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Abstract We present the dependence of the magnetosonic wave amplitudes both outside and inside the
plasmapause on the solar wind and AE index using Van Allen Probe-A spacecraft during the time period of 1
October 2012 to 31 December 2015, based on a correlation and regression analysis. Solar wind parameters
considered are the southward interplanetary magnetic field (IMF BS), solar wind number density (NSW), and
bulk speed (VSW). We find that the wave amplitudes outside (inside) the plasmapause are well correlated
with the preceding AE, IMF BS, and NSW with time delays, each corresponding to 2–3 h (3–4 h), 4–5 h (3–4 h),
and 2–3 h (8–9 h), while the correlation with VSW is ambiguous both inside and outside the plasmapause. As
measured by the correlation coefficient, the IMF BS is the most influential solar wind parameter that affects
the dayside wave amplitudes both outside and inside the plasmapause, while NSW contributes to enhancing
the dusksidewaves outside the plasmapause. The AE effect onwave amplitudes is comparable to that of IMF BS.
More interestingly, regression with time histories of the solar wind parameters and the AE index preceding
the wave measurements outside the plasmapause shows significant dependence on the IMF BS, NSW, and AE:
the region of peak coefficients is changed with time delay for IMF BS and AE, while isolated peaks around
duskside remain gradually decrease with time for NSW. In addition, the regression with magnetosonic waves
inside the plasmapause shows high coefficients around prenoon sector with preceding IMF BS and VSW.

1. Introduction

The spatial distribution and properties of magnetosonic waves (also named equatorial noise) in the Earth’s
magnetosphere have recently been studied intensively [e.g., Santolík et al., 2004; Shprits et al., 2013;
Tsurutani et al., 2014] due to the possibility that the waves may contribute to the acceleration of energetic
electrons that could be acting as a source population for the outer electron radiation belt [e.g., Horne et al.,
2007], to the scattering of energetic protons that cause proton aurora on the dayside [e.g., Xiao et al.,
2014], or to the bounce resonance scattering of energetic electrons [e.g., Shprits, 2016]. Magnetosonic waves
are whistler mode emissions occurring at frequencies between the proton cyclotron frequency (fcp) and the
lower hybrid resonance frequency (fLHR), and propagate nearly perpendicular to the background magnetic
field. They are present both outside and inside the plasmapause, and intense magnetosonic waves are
distributed mostly on the dayside within a few degrees of the magnetic equator [Russell et al., 1970;
Laakso et al., 1990; Kasahara et al., 1994; Santolík et al., 2002; Meredith et al., 2008; Ma et al., 2013;
Hrbáčková et al., 2015]. A recent study has observed a very rare case of magnetosonic waves off the magnetic
equator [Zhima et al., 2015]. It is known that a ring distribution of ~10 keV protons injected during geomag-
netically disturbed times can provide a source of free energy for exciting magnetosonic waves [Perraut et al.,
1982; Curtis and Wu, 1979; Boardsen et al., 1992; Horne et al., 2000; Chen et al., 2010, 2011; Ma et al., 2014;
Balikhin et al., 2015]. Previous studies therefore have focused on the geomagnetic activity dependence of
spatial distribution of wave amplitudes and have shown that the waves are enhanced with increasing
geomagnetic activity [e.g., Meredith et al., 2008; Ma et al., 2013; Hrbáčková et al., 2015].

