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Abstract. 
Ultra-low frequency (ULF) waves play an important role in transferring energy by buffeting 
the magnetosphere with solar wind pressure impulses. The amplitudes of magnetospheric 
ULF waves, which are induced by solar wind dynamic pressure enhancements or shocks, are 
thought to damp in one half a wave cycle or an entire wave cycle. We report in situ 
observations of solar wind dynamic pressure impulse-induced magnetospheric ULF waves 
with increasing amplitudes. We found six ULF wave events induced by solar wind dynamic 
pressure enhancements with slow but clear wave amplitude increase. During three or four 
wave cycles, the amplitudes of ion velocities and electric field of these waves increased 
continuously by 1 3.    4 4.  times. Two significant events were selected to further study the 
characteristics of these ULF waves. We found that the wave amplitude growth is mainly 
contributed by the toroidal mode wave. Three possible mechanisms of causing the wave 
amplitude increase are discussed. Firstly, solar wind dynamic pressure perturbations, which 
are observed in a duration of 20   30 minutes, might transfer energy to the magnetospheric 
ULF waves continually. Secondly, the wave amplitude increase in the radial electric field 
may becaused by superposition of two wave modes, a standing wave excited by the solar 
wind dynamic impulse and a propagating compressional wave directly induced by solar wind 
oscillations. When superposed, the two wave modes fit observations as does a calculation that 
superposes electric fields from two wave sources. Thirdly, the normal of the solar wind 
discontinuity is at an angle to the Sun-Earth line. Thus, the discontinuity will affect the 
dayside magnetopause continuously for a long time.  

1. Introduction 

  
[15] divided ultra low frequency (ULF) waves into several categories, including Pi waves for 
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irregular oscillations lasting a few wave periods and Pc waves for quasi-sinusoidal 
oscillations lasting relatively longer. In recent years, the important roles of these wave in the 
magnetosphere has been uncovered. They are, for example, thought to modulate the 
dynamics of energetic particles  [43,3,54], contribute to electron dropout in the outer 
radiation belt  [22,50], and excite auroral activity  [10,34].  
Although mechanisms that excite magnetospheric ULF waves have been studied for many 
years, no consensus regarding them has been reached. Early results show that the Kelvin-
Helmholtz instability  [29] on the magnetopause could transfer energy into the 
magnetosphere and excite field line resonance  [14,30,8]. Some works show that a solar wind 
dynamic pressure impulse may excite ULF waves in the magnetosphere  [48,54,52,39]. 
 [17,18] proposed that quasi-monochromatic pulsations in the solar wind (rather than pulses) 
could directly drive magnetospheric pulsations. These waves could also be induced by 
internal processes, such as substorms  tep [e.g.,][]olson1999,hsu2007,hao2014 or drift-
bounce resonance with ring current ions  [42].  
Ultra low frequency waves in the magnetosphere are classified as toroidal mode or poloidal 
mode, according to the direction of magnetic field perturbations. Toroidal mode waves have a 
magnetic field that oscillates azimuthally; poloidal mode waves have a magnetic field that 
oscillates radially  [45].  
Although most ULF waves have been observed in the dayside magnetosphere 
 [16,27,51,4,6,53,37,47,12],  [49] observed a ULF wave driven by the cavity/waveguide 
modes in the magnetotail.  [39] reported ULF waves induced by sudden impulses (SIs) in the 
nightside magnetosphere, and they propose that these waves are closely related to vortices. 
Recently they reported the first in situ observation of vortices induced by an increase in solar 
wind pressure  [40].  
The time evolution of nightside ULF wave activity is highly variable. Which factors 
contribute most strongly to this variability is unknown, but wave damping is likely one of the 
most important. Ultra low frequency wave energy could decay via several mechanisms, two 
of which are considered as critical energy sinks. One is Joule dissipation in the ionosphere for 
standing Alfvén waves  [10]; the other is Landau damping, which transfers wave energy to 
particles  [20]. In addition, wave energy can leak out of the magnetosphere via the 
magnetopause  [23] or magnetotail  [33]. Thus, after generation almost all reported ULF 
waves have decreasing wave amplitudes  (e.g., [54,39,35]). Previous three-dimensional 
simulations of magnetosphere MHD waves driven by sudden impulses  [21,7] show that 
single field-line resonance could result in slow rise at off-equator regions.  
In this article, however, we will study waves with increasing amplitudes near the equatorial 
plane using in situ observations to better understand the factors affecting the time evolution 
of nightside ULF wave activity. In section 2, we will briefly illustrate the data sources. 
Section 3 shows the observations and analysis of two events. The last section will be 
discussion and summary.  

