PUBLICATIONS
Journal of Geophysical Research: Space Physics
RESEARCH ARTICLE
10.1002/2015JA022318
Special Section:
Big Storms of the Van Allen
Probes Era

Geomagnetic storms and EMIC waves: Van Allen
Probe observations
Dedong Wang1, Zhigang Yuan1, Xiongdong Yu1, Shiyong Huang1, Xiaohua Deng2, Meng Zhou2,
and Haimeng Li1
1

Key Points:
• Occurrence rates of EMIC waves
during different storm phases are
obtained with observations of Van
Allen Probe
• The distribution of EMIC waves evolve
in the same way as that of the
plasmasphere during geomagnetic
storms
• The effect of SWDP is limited in the
inner magnetosphere during storm
preonset

Correspondence to:
Z. Yuan,
y_zgang@vip.163.com

Citation:
Wang, D., Z. Yuan, X. Yu, S. Huang,
X. Deng, M. Zhou, and H. Li (2016),
Geomagnetic storms and EMIC waves:
Van Allen Probe observations,
J. Geophys. Res. Space Physics, 121,
6444–6457, doi:10.1002/2015JA022318.
Received 28 DEC 2015
Accepted 25 JUN 2016
Accepted article online 30 JUN 2016
Published online 15 JUL 2016

©2016. American Geophysical Union.
All Rights Reserved.

WANG ET AL.

School of Electronic Information, Wuhan University, Wuhan, China, 2Institute of Space Science and Technology, Nanchang
University, Nanchang, China

Abstract

Utilizing the data from magnetometer instrument of Electric and Magnetic Field Instrument
Suite and Integrated Science (EMFISIS) suite on board Van Allen Probe A, the occurrences of electromagnetic
ion cyclotron (EMIC) waves during geomagnetic storms and nonstorm periods are investigated. The 270 EMIC
wave events and 76 geomagnetic storms were identiﬁed during the period under research, from 8
September 2012 to 30 April 2014, when the apogee of Van Allen Probe A covered all the magnetic local time
(MLT) sectors. Fifty of the 76 storms observed 124 EMIC wave events, of which 80 are found in the recovery
phase, more than those observed in the main phase. Majority EMIC wave events (~54%) were observed
during the nonstorm periods. Occurrence rates of EMIC waves as a function of L and MLT during different
geomagnetic conditions are also examined, whose peaks in main phase are higher than those in recovery
phase. However, occurrences of EMIC waves in recovery phase distribute more uniformly than those do in
main phase. Evolution of the distribution characteristics of EMIC waves respect to L and MLT in different
geomagnetic phases is investigated, consistent with that of the plasmasphere during geomagnetic storms,
implying that the cold and dense plasma in the plasmasphere or plasmaspheric plume play a signiﬁcant role
in the generation of EMIC waves in the inner magnetosphere. Few EMIC waves in the dayside sector during
the preonset periods are observed, suggesting that the effect of solar wind dynamic pressure on the
generation of EMIC waves in the inner magnetosphere in those periods is not so signiﬁcant as expected.

