inside plasmoids. The geomagnetic
and solar wind-dependent spatial distributions of oxygen ions and protons at energies from 274 to 955 keV
were statistically established by Kronberg et al. [2015] based on 7 years of Cluster observations. The discussion
on dawn-dusk asymmetries of ion distributions in the plasma sheet has been reviewed by Kronberg et al. [2017].

Ions can enter the magnetosphere not only via acceleration processes in the magnetotail but also through
reconnection at the magnetopause. Energetic neutral atom observations (0.9–1.5 keV) in the cusp show an
asymmetry in fluxes explained by the magnetic reconnection at the magnetopause [Petrinec et al., 2011].
Other studies showed that the energetic ions observed in the cusp have similar spectral features as those
accelerated at the quasi-parallel bow shock [Trattner et al., 2001]. Moreover, they showed that energetic ions
from the quasi-parallel bow shock enter the diamagnetic cavity along newly reconnected field lines [Trattner
et al., 2011].
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The diamagnetic cavity in the high-latitude cusp region is also thought to be a possible source of ener-
getic ions in the dayside magnetosphere and near-Earth plasma sheet [e.g., Chen and Fritz, 1998; Fritz
et al., 2000; Fritz et al., 2012]. The diamagnetic cavity is a region with enhanced plasma pressure and
decreased magnetic field strengths formed by the magnetic reconnection in the high-latitude magneto-
pause [e.g., Nykyri et al., 2011a, Adamson et al., 2012]. This region is able to trap charged particles. Nykyri
et al. [2011b, 2012] showed that ions and electrons can be locally accelerated up to 50 keV in the dia-
magnetic cavity if they are trapped for sufficiently long time and their drift paths coincide with the gra-
dient of reconnection quasi-potential. The amount of acceleration depends on the magnetic field
strength that is reconnecting and generating the quasi-potential. Higher energies are also possible if par-
ticles can be recycled via this quasi-potential, but some particles will also be lost into the magnetosheath
or ionosphere.

The dependence of the ion distribution on the interplanetary magnetic field (IMF) direction hints at the nat-
ure of the physical processes at work. Previous studies were focused on the response of the ion distributions
depending on the northward/southward direction of the IMF. The influence of the dawn-dusk IMF direction
on the ion distribution in the near-Earth magnetosphere has been studied by, e.g., Petrinec et al. [2011] (cusp
region, 0.9–1.5 keV) and Liao et al. [2010] (transport from cusp <40 keV/e) who used observations and by
Welling et al. [2011] who used MHD simulations (ring current). But they only focused on the ions with
lower energy.

It was shown that the energetic ion flux (>274 keV) in the near-Earth magnetosphere depends on the IMF
clock angle [Kronberg et al., 2012]. However, the influence of the dawn-dusk IMF direction on the distribution
of energetic ions (>274 keV, much higher energies than those considered in the previous studies) at the day-
side and the plasma sheet has still not been studied. Moreover, the source of the energetic ions in the dayside
magnetosphere is still not completely understood, and our study could provide the information on the
sources for the energetic ions in both the dayside magnetosphere and the nightside plasma sheet in the
near-Earth region. Additionally, we separate the Northern and Southern Hemispheres, which has not been
done before at these energies.

In summary in this study, we present statistical observations of the energetic ion distributions in the dayside
and the near-Earth plasma sheet for both the Northern and Southern Hemispheres and their dependence on
the dawn-dusk IMF. We check if the distributions can be explained by the location of the reconnection at the
magnetopause that can be related to a source of energetic ions in the magnetosphere.