A recent study of Kim and Chen [2016] developed a model that presents the spatial and temporal evolution of
the amplitudes of magnetosonic wave response to the variation in solar wind during the storm times. They
suggest that southward interplanetary magnetic field (IMF) Bz is closely correlated with the wave amplitudes
both outside and inside the plasmapause, and the solar wind dynamic pressure is effective in enhancing
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wave amplitudes locally around the postnoon sector outside the plasmapause. The role of dynamic pressure
on exciting magnetosonic waves is not well studied. Their study was based on measurements of the Time
History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft, which provides two
components of the magnetic and electric wave spectral density, i.e., perpendicular and parallel to the spin
axis that is roughly aligned to the local magnetic field with an angle of <11° [Cully et al., 2008]. From cold
plasma theory [Stix, 1992], they identifiedmagnetosonic wave signals based only on the ratio of themagnetic
and electric field components of the wave spectra without taking into account the wave polarization proper-
ties such as wave normal angle, ellipticity, and planarity. In addition, a ratio of two electric field components
used for identification of magnetosonic waves was applied to only one fifth of approximately 4.5 years of data
(1 May 2010 to 30 November 2014) used in their study since the ratio has been unavailable since March 2011.
Their database of wave emissions therefore might also contain other emissions than magnetosonic waves,
mostly plasmaspheric hiss inside the plasmapause. In this study, we reanalyze the spatial and temporal
dependences of wave amplitudes on the solar wind and AE index using NASA’s Van Allen Probes by identify-
ing wave signals based on the wave polarization properties and investigate whether the result is still valid.

The remainder of this paper is organized as follows. The methodology that captures highly oblique magne-
tosonic waves from Van Allen Probe-A is described in section 2, the correlation analysis results between
magnetosonic wave amplitudes and the solar wind parameters as well as AE index are presented in
section 3, the global distribution of wave amplitude in terms of solar wind parameters and AE index is
presented in section 4, the linear regression analysis results are presented in section 5, and the summary
and conclusions are presented in section 6.

2. Van Allen Probe Observations of Magnetosonic Waves

The twin Van Allen Probes orbit at an altitude of 600–30,000 km in near-equatorial elliptical orbit. The Electric
and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) instrumentation suite provides the DC
magnetic fields and wave electric and magnetic fields. The EMFISIS/Waves instrument includes a six-channel
Waveform Receiver (WFR), whichmeasures wave spectra from 10 Hz to 12 kHz for all the three components of
both magnetic and electric fields, and a single-channel High-Frequency Receiver (HFR), which measures a
single electric component of waves between 10 kHz and 400 kHz. Using the singular value decomposition
method [Santolík et al., 2003], we identify the magnetosonic wave signal satisfying the magnetosonic wave
conditions of wave normal angle ≥80° and the absolute value of wave ellipticity ≤0.2 from EMFISIS WFR data.
For this work, we first remove spectral density less than twice the background level, defined by the median
value of spectral density for each frequency throughout 1 day. The wave spectral density measured by
EMFISIS HFR is used to identify the plasmapause’s location. High intensity of electrostatic electron-cyclotron
harmonic waves is usually observed outside the plasmapause [Meredith et al., 2004]. The low-density regions
outside the plasmapause are thus determined per half orbit when the root-mean-square wave amplitudes
integrated over the frequency range between 2.5fce (fce is the electron gyrofrequency) and 5.0 fce suddenly
increase using HFR data with the background removed. In addition, the appearance and disappearance of
the whistler mode chorus between 0.1fce and 0.8fce and plasmaspheric hiss between 40 Hz and 2 kHz are used
to manually modify the plasmapause’s location determined above.