1. Introduction
Electromagnetic ion cyclotron (EMIC) waves are thought to be generated by the energetic ring current ions
(10–100 keV) with temperature anisotropy [e.g., Cornwall, 1965; Kennel and Petschek, 1966] near the geomagnetic equator [e.g., Hu et al., 1990]. In their generation region, EMIC waves are thought to be left-handed
polarized [e.g., Mauk and McPherron, 1980; Rauch and Roux, 1982], consistent with the gyrodirection of ions,
and their frequencies are below the gyrofrequency of ions [e.g., Cornwall, 1965; Thorne, 2010; Yuan et al.,
2012a; Zhang et al., 2014]. Due to profound inﬂuences of cold heavier helium and oxygen ions, EMIC waves
are separated to different bands by the gyrofrequencies of hydrogen, helium, and oxygen in their generation
region [e.g., Young et al., 1981; Rauch and Roux, 1982]. Utilizing observations of Van Allen Probes near the
equator, linear generation theory of EMIC waves was tested [Zhang et al., 2014]. Rising tone EMIC waves were
observed [Pickett et al., 2010] and nonlinear generation mechanism of them was developed [Omura et al.,
2010]. EMIC waves could propagate along the magnetic ﬁeld lines; therefore, they can also be observed off
the equator [e.g., Mauk and McPherron, 1980; Liu et al., 2013]. Through pitch angle scattering, EMIC waves
can lead to the precipitation of energetic ring current ions [e.g., Kennel and Petschek, 1966; Cornwall et al.,
1970] and thereafter light the aurora arcs, spots, and dayside ﬂashes [Frey, 2007; Miyoshi et al., 2008;
Sakaguchi et al., 2008; Yuan et al., 2010, 2012b], as well as fast precipitation of radiation belt relativistic electrons [e.g., Summers and Thorne, 2003; Summers et al., 2007; Su et al., 2012; Yuan et al., 2013; Wang et al., 2014;
Ni et al., 2015], especially for the waves with a rising tone frequency [Kubota et al., 2015]. Atmospheric losses
of relativistic electrons are observed more intense during storms with extended recovery phases than those
in storms with fast recovery phases [Sandanger et al., 2009].
During geomagnetic storms, enhanced hot ring current ions may encroach on the cold plasma of plasmasphere or attached plasmaspheric plumes, which will bring down the threshold of instability to generate
EMIC waves [e.g., Rauch and Roux, 1982; Pickett et al., 2010]. Through hybrid simulation, Denton et al.
[2014] found that the largest growth of EMIC wave is located in the plasmasphere. Using the HOTRAY code,
it is also suggested that the sharp gradient of cold plasma density at the plasmapause may be favorable to
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the path integrated gain of EMIC waves [Chen et al., 2009]. Many studies have investigated the relationship
between EMIC waves and geomagnetic storms. For example, with observations of the Dynamic Explorer 1
(DE 1) satellite, Erlandson and Ukhorskiy [2001] found EMIC waves in the equatorial magnetosphere occur 5
times more often during geomagnetic storms than during quiet times. Utilizing observations derived from
three Time History of Events and Macroscale Interactions during Substorms (THEMIS) satellites, Min et al.
[2012] and Usanova et al. [2012] investigated the relationship between occurrences of EMIC waves and geomagnetic conditions indicated by AE, Kp, SYM-H, and solar wind dynamic pressures. Due to the high-altitude
orbits of THEMIS satellites, these two papers focus on EMIC waves in the outer magnetosphere. Occurrence
rate of storm time EMIC waves in the inner magnetosphere was found to be low (<10%) [Usanova et al.,
2012]. Min et al. [2012] also found two major peaks of EMIC wave occurrence. One is located in the dawn
sector and 10–12 RE for hydrogen band EMIC waves, and the other is found in the dusk sector and 8–12 RE
for helium band EMIC waves. A very low occurrence rate of EMIC waves at L < 8 is found [Min et al., 2012].
With continuous electric measurements from low-altitude Freja satellite above the ionosphere and magnetic
measurements from three Finnish search coil magnetometers during a geomagnetic storm in 2–8 April 1993,
evolution of EMIC wave occurrences was studied in Bräysy et al. [1998]. In total, during that single storm, 49
EMIC wave events were identiﬁed, with time duration between 3 and 70 s. Those EMIC waves had a postnoon
high-latitude maximum during the initial phase of the storm, and the amplitudes of EMIC waves were greatly
enhanced and the active wave region moved to relatively lower latitudes to the late evening sector during
main phase. However, during those days when storm happened, the apogee of the Freja orbit located just
in the dusk sector. Using the 8 Hz magnetic ﬁeld data from Active Magnetospheric Particle Tracer Explorers
(AMPTE)/CCE satellite during its whole mission period of nearly 4.5 years (i.e., August 1984 to January
1989), Keika et al. [2013] evaluated the storm phase dependence of the occurrence characteristics of EMIC
waves. H+ and He+ band EMIC waves were studied separately and different distribution properties were
shown, which was suggested to be related to different generation mechanisms. The dayside peaks of H+
band EMIC wave occurrence were attributed to compression of magnetosphere. The storm time He+ band
EMIC waves were found more frequently during the main phase than the recovery phase, and peaks of occurrences were in the afternoon sector with L > 7, which implies that injection of hot ions should be correlated
with these He+ band waves. Using GOES satellite observations, Fraser et al. [2010] investigated the correlation
between EMIC waves on the geosynchronous orbits and storm phases indicated by Dst index between 1996
and 2003. During the 22 geomagnetic storms under research, only 29% of EMIC waves were found in the
main phase and the rest in recovery phase. Recently, with observations from Van Allen Probes, the correlation
between EMIC wave occurrences in the inner magnetosphere and geomagnetic conditions and solar wind
dynamic pressure is checked [Saikin et al., 2016], based on their previous work [Saikin et al., 2015]. Storm time
EMIC waves were more often observed during recovery phase than main phase. Thus, in which phase of the
storm, main phase or recovery phase, EMIC waves occur more frequently remains controversial. During the
main phase, the injected ﬂux of hot ions from the nightside of the magnetosphere increases, which can afford
more free energy for the generation of EMIC waves. On the other hand, during the recovery phase, the plasmasphere eroded during the main phase starts to expand after the end of the main phase. Therefore, there
may be more overlap regions between the ring current ions and plasmasphere during the recovery phase,
which is favorable to the generation of EMIC waves [Cornwall et al., 1970; Denton et al., 2014]. This mechanism
is thoroughly discussed in Fraser and Nguyen [2001] and well illustrated in Kawamura et al. [1982]. By
conducting observations of isolated aurora arcs and geomagnetic pulsations, Sakaguchi et al. [2008] found
that EMIC wave related isolated arcs tended to occur in the late recovery phase. Engebretson et al. [2008]
found that Pc1 and Pc2 waves are rarely observed on the ground during main phase and early recovery phase
but are increasingly observed as recovery phase progresses. Utilizing the observations derived from the
NASA-Air Force Combined Radiation Release and Effects Satellite (CRRES), which was operational from 25
July 1990 to 21 October 1991, Halford et al. [2010] have checked the occurrences of EMIC waves during
119 storms occurring throughout the CRRES mission, and they found EMIC waves occur more frequently during the main phase. During the CRRES mission, 49 of the 119 (41%) geomagnetic storms observed EMIC
waves and the majority, 56.25%, of storm time EMIC waves occurring during the main phase, while 36.08%
in the recovery phase and the rest occurred during the preonset period determined in their paper. The
correlation of different band EMIC waves observed by CRRES satellite and geomagnetic conditions indicated
by AE index is studied in Meredith et al. [2014]. EMIC waves were found to be most prevalent in noon to dusk
sectors and event average intensity was of the order 1 nT2 during geomagnetic active conditions. One
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shortcoming of the CRRES satellite observation is that the apogee of the satellite did not covered the dawn to
noon sector (08 ~ 14 magnetic local time (MLT)) during its life time. Therefore, as they mentioned, some
dayside EMIC waves caused by the compression of magnetosphere [Olson and Lee, 1983; Anderson and
Hamilton, 1993; Usanova et al., 2008] may not be involved in Halford et al. [2010]. In particular, enhancement
of solar wind dynamic pressure was expected to play an important role in the generation of EMIC waves in
isolated preonset periods [Halford et al., 2010].
After their launch on August 2012, the apogee of Van Allen Probes covered all the terrestrial MLT sectors until
April 2014. Utilizing this advantage of Van Allen Probe A, one satellite of the twin Van Allen Probes, we study
the occurrence of EMIC waves in the inner magnetosphere during nonstorm periods and different storm
phases relatively. Evolution of the distribution characteristics of EMIC waves during different geomagnetic
conditions is studied. Especially, the role of solar wind dynamic pressure in isolated preonset periods is
checked. This paper is organized as follows: Part 2 describes the data and processing method then follows
the statistical results in Part 3, which is divided into three subsections; results are summarized and discussed
in Part 4; at last, conclusions end this paper.