2. Instrumentation and Data Description

Omnidirectional flux of oxygen and protons during years 2001–2011 from the RAPID experiment (Research
with Adaptive Particle Imaging Detectors) on board Cluster 4 is used in this study. The detailed information
about the Cluster mission and RAPID experiment is given by Escoubet et al. [1997] and Wilken et al. [2001],
respectively. The energy channels for H+ and O+ are not the same. In order to compare the observations
between H+ and O+, we need to put their energy channels into the same range. The detailed methodology
for adjusting the energy channels can be found in Appendix A in Kronberg et al. [2012]. In this study, 3 min
averages of integrated intensity of H+ with energy from ~274 keV to ~962 keV and O+ from ~274 keV to
~948 keV are used to investigate the energetic ion distribution in the dayside magnetosphere and the night-
side plasma sheet. The slight difference in upper energy (962 keV and 948 keV) does not affect our results. The
plasma beta calculated based on Cluster Ion Spectrometry (CIS)/CODIF plasma pressure [Rème et al., 2001]
and the magnetic field measurements from the fluxgate magnetometer [Balogh et al., 2001] are set to be lar-
ger than 0.2 and less than 10 to confine the observations in the plasma sheet [Baumjohann et al., 1990;
Grigorenko et al., 2012]. There are several operational modes for the instruments on board Cluster spacecraft.
For example, for the CIS instrument, there are the solar wind modes, the magnetospheric modes, the mag-
netosheathmodes, the retarding potential analyzer mode, and a calibration and test mode. Thesemodes cor-
respond to different energy sweeping schemes and different combinations of telemetry products
transmitted. In our study, we are only interested in the energetic ions in the magnetosphere. We select data
with magnetospheric mode 13 to confine the observations in the magnetosphere and avoid errors intro-
duced by nonoptimal modes [Rème et al., 2001; Dandouras et al., 2006]. Solar wind data are from
OMNI database.
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In order to confine the observations to the plasma sheet, we need to exclude the cusp region as it usually has
the same plasma beta value range as in the plasma sheet. Data with |Z (GSM)| < 8 RE are selected to exclude
the cusp region (the cusp region is usually located at distance with |Z (GSM)|> 8 RE). Since the local Bx (GSM)
will change sign when crossing the current sheet, we select Bx > 0 (< 0) for the nightside Northern
Hemisphere (Southern Hemisphere). Data with Bx < 0 (> 0) could be selected for the dayside Northern
Hemisphere (Southern Hemisphere). Since our study is focused on the energetic ion distribution in a general
condition, measurements with SYM-H > �50 nT were selected to minimize the influence of the extreme
events during the geomagnetic storms. In this study, the IMF By and Bz as well as the spatial distributions
of the ions are given in GSM coordinates. Therefore, the dependence on the dipole tilt/season has already
partially been taken into account. Radial distances are also chosen to be greater than R > 6 RE to avoid pos-
sible contaminations in the radiation belts [Kronberg et al., 2016].

To investigate the dependence of the energetic ion distributions in the dayside magnetosphere and near-
Earth plasma sheet on the IMF directions, we divide the IMF directions into four categories. They are (i)
Bz > 0, By < 0; (ii) Bz > 0, By > 0; (iii) Bz < 0, By < 0; and (iv) Bz < 0, By > 0. Figure 1 shows the location of

Figure 1. Themagnetopause shear angle under IMF Bz< 0, By> 0, Bz< 0, By< 0, Bz> 0, By> 0, Bz> 0, By< 0 as seen from the Sun. The shear angleswere determined
by the magnetic field direction of the T96model and median values (list in Table 3) of the solar wind conditions where our observations are made in Figures 2–5. Red
areas represent magnetopause regions where the geomagnetic field and the IMF are antiparallel within 150° to 180°. White regions embedded in the red regions
represent the line of maximum magnetic shear angles which are thought to be the most likely location for reconnection to occur. The black circle in each panel
represents the location of the x = 0 plane, which separates the dayside magnetopause (inside the circle) from the nightside magnetopause (outside the circle) of the
Earth. The values plotted over each panel are asymmetry indexes for protons in 0 RE < Z < 4 RE under southward IMFs and 4 RE < Z < 8 RE under northward IMFs.
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the magnetic reconnection at the
region of the magnetopause. The
location is indicated by the magnetic
shear angle under specific solar wind
parameters (IMF direction, solar wind
density, and speed), which corre-
sponds to themedian solar wind con-
ditions during the ion observations.
The magnetopause shear angle is
determined from the geomagnetic