Figure 1 shows an example of magnetosonic wave signals observed by Van Allen Probe-A on 6 October 2012.
Shown, from top to bottom, are wave spectra of electric field from HFR (Figure 1a), wave spectra of magnetic
and electric field from WFR (Figures 1b and 1c), wave normal angle (Figure 1d), planarity (Figure 1e), signed
ellipticity (Figure 1f), Poynting vector direction (Figure 1g), and wave flag (Figure 1h). The crossings of
plasmapause determined by the HFR wave spectra are indicated by black vertical lines. Different curves in
each figure except for Figure 1a correspond to, from top to bottom, fce, 0.5fce, 0.1fce, fLHR, 0.5fLHR, and fcp,
respectively. Different curves in Figure 1a indicate harmonics of fce up to 5.0fce. From Figures 1d to 1h, only
signals with the background removed are displayed. In Figure 1h, wave spectral densities satisfying the above
criteria of magnetosonic waves are indicated with different colors for regions outside and inside the
plasmapause. The selected signals are clearly distinguished from other types of waves such as whistler mode
chorus outside the plasmapause and plasmaspheric hiss inside the plasmapause. In this study, we identified
magnetosonic wave signals made from measurements during the time period of 1 October 2012 to 31
December 2015 using the Van Allen Probe-A spacecraft only to avoid double counting magnetosonic wave
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events when binning data and calculated the root-mean-square amplitude (BW) of themagnetosonic wave by
integrating over the frequency range between fcp and fLHR frommagnetic wave spectra as shown in Figure 1b.

Figure 2 presents the average magnetosonic wave amplitudes as a function of L value and magnetic local
time (MLT) outside (Figure 2, top row) and inside (Figure 2, bottom row) the plasmapause, and for equatorial
(Figure 2, left column) and off-equatorial (Figure 2, right column) regions, divided by 5° of magnetic latitude
(MLAT), at a resolution of 0.2 RE in L value and 1 h in MLT. The L value in this study is theMcIlwain L [McIlwain,
1961] of locally mirroring particles based on the TS04D [Tsyganenko and Sitnov, 2005] magnetic field. The

Figure 1. An example of magnetosonic waves observed on Van Allen Probe-A on 6 October 2012. From top to bottom, the
panels, respectively, correspond to (a) wave electric intensity spectrograms measured by HFR, (b and c) magnetic and
electric wave spectra measured by WFR, (d) wave normal angle (deg), (e) planarity, (f) signed ellipticity, (g) Poynting vector
direction (deg), and (h) wave flag. The vertical black lines indicate the plasmapause location for each half orbit. In Figure 1h,
the regions outside and inside the plasmapause are distinguished by horizontal black and red lines, respectively, and
magnetosonic wave signals in each region are also indicated with the corresponding color. The vertical blue lines show the
perigee time of each orbit.
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corresponding occurrence rates, which are defined as the ratio (in percentage) of wave observation time to
dwelling time of spacecraft in each bin of L, MLT, and MLAT, and the dwelling time (in minute) are also shown
in the bottom and top small plots, respectively. Note that the occurrence rate is only calculated when the
time spacecraft spent in a given bin is larger than 1 h. Outside the plasmapause, the most intense waves
are found mainly in the region 3.5 ≤ L ≤ 5 from 6 to 18 MLT near the equator with the average amplitude
of 20 ± 8 pT, showing 62(±11)% occurrence rate. The region of intense waves inside the plasmapause near
the equator is shifted more toward the postnoon sector than outside with a relatively weak average ampli-
tude of 13 ± 5 pT in the region 2 ≤ L ≤ 5 from 9 to 21 MLT, showing 27(±7)% occurrence rate. The result
indicates that magnetosonic wave amplitude is strongly dependent on MLT, both outside and inside the
plasmapause. This is qualitatively consistent with the previous findings of the Van Allen Probes [Ma et al.,
2016], Cluster [Hrbáčková et al., 2015], and THEMIS [Ma et al., 2013; Kim and Chen, 2016].

3. Solar Wind Dependence of Magnetosonic Wave Amplitude:
Correlation Coefficients

We now examine the relationship between variations in magnetosonic wave amplitude and solar wind para-
meters as well as AE index. The solar wind parameters considered are the southward IMF Bz (IMF BS), defined
by negative value of IMF Bz, and the solar wind number density (NSW) and the bulk speed (VSW). First, we cor-
relate the 1 min averaged wave amplitudes with the maxima of solar wind parameters and AE index in a time
window of 1 h, the center of which corresponds to the wave identification time. The spearman’s Rank Order
Correlation Coefficient (ROCC) is estimated based on wave amplitudes sorted in each 0.2 L and 6 MLT bin
[Press et al., 1992] by sliding the time window from 0 to 24 h backward, relative to the wave identification
time. Only magnetosonic waves observed in the equatorial region less than 5° of magnetic equator are used
to estimate the ROCC since high occurrence rate of waves is near the equator as shown in Figure 2.