2. Data Set 

In this study, we use data from the Time History of Events and Macro-scale Interactions 
During Substorms (THEMIS) mission  [1], which consists of five identical probes (THA, 
THB, THC, THD, and THE). Each probe is equipped with a fluxgate magnetometer (FGM) 
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 [2] , which provides magnetic field data; an electrostatic analyzer (ESA)  [25], which 
provides thermal (5 eV to 25 keV) ion and electron data; and an electric field instrument 
(EFI)  [5], which provides 2-D electric field in the spin-plane. We use 3-s resolution spin-fit 
data from those instruments. Data from THEMIS ground-based observatories are also used 
 [26]. Interplanetary magnetic field (IMF) and plasma data, which are time-shifted to the 
Earth’s bow shock nose, are from OMNI  [19].  

3. Observations 

Using IMF and solar wind plasma data obtained from OMNI, we reviewed solar wind 
dynamic pressure enhancement events from March 2007 to December 2012. The solar wind 
dynamic pressure enhancement is defined as an 0.5 times step-like rise in fewer than 10 
seconds and stable pressure for at least 10 minutes upstream and downstream of the pressure 
increase front. Magnetospheric responses to these enhancements were evaluated one by one. 
Sixty-four ULF wave events were observed by THEMIS satellites. Of these events, six 
display gradual increases in amplitudes of ion velocity and electric field perturbations. The 
variable γ , defined as the ratio of the amplitudes (absolute value) of each half period to the 

first half period (
1

iA
A ), is used to check ULF wave amplitude growth. We calculated the γ  

values from ion velocity and electric field data. Figure 1 shows the γ  of (a) ion velocity and 
(b) electric field for the six events listed in Table 1 ( vi maxγ −  represents the maximum γ  of the 
ion velocity.)  