field and the IMF field direction at themagnetopause. The geomagnetic field is calculated from the T96model,
and the solar wind parameters are determined by the corresponding median values (list in Table 1) of our
observations in Figures 2–5 for each IMFBy and Bzdirection. The thinwhite line represents the line ofmaximum
magnetic shear angles that are thought to be themost likely locations for reconnection to occur [Trattner et al.,
2007]. Since July was themost commonmonth when our measurements weremade, in simulations for deter-
mining the shear angle July was used for calculations of the average tilt angle (not shown here). More details
about the magnetopause shear angle calculation can be found in Trattner et al. [2004, 2007, 2010, 2011].
Figure 1 shows the shear angle under southward (top row) and northward (bottom row) IMFs. The black ellipse
in eachpanel represents the location of the x=0plane, which separates the daysidemagnetopause (inside the
circle) from the nightsidemagnetopause (outside the circle) of the Earth. It is worth noting that the location of
reconnection is at low latitudes for southward IMF and at high latitudes for northward IMF. We also point out
that energetic particles from the quasi-parallel bow shock may enter the magnetosphere through
the reconnection.

3. Results

Table 2 shows the asymmetry index of the H+ and O+ under different IMF directions for four different Z (GSM)
ranges: 4 RE < Z < 8 RE, 0 RE < Z< 8 RE, �4 RE < Z < 0 RE, �8 RE < Z < �4 RE. The asymmetry index is calcu-

lated using the following formula: Index ¼ Fdusk�Fdawn
FduskþFdawn

�100%, where Fdusk and Fdawn are median intensities at

the duskside (Y (GSM) > 0, in regions I, II, and III in Figures 2–5) and dawnside (Y (GSM) < 0, in regions IV, V,
and VI), respectively. The asymmetry index measures the degree of dawn-dusk asymmetry of the energetic
ion intensities. Positive asymmetry index means that the ion intensities in the duskside are stronger than
those in the dawnside, whereas negative asymmetry index values indicate dawnward asymmetry.

As can be seen in Table 2, the index appears to be positive for all the Z (GSM) ranges under four IMF
directions for both H+ and O+. This indicates that the energetic ion intensities in the duskside are always
stronger than those in the dawnside. This shows that the curvature-gradient drift plays important role in
controlling the energetic ion dawn-dusk asymmetry. The drift dominates other effects that can lead to
dawn-dusk asymmetry. This is, for example, the asymmetric reconnection under different IMF directions.
The asymmetry index is larger when reconnection is located at the duskside than at the dawnside for the
same Z (GSM) ranges. This strongly indicates that the reconnection location does influence the energetic
ion distributions. The extent of the dusk asymmetry changes with Z (GSM) distance. For example, at
Bz < 0 and 0 < Z < 4 RE, we consider the H+ in the Northern Hemisphere. The asymmetry index is
52.12% under By > 0 (reconnection is located at the duskside) compared to 20.40% under By < 0 (recon-
nection is located at the dawnside). This indicates that under By < 0 the duskward asymmetry becomes
weaker. If we consider that the curvature-gradient drift has the same effect under different By directions
at this Z range, then the reconnection location can cause about 31.72% difference of the ion distribution
asymmetry. However, the difference is 7.38% when we consider region at 4 < Z < 8 RE. This is consistent
with the location of reconnection at lower latitudes under southward IMF (see Figure 1), which leads to
stronger asymmetries there.

During northward IMF (Bz> 0), we also consider H+ in the Northern Hemisphere. The asymmetry index shows
clear dependence on reconnection location. The asymmetry with respect to the Z distance is, however, dif-
ferent from that under southward IMFs. The asymmetry index is 38.73% under By > 0 and 29.97% under

Table 1. Median Solar Wind Parameters for Making the Magnetopause
Shear Angle Plot (Figure 1)a

IMF Direction
Bx
(nT)

By
(nT)

Bz
(nT)

Density
(1/cm3)

Velocity
(km/s)

Bz < 0By >0 �1.63 2.52 �1.56 4.44 418.8
Bz < 0By <0 1.68 �2.48 �1.44 4.31 417.9
Bz > 0By >0 �1.27 2.44 1.74 4.43 416.8
Bz > 0By < 0 1.64 �2.54 1.85 4.32 415.5

aThe values correspond to the solar wind parameters under which the
energetic ion distributions (Figures 2–5) are made.
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By < 0 at 0 < Z < 4 RE. The asymmetry difference is 8.76%. This difference becomes larger (32.39%) when Z
distance changes to 4 < Z< 8 RE. This is also consistent with the location of reconnection at higher latitudes
under northward IMF, which leads to stronger asymmetries there (see Figure 1).