Figure 3 presents the estimated correlation coefficients, ROCCs of magnetosonic wave amplitudes outside
the plasmapause with each solar wind parameter, and AE index as a function of time shift (delay time) of
1 h time window and L value in four MLT sectors, a dawn (3–9 MLT), a noon (9–15 MLT), a dusk (15–21
MLT), and a midnight (21–3 MLT). The median value of all ROCCs across all L values for a given time shift is

Figure 2. The global distributions of the average magnetosonic wave amplitude from 1 October 2012 to 31 December
2015 for locations (top row) outside and (bottom row) inside the plasmapause in the (left column) equatorial and (right
column) nonequatorial regions. Average wave amplitudes are shown in the large panels and the corresponding dwell time
of spacecraft and occurrence rates in the top and bottom small plots, respectively.

Journal of Geophysical Research: Space Physics 10.1002/2017JA024094

KIM AND SHPRITS MAGNETOSONIC WAVE WITH SOLAR WIND AND AE 6025



overlaid in each figure with a black solid line, which allows for more intuitive interpretation of a relationship
between the wave amplitude and each parameter. The best positive correlation between the IMF BS and the
wave amplitude can be found in the noon sector where local maxima are clearly seen at a time shift of 5 h for
4 < L < 5, and other nearby peaks (but not too significant) are seen for L > 5. The maximum correlation
reaches up to 0.42 around L ~ 4.3. The median ROCC correlation also shows a local maximum at a time
shift of 5 h, and it tends to become weaker toward zero with negative values away from the peak time.
However, such a pattern becomes less significant away from the noon sector and no significant peak is
seen in the midnight sector. The correlation with IMF BS indicates that dayside wave amplitude increases
for most of L values at 5 h after the southward IMF Bz, which is likely related to the finite drift time of the
injected ions associated with substorms. A similar feature is also evident in the correlation with the AE
index, as shown in the last column but with a somewhat shorter delay time and a slightly higher
correlation in the noon sector (see the median curve). The maximum correlation with AE reaches up to 0.4
at a delay time of 3 h in the noon sector around L ~ 4.1.

In contrast, the correlation between VSW and wave amplitude is almost uniformly distributed over most of the
L values and MLT sectors and can be either sign, depending on L values, but moderate local minima are also
seen in the dawn and dusk sectors around L = 4 and L = 5.5, respectively. The median curves are almost flat
with a relatively low coefficient, indicating no unambiguous correlation within a 24 h time window. It is also

Figure 3. ROCC of magnetosonic wave amplitudes outside the plasmapause with solar wind parameters (IMF BS, VSW, and
NSW) and AE index as a function of time shift of a 1 h time window and L value for MLT locations, subdivided into four
sectors, (first row) 3–9 MLT, (second row) 9–15 MLT, (third row) 15–21 MLT, and (fourth row) 21–3 MLT. The median value of
all ROCCs across all L values for a given time shift is displayed together with a black solid line. The white region indicates the
bins with sample number less than 250 counts.
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found in the correlation with NSW over all MLT sectors except for that in the dusk sector where the correlation
shows peaks of ~0.25 at a time delay less than 4 h, shorter than that of any other parameter.