2. Data and Method
2.1. Van Allen Probe Mission
In order to investigate the dynamics of the terrestrial radiation belts, NASA launched twin Radiation Belts
Storm Probes (RBSP) at the end of August 2012, which were renamed as Van Allen Probes afterward. The twin
satellites have nearly the same orbits. The apogee of the satellite orbit is nearly 5.8 RE, while the perigee of the
orbit is nearly 1.1 RE, which has a good coverage of the inner magnetosphere. In this study, we utilized the
magnetometer data from Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) suite
and electron density data inferred from spacecraft potential from Electric Field and Waves (EFW) instrument
on board Van Allen Probe A [Kletzing et al., 2013; Wygant et al., 2013]. Until April 2014, the apogee of the
satellite had covered all the terrestrial MLT sectors, which provide an unprecedented opportunity to investigate the distribution of EMIC waves in the inner magnetosphere. Therefore, we take this period, from
September 2012 to April 2014, under research.
2.2. EMIC Waves
In this research, the EMIC wave event list contains 270 EMIC wave events. In this list, every EMIC wave event at
least last 5 min and the time interval between two events is also at least 5 min, as in Wang et al. [2015].
Satellite trajectories on which EMIC waves were observed are depicted in Figure 1 in the L/MLT plane. The
EMIC wave events in this list are mainly referred to those from Wang et al. [2015] and Yu et al. [2015], which
were both Van Allen Probe A observations by the magnetometer instrument of EMFISIS suite. Utilizing automatic selection algorithm proposed by Bortnik et al. [2007] and further manual check, 251 hydrogen band
and helium band EMIC wave events ranging from L = 3 to L = 6 were researched in Wang et al. [2015] and
18 oxygen band EMIC wave events were investigated in Yu et al. [2015]. Detailed information about the
criteria and some typical case studies could be found in Wang et al. [2015] and Yu et al. [2015]. Note that eight
of the oxygen band EMIC wave events mentioned above took place beyond the periods under research in
this paper. Therefore, we just take 10 oxygen band EMIC wave events out of the 18 events listed in Yu
et al. [2015] into account. Furthermore, one of those 10 oxygen band EMIC waves aforementioned lasts only
3 min [Yu et al., 2015, no. 6 event in Table 1], but at least 5 min interval is demanded for each EMIC wave event
in this ongoing research. Thus, that oxygen band EMIC wave event is not included in this paper. Additionally,
different band EMIC waves on the same time interval are treated as one event, as in Wang et al. [2015]. The
oxygen band EMIC wave event which was observed on 8 October 2012 took place at the same time with a
helium band EMIC wave event [see Yu et al., 2015, Figure 1]. Therefore, this oxygen band EMIC wave event
does not increase the total number of EMIC wave events in the list. As a result, oxygen band EMIC wave
events increase the total number of EMIC wave events by eight. All those trajectories on which these eight
oxygen band EMIC waves were observed are depicted in green color in Figure 1. In addition, 11 hydrogen
or helium band (or both bands at the same time) EMIC wave events which were observed beyond the L shell
range (3 ~ 6) investigated in [Wang et al., 2015] are involved in this study, which are shown in red color in
Figure 1. Among these events, two of them were observed where L < 3, and the rest nine of them were
observed where L > 6. A typical EMIC wave event which were observed on 12 February 2014 and beyond
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Figure 1. Trajectories on which Van Allen Probe A observed EMIC waves are shown in MLT/L plane for different geomagnetic conditions. Those H-/He- band EMIC wave events not included in Wang et al. [2015] are depicted in red. Those oxygen
band EMIC wave events which increase the total number of EMIC wave list are indicated in green. (a–d) The distribution
characteristics of observed EMIC waves during periods without storms, isolated preonset periods, main phase, and recovery
phase, respectively.

L = 6 is shown in Figure 2. This EMIC wave was observed during geomagnetic quiet times. In Figures 2a–2d,
electron density, wave power spectral density, wave ellipticity, and wave normal angle are shown. It can be
seen from Figure 2a that during this EMIC wave event, the electron density is above 70 cm 3. Considering the
L shell value during this event is higher than 6 and the electron density is higher than 70 cm 3, this event was
observed inside the plasmasphere. The solid black and dashed red lines overplotted in Figure 2b indicate the
local and equatorial gyrofrequency of Helium ions. It can be seen from Figure 2b that a Helium band EMIC

