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Key Points: 23 

1. A radial standing Pc5-6 ULF wave is identified within the dusk-sector magnetosphere. 24 
2. Radial standing wave dissipates energy into upper atmosphere by coupling itself to the FLR. 25 

3. Solar-wind and/or magnetosheath dynamic pressure/velocity fluctuations possibly trigger this radial 26 

standing wave. 27 
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Abstract 32 

Global ultra-low frequency (ULF) oscillations are believed to play a significant role in the mass, energy, 33 
and momentum transport within the Earth’s magnetosphere. In this letter, we observe a ~1.2 mHz 34 

radial standing wave in the dusk-sector magnetosphere accompanied by the field line resonance (FLR) 35 

on 16 July 2017. The frequency estimation from the simple box model also confirms the radial standing 36 

wave. The essential characteristics of FLR are concurrently identified at the dusk-sector magnetosphere 37 
and the conjugated ground location. Further, the radial standing wave dissipates energy into upper 38 

atmosphere to enhance the local aurora by coupling itself to the FLR. The magnetospheric dominant 39 
1.2/1.1 mHz ULF waves plausibly correspond well with the discrete ~1 mHz magnetosheath ion 40 

dynamic pressure/velocity oscillation, suggesting this radial standing wave and FLR in the flank 41 
magnetosphere may be triggered by the solar-wind and/or magnetosheath dynamic pressure/velocity 42 

fluctuations. 43 

Plain Language Summary 44 

Just like thumping the strings, the Earth’s magnetic field line can also be disturbed by the external 45 
impulses or internal instability, generating the rich ultra-low frequency oscillations with period of 46 

1-1000s. They are believed to play a significant role in the mass, energy, and momentum transport 47 
within the Earth’s magnetosphere. But the question of how an external driving mechanism can produce 48 

field line disturbances deep inside the magnetosphere is a topic of much debate. One classical global 49 
mode resonance model suggests that the magnetospheric space sometimes acts as a huge closed or 50 

semi-closed cavity, where the ultra low frequency waves form the radial standing wave structure. So far, 51 
the observational evidence of radial standing waves with period of above 8 minutes accompanied by the 52 

field line disturbance in the flank magnetosphere is sparse. In this letter, we report a radial standing 53 
wave with period of ~14 minutes within dusk-sector magnetosphere accompanied by the field line 54 

disturbance phenomenon by multiple-satellite observations. The radial standing wave energy sinks 55 

down to upper atmosphere to light the local aurora by coupling itself to the field line resonance. We 56 

conclude the radial standing wave may be caused by the solar-wind and/or magnetosheath dynamic 57 
pressure/velocity fluctuations. 58 

 59 
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1. Introduction 65 

Boundaries in the terrestrial magnetosphere, such as the magnetopause (MP; e.g., Lin et al., 2010) and 66 
the plasmapause (PP; e.g., Zhang et al., 2017; He et al., 2017), are of primary importance in controlling 67 

the flow of mass, energy and momentum from the solar wind into the terrestrial space environment. Their 68 

motion can have direct and indirect space weather impacts on the radiation belts, auroral oval and 69 

ionosphere (e.g., Summers et al., 2013; Elkington, 2006; Keiling et al., 2016). A large part of the 70 
magnetospheric electromagnetic energy is carried and regulated by ultra-low frequency (ULF) waves 71 

that coupling different regions together. The magnetospheric ULF wave can be driven externally by 72 
solar wind perturbation including dynamic pressure impulse/shock (e.g., Allan et al., 1986; Mann et al., 73 

1998; Takahashi et al., 2018) and periodic fluctuations (e.g., Kepko & Spence, 2003; Stephenson 74 
& Walker, 2002; Motoba et al., 2003; Fenrich & Waters, 2008; Di Matteo et al., 2022), ion foreshock 75 

transient phenomena (e.g., Hartinger et al., 2013a; Wang, B. et al., 2020), subsolar MP surface wave 76 

(e.g., Archer et al., 2019) and flank Kelvin-Helmholtz (K-H) waves (e.g., Pu et al., 1983; Mann et al., 77 

1999, 2002; Wright et al., 2000; Rae et al., 2005, Agapitov et al., 2009), or internally by, for instance, 78 
plasma instabilities in the nightside and dayside magnetosphere (e.g., Keiling, 2009; Glassmeier et al., 79 