The correlations made from the wave amplitudes inside the plasmapause in four MLT sectors are presented
in Figure 4. In the first column, an interesting feature for IMF BS is that local maxima are seen at a shorter delay
time for L< 3 as MLT increases from noon to midnight, around 7 h in noon sector, around 4 h in dusk sector,
and around 2 h in midnight sector. Local maxima of >0.35 with IMF BS are also seen at a delay time of 3–5 h,
depending on L values, for L < 3 in the dawn sector, but the peaks are not significant compared to those in
other sectors. The correlation with the AE index shown in the last column shows local maxima at a time delay
of 2–4 h, depending on L value, for L < 3 in the dawn sector, and they are at a shorter time delay as MLT
increases from noon to midnight, a similar feature to that of IMF BS, but with a quite higher correlation
(>0.55) in the all sectors. The best correlation in the midnight sector is almost instantaneous, indicating that
magnetosonic wave amplitudes increase simultaneously with the AE enhancements, and the high positive
correlations in the all sectors persist for several hours. In contrast, the correlation with VSW and NSW shows
that local peaks for both NSW and VSW are not pronounced compared to those of IMF Bs, which is also indi-
cated by their median curves and that the median curves are overall flat with a time shift in the all sectors.
The results in Figure 4 suggest that the IMF BS is better correlated with variations in the wave amplitudes
inside the plasmapause than any other solar wind parameters, and the correlation with both VSW and NSW

is ambiguous. In section 5, we will present a more quantitative description of such a relationship between
the solar wind and wave amplitude.

Figure 4. The same as in Figure 3 but correlated withmagnetosonic wave amplitudes inside the plasmapause and different
y axis scales on both sides of each panel.
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4. Global Distribution of Magnetosonic Wave Amplitude: Dependence on Solar
Wind Parameters and AE Index

In this section, we present the spatial distribution of magnetosonic waves for both outside and inside the
plasmapause as a function of activity levels of solar wind parameters and AE index. Figure 5 shows how
the average wave amplitudes outside the plasmapause vary in MLT and L for three ranges of AE (Figure 5, first
row): AE < 100, 100 ≤ AE ≤ 300, and AE > 300 nT; for three ranges of IMF BS (Figure 5, second row): 0 < IMF

Figure 5. The averagemagnetosonic wave amplitude as a function of L and MLT for different activity levels of (first row) AE
2–3 h, (second row) IMF BS 4–5 h, (third row) NSW 2–3 h, and (fourth row) VSW 6–7 h preceding the wave measurements.
The white area represents the bins with dwell time less than 30 min in a given bin.
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BS< 2, 2 ≤ IMF BS ≤ 4, and IMF BS> 4 nT; for three ranges of NSW (Figure 5, third row): NSW< 4, 4 ≤ NSW ≤ 8, and
NSW > 8/cc; and for three ranges of VSW (Figure 5, fourth row): VSW < 400, 400 ≤ VSW ≤ 500, and
VSW > 500 km/s, respectively. The corresponding occurrence rates and dwelling time of spacecraft in each
bin are shown in the bottom and top small plots, respectively. The wave amplitudes are sorted by the
maximum of each parameter at the delay time corresponding to the maximum correlation shown in the
previous section based on median coefficients of dayside MLT sectors (6 to 18 MLT). The delay times are
2–3 h for AE, 4–5 h for IMF BS, 2–3 h for NSW, and 6–7 for VSW, respectively. Note that the correlation with
VSW (NSW) and wave amplitudes does not differ much within the 24 h time window.

From Figure 5 (first row), we can see that the wave amplitudes, mostly on the dayside, increase significantly
with AE, and the average wave amplitudes in the region 3.5 ≤ L ≤ 5 from 6 to 18 MLT are 10 pT, 15 pT, and
19 pT during low, moderate, and enhanced activities, respectively. The corresponding peak amplitudes are
22 pT, 32 pT, and 42 pT, respectively. However, such a trend cannot be easily seen among the solar wind para-
meters. First, the result for the IMF BS (Figure 5, second row) shows that a modest increase in wave amplitude
is seen mostly in the dayside under more southward IMF Bz. Next, the result with NSW (Figure 5, third row)
indicates that duskside waves significantly increase for the transition from NSW < 4 to 4 ≤ NSW ≤ 8, while
the dawn sector waves diminish for the transition from 4 ≤ NSW ≤ 8 to NSW > 8. Lastly, the result with VSW
(Figure 5, fourth row) shows that the enhanced amplitudes are seen over the dayside (9 < MLT < 18) for
the transition from slow to moderate VSW, and the region of intense waves is shifted toward the prenoon
sector with a modest increase for the transition to high VSW.