The asymmetry indexes in 0 RE < Z < 4 RE under southward IMFs and 4 RE < Z < 8 RE under northward IMFs
are also plotted above Figure 1, in which the asymmetry indexes are influenced remarkably by the
reconnection locations.

Similar features can be also found in the Southern Hemisphere and also for the oxygen ions. In the text below,
we study the results by separating the observations into three regions: dayside magnetosphere, near-Earth
nightside, and tail plasma sheet. This can give more detailed information about the energetic hydrogen
and oxygen ion distributions.

Figure 2. Proton intensities with energy from ~274 keV to ~962 keV under southward IMF with different By directions in both the Northern and Southern
Hemispheres. The value for each bin is calculated by using the median value of the intensities of the 2 RE × 2 RE square region when there are more than 10
measurements. Each panel is divided into six plasma sheet regions. They are (I) dayside dawn, (II) nightside near-Earth dawn, (III) tail dawn, (IV) dayside dusk flanks,
(V) nightside near-Earth dusk, and (VI) tail dusk. Median values of the intensities along with the 95% confidence interval for each region are plotted in each panel. The
gray circles with antiparallel arrows indicate quadrants where the magnetic shear angle becomes close to 180°.
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Figures 2–5 show the integrated intensity of energetic protons with energy from ~274 keV to ~962 keV and
oxygen ions from ~274 keV to ~948 keV under different IMF By and Bz directions for both hemispheres.
Median values of the intensities are plotted in each region. Confidence interval (CI) errors are also overplotted
in each region to indicate whether the values are significantly confident based on the following formula:

x � c1s
ffiffiffi

n
p < μ < x þ c2s

ffiffiffi

n
p , where x , s, and n are the mean value, standard deviation, and sampling number in

each region, respectively. Since data in each region follow a quasi-normal distribution (not shown here),
the parameters c1 and c2 in the above formula can be determined by calculating a 95% confidence interval
for each region.

3.1. Southward IMF

During southward IMF with positive By (Figure 2, top left), we can see a clear dawn-dusk asymmetry in the
Northern Hemisphere. The intensity of H+ is remarkably higher at the duskside than that at the dawnside

Figure 3. The format is identical to that of Figure 2 but for the oxygen ions with energy from ~274 keV to ~948 keV under southward IMF.
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for both the dayside magnetosphere and nightside plasma sheet. This is expected for distributions governed
by gradient and curvature drifts. However, this duskside asymmetry is absent in the Southern Hemisphere at
the dayside. On the contrary, the H+ intensity (bottom left) at the dawnside of dayside magnetosphere
(region I) is even stronger than those at the corresponding duskside regions (regions IV). This dawn-dusk
asymmetry is quite consistent with the reconnection location under that IMF orientation. When the IMF
Bz < 0 and By > 0, reconnection is located in the sunward dusk (sunward dawn) sector in the Northern
(Southern) Hemisphere.

When IMF By is directed dawnward (Figure 2, top right), although the intensity at the duskside is still
stronger than that at the dawnside for the Northern Hemisphere, the asymmetry is not that prominent
as that under positive IMF By at least between regions I and IV, II, and V (top left). We believe that
the duskward asymmetry due to the curvature and magnetic gradient drift is weakened by an addi-
tional dawnside ion source related to the reconnection at the magnetopause during this IMF orienta-
tion. For the Southern Hemisphere with negative IMF By (bottom right), both the drift effect and
reconnection location force ions to prefer the duskside. The stronger flux areas indeed appear at
the duskside regions.

Figure 4. The format is identical to that of Figure 2 but for the protons with energy from ~274 keV to ~962 keV under north-
ward IMFs.
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The intensity distributions of O+ during southward IMF under different IMF By directions for both Northern
and Southern Hemispheres are shown in Figure 3. The layout of Figure 3 is the same as of Figure 2. The asym-
metries in the Northern Hemisphere for oxygen ions are nearly the same as for protons under both positive
and negative IMF By. This indicates that the IMF By exerts the same effect on dawn-dusk asymmetries for oxy-
gen ions and protons.