1999; Yamakawa et al., 2022), but with no consensus on the dominant one. 80 

One of the paradigms of ULF pulsation theory is the resonant coupling of a compressional surface 81 

wave with toroidal oscillations somewhere deeper in the magnetosphere. Compressional waveguide 82 

modes, excited by the K-H instability, can also couple to a field line resonance (FLR) (Mann et al., 83 

1999; Mills & Wright, 1999). Specifically, these compressional modes, spatially decaying toward the 84 
inner magnetosphere, can couple to the shear Alfvén waves at discrete L-shells, where the 85 

eigenfrequency of local magnetic field line matches the frequency of driving surface wave, resulting in 86 
the classical FLR (Southwood, 1974). Theoretically, the toroidal FLR is identified by a ~180° phase shift 87 

in the toroidal perturbations or the polarization reversal across the amplitude maximum (e.g., Agapitov et 88 
al., 2009; Nishida, 2013) in space and similar ground signatures of the geomagnetic field H component 89 

(e.g., Samson et al., 1971; Rae et al., 2005). Through the FLR mechanism, compressional wave energy 90 
can be efficiently transferred to shear Alfvén waves and subsequently be deposited down to the 91 

ionosphere via energetic auroral particles and Joule heating (e.g., Kivelson & Southwood, 1986; Rae et 92 
al., 2007; Hartinger et al., 2011; Golovchanskaya et al., 2018). 93 

To rationalize observations of the nearly monochromatic ULF wave activity over a range of L shells, the 94 
cavity modes resonance (CMR) model was first postulated and applied to near the subsolar region, where 95 

the compressional mode energy with harmonic frequencies can be trapped between the MP and the 96 
reflection region inside the magnetosphere (e.g., Kivelson et al., 1984; Zhu & Kivelson, 1989; Lee & 97 

Lysak, 1989; Kivelson et al., 1997; Samson et al., 1992a; Mann et al., 1995; Keiling et al., 2001; 98 



Claudepierre et al., 2009; Takahashi et al., 2010, 2018). While the flank magnetosphere is regarded as an 99 

open-ended waveguide, that is Waveguide Mode Resonance (WMR), to account for the energy loss 100 
through azimuthal/tail-ward transporting energy flows (e.g., Samson et al., 1992a,b; Mann et al., 2002; 101 

Rae et al., 2005; Eriksson et al., 2006; Elsden & Wright, 2019). The global mode resonance including 102 
CMR and WMR concerns radially standing fast magnetosonic waves, providing the frequency selection 103 

mechanism of magnetospheric and ground ULF waves. Notably, an azimuthally uniform waveguide 104 
without discrete eigenfrequencies (azimuthal wavenumber) can also excite discrete frequency FLR 105 

(Wright, 1994; Rickard & Wright, 1994). Their frequencies are chiefly controlled by the magnetosphere 106 
configuration and radial Alfvén velocity profile (e.g., Samson et al., 1992a; Walker et al., 1992; Archer et 107 

al., 2015, 2017). 108 

Regardless of some evidences of global modes in the plasmasphere typically at frequencies above the 109 

Pc5 range (e.g., Takahashi et al., 2010) and the statistical analysis of global modes outside the 110 

plasmasphere with 2-20 mHz frequencies (Hartinger et al., 2013b), there have been few direct 111 

observations of radial standing waves below 2 mHz frequency accompanied by the FLR in the flank 112 
magnetosphere (Rae et al., 2005; Piersanti et al., 2022). Remarkably, the standing waves with 1-2 mHz 113 

frequency are typically assumed to be cavity modes/global mode (radial standing mode; e.g., Kivelson & 114 
Southwood, 1985; Samson et al., 1992a) or are explained by the newly confirmed MP and PP surface 115 

waves (poloidal standing mode; Archer et al., 2019; He et al., 2020), displaying an increasingly crucial 116 

role on the terrestrial energy transportation. Therefore, we report a ~1.2 mHz radial standing wave in the 117 

dusk-sector magnetosphere accompanied by the FLR phenomenon based on conjugated observations 118 
from THEMIS, DMSP satellites and IMAGE magnetometer array, trying to identify the essential 119 

characteristics and effect of such low frequency ULF waves in the solar 120 
wind-magnetosphere-ionosphere coupled system. 121 