Figure 2. A typical EMIC wave event which was observed on 12 February 2014 and beyond L = 6 is shown. (a–d) Electron
density, wave power spectral density, wave ellipticity, and wave normal angle, respectively. The solid black line and dashed
red line overplotted in Figure 2b indicate the local and equatorial gyrofrequency of helium ions.
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wave event was observed during 1:31 ~ 1:58 UT off the equator. The wave ellipticy in Figure 2c indicates that
this wave is mainly left handed to linear polarized, which may result from the propagation from its source
region. In Figure 2d, the wave normal angle indicates that this wave is mainly ﬁeld-aligned. However, in some
regions, the wave normal angle is near 90°. In addition, in those regions, the polarization feature is right
handed polarized. The reason may be that the polarization feature of wave changed when it propagated
from source region to ~ 13 magnetic latitude [Liu et al., 2013].
2.3. Geomagnetic Storms
The criteria for geomagnetic storm are the same as that in Halford et al. [2010]. In order to accurately pinpoint
the relationship between geomagnetic storms and EMIC waves, SYM-H index from SPDF OMNI database is
utilized in this research to deﬁne the geomagnetic storms. For a geomagnetic storm, the minimum SYM-H
must be at least below 40 nT, as that in Halford et al. [2010] and references therein. The geomagnetic storm
onset, the beginning of a storm, is deﬁned as the time when the SYM-H index slope becomes negative and
keeps relatively negative till the minimum of SYM-H index. Three hours before the onset is deﬁned as preonset period. Period from onset to minimum SYM-H is deﬁned as main phase, while recovery phase begins after
the minimum SYM-H and ends when the SYM-H recovered 80% of the minimum value or the next storm
starts. Note that there may be overlap between preonset period and the previous storm recovery phase. If
there is no such overlap, we deﬁne this preonset period as an isolated one. For the 76 storms in our interested
period, 53 isolated preonset periods are identiﬁed. It is supposed that during the prestorm periods, the solar
wind dynamic pressure would enhance and the magnetosphere should be compressed, which is typical in a
CME(coronal mass ejections )-type storm with a sudden storm commencement (SSC) before storm onset.
However, in our study, it is not easy to conﬁdently identify the type of all storms, as in Halford et al. [2010].
Thus, we also choose 3 h before the deﬁned onset to be prestorm period. EMIC waves in this period are
thought to be generated mainly by the compression of magnetosphere, so the main occurrence should be
located near the noon sector. In their research [Halford et al., 2010], however, the CRRES did not cover the
dawn to noon sector during its lifetime, and they suggested some EMIC wave events of this kind might be
missed. In contrast, Van Allen Probe A covered the dawn to noon sector well, which has advantages in observing such kind of EMIC waves.
According to the criteria for geomagnetic storms described above, the onset of storm demonstrates the time
when injections of the ring current ions start to increase, while the minimum of SYM-H depicts the beginning
time when the loss of ring current ions exceeds the injection of them. The end of the recovery phase
means the time when storm ceases and the geomagnetic condition returns to peace or another storm
begins. During the recovery phase, the eroded plasmasphere during the main phase could recover and
reﬁll gradually.

3. Statistical Results
3.1. EMIC Waves During Nonstorm and Storm Periods
Based on the criteria described above, 76 geomagnetic storms are found during the period under research,
which lasted 602 days and 866,880 min. The time duration of these 76 storms is 160,180 min, meaning that
more than 18% of our interested period is deﬁned as storm time. During these storm periods, 125 EMIC wave
events were found, which lasted 2738 min in total. Therefore, the occurrence rate of EMIC waves during geomagnetic storms is approximately 1.71%. On the other hand, 145 EMIC wave events, which lasted 3208 min,
were observed by Van Allen Probe A during geomagnetic quiet times, which lasted 706,700 min. Thus, the
occurrence rate of EMIC waves during geomagnetic quiet periods is 0.45%. As a result, the occurrence rate
of EMIC waves during storm times is 2.8 times higher than that during geomagnetic quiet times. This value
is higher than that in Halford et al. [2010], which is 1.6, but lower than that in Erlandson and Ukhorskiy
[2001], which equals to 5.
3.2. EMIC Waves During Nonstorm Periods and Different Storm Phases
For those 125 storm time EMIC waves, 35 of them happened during the main phase, while 80 of them took
place in the recovery phase, and 10 of them were observed during the isolated preonset period. Numbers of
storm time EMIC waves in each MLT sector for different periods of storms are shown in Table 1, which are also
indicated in Figure 1. It can be seen from Figure 1a that during the periods without geomagnetic storms, the
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Table 1. Percentages of Storm Time EMIC Waves in Each MLT Sector for Different Periods of Storm
Periods of Storm
(Total Number of EMIC Waves)
Isolated prestorm (10)
Main phase (35)
Recovery phase (80)

Number and Percentage of Storm Time EMIC Waves in Each MLT Sector
Dawn

Noon

Dusk

Night

1 (10%)
4 (11.43%)
18 (22.50%)

3 (30%)
7 (20.00%)
21 (26.25%)

6 (60%)
13 (37.14%)
31 (38.75%)

0 (0.00%)
11 (31.43%)
10 (12.50%)

distribution of EMIC waves are nearly uniform in different MLT sectors. The L shells of them range from 2 to
6.5. Figure 1b shows that during the isolated preonset periods, except for one oxygen band EMIC wave event
occurring in lower L shell (~3) and dawn sector, all the others occurred in the dayside and L shells from 4 to
6.5, which is relatively higher. Figure 1c shows that EMIC waves in the main phase were mostly observed in
the dusk to noon sectors at high L shells (L > 4), while some of them were observed in the night to dawn sector and lower L shells (L < 4). Then, as shown in Figure 1d, during the recovery phase, the regions where EMIC
waves were observed almost ﬁll every sector and extend to higher L shells, except for a narrow gap in the
night sector around 22 MLT. Dwell time of Van Allen Probe A as a function of L and MLT during different geomagnetic conditions is plotted in Figure 3. In this ﬁgure, L shell value ranges from 1 to 6.5, and the interval
between each circle is 0.5. Color bar in each panel stands for dwell time of the satellite, and its unit is hour.
It can be seen that for each storm phase orbits of Van Allen Probe A distributes approximately uniformly in
every sector. However, as shown in Figure 3b, for the isolated preonset periods, due to their short time duration (159 h in total), some L/MLT bins were not covered by the orbits of Van Allen Probe A, and dwell time in
some bins is very short (<30 min). On the other hand, during other geomagnetic conditions, orbits of Van
Allen Probe A covered nearly all bins under study. Then divide the duration time of EMIC waves in each
bin by the dwell time of Van Allen Probe A in each bin, normalized occurrence rates of EMIC waves in each
period under different geomagnetic conditions are obtained, which is shown in Figure 4. It can be seen that