3.1. THEMIS observation 

To further study ULF wave characteristics, we choose two events (the 1 April 2011 and 6 
September 2012). Figure ??0 shows the locations of THA and THB during those events. 
During both, THB was in the solar wind and THA was on the dawn and dusk sides of the 
inner magnetosphere. Because THD and THE were very close to THA during both events, 
they observed nearly identical plasma and magnetic field variations. Similar IMF and plasma 
data were obtained by THB and THC, which werein the solar wind. Thus, we choose THB to 
monitor the solar wind variation and THA to show the magnetospheric response.  
Figure 3 is an overview of (left) the 1 April 2011 (Event A) and (right) 6 September 2012 
(Event B) events. All quantities in Figure 3 are in GSM coordinates. Figure 3a and Figure 
3bshow the IMF and the solar wind dynamic pressure from THB. The observations of THB 
were time-shifted by 827s  for Event A and 320s−  for Event B according to the propagation 
speeds of the shocks and the separations between THB and THA. The shocks were identified 
by sharp ( 1 2> .  nPa  within 5 seconds) dynamic pressure increases and also by directional 
change in the magnetic field, which is marked by the red vertical dashed lines. The magnetic 
latitude, local time and L-shell information of THA are labeled on the bottom of Figure 3. For 
both events, the variations of L values of THA were lower than 0.5 Re during the time 
interval concerned. Therefore, the frequency variation of the field lines observed by the THA 
should also be limited. In addition, the magnetic latitudes of THA were lower than 10 deg 
from the equator, which indicates that the satellites may be located near the wave node of the 
field line fundamental oscillation. THEMIS-A was located in thenorthern hemisphere for 
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both events.  
The third to the bottom panels show THA observations of (c) magnetic field components, (d) 
ion density, (e) total ion velocity, (f) ion velocity components, and (g) ion temperature 
components, respectively. Figure 3f1 and Figure 3f2 show that a clear ULF wave was excited 
with the arrival of interplanetary dynamic pressure enhancements for both events. More 
interestingly, the amplitudes of ion velocities continued increasing during three or four wave 
cycles. Note that the period of density fluctuation matches that of Vx for Event A, whereas 
the period of density fluctuation does not match that of Vx for Event B. From wavelet 
analysis (not shown), two typical frequencies,   2 mHz and   4 tmHz, were captured. The 
  4 mHz density fluctuation in this event may be caused by acceleration of cold particles 
 [32], which is consistent with the fluctuation in total velocity shown in Figure 3(e2). In 
addition, the density fluctuation has a wave frequency of around   2 mHz, which is 
associated with compressional waves.  
Figure 4 shows the solar wind dynamic pressure (Psw) and the wavelet analysis of Psw for 
both events. In addition to the sharp increases in Psw, significant wave signatures, with a 
frequency of   2 mHz, were observed. 
We performed a wavelet transform on the electric field (calculated by Vi cross B) to find the 
precise ULF wave frequency (shown in Figure 5). For Event A, the frequency of wave power 
in all three components ranges from 1 9.  to 2 7mHz.  (shown in Figure 5b1   Figure 5d1), 
which is in the Pc5 range. For Event B, the typical frequency is clear from 1 8.  to 2 5mHz.  
(shown in Figure 5b2   Figure 5d2), also in the Pc5 range. The typical frequency bands of 
the two events are marked in the last three panels. For both events, after the waves were 
induced, the wave power between the typical frequency bands enhanced rapidly and 
remained high for more than half an hour.  
In Figure 6, we adopted the field-aligned coordinate (FAC) system  [46,12]. In that system, r  
points approximately radially outward; a  points azimuthally eastward; and p  is along 
thebackground magnetic field direction, which is obtained from the 15-min sliding averaged 
magnetic field. The band-pass-filtered magnetic field (blue lines in Figure 6a   Figure 6c) 
and electric field (red lines in Figure 6a   Figure 6c) were projected onto the FAC system. 
The frequency bands used in this wave mode analysis are the same bands indicated by the 
horizontal dashed lines in Figure 5(those corresponding to power enhancements).  
Figure 6a shows perturbations in aE  and the compressional component pB , which are 
typically associated with fast-mode waves. Perturbations in rE  and aB , which are associated 
with toroidal modes, are presentedin Figure 6b. Figure 6c shows perturbations in aE  and rB , 
which are associated with poloidal modes. In Event A, both the amplitudes of poloidal mode 
and toroidal mode waves are growing. In EventB, the amplitude of toroidal mode wave is 
increasing as that of the poloidal mode wave is decreasing. Moreover, the amplitude of the 
poloidal mode wave is much smaller than that of the toroidal mode wave in Event B. Figure 
6d illustrates the E-B phase differences of toroidal mode (black lines) and poloidal mode 
(blue lines) waves. The phase differences are calculated for the waves with typical 
frequencies, 2.3 mHz for Event A and 2.2 mHz for Event B. After a dynamic pressure 
impulse arrived at the magnetosphere, the phase differences for toroidal mode waves (black 
lines) were around 90  , which is consistent with a standing wave signature, whereas the 
poloidal mode waves (blue lines) were not standing in bothevents.  
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3.2. Ground-based observation 

Figure 7 shows the magnetic field H components from geomagnetic stations located near the 
magnetic latitude (MLAT) of the satellite footprints for both events. For Event A, magnetic 
field H components are obtained from the KAKO, INUV, SNAP, RANK, and KUUJ ground 
stations, respectively (their locations are labelled on each figure panel). Clear ULF wave 
signatures were captured by these stations. The main frequency is consistent with that from 
the THEMIS observations. The data are band-pass filtered from 1.9 mHz to 2.7 mHz, which 
shows that magnetic field H component wave amplitude increases 2.4 to 4.1 times after wave 
induction. The clear wave amplitude increase was observed in large longitudinal regions from 
geomagnetic longitude 
264.9suremath
4 ( 108o thelongitudinalseparationis. 