2. Event Observation 122 

We use magnetospheric data from three of the THEMIS satellites, THA, THD and THE in the 123 

afternoon-dusk magnetosphere (Angelopoulos, 2008). Each satellite is equipped with a fluxgate 124 
magnetometer (FGM) (Auster et al., 2008), an electric field instrument (EFI) (Bonnell et al., 2008), and 125 

an electrostatic analyzer (ESA) (McFadden et al., 2008a, 2008b). The FGM measures the background 126 
magnetic field and its low frequency fluctuations (up to 64 Hz) with an accuracy of 0.01 nT. The EFI 127 

provides reliable electric field measurements in the spin-plane with the component along the spin axis 128 

obtained by assuming E∙B=0 when the normal of the spin plane is sufficiently far from the direction of 129 
the background magnetic field. The ESA measures the thermal particle distributions, from which 130 
moments are calculated onboard or later at ground (ion: 5eV-25keV, electron: 6eV-30keV). The auroral 131 

disk images are acquired in N2 Lyman-Birge-Hopfield (LBH) band from the SSUSI (Paxton et al., 2002) 132 



onboard DMSP satellites, and the geomagnetic field data (10 s resolution) originates from the IMAGE 133 

magnetometer array (Tanskanen, 2009). Due to the partial absence of OMNI solar wind data during this 134 
interval, we use the OMNIWeb 1-minute solar wind data that has been time-shifted to the Earth's Bow 135 

Shock Nose (BSN) based only on the Wind 3DP plasma data (Lin et al., 1995). 136 

2.1 Solar Wind and Magnetosheath Conditions 137 

Figure 1 displays the solar wind conditions including the main phase of a moderate geomagnetic storm 138 
and the trajectories of THA, THE and THD on 16 July 2017. The magnetospheric ULF wave event is 139 

captured within the dusk-sector magnetosphere at 11:30-15:00 UT, during which the IMF Bz/By is 140 
generally southward/eastward. The IMF Bz suddenly drops to below -20 nT at ~11:00 UT, rapidly 141 

recovers to ~0 nT at 13:00 UT, and sequentially slowly shifts towards -10 nT at about 14:00 UT. The 142 
solar wind speed exceeds over 500 km/s in Figure 1c. Just before this period, turbulent variations of 143 

IMF By and Bz components occurred, and the solar wind dynamic pressure reached peaks attributed to 144 
the enhanced proton density and solar wind velocity. Combined with the greatly enhanced SYM-H value 145 

(Storm Sudden Commencement, i.e., SSC; ~80 nT) followed by an abrupt decreasing to -65 nT and the 146 
intensified aurora electrojet (AE) shown in Figure 1e-1f, we can infer this geomagnetic storm is triggered 147 

by a corotating interaction region (CIR) event. 148 

As shown in Figure 1g, during the period of 9:00-15:00 UT, THA and THE simultaneously travelled 149 

radially and azimuthally inward from the magnetosheath to inner magnetosphere near the magnetic 150 
equator, while THD entered the magnetosphere nearly two hours later. Note that THA and THE 151 

simultaneously arrived at locations with the nearly same L-shell but with a 0.8-hour MLT difference. 152 
Along the satellites’ trajectories, the observed magnetosheath (9:30-11:00 UT for THA/E and 9:30-13:00 153 

UT for THD), MP (11:15 for THA, 11:00 for THE and 13:15 for THD) and magnetospheric parameters 154 
(11:30-15:00 UT for THA/E) are individually demonstrated below in Figure 2 and Figure 3 in detail. 155 

 156 



Figure 1. Solar wind and satellites’ trajectory on 16 July 2017. (a-d) three components of IMF, solar 157 
wind proton density, velocity, and dynamic pressure; (e-f) AE and SYM-H indices; (g) trajectories of 158 
THA, THE and THD projected on the SM equator plane. The interval of magnetospheric ULF-wave is 159 
highlighted by the yellow shaded rectangle in Figures 1a-1f. The three dots denote the MP crossings by 160 
the three satellites. The regions of magnetosheath fluctuations are marked as MS-A, MS-D, and MS-E, 161 
respectively. The radial standing waves in the magnetosphere are marked as RA1 and RA2 for THA, and 162 
RE1 and RE2 for THE, respectively. The thick dashed curve represents the location of the MP under the 163 
averaged IMF and solar wind conditions between 11:00 and 12:00 UT as calculated with the Shue et al. 164 
(1998) model. 165 