Figure 3. Dwell time of Van Allen Probe A as a function of L/MLT during different geomagnetic conditions. L shell value
ranges from 1 to 6.5, and the interval between each circle is 0.5. Color bar in each panel stands for dwell time of the
satellite, and its unit is hour.
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Figure 4. Occurrence rates of EMIC waves during different geomagnetic conditions are shown in MLT/L plane. (a–d) The
occurrence rates of EMIC waves during periods without storms, isolated preonset periods, main phase, and recovery
phase, respectively.

during periods without storms, occurrence rates of EMIC waves in every sector are relatively low (<5%) and
did not show any peaks during 15 ~ 17 MLT. By contrary, as shown in Figure 4a, some obvious peaks of occurrence rates are found in the dawn to noon sector. For the isolated prestorm periods, some obvious peaks of
occurrence rates are found in noon to dusk and dawn sectors, as shown in Figure 4b. However, it may be
related to the short time duration in those bins shown in Figure 3b and only limited cases occurring shown
in Figure 1b. Therefore, the statistical signiﬁcance is limited in this period. For the main phase, as shown in
Figure 4c, occurrences of EMIC waves mainly are located in two regions: one is the noon to dusk and higher
L shell region, with peak occurrence rate near 30%, the other is night to dawn and lower L shell region, with
peak occurrence rate near 15%. For the recovery phase, as shown in Figure 4d, occurrences of EMIC waves
nearly reﬁll every MLT sector. Nevertheless, there is a narrow gap of EMIC wave occurrence near 22 MLT,
although dwell time of Van Allen Probe in that region was substantially high, as shown in Figure 3d.
Furthermore, the mean electron density observed by Van Allen Probe A during EMIC waves in each period
is shown in Figure 5. In this ﬁgure, it could be seen that majority of EMIC waves were observed in the location
where electron density are on the order of magnitude observed in the plasmashpere or plasmaspheric
plumes (>10 cm 3) [Fraser and Nguyen, 2001; Goldstein et al., 2005; Yuan et al., 2010]. It is noteworthy that
during the main phase, EMIC waves observed in the dayside and high L shell (~4.5–6) are in regions with high
density electrons (~200 cm 3), especially in the dusk-noon sectors.
3.3. The Role of Solar Wind Dynamic Pressure in Isolated Storm Preonset
The apogee of Van Allen Probe A during the interested period covered dawn to noon sector, where the compression of magnetosphere is thought to play an important role in the generation of EMIC waves [Anderson
and Hamilton, 1993; Usanova et al., 2008; Halford et al., 2010; Wang et al., 2014]. Therefore, noon sector EMIC
wave events, especially those happened during the preonset periods, when the solar wind dynamic pressure
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Figure 5. The mean electron density observed by Van Allen Probe A during EMIC waves for (a) nonstorm time, (b) isolated
preonset periods, (c) main phase, and (d) recovery phase.

may enhance obviously, were studied in detail in this research. Nevertheless, as shown in Table 1, the number
of storm time EMIC waves happened during isolated preonset periods is not as signiﬁcant as expected, much
less than those happened during the main and recovery phases. Solar wind dynamic pressure is thought to
enhance in the preonset periods, especially during the CME storms. In the 76 storms under research, 53 isolated preonset periods are found, and 10 EMIC wave events were observed in eight of these periods. For the
10 EMIC wave events observed during the isolated preonset periods, one of them ﬂuctuating on oxygen
band was observed in the dawn sector, and three of them happened in the noon sector, while all the rest
six events took place in the dusk sector, which is shown in Table 1. For these eight isolated prestorm periods,
the changes of solar wind dynamic pressure are checked thoroughly. It is found that all of these eight isolated
prestorm periods experienced enhancement of solar wind dynamic pressure, which serve as a candidate
stimulation mechanism of the EMIC waves observed during those periods. A period experiencing the
enhancement means that the solar wind dynamic pressure enhances at least 1 nPa during that 3 h long
period. Figure 3b shows, for the isolated preonset periods, apogee of Van Allen Probe A distributed approximately uniformly in every sector. However, it is noteworthy that none of the 10 EMIC wave events during the
prestorm periods happened in the night sector, where the effect of solar wind dynamic pressure enhancement is not as signiﬁcant as that in other sectors. On the other hand, taking the band identiﬁcation of these
EMIC waves into account, except for one event ﬂuctuating on oxygen band, only two of other nine EMIC
waves are found on single helium band, while other seven EMIC waves ﬂuctuate on both hydrogen and
helium bands or only hydrogen band, which is consistent with the characteristics of compression-related
EMIC waves [Keika et al., 2013]. Therefore, it is implied that the EMIC wave events observed during the isolated preonset periods are related to the enhancement of solar wind dynamic pressure. The solar wind
dynamic pressure conditions during the rest 45 isolated prestorm periods without EMIC wave observations
are also checked. Note that absence of EMIC wave observation by Van Allen Probe A does not demonstrate
the absence of EMIC waves in the inner magnetosphere, provided that the apogee of Van Allen Probe A was
not located in the noon and dusk sector for a long period, where the effect of solar wind dynamic pressure
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Table 2. Percentages of Storm Time EMIC Waves in Each Phase for the Two Different Periods
Percentage of Storm Time EMIC Waves in Each Phase
Satellite
Van Allen Probe A
CRRES

Main Phase

Recovery Phase

Isolated Preonset Period

28%
56.25%

64%
36.08%

8%
7.67%

enhancement is considered to be signiﬁcant. Except for one isolated prestorm period without solar wind
dynamic data, 44 of the rest 52 isolated prestorm periods experienced the enhancement of solar wind
dynamic pressure. It can be seen that majority (84.62%) of the isolated prestorm periods experienced the
enhancement of solar wind dynamic pressure, but only eight of them (15.38%) observed EMIC wave events.