 
Ground-based magnetic field data were further used to calculate the wave number for Event 
A. We know the wave number m δϕ δλ= /   [36], where δϕ  represents the phase difference 
of the H magnetic field componentand δλ  is the azimuthal separation ( i e. . , longitudinal 
difference) between the two stations. When calculating the wave number, even a small 
separation in geomagnetic latitude between two stations may result in considerable error 
 citepsarris2013. To minimize error, we choose stations with small differences in 
geomagnetic latitudes (fewer than 0.5  ; see Table 2). The geomagnetic longitude and latitude 
of the footprint of THA at 16:00 UT were 188 9.   and 71 3.  , respectively. First, we choose 
two close stations, KAKO and INUV, with azimuthal separation δλ  = 10 92. . Figure 8 (left) 
shows ground-based observations ofwaves from a pair of ground stations located near the 
footprint of THA in Event A. Figure 8a1 and Figure 8b1 show the wavelet power spectra of 
magnetic field H components of two stations, and the H components of magnetic fields are 
overplotted. Both stations captured significant wave signatures. The typical frequency is 
around 2 5mHz.  for both stations.The squared wavelet coherence between magnetic field H 
components of two stations is shown in Figure 8c1. The black solid lines in Figure 8a   
Figure 8c mark the main frequency 2 5mHz.  used to calculate the phase difference, as shown 
in Figure 8d1. The green, black and red lines show the phase differences between waves in 
2 4. , 2 5.  and 2 7mHz.  in Figure 8d1. The phase differences tend to be stable between 16:28 
(UT) and 16:50 (UT). We obtain the phase difference as (360 45)n +   around 16:30 (UT). 
Using the same method, one more phase difference is calculated as (360 170)n′ +   from 
another pair of stations, KAKO and SNAP, with larger separation in the azimuthal direction 
(δλ  = 41 93. ; see the righthand plot of Figure 8). The ratio of these two phase differences 
and the ratio of two longitudinal differences of two pairs of stations should be equal. Thus, n  
and n′  are calculated as 0 . Given that the magnetic longitude difference between the two 
stations is 10.92   (shown in Table 2), for the first pair of stations the wave number is 
calculated as ≈  4 12. . Similarly, for the second pair of stations, the wave number is ≈  4 05.  
(shown in Table 2). The small wave number indicates that the standing toroidal wave may be 
driven by a waveguide mode  (e.g., [14]). For Event B, the stations located near the footprint 
of THA (GeoM: Lon. 12 0.  , Lat. 72 2.  ) did not provide high time resolution magnetic field 

This article is protected by copyright. All rights reserved.



data. Thus, the wavenumber for Event B was not calculated.  

4. Discussion 

The amplitudes of magnetospheric ULF waves, which are induced by solar wind dynamic 
pressure enhancements or shocks, are thought to damp rapidly. However, in the six Pc5 wave 
events we observed, the wave amplitudes of ion velocities and electric fields could increase 
gradually by more than four times during three or four cycles.  

4.1. Solar wind discontinuity normal direction 

An amplitude increase may occur because the normal of the solar wind discontinuity is at an 
angle to the Sun-Earth line. Thus, the discontinuity will affect the dayside magnetopause 
continuously for a long time. Interaction between the discontinuity andthe magnetosphere at 
various locations and at various times may cause compressional waves to be launched, and 
superposition of these waves may result in a slow increase in toroidal wave amplitude. We 
calculated the normal directions of solar winddiscontinuities for the two events using the 
Timing method  [31]. They are [-0.90, -0.41, -0.10] (calculated from CLUSTER four 
satellites) and [-0.94, 0.13, 0.31] (calculated from THEMIS-B, C, WIND and ACE satellites), 
respectively. The angle between the normal direction of the solar wind discontinuity and the 
Sun-Earth line is about 26 degrees for Event A and 20 degrees for Event B. The velocities of 
the discontinuities, obtained from Timing method, are 330 km s/  for Event A and 484 km s/  
for Event B. However, these angles are not large enough to produce a gradual increase in 
wave amplitude for nearly half an hour in the two events.  