 166 

Figures 2a, 2c and 2e depict the quasi-periodic fluctuation of magnetic field, ions number density, 167 
velocity and dynamic pressure in the magnetosheath just outside the identified MP (vertical dashed lines). 168 

Correspondingly, utilizing a Morlet wavelet function to calculate their continuous power spectra density 169 
in Figures 2b, 2d and 2f, we can obtain that a dominant ~1 mHz frequency of the magnetosheath ion 170 

number density/dynamic pressure oscillation was detected synchronously by THA, THE and THD 171 
mainly at 10:00-11:00 UT (i.e., MS-A, MS-E, MS-D; gray shaded regions). During this period, the 7-min 172 

lagged (from the BSN to the MP) proton density and dynamic pressure of solar wind (black curves) 173 

demonstrate the nearly same fluctuation, suggesting the magnetosheath oscillation may originate from 174 

the solar wind. And this standpoint can also be supported by the evident 1-2 mHz frequency embedded in 175 
the solar wind parameters, especially the solar wind proton density, from wavelet power spectra in Figure 176 

S1. Based on Figure S1, after 11:00 UT, the above solar wind strength decreased rapidly but their 177 
inherent fluctuations persist, especially at 12:15-13:30 UT. Meanwhile, THA and THE plunged into the 178 

magnetosphere and THD continued to monitor the magnetosheath environment. During 11:30-13:30 UT, 179 
the similar ~1 mHz frequency is primarily reflected in the magnetosheath ion velocity oscillation, but is 180 

nearly invisible in the ion dynamic pressure mostly due to the rapidly decreasing ion number density. 181 



 182 
Figure 2. Magnetosheath conditions observed by THA (first column), THE (second column) and 183 
THD (third column). (a) From top to bottom shown are magnetic field, ions number density, velocity, 184 
dynamic pressure observed by THA. (b) Morlet wavelet power spectra densities corresponding to the 185 
panels in (a); (c-d) similar arrangement as panels a-b but for THE; and (e-f) similar arrangement as 186 
panels a-b but for THD. The lagged proton density and dynamic pressure of solar wind (black curves) are 187 
also added to panels (a), (c) and (e). The intervals of magnetosheath fluctuation are highlighted by the 188 
gray shaded rectangles (MS-A/E/D) and the vertical dashed lines demark the MP crossings (MP-A/E/D). 189 
The 1 mHz and 2 mHz frequencies are marked by horizontal dotted lines. 190 

 191 

2.2 Magnetosphere Observation 192 

In Figure 3, the ULF wave is analyzed in the field-aligned (FA) coordinate system, in which ep is along 193 
the background magnetic field (direction obtained from the 45-min sliding averaged data), ea (roughly 194 

eastward) is parallel to ep × R (R is the radial vector pointing from the center of the Earth toward the 195 
satellite), and er (roughly radially outward) completes the orthogonal set. To emphasize the field 196 
perturbation, the 45 min smooth-averaged field (background field) was subtracted to detrend the raw 197 
data, as shown in Figures 3f-3g and 4f-4g. We firstly calculate the power spectra of the magnetospheric 198 

magnetic and electric field perturbations in the FA coordinate during the interval of 11:30-15:00 UT. 199 
Evident power peaks appear at harmonic frequencies, including ~1.2, 2 and 3 mHz for THA in Figures 200 

3a-3e, plausibly consistent with the discrete ~1 mHz oscillations of the solar wind and magnetosheath ion 201 
dynamic pressure. Note the different y/power axes scales for different field components. More directly 202 

from Figure 3f, we can obtain the detected ULF wave is dominated by the compressional components 203 

(Bp and Br) rather than the transversal waves (Ba). In Figures 3h, the total magnetic field fluctuates 204 



nearly in phase with the ion density, indicating the dusk-sector magnetosphere is undergoing the radial 205 

compression and expansion (Kivelson et al., 1984). 206 

Centered at the most evident ~1.2 mHz frequencies, the bandpass of 0.8-1.5 mHz for THA is utilized to 207 

filter the raw field disturbances. Figures 3i-3j show that Bp and Ba intensify simultaneously (gray 208 

shaded region), roughly labeled as RA1 (11:54-12:24 UT) and RA2 (12:54-13:30 UT). By the analytic 209 

signal of each time-series constructed from the Morlet wavelet (Glassmeier, 1980; Hartinger et al., 210 
2011), the phase difference between Bp and Ea remains to be ~90 degrees at 12:00-14:00 UT (period 211 

between two vertical purple lines) detected by THA in Figure 3n. The Poynting flux oscillates around 212 
zero in the radial direction and no time-averaged radial Poynting flux is detected during this interval. 213 