4. Summary and Discussion
4.1. Relation to Plasmasphere and Injection of Hot Ions
When the total time duration of EMIC wave events is divided by that of respective storm phase, average
occurrence rates of EMIC waves during different phases of geomagnetic storms are obtained. During the period under research, average occurrence rate of EMIC waves during main phase is 2.00% and that during
recovery phase is 1.66%. It is found that the average occurrence rates of EMIC waves during the main phase
and the recovery phase are nearly the same, with that a little bit higher in the main phase, although the distributions in each sector are different, as shown in Figures 4c and 4d. This result suggests that the injection of
fresh energetic ions from magnetotail and the expansion of cold dense plasmashere play nearly the same
signiﬁcant role in the generation of EMIC waves, which is also implied in Figure 4. In Figure 4, EMIC waves
during the main phase of geomagnetic storms mainly occur in the dusk to noon sector and higher L shells,
with peak occurrence rate near 30%. This is consistent with the distribution of plasmaspheric plume, which
surged from the dusk sector to noon during the main phase [Goldstein et al., 2005; Goldstein and Sandel,
2005]. Some EMIC waves also occurred in the night to dawn sector during main phase but in relatively lower
L shells. This distribution character is also consistent with the erosion of plasmasphere during main phase in
those sectors. By contrast, during the recovery phase, the plasmasphere started to reﬁll and extend.
Therefore, EMIC wave events are observed more uniformly in all MLT sectors and extend to higher L shells,
which are consistent with the reﬁlling and extension of plasmasphere during the recovery phase [Goldstein
et al., 2005; Goldstein and Sandel, 2005]. On the other hand, during the recovery phase, lack of EMIC wave
occurrence in the night sector near 22 MLT may relate to the decrease of injected energetic ions.
4.2. Relation to Magnetosphere Compression in Isolated Preonset Periods
With observations acquired by THEMIS and Cluster satellites, Usanova et al. [2012, 2013] found that the occurrence rate of dayside EMIC waves rose rapidly with the enhancement of solar wind dynamic pressure in higher
L shells, and it also increased in relatively lower L shells, though not so dramatically. It is regarded that the
majority of EMIC waves observed during the SSC (sudden storm commencement) or onset of a geomagnetic
storm would be compression related [Halford et al., 2010]. Therefore, Halford et al. [2010] also tried to ﬁgure out
whether the enhancement of solar wind dynamic pressure affect the occurrence of dayside EMIC waves by
checking the occurrence of dayside EMIC waves in the preonset periods, when the compression-related
EMIC waves were thought to be observed. However, the apogee of CRRES did not cover dawn to noon sector
during its lifetime. Therefore, some dayside compression-related EMIC waves may not be involved in their
paper, as they mentioned. One motivation of our research is to make this point clearer by taking advantage
of the better coverage of the apogee of RBSP-A. For this purpose, we also checked EMIC waves occurred in
the preonset periods during the interval under research. We have also checked the data of solar wind dynamic
pressure on SPDF OMNI website. Nonetheless, only 10 EMIC wave events were observed during the 53 isolated
prestorm periods. This occurrence rate is not as signiﬁcant as that in the outer magnetosphere observed by
THEMIS and Cluster satellites at higher L shells [Usanova et al., 2012, 2013]. This implies that in the inner magnetosphere, enhancement of solar wind dynamic pressure plays a limited role in the generation of EMIC waves
during the prestorm periods. It might be due to that the so-called Shabansky motions [Shabansky, 1971;
McCollough et al., 2010, 2012] or perpendicular adiabatic ion heating [Olson and Lee, 1983; Anderson and
Hamilton, 1993] which could in turn increase the temperature anisotropy of hot ions are not so prevalent in
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Table 3. Comparison of Storms During the Period Investigated by Halford et al. [2010] and That Under Research in This Paper Is Shown
Satellite
Van Allen Probe A
CRRES
a

Time Duration Researched
September 2012 to
April 2014, 20 months
July 1990 to October
1991, 15 months

Number of
Geomagnetic Storms

Storm Time Percentage
of the Total Period

Number of Storms Whose
Minimum SYM-H < 150 nT

Number of Storms
Observed EMIC Waves

76

~18%

0

50 (66%)

119

~31%

9

49 (41%)

The occurrence of EMIC waves during relative storm time is also compared. The percentage of storms observing EMIC waves is shown in the last column.