For the Southern Hemisphere and positive IMF By (bottom left), the intensity at dawnside of the dayside
region I is stronger than the corresponding flux at the duskside region IV and basically the same between
regions II and V at the near-Earth nightside. This is also in very good agreement with reconnection at the
dawn sector under southward IMF with positive IMF By. The dawnside asymmetry is not seen at the tail region
(III and VI in Figure 3, bottom left) where the flux at the duskside is stronger than at the dawnside which indi-
cates that the drift processes are more important in the tail region.

During negative IMF By, the oxygen ion intensity at the duskside of the dayside magnetosphere in the
Southern Hemisphere becomes stronger compared to those for positive IMF By. This agrees with the fact
that in the Southern Hemisphere, for negative IMF By, reconnection occurs at the duskside. This could
lead to the escape of energetic ions to the duskside and therefore lead to a weakening of the dawn-
ward asymmetry. The large confidence intervals do not allow us to give a definite conclusion for the

Figure 5. The format is identical to that of Figure 2 but for oxygen ions with energy from ~274 keV to ~948 keV under
northward IMFs.
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near-Earth nightside (regions II and V).
In the tail region (regions III and VI)
the duskward asymmetry is observed.

3.2. Northward IMF

During northward IMF, the dawn-
dusk asymmetries are expected to
be the same as during southward
IMF (see Figure 1). However, the
location of reconnection will be at
higher latitudes during northward
IMF. As can be seen in Figures 4
and 5, in general, the H+ and O+

intensities are significantly lower
during northward IMF than that
during southward IMF especially at
the dusk for both dayside magne-
tosphere and nightside plasma
sheet. During southward IMF, the
energy coupling between solar
wind and magnetosphere is much
stronger than that during north-
ward IMF. Therefore, the inductive

electric field [e.g., Delcourt, 2002] or dipolarization fronts related magnetic reconfiguration [Nosé
et al., 2000b] are stronger during southward IMFs, which can result in more energetic ions
(>100 keV) in the magnetotail. The large-scale dawn-dusk electric field drift along with the
gradient-curvature drift makes the energetic ions move to the dusk flanks.

We can see in Figure 4 that in the Northern Hemisphere a clear dusk asymmetry appears with positive IMF By,
which is in good agreement with both duskward drift and location of reconnection at the duskside. This
asymmetry, however, becomes weaker when IMF By directs dawnward, especially between the near-Earth
nightside regions II and V, where the intensities are nearly the same. The weaker duskward asymmetry is
because although the curvature and gradient drift still force high-energy ions to move to the duskside
plasma sheet, reconnection can provide a source in the dawn near-Earth sector tailward of the cusp in the
Northern Hemisphere which leads to the weakening duskside asymmetry. These features are similar to those
with the southward IMFs in the Northern Hemisphere. As long as the IMF By is pointing to the dawnside or
duskside, reconnection occurs in the same direction as the IMF By in the Northern Hemisphere, which is inde-
pendent on the IMF Bz.

The dawn-dusk location of reconnection in the Southern Hemisphere has the opposite direction of IMF By
and also independent on the IMF Bz. Rotation of the IMF from southward to northward moves location of
reconnection from sunward side of the cusp to the tailward side. Under positive IMF By, the asymmetry in
the Southern Hemisphere at the dayside appears to be dawnward for both H+ and O+ ions; see bottom left
panels in Figures 4 and 5. This is also consistent with the location of reconnection at the dawnside.