Additionally, compressional Bp and Ea components show enhanced power spectra of the discrete 214 
0.8-1.5 mHz frequency at RA1 and RA2 in Figures 3k and 3m, demarked by two horizontal black dotted 215 

lines. The low power in this frequency range between the RA1 and RA2 interval is seemly in contrast 216 

with the constant frequency throughout the cavity predicted by the global mode resonance theory (e.g., 217 

Zhu & Kivelson, 1989; Samson et al., 1992a; Keiling et al., 2001; Waters et al., 2002). However, based 218 

on the temporary (~30 min) RA2-conjugated 1.4±0.5 mHz ground geomagnetic field disturbance in 219 
Figure 5c, we prefer to attribute this discrepancy to the rapidly evolving wave activities than THA 220 
approaching a stable node of radial fast mode. Nevertheless, these features at least indicate the existence 221 

of ~1.2 mHz radial standing wave resonance at different radial distances or during distinct periods of 222 

the dusk-sector magnetosphere. 223 

Meanwhile, in Figures 3j, 3l, 3n and 3o, the toroidal waves including Ba and Er show the signature of 224 
FLR. We employ a Hilbert transform technique of the analytic signal to determine the instantaneous 225 

amplitude and phase of the individual wave (Glassmeier, 1980; Hartinger et al., 2011). At RA2, there is 226 
a 180-degree phase reversal of Er (blue curve) from 180o to 0o across the maximum of Ba amplitude 227 

envelope. Meanwhile, the polarization characteristics of the transverse component of the wave magnetic 228 
field, i.e., dBa versus dBr, in Figure 3o also switches from negative (-0.5) to positive (+0.2) across the 229 

region of maximum amplitude. Due to the disturbance of Er phase reversal, the cross-phase of Ba-Er 230 
(black curve) here also shifts from -90o (~13:00 UT) to 90o (13:30-13:45 UT) across RA2, instead of 231 

keeping an expected stable standing mode structure at RA2 (e.g., Archer et al., 2022). This local 232 
toroidal wave amplification is also evident in the Ba power spectra at RA2 in Figure 3l. Based on our 233 

current space observations, we can prudently classify the phenomena at RA2 to be a potential candidate 234 
of the FLR (Southwood, 1974; Chen & Hasegawa, 1974a; Agapitov et al., 2009). Here we reasonably 235 

regard satellites to be near the null-point, considering that THA/THE travels near the magnetic equator 236 

(<10o) and the asymmetric conductivity of north-south ionosphere usually slightly shifts the null-point 237 

away from the magnetic equator (Allan, 1982; Archer et al., 2021). The smoothed field-aligned 238 



Poynting flux Sp in Figure 3r is northward at both RA1 and RA2, thus demonstrating the energy flow 239 

from FLR precipitating down to the north ionosphere. Certainly, abundant azimuthal energy flows 240 
including westward/sunward at RA1 and the eastward/antisunward at RA2 are also captured by THA, 241 

the direction reversal of which may result from the ~150o phase shift of compressional toroidal waves 242 
(Bp-Er; not shown here) from ~0o at RA1 to ~150o at RA2. 243 

Applying the same analysis process to THE’s observations in Figure 4, the major results and 244 
conclusion remain robust. However, several differences also appear: (1) Stronger compressional (Bp) 245 

component from Figure 4c; (2) The 90o cross-phase of radial standing wave is captured during a 246 
smaller period of 12:48-13:54 UT; (3) At RE2, the intensified toroidal wave roughly shows the 247 

signature of the undisturbed field-aligned standing waves (i.e., ~90o phase difference of Ba and Er), yet 248 
with no rapid phase jump of Er; (4) Southward Poynting fluxes are detected by THE in contrast with 249 

northward ones by THA. Consideration of the nearly same L-shell locations of two satellites at arbitrary 250 

times of 11:30-14:00 UT, one can mostly attribute these disparities to the effect of different MLT/MLAT 251 

between THA and THE, i.e., THE travelled closer to the dusk terminator/magnetic equator for 252 
approximate 0.8h/1-2o than THA. Nevertheless, the oscillations are generally very similar between the 253 