the inner magnetosphere, provided that the magnetic minima would be at or near the magnetic equator and
the magnetic ﬁeld is nearly bipolar in the inner magnetosphere at lower L shells.
4.3. Comparison With Earlier Results
The statistical results in this study show that EMIC waves occur 2.8 times more often during geomagnetic
storms than during geomagnetic quiet times. As mentioned above, this value is lower than that in
Erlandson and Ukhorskiy [2001], which equals to 5. This difference may result from the different criteria for
EMIC wave events and geomagnetic storms. In our research, EMIC waves must at least last 5 min. While in
their research [Erlandson and Ukhorskiy, 2001], 30 s intervals meeting their criteria are identiﬁed as EMIC wave
events. In addition, magnetic storms in their research are mainly major storms with minimum Dst ≤ 100 nT,
which are more intense than many storms in this study.
Our results are also different from those derived from CRRES observations [Halford et al., 2010], especially in
the distribution characteristics of EMIC waves during storm recovery phase. Note that 831 EMIC wave events
were studied in their research, which is substantially more than those (270) in this research. This difference is
also related to different criteria about time duration of EMIC waves between our study and theirs. In our criteria, every selected EMIC wave event at least lasts 5 min and the time interval between every two events also
at least lasts 5 min. On the other hand, EMIC wave events in Halford et al. [2010] are referred to those in Fraser
and Nguyen [2001], and there are not these demands about time duration in their criteria. In their research,
1.6 times more observations of EMIC waves were found during geomagnetic storms than quiet periods.
Moreover, the majority number, 56.25%, of storm time EMIC waves observed by CRRES were found during
the main phase, and 36.08% of them were observed in the recovery phase. Thorough comparisons between
our results and CRRES observations are shown in Table 2. Different geomagnetic activity level may be one
candidate explanation to these differences, which is compared in Table 3. Approximately 31% of the
CRRES mission time was deﬁned as storm time, which is higher than that (~18%) in our interested period, suggesting that the CRRES mission is during a more active geomagnetic period. Figures 6a and 6b brieﬂy illustrate the geomagnetic storms during CRRES mission and our interested period, respectively. The horizontal
axis extends 27.27 days in each panel, which is the period of solar rotation. Red and blue elements denote
recovery and main phases, respectively. The ratio between main phase and recovery phase are labeled as

Figure 6. (a and b) The storm time during CRRES mission and period under research, respectively. The horizontal axis
extends 27.27 days in each panel, which is a period of solar rotation. Red color elements denote recovery phases, while
blue ones depict main phases. The percentage labeled near the color bar denotes the comparison between main phase
and recovery phase in different periods, respectively. Note that preonset period is not involved in these panels.

WANG ET AL.

GEOMAGNETIC STORMS AND EMIC WAVES

6453

Journal of Geophysical Research: Space Physics

10.1002/2015JA022318

well. Note that preonset period is not involved in these panels. It can be seen that recovery phase took a
higher percentage (74.46%) of the storm period in our interested period than the percentage (63.33%) it took
during the CRRES mission. Moreover, the intensity of storms is also checked. It is found that CRRES mission
experienced more intense storms with minimum SYM-H under 100 nT. For example, there are nine intense
storms with minimum SYM-H under 150 nT during the CRRES mission period, while there are no such
intense storms during our interested period. Table 3 shows a detailed comparison of storms during the period investigated by Halford et al. [2010] and that under research in this paper. The occurrence of EMIC waves
during relative storm time is also compared in Table 3. EMIC waves were observed during 50 of 76 (66%)
storms in our research, while they were observed during 49 of 119 (41%) storms in Halford et al. [2010], suggesting EMIC waves are more possible to be observed in storms with longer recovery phases. Although they
are both at their solar maximum in each solar cycle, it is obvious that the geomagnetic condition during
CRRES mission is more active than that during the period under research. This may be one candidate explanation to the different results between our research and Halford et al. [2010].
It seems that for the storms during the CRRES mission, numbers of EMIC waves distributed more in the main
phase, while for the storms in our research, number of EMIC waves is more in the recovery phase. This difference may result from, however, the different time duration of each phase for the different storms. The recovery phase of storms in our research took higher percentage than that during the CRRES mission. The
situations when recovery phases are ended by the following storm onset happened more frequently
(~41%) in the CRRES mission than those (~30%) during the early years of RBSP mission. Comparing with
Halford et al. [2010], in their Figure 4, the distribution of EMIC wave events in the recovery phase is nearly
the same with that in the main phase. This phenomenon may derive from short periods of their recovery
phases which are usually ended with a following storm onset and from the intense storms in the CRRES mission which may result in that the plasmasphere is harder to get recovered and reﬁlled during the storms in
their research. In our study, plasmasphere during the recovery phase may expand more extensively than that
in their study. The reason may lie on the less intense storms and longer recovery phases in our interested period. It is also noteworthy that the geomagnetic conditions during the ﬁrst four month of 2014 under research
is very quiet, which may result in some bias in the statistical research. During those periods, the apogee of
Van Allen Probe A was in the dawn to noon sectors.
In addition to the different levels of geomagnetic activities, the different coverages of the two satellite missions were also thought to be a candidate reason for the different statistical results between ours and Halford
et al. [2010]. However, it is noteworthy that in column 4 of Table 2, EMIC wave events in the preonset periods
took nearly the same percentage of the storm time EMIC wave events during the two different periods, both
of which are nearly 7%. As aforementioned, this implies that solar wind dynamic pressure plays limited role in
the generation of EMIC waves in the inner magnetosphere in isolated preonset periods.
On the other hand, with observations from geosynchronous satellites, changes of solar wind dynamic pressure are examined to inﬂuence the generation of EMIC waves signiﬁcantly in geomagnetic quiet times with
Kp ≤ 1 [Park et al., 2016]. Some obvious peaks of occurrence rates are found in the dawn to noon sector in our
study, as shown in Figure 4a. This distribution characteristic is consistent with results from Park et al. [2016].
The reason for this kind of distribution is suggested to be related to dawn-dusk asymmetric response to
enhancement of solar wind dynamics [Park et al., 2012, 2016].
The orbit of AMPTE/CCE is higher than that of Van Allen Probe A, with its apogee beyond L = 9. Therefore,
related studies in Keika et al. [2013] mainly focus on EMIC waves in the outer magnetosphere. Due to the
limitation of sampling cadence (8 Hz) of the magnetic ﬁeld data from AMPTE/CCE satellite, EMIC waves with
frequency higher than 4 Hz in the inner magnetosphere are not included in their research. Furthermore,
peak occurrence regions of EMIC waves observed by AMPTE/CCE were located in the afternoon sector
with L between 7 and 9 during storm main phase determined by Dst index. On the other hand, this study
concentrates on the distribution of EMIC waves in the inner magnetosphere in different geomagnetic condition indicated by SYM-H index. By advantage of 64 Hz magnetic ﬁeld data from EMFISIS instrument
[Kletzing et al., 2013] on board Van Allen Probe A, the upper frequency limit of EMIC waves in this study
extends to 10 Hz [Wang et al., 2015]. Peak occurrences are also found in noon to dusk sector during storm
main phase but in the region with L between 5 and 6.5. Different results from AMPTE/CCE satellite and
Van Allen Probe A are mainly due to their different orbits.
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Due to much higher orbits of THEMIS satellites, observations from them also focus on outer magnetosphere.
By analyzing 26 magnetic storms with Dst < 50 nT, occurrence rate of storm time EMIC waves in the inner
magnetosphere was found to be less than 10% [Usanova et al., 2012]. In our study, peak occurrence rates of
EMIC waves in storm periods could reach 30%, especially during storm main phase.
To some extent, results in this study coincide with those from Freja observations during one single storm
[Bräysy et al., 1998]. The L shell evolution of EMIC wave occurrences in night to dawn sector in our study concurs with the latitude evolution of EMIC wave occurrences in their study. During the main phase the active
wave region moved to lower latitudes to the late evening sector in Freja observations. In our study, during
the main phase, the night to dawn sector EMIC waves were conﬁned in lower L shells. However, EMIC waves
in noon to dusk sector were observed in high L shells by Van Allen Probe A satellite, which may be derive from
the extension of plasmasphere in the noon to dusk sector during the main phase.
Recently, with observations from both Van Allen Probe satellites during a longer period (i.e., September 2012
to June 2014), Saikin et al. [2016] investigated the correlation between EMIC wave occurrences in the inner
magnetosphere and geomagnetic conditions and solar wind dynamic pressure, based on their previous
study [Saikin et al., 2015]. Besides SYM-H and solar wind dynamic pressure indexes, the relationship between
EMIC wave occurrences and AE index is also checked. It is found that during quiet AE level, EMIC waves show a
peak occurrence in the prenoon sector, which is consistent with nonstorm time results. Occurrences of nonstorm time EMIC waves also have peaks in the dawn to noon sector in our study. Differences between Van
Allen Probe observations and CRRES results are also attributed to different geomagnetic conditions in respective solar cycles. Total sunspot numbers in each solar cycle are shown in Saikin et al. [2016], while details of
corresponding storms are compared in our research. Thus, to some extent, results in this manuscript and
those in Saikin et al. [2016] are complementary. In addition, effects of solar wind dynamic pressure are specially checked during isolated preonset in this study, while all EMIC waves observed were categorized by solar
wind dynamic pressure data in Saikin et al. [2016]. Furthermore, they identify the location of EMIC waves relative to plasmapause according to empirical models, while plasma density data are shown in this manuscript.
Actually, in our previous research [Wang et al., 2015], utilizing the plasma density data, majority of EMIC waves
observed by Van Allen Probe A were identiﬁed inside the plasmasphere. On the other hand, most of oxygen
band EMIC waves reported in Yu et al. [2015] were identiﬁed in the plasmasphere. Additionally, majority of
storm time EMIC waves were found in the recovery phase in Saikin et al. [2016], which is the same in our
research. However, occurrence rates of EMIC waves during different phases are checked in this study and
peaks of occurrence rates are found to be higher in the main phase. Furthermore, distributions of occurrence
rates in MLT/L plane in different storm phases are reported in this research, which indicate the consistent evolution of distribution characteristics between EMIC waves and plasmasphere.