Under negative IMF By the intensities at the dayside and near-Earth nightside dawn are significantly higher
than corresponding intensities at the duskside for hydrogen and oxygen ions (bottom right panels of
Figures 4 and 5). We observe higher ion intensities at the dawnside, although they are expected to be higher
at the duskside according to the location of reconnection. This inconsistency can be explained as follows.
From the map of samples (see supporting information) one can see that the spacecraft spent much less time
at the duskside in the Southern Hemisphere than at the dawnside, especially at high latitudes. Under the
northward IMF an ion source related to location of reconnection is expected to be at high latitudes; see
Figure 1. Therefore, these regions were likely not measured. This can explain lower intensities at the dusk day-
side compare to those at the dawnside in the Southern Hemisphere. The statistical coverage becomes less
significant when we do not divide the data into the three regions, and the statistics is enough to get

Table 2. Asymmetry Index of the H+ and O+ Under Different IMF
Directions for Four Different Z (GSM) Rangesa

IMF Direction

Bz < 0 Bz < 0 Bz > 0 Bz > 0
By > 0 By < 0 By > 0 By < 0

Northern Hemisphere
Reconnection Location Duskside Dawnside Duskside Dawnside
H+ 4 RE < Z < 8 RE 34.49% 27.87% 51.60% 19.21%

0 RE < Z < 4 RE 52.12% 20.40% 38.73% 29.97%
O+ 4 RE < Z < 8 RE 47.81% 30.14% 44.74% 13.43%

0 RE < Z < 4 RE 61.60% 28.71% 39.42% 28.93%
Southern Hemisphere
Reconnection Location Dawnside Duskside Dawnside Duskside
H+ �8 RE < Z < �

4 RE

12.14% 19.89% 9.15% 21.44%

�4 RE < Z < 0 RE 21.26% 49.13% 18.99% 30.81%
O+ �8 RE < Z < �

4 RE

11.45% 31.43% 10.67% 22.94%

�4 RE < Z < 0 RE 27.55% 36.63% 23.81% 28.65%

aThe asymmetry index is calculated using the following formula
Index ¼ Fdusk�Fdawn

FduskþFdawn
�100%, where Fdusk and Fdawn are median intensities

at the duskside (Y (GSM) > 0, in regions I, II, and III in Figures 2–5) and
dawnside (Y (GSM) < 0, in regions IV, V, and VI), respectively.
Reconnection location is indicated for each direction of the IMF and
for two hemispheres.
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confident results that show clear consistence between the observations and location of reconnection, as seen
in Table 2.

In summary, we investigated the energetic ions (~274 keV to ~955 keV) distributions in the dayside magneto-
sphere and near-Earth plasma sheet under different IMF directions. Table 3 lists the median values of the ion
intensities along with the 95% confidence intervals in different areas under four IMF directions for both the
Northern and Southern Hemispheres.

4. Discussion and Conclusions

In this study, based on 11 years of ion flux of both protons (~274 keV to ~962 keV) and oxygen ions (~274 keV
to ~948 keV) from Cluster/RAPID, we statistically study the dawn-dusk IMF dependence of the energetic ion
distributions in the dayside magnetosphere and the plasma sheet. In fact, we also check the integrated flux
from CIS instruments with H+ and O+ energy range from ~10 keV to ~35 keV (not shown here), which gives
mainly similar IMF dependence of the dawn-dusk asymmetry. Other factors such as geomagnetic activities,
solar emissions, and solar wind conditions can influence dawn-dusk asymmetries of the energetic ion distri-
butions. Unfortunately, we cannot consider all these conditions simultaneously as there is not sufficient data
to make confident maps for the distributions at these energies.

It is found in this study that the dawn-dusk asymmetry of the energetic ion distribution shows strong depen-
dence on the IMF direction, and we attribute this dependence to the location magnetic reconnection at the
magnetopause. Large-scale quasi-stationary dawn-dusk electric field or betatron acceleration alone was
proved to be not enough to accelerate the ions above 100 keV. Inductive electric field associated with the
fast magnetic X line formation [Zelenyi et al., 1990], electromagnetic turbulence [Grigorenko et al., 2015], or
current disruption processes [Lui, 1996; Lutsenko et al., 2008] are likely acceleration sources for the
>100 keV energetic ions. However, such mechanisms usually occurred in the magnetotail, and they alone
cannot explain the dawn-dusk asymmetries of the energetic oxygen and hydrogen ion distributions. One
may argue that the E cross B drift could result in the asymmetry. However, the E cross B along with the gra-
dient and curvature drift can only explain the duskside asymmetry of energetic ions at these energies. The