4.2. Solar wind dynamic pressure perturbations 

Wave signatures with frequencies around 2 mHz were captured in solar wind dynamic 
pressures for both events (see Figure 4). The wave power in the second panel of Figure 4 
shows that both Psw oscillations inthe two events lasted for almost half an hour. 
Compressional waves, which could be induced by the Psw oscillations  [17,18], continuously 
couple to the standing toroidal mode wave for about half an hour. Furthermore, the time 
scales of wave amplitude increases shown in Figure 3 are between 20 and 30 minutes. Thus, 
we suggest that one wave energy input could be Psw perturbation.  

4.3. Wave mode superposition 

The wave energy peaks in Psw are 2.1 mHz and 2.0 mHz at 16:24 UT and 16:44 UT (without 
time shift) for the two events, respectively (see Figure 4), and the frequencies of the toroidal 
mode waves are 2.4 tmHz and 2.3 mHz (shown in Figure 9b). Even though the frequencies of 
Psw oscillations are extremely close to that of the magnetic field azimuthal component 
observed in the magnetosphere, a small difference between them still exists. Therefore, 
another scenario, superposition of two wave modes, is discussed. One wave mode is a 
standing wave excited by a sharp solar wind dynamic impulse, as shown in Figure 6b. The 
magnetic field lines are continuously shaken by traveling, compressional waves, as indicated 
by continuous oscillations in the magnetic field p component (i.e., along the magnetic field 
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line) (shown in Figure 9c).  [17,18] proposed that thepressure balance between the inside and 
the outside of the magnetosphere could cause magnetospheric ULF waves to be directly 
excited by solar wind dynamic pressure perturbations. Significant wave power around   2 
mHz was observed inthe solar wind dynamic pressure for the two events (see Figure 4). Thus, 
the traveling compressional wave in both events might be directly driven by solar wind 
dynamic pressure perturbations, and the compressional wave frequency mightbe controlled 
by the frequency of the solar wind dynamic pressure perturbations [18]. The electric field of 
the standing wave oscillates radially, and the electric field of the compressional wave 
oscillates radially and azimuthally. Thus, electric fields of two wave sources may superpose 
in the radial direction. We calculate the superposition of two waves for two events. The 
functions of the two wave sources are as follows:  
  

1 1 1 1cos( )A tψ φ ω= − (1) 2 2 2 2cos( )A tψ φ ω= − (2)  
After superposing these two waves, the wave function changes to:  
  

1 2 1 1 1 2 2 2cos( ) cos( )superposed A t A tψ ψ ψ φ ω φ ω= + = − + − (3)  
If two wave sources with very close frequencies and amplitudes are superposed on a wave, 
the amplitude of that wave will vary from a minimum to a maximum value. This type of 
wave is called a beat wave. We used the same amplitude for two waves in the calculation (i.e. 

1 2 0A A A= = ). The decay effect has also been considered. The filtered Er component in 
Figure 6 shows that wave signatures are observed during one hour. We consider the wave 
amplitude decrease to 1/e times the initial amplitude in one hour. Thus, the decay factor is 

3600
t

e− .  
Therefore, the superposed wave in our calculation was modified as follows:  
  

1 2 1 2 1 2 1 23600 ( ) ( ) ( ) ( )
1 2 0 2 22 cos( ) cos( )

t t t
superposed A e φ φ ω ω φ φ ω ωψ ψ ψ − + − + − − −= + = (4)  

In the calculation, the frequencies for two wave sources are determined by wavelet analyses 
of Ba and Bp (shown in Figure 9), because Ba is associated with a toroidal mode wave and 
Bp is associated with a compressional wave. For Event A, 1 2 4mHzω = .  and 2 2 1mHzω = . ; 
for Event B, 1 2 3mHzω = .  and 2 1 9mHzω = . . The phases of the waves are defined to match 
the observed beat wave. For Event A, 0 3 5A = . , 1