Figure 6 shows the spatial distribution of magnetosonic waves inside the plasmapause in the same format
as in Figure 5, but the delay times are 3–4 h for AE, 3–4 h for IMF BS, 8–9 h for NSW, and 2–3 h for VSW, all prior
to magnetosonic wave measurements, which are obtained based on median coefficients of 9–21 MLT sector
where the most intense waves are observed, as shown in Figure 2. Compared to Figure 5, a remarkable
difference is that the waves around the postnoon sector (12–18 MLT) become intensified with increasing
levels of all solar wind parameters and AE index, and active regions extend toward prenoon and premid-
night sectors (though less clear for the transition from second level to last level of VSW due to lack of
data coverage).

More quantitatively, the average wave amplitudes in the region 2 ≤ L ≤ 5 from 9 to 21 MLT in order of low to
high level are 8, 12, and 18 pT for AE; 11, 16, and 21 pT for IMF BS; 11, 13, and 15 pT for NSW; and 10, 14, and
16 pT for VSW, respectively. The corresponding peak amplitudes are 22, 24, and 31 pT for AE; 23, 35, and 40 pT
for IMF BS; 27, 25, and 35 pT for NSW; and 18, 26, and 52 pT for VSW, respectively.

5. Solar Wind Dependence of Magnetosonic Wave Amplitude:
Regression Coefficients

The correlation analysis shown in section 3 is useful for estimating the degree of how closely the solar wind is
related to the magnetosonic wave amplitude. However, some solar wind parameters can be mutually
correlated. In order to quantify the independent contributions of solar wind parameters to the spatial and
temporal variations of the wave amplitude, we use a linear regression analysis [e.g., Draper and Smith,
1998], which is useful for isolating the role of one variable from all of the others in the model. In our analysis,
the independent variables are IMF BS, and the logarithm of NSW and VSW, and the dependent variable is the
logarithm of wave amplitude (BW). All variables are normalized to fall between �1 and 1 by using the
following equation: Xn,i = 2 × (Xi-min(X))/(max(X)�min(X))� 1 where X is an n × 1 column vector of n samples
of each variable, i.e., X = (X1,X2,…,Xn) and Xn,i are ith normalized data. The notation max(X) (or min(X))
indicates the maximum (or minimum) of X. The assumed linear relationship between independent and
dependent variables for the analysis is as follows:

log10BW ¼ C0;SW þ CNSW log10NSW þ CVSW log10VSW þ CIMF BS IMF BS (1)

where C0,SW is intercept andCNSW , CVSW, andCIMF BSare slope with respect to NSW, and VSW, IMF BS, respectively.
The parameters are determined in each 1 L and 3 MLT bin by a traditional least squares solution. For
dependent variables, we use the instantaneous value of each solar wind measurement and the AE index as
well as their values prior to the time of the magnetosonic wave measurements. Regression analysis with

Journal of Geophysical Research: Space Physics 10.1002/2017JA024094

KIM AND SHPRITS MAGNETOSONIC WAVE WITH SOLAR WIND AND AE 6029



preceding solar wind conditions and geomagnetic activities will give insight into the time behavior of
magnetosonic wave.