Table 3. Median Values of the Energetic Ion (H+ From 274 keV to 962 keV and O+ From 274 keV to 948 keV) Intensities [1/(cm2 sr s)] Correspond to the Different
Regions in Figures 2–5 Under Four Different IMF Directionsa

IMF Direction Ion Species Region I Region II Region III Region IV Region V Region VI

Bz < 0By >0 Northern Hemisphere
H+ 2,884 ± 183 1,707 ± 255 6,347 ± 627 10,481 ± 274 11,869 ± 629 8,303 ± 189
O+ 616 ± 38 320 ± 20 1,047 ± 66 2,064 ± 70 3,421 ± 62 1,892 ± 40

Southern Hemisphere
H+ 13,720 ± 950 5,389 ± 1,582 4,667 ± 245 9,193 ± 622 7,102 ± 745 6,956 ± 1,304
O+ 1,238 ± 251 483 ± 592 553 ± 35 717 ± 237 482 ± 76 1,102 ± 79

Bz < 0By <0 Northern Hemisphere
H+ 3,502 ± 255 4,302 ± 772 4,431 ± 552 9,447 ± 298 6,448 ± 182 6,525 ± 687
O+ 1,133 ± 83 598 ± 289 1,247 ± 84 2,034 ± 83 1,398 ± 49 1,415 ± 104

Southern Hemisphere
H+ 14,723 ± 1,073 5,818 ± 1,320 3,320 ± 139 18,876 ± 3,905 10,743 ± 893 7,769 ± 1,079
O+ 2,022 ± 226 690 ± 429 576 ± 12 1,469 ± 300 464 ± 127 1,113 ± 77

Bz > 0By >0 Northern Hemisphere
H+ 2,825 ± 104 2,382 ± 367 4,356 ± 356 6,318 ± 245 5,927 ± 386 4,278 ± 397
O+ 604 ± 35 270 ± 39 422 ± 59 1,157 ± 31 1,074 ± 33 740 ± 48

Southern Hemisphere
H+ 13,380 ± 585 5,875 ± 1,090 2,610 ± 107 12,898 ± 952 6,864 ± 2,014 4,474 ± 151
O+ 436 ± 186 382 ± 400 385 ± 11 237 ± 249 541 ± 25 679 ± 23

Bz > 0By <0 Northern Hemisphere
H+ 4,272 ± 261 3,614 ± 994 1,794 ± 90 6,378 ± 179 3,511 ± 122 3,016 ± 237
O+ 805 ± 65 379 ± 126 331 ± 14 1,379 ± 67 760 ± 29 318 ± 20

Southern Hemisphere
H+ 17,263 ± 2,143 7,270 ± 1,045 2,259 ± 46 11,620 ± 434 5,095 ± 775 5,399 ± 1,124
O+ 959 ± 218 775 ± 223 189 ± 2 506 ± 71 298 ± 103 338 ± 13

aThese values are also plotted above each region in Figures 2–5.
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drift cannot explain dawnside asymmetry observed in the Southern Hemisphere under duskward southward
IMF and weakening of the asymmetry in the Northern Hemisphere under dawnward northward IMF.
Therefore, some local acceleration and/or transport processes other than drifts should occur at near-Earth
nightside and/or dayside region.

Magnetic reconnection could occur at low-latitude magnetopause (during southward IMF, for example)
where the IMF and the magnetic field from the magnetosphere have opposite directions. Some energetic
particles with large gyroradius from the quasi-parallel bow shock can enter the magnetosphere via reconnec-
tion at the magnetopause. Energetic ions can penetrate the magnetosphere across the magnetopause cur-
rent sheet via, e.g., Speiser motion. This well agrees with the observations under the southward IMF. The
asymmetry index is stronger at low latitudes than at high latitudes. This indicates that ions enter the magne-
tosphere at low latitudes and not from, for example, a diamagnetic cavity located at high latitudes; see
Figure 6.