1 2 )φ π= − , 5
2 4φ π= − ; for Event B, 0 1 7A = . , 

1
1 2φ π= − , 3

2 2φ π= − .  
Figure 10b shows the superposition of these two wave sources. In these two events, the 
timescale of wave amplitude increase and decrease in the calculation matches the 
observations fairly well. Almost half an hour and three periods were required to reach 
maximum wave amplitude. The waves damp within the next half an hour and three periods. 
Therefore, the wave amplitude increase could be caused by superposition of two wave 
sources.  

5. Summary 

Previous observations show that after induction most magnetospheric ULF waves decrease in 
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wave amplitude. By checking the responses of the magnetosphere to dynamic pressure 
enhancements from 1 April 2007 to 31 December 2012, we found six ULF waves with slow 
but clear wave amplitude increase.  
Two significant events were chosen to further study the characteristics of these ULF waves. 
Both events show that the wave amplitude increases were mostly contributed by toroidal 
mode standing waves. Three wave amplitude increase mechanisms are discussed.First, 
because the normal of the solar wind discontinuity is at an angle to the Sun-Earth line, the 
discontinuity will affect the dayside magnetopause continuously for a long time. Second, 
solar wind dynamic pressure perturbations, observed for 20   30 minutes, could 
continuously transfer energy to magnetospheric ULF waves. Third, two wave modes, a 
standing wave excited by the solar wind dynamic impulse and a propagating compressional 
wave directly induced by solar wind oscillations, could superimpose, causing a wave 
amplitude increase in the radial electric field.  
Our main conclusions are summarized below:  

1. We found six ULF waves with slow but clear wave amplitude increase. The 
amplitudes of ion velocities and electric field of these waves increased continuously 
by a factor of 1 3.    4 4.  during three to four wave cycles.  
2. According to our case studies of Events A and B, the wave amplitude 
increases were mostly contributed by toroidal mode standing waves.  
3. Three factors, (1) normal direction of solar wind discontinuities, (2) solar wind 
dynamic pressure perturbations, and (3) wave mode superposition, could contribute to 
these increases.  
4. Wave mode superposition could be responsible for the wave amplitude 
increases in Event A and B.  
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 1. Wave amplitude increase versus wave cycle of (a) ion velocity and (b) electric field for six 

magnetospheric ULF wave events. Electric fields are calculated by iV B× . γ  is defined as the amplitude 
of each half wave period divided by the amplitude of the first half wave period. Crosses represent 

calculated γ . 

Dashed lines are linear fitting of the crosses. Different colors represent different events.   
  

 2. The locations of THA and THB for two events. The purple symbols are for the 1 April 2011 event 
(Event A), and the blue symbols are for the 6 September 2012 event. The curved black line indicates the 

location of the magnetopause which is calculated from the  [41] model using the solar wind dynamic 
pressure 2 0pD nPa= .  and 1 0zB nT= . .  

  
 3. Overview of two events from (left) 16:15 to 17:15 UT on 1 April 2011 (Event A) and (right) 16:30 to 
17:30 UT on 6 September 2012 (Event B). From top to bottom, the panels show (a) IMF, (b) solar wind 

dynamic pressure, (c) magnetospheric magnetic field components, (d) ion density, (e) total ion velocity, (f) 
ion velocity and (g) ion temperature, respectively. The solar wind and IMF data are time shifted as 

labeled in the panels. The red vertical dashed lines indicate the sudden enhancements of the solar wind 
dynamic pressure. 

  
 4. The (a) solar wind dynamic pressure fluctuations and (b) their wavelet analyses for (left) Event A and 

(right) Event B.  
  