Figure 7 summarizes the results of regression analysis between the solar wind parameters and the wave
amplitudes outside the plasmapause. In the last column, we also present the results of regression analysis
with the AE index, which we simply assumed as log10BW = C0,AE + CAElog10AE. Each panel shows the color-
coded value of the regression coefficient. Figure 7 (first row) uses the instantaneous value of each dependent
parameter. It is evident that the regions of particularly high positive coefficients differ among solar wind

Figure 6. The same as in Figure 5 but with themagnetosonic wave amplitude inside the plasmapause and (first and second
rows) AE 3–4 h and IMF BS 3–4 h and (third and fourth rows) NSW 8–9 h and VSW 2–3 h preceding the wave measurements.
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parameters: postnoon and dawn sector for IMF BS, noon sector for VSW, and the dusk sector for NSW. This
clearly suggests the spatial dependence of magnetosonic waves on solar wind parameters and also agrees
well with the results of the correlation analysis noted in section 3. The regression with the AE index shows
a similar spatial pattern as that of IMF BS.

The results of regressions with the time-delayed solar wind parameters and AE index are shown in Figures 7b–
7d, respectively, for 2–3 h, 4–5 h, and 6–7 h prior to the wave identification time. We find, from the regression
with IMF BS, that the regions of particularly high positive coefficient change significantly with time, around
12–18 MLT in the previous 6 to 7 h, 9–15 MLT in the previous 4 to 5 h, 12–18 MLT in the previous 2 to 3 h,
and the postnoon and dawn sectors in the instantaneous time. This suggests that the combined effect of time
histories of IMF BS makes it possible to accurately estimate the variation in wave amplitudes over the entire
dayside, where the most intense waves are present, as shown in Figure 2, when wemodel the observed wave
amplitude. In other words, there would be a missing portion when using only one time history in modeling
the observed wave amplitude. The largest coefficient among all the time histories is found on the dayside
at 4–5 h, which indicates the best response time of magnetosonic wave amplitudes to the variation in solar
wind. The time may be related to the finite drift time of energetic ion particles, which is known as a source

Figure 7. L-MLT dial plot of regression coefficients defined in equation (1) between magnetosonic wave amplitudes
outside the plasmapause and solar wind parameters and AE index. Comparison is made among (a) instantaneous value,
(b) 2–3 h ago, (c) 4–5 h, and (d) 6–7 h ago of dependent variables relative to wave measurements.
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population of existing magnetosonic waves, as shown in section 3. A similar spatial pattern is seen in the
result of regression with AE for all the times except for 2–3 h where the region of peak coefficients is
shifted more toward the prenoon sector than IMF BS. In contrast, the coefficients for VSW remain to be low
with time except for 3 ≤ L < 4 around noon sector and those for NSW around 18 MLT gradually decrease
with time, indicating that NSWmay contribute to local enhancement of wave amplitude around the dusk side.

A summary of regression coefficients derived from wave amplitudes inside the plasmapause is presented in
Figure 8, plotted in the same format as in Figure 7. There are a few notable features in the plots. First, regres-
sion with time histories of IMF BS indicates that the spatial distribution of coefficients significantly changes
with time delay. In the previous 6–7 h, the region of high positive coefficients is located around prenoon
sector, while it is located in the dusk sector and premidnight sector, each in the previous 4–5 h and 2–3 h.
Second, regression with VSW indicates that positive high coefficients around 6–12 MLT for L < 4 and 15–18
MLT for L ≥ 4 appear significantly for all the times. The regression with NSW also shows high coefficients
around prenoon and dusk sector for all the times. Third, regression with AE index shows a significant change
of spatial distribution of coefficients, the region of high positive coefficient shifts from around noon sector in
the previous 4–5 and 6–7 h to around premidnight in the previous 2–3 and instantaneous time. The results in
Figure 8 suggest that wave amplitudes inside the plasmapause are enhanced around the prenoon sector
after enhancements in all of solar wind parameters, though the delay time slightly differs among them,

Figure 8. The same as Figure 7 but with regression coefficient with magnetosonic wave amplitude inside the plasmapause.
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which is consistent with the result that the enhanced wave amplitudes around prenoon sector appear during
active times, as shown in Figure 6. Interestingly, the region is consistent with that of intense waves outside
the plasmapause, as shown in Figure 2, and we thus expect that magnetosonic waves may penetrate into
the plasmasphere through the prenoon sector during active times and become the source of waves in the
plasmasphere. Another possibility that one might raise for the prenoon waves is waves in the plasmaspheric
plumes. In this study, we have not distinguished between wave amplitudes inside and outside the plasma-
spheric plumes. These will be further investigated in future studies.