During reconnection at the magnetopause ions do not necessarily directly penetrate the magnetosphere.
Solar wind ions can be also accelerated at the reconnection region (not necessary up to hundreds of keV)
and be transported toward the cusp. Energetic particles from the quasi-parallel bow shock can also enter
the diamagnetic cavity and populate it [Trattner et al., 2011]. The quasi-parallel bow shock can be a source
of energetic ions in the cusp [e.g., Trattner et al., 2001, 2010, Lin et al., 2007]. However, it is quite hard to
explain the frequently observed high-energy electrons and singly charged oxygen ions in the cusp region,
if the bow shock is the only source [Nykyri et al., 2012].

The particles transported toward the cusp get accumulated there and lead to the enhanced plasma pressure,
which is compensated by the drop in the magnetic field. Reconnection will also occur in the cusp region if
IMF and the local magnetic field in the cusp region have opposite directions along with the enhanced plasma
pressure and therefore lead to formation of the diamagnetic cavity; see Figure 6. Particles in the diamagnetic
cavity will experience efficient local acceleration if they are trapped for sufficiently long time in the cavity and
their drift paths coincide with the gradient of reconnection quasi-potential because reconnection alone

Figure 6. The Earth’s magnetic field and the draped IMFs for each orientation. Shaded gray regions indicate under each
IMF orientation where the most antiparallel components are located relative to the cusp region and also the diamag-
netic cavity can form and trap the particles. The location of the Sun is indicated by the red circles.
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without cavity formation cannot energize such a vast flux of the energetic ions [Nykyri et al., 2011a, 2011b,
2012]. The location of the diamagnetic cavities depends on the IMF directions [Nykyri et al., 2011a]; see
Figure 6. The energetic particles in the diamagnetic cavity can leak directly into the magnetosheath; see,
for example, the simulations in Nykyri et al. [2012]. The energetic ions in the magnetosheath at high latitudes
can be then transported in the magnetosphere via, for example, the Kelvin-Helmholtz instability (see, e.g.,
review in Wing et al. [2014] also about other entry processes, Kavosi and Raeder [2015], and observations of
Kelvin-Helmholtz instability at high-latitude magnetopause by Hwang et al. [2012]).

The transportation processes due to Kelvin-Helmholtz instability is in the order of 10s of seconds (e.g., Smets
et al. [2002] have estimated that at least one ion from 10 to 50 gyroperiods crosses the magnetopause and
enter the magnetosphere during developing Kelvin-Helmholtz instabilities). Even without a Kelvin-
Helmholtz instability, energetic ions with gyroradii larger than size of a diamagnetic cavity can cross themag-
netopause current sheet and enter the magnetosphere during, e.g., Speiser motion trajectories.

Under northward IMF our statistics for high latitudes at 4 RE < |Z | < 8 RE shows higher asymmetry index for
quadrants where the location of a diamagnetic cavity is predicted (see Table 2 and Figure 6). The scenario of
energetic ion transport from the diamagnetic cavity to the magnetosphere is also consistent with our obser-
vations showing that the ion fluxes are significantly more intense in the inner regions where diamagnetic
cavities are more likely to be located than in the outer regions for a northward IMF (Figures 4 and 5). The
enhancement of the particle flux due to the adiabatic transport would show amore gradual pattern in radially
outward direction. As location of the diamagnetic cavity is dependent on the IMF direction, this can lead to
the observed asymmetry in the energetic ion population in the dayside magnetosphere and plasma sheet.
However, this does not exclude a direct penetration via reconnection of energetic ions from the quasi-parallel
bow shock as asymmetry is the same.

From the analysis above, we can conclude the following:

1. The energetic ion distributions in the near-Earth plasma sheet are strongly dependent on the IMF direc-
tion in both Northern and Southern Hemispheres: the duskside/dawnside asymmetry of the energetic
ion distributions appears with the positive IMF By in the Northern/Southern Hemisphere for both south-
ward and northward IMF. Negative IMF By can weaken/strengthen the duskside/dawnside asymmetries
in Northern/Southern Hemisphere.

2. We propose that the observed dawn-dusk asymmetry can be explained by gradient/curvature drift of
energetic ions in combination with a source governed by magnetic reconnection at the magnetopause.

3. The distributions of energetic oxygen ions have the same dawn-dusk asymmetry as the protons with
respect to the IMF direction. This indicates that they experience the same transport processes.

The identification of most effective mechanisms at populating the magnetosphere with energetic particles is
the task for further studies.
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