 5. Wavelet analysis of the electric field (obtained from Vi cross B) for (left) Event A (1 April 2011) and 
(right) Event B (6 September 2012). From top to bottom, the panels show (a) three components of the 
electric field in GSM coordinates and the wavelet analysis of (b) the x , (c) y , and (d) z  components, 
respectively, of the electric field. The dashed lines in the last three panels mark the strongest frequency 

bands. For Event A, the frequency of wave power in all three components ranges from 1 9.  to 2 7mHz. . 
For Event B, the typical frequency is clear from 1 8.  to 2 5mHz. . The red vertical dashed lines indicate 

the sudden enhancements in the solar wind dynamic pressure. 
  

 6. Magnetic and electric fields in field-aligned coordinates (FAC) and phase differences between their 
components for (left) Event A and (right) Event B. From top to bottom, the panels show (a) Bp-Ea, (b) 
Ba-Er, (c) Br-Ea and (d) phase difference between the magnetic and electric fields. The data have been 
band-pass filtered in the range of 1.9 to 2.7 mHz for Event A and 1.8 to 2.5 mHz for Event B. The black 
dashed lines in the panel d mark the ± 90  . Note that in both events, the waves are standing in toroidal 
mode but propagating in poloidal mode. The red vertical dashed lines indicate the sudden enhancements 

in the solar wind dynamic pressure. 
  
 7. Magnetic field H components from GMAG stations for Event A (left) and Event B (right). Blue dashed 
line indicates the magnetic field H component and black solid line indicates the filtered magnetic field H 

component. For Event A, the data are filtered from 1.9 mHz to 2.7 mHz; for Event B, the data are filtered 
from 1.8 to 2.5 mHz. 
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 8. Magnetic field H components from GMAG stations and their phase differences for Event A. Panel a 

and b show the wavelet analysis of the magnetic field H component. Magnetic field H component data are 
overplotted on each panel. Panel c illustrates the squared wavelet coherence between magnetic field H 
components from two stations. The white solid lines in panel a   c mark the frequency of 2 5mHz. , 

which is used to calculate the phase difference between two H components (shownin the last panel). The 
red vertical dashed lines indicate the sudden enhancements in the solar wind dynamic pressure. 

  
 9. The parallel and azimuthal magnetic field components and their wavelet analyses for (left) Event A 

and (right) Event B. From top to bottom, the panels show (a) aB , (b) wavelet analysis of aB , (c) pB  and 

(d) wavelet analysis of pB . The typical frequencies for aB  and pB  are marked by dashed white lines and 
the values are labelled above the lines. 

  
 10. The observed and simulated Er for (left) Event A and (right) Event B. From top to bottom are (a) the 
radial  component of the unfiltered electric field in the FAC system from 16:20 to 17:20 UT observed by 
THA and (b) the radial  component of the electric field calculated by superposition of two wave sources. 
In panel b, the blue and green dashed lines indicate two wave sources and the black solid lines illustrate 

the superposed waves. 

  

1. THEMIS observations of wave amplitude increases 
 

No.  Time 
(yyyy/mm/dd)  

Locations 
(GSM: x, 

y, z)  

MLat 
(deg)  

Vi maxγ −   Increasing 
periods  

1  2009/11/08  (3.0, -6.9, 
-0.8)  

-5.9  1.6  3  

2  2009/12/25  (-1.8, -
8.9, -1.2)  

-7.7  1.3  3  

3  2011/04/01  (-6.3, -
8.4, 1.6)  

8.8  4.0  3  

4  2011/09/10  (-0.4, 
10.3, 0.0)  

0.1  2.1  4  

5  2012/05/08  (-3.8, -
8.3, 0.5)  

3.2  2.6  4  

6  2012/09/06  (-0.5, 8.9, 
0.5)  

3.5  4.4  4  

 
  

2. Wave numbers calculated from the ground station observations 
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Date  Station 
1 

(Geom: 
Lat, 

Long)  

Station 
2 

(Geom: 
Lat, 

Long)  

( )δϕ    ( )δλ    m   

2011/04/01  KAKO 
(71.1, 
264.8)  

INUV 
(71.2, 
275.8)  

≈45  10.92  ≈4.12   

2011/04/01  KAKO 
(71.1, 
264.8)  

SNAP 
(70.8, 
306.8)  

≈170  41.93  ≈4.05   
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