6. Summary and Conclusions

In this study we have presented the solar wind and geomagnetic activity dependence of magnetosonic wave
amplitude, identified based on the wave polarization properties from Van Allen Probe-A measurements
during the time period of 1 October 2012 to 31 December 2015, for both outside and inside the plasmapause.
Our main conclusions on the statistical data analysis are summarized as follows:

1. The most intense waves are distributed on the dayside in the equatorial region both outside and inside
the plasmapause, and their MLT region inside the plasmapause is skewed more toward the dusk sector
than outside.

2. The delay times of magnetosonic wave activation outside (inside) the plasmapause in response to the
solar wind and geomagnetic activity differ among them: they are 2–3 h (3–4 h) for AE and 4–5 h (3–4 h)
for IMF BS, all prior to the wave measurements when based on median coefficients of 6–18 MLT sector
(9–21 MLT). The delay times for IMF BS and AE suggest that wave activation is likely related to the ion drift
injected during active times.

3. Of the solar wind parameters considered, IMF BS is the most influential parameter that affects the dayside
wave amplitudes both outside and inside the plasmapause, followed by NSW that is contributing to
enhancing the duskside wave outside the plasmapause.

4. Magnetosonic wave activity is monotonically amplified on the dayside (postnoon sector), outside (inside)
the plasmapause with increasing AE. In contrast, the intense wave region outside the plasmapause differs
with increasing levels of solar wind parameters, although inside the plasmapause remains unchanged
among the parameters.

5. Regression with time histories of IMF BS and NSW preceding wavemeasurements outside the plasmapause
shows that the region of particularly high coefficients for IMF BS is changed with time on the dayside and
coefficients for NSW around dusk sector gradually decrease with time.

6. Regression with time histories of IMF BS and VSW preceding wave measurements inside the plasmapause
shows high regression coefficients around the prenoon sector inside the plasmapause, implying the
source region of waves inside the plasmapause.

Similar to the study of Kim and Chen [2016], we also estimated a reasonable delay time of magnetosonic wave
activation outside the plasmapause to the solar wind and AE index, which supports the excitation of magne-
tosonic waves by a ring distribution of ion population. However, some differences exist between theirs and
ours. First, although not presented by them, we find that the delay time of the chosen parameters can be
different for different MLT sectors. The observed difference in delays for different MLT sectors may indicate
that different mechanisms are responsible for the excitation of waves. More careful analysis of observations
will be required in the future to validate this conclusion. Second, we show that the correlation with AE inside
the plasmapause is unambiguous, while they presented an ambiguous correlation in AE, which may indicate
that other emissions than magnetosonic waves were included in their data set or they missed it by averaging
all of ROCCs over the dayside (6 to 18 MLT). Finally, whenmodeling the observed waves, they added only one
time history of each input instead of including all the relevant times prior to the wave measurements. Our
results suggest that it can mislead the accurate evolution of the magnetosonic wave amplitudes.
Nevertheless, both studies have confirmed that the southward IMF Bz is the most influential solar wind
parameter affecting the variation in dayside wave amplitudes, and the solar wind number density (on behalf
of dynamic pressure, which is mostly proportional to the NSW unless VSW is high enough, though it is defined
by multiplying NSW by the square of VSW) is responsible mainly for the duskside enhancement. The role of the
solar wind number density (or dynamic pressure) outside the plasmapause and solar wind speed inside the
plasmapause will be further pursued in the future.
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