5. Conclusions
In this paper, with observations from Van Allen Probe A during the ﬁrst 20 months after its launch when it
ﬁnished the ﬁrst precession to all MLT sectors, the relation between occurrences of 270 EMIC waves and
76 geomagnetic storms is investigated. Especially, the role of solar wind dynamic pressure in 53 isolated preonset periods is also checked. Conclusions are summarized as follows:
1. During the period under research, EMIC waves are 2.8 times more often to be observed during geomagnetic storm times than quiet times.
2. Occurrence rates of EMIC waves during different storm phases are shown respectively, whose peaks in
main phase (~30%) are higher than those in recovery phase (~20%). Average occurrence rate of EMIC
waves during main phase is 2.00% and that during recovery phase is 1.66%. Occurrences of EMIC waves
in the main phase dominate in the dusk sector, whose peak occurrence rates can approach 30%, while
EMIC waves in the recovery phase distribute more uniformly, with peak occurrence rate near 20% in dawn
to noon sector.
3. The evolution of the distribution characteristics of EMIC waves in different phases of geomagnetic activity
is consistent with that of the plasmasphere. This phenomenon is different from some previous studies,
such as CRRES observations [Halford et al., 2010], in which EMIC waves did not recover to distribute nearly
uniformly in MLT and L sectors in the recovery phase. The reason may lie on different level of geomagnetic
activities or different coverage of apogees. In the period under research, geomagnetic storms are less
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intense and more isolated, and recovery phases are longer, which lead to more sufﬁcient reﬁll and expand
of plasmasphere after main phase.
4. Although enhancement of solar wind dynamic pressure is suggested to favor the generation of EMIC
waves during isolated preonset periods, occurrences of EMIC waves are not signiﬁcantly increased
in the inner magnetosphere in that period. This result implies that the effect of solar wind dynamic
pressure on the generation of EMIC waves in the inner magnetosphere in the isolated preonset periods
is not as crucial as expected. However, occurrences of EMIC waves during geomagnetic quiet times
may be mainly inﬂuenced by the change of solar wind dynamic pressure. Therefore, the impact of solar
wind dynamic pressure on the generation of EMIC waves in the inner magnetosphere needs to be further
studied in future.
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