two spacecrafts, possibly suggests for the case of global standing mode waves. 254 
Near four hours later, THD also swept across RA/E1 and RA/E2, detecting no field line resonance and 255 

radial standing wave within the expected frequency range (0.8-1.5 mHz), which is reasonable due to 256 

the rapidly evolving wave activities mentioned above. 257 



 258 
Figure 3. Characteristics of Pc5 ULF waves measured by THA. (a-e) power spectra of the magnetic 259 
and electric field perturbations in the field-aligned (FA) coordinate at 11:30-15:00 UT; (f-g) detrended 260 
(FA) magnetic and electric field; (h) ions number density (black) and B (red) perturbation; (i) Bandpass 261 
filtered (0.8-1.5 mHz) poleward Bp (red solid line), azimuthal Ea (blue solid line) and the envelop of Bp 262 
amplitude (red dotted line); (j) Bandpass filtered Ba, Er and the envelop of Ba amplitude; (k-m) Morlet 263 
wavelet dynamic power spectra of Bp, Ba and Ea; (n) Cross-phases of Bp-Ea (red) and Ba-Er (black) 264 
pairs and individual phase of Er (blue); (o) Polarization ellipse of the transverse wave, i.e., dBa versus 265 
dBr; (p-r) Raw (black) and smoothed (red; 30-min running boxcar) radial (Sr), azimuthal (Sa) and 266 
poleward (Sp) Poynting fluxes. Note that vertical lines in Figures 3a-3e demark the general power peaks 267 
of harmonic frequencies. The 0.8-1.5 mHz bandpass is highlighted by the gray shaded rectangle in 268 
Figures 3a-3e and two horizontal black dotted lines in Figures 3k-3m. While the gray shaded regions and 269 
vertical purple dotted lines in Figures 3i, 3j and 3n-3r are explained in the main text. 270 



 271 
Figure 4. Characteristics of Pc5 ULF waves measured by THE with similar layout as Figure 3. 272 
Note there is a subtle displace between the 0.9-1.4 mHz bandpass filter centered at 1.1 mHz in Figure 4 273 
(THE) and the 0.8-1.5 mHz bandpass filter centered at 1.2 mHz in Figure 3 (THA). 274 

 275 
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2.3 Ionosphere and Ground Observations 281 

The conjugated ionospheric aurora and ground geomagnetic field disturbance are further demonstrated in 282 
Figure 5, overlapped by the footprints of THA and THE using the Tsyganenko 96 (T96) magnetic field 283 

model (Tsyganenko & Stern, 1996) and the geomagnetic field stations chain (blue dots). During 284 

12:30-14:30 UT, these stations all detected 1.1 and 1.4 mHz horizontal and vertical geomagnetic field 285 

disturbances (He et al., 2020). The 1.4±0.5 mHz bandpass filter is utilized to construct the Figure 5c. 286 
Especially, SOR and MAS stations, just located at the conjugated footprint of the candidate FLR at 287 

RA/E2, display the similar FLR characteristics of the amplitude maximum at 13:00-13:40 UT, across 288 
which the phase of H-component (black) shifts by nearly 180º in Figure 5d (e.g., Samson et al., 1992a,b; 289 

Rae et al., 2005). The D-component (red) also has a comparable amplitude peak at MAS and MUO, 290 
accompanied by a ~180 phase reversal between MAS and SOR at 13:22 UT (blue vertical dotted line). 291 

On the other side, the aurora disk images in the north hemisphere in Figures 5a-5b is shot by the SSUSI 292 

onboard DMSP F18 and F17 satellites. Note that the aurora images of SSUSI are built-up from 293 

brushstroke-like scans across the Earth's disk and every scan lasts for 22 s. Near the SOR and MAS 294 
stations in Figures 5a and 5b, there occur evidently and locally enhanced aurora phenomena, whose 295 

luminosity is built up by F18 between 13:29 and 13:30 UT and by F17 between 13:31 and 13:32 UT. 296 
As expected, the ionospheric aurora brightening and ground FLR signatures match perfectly with the 297 

magnetospheric FLR characteristics at RA/E2 from both time and location aspects. Consequently, we 298 

may depict that the magnetospheric FLR can locally brighten ionospheric aurora and disturb 299 

geomagnetic field, possibly through the northward Poynting flux at RA2 in Figure 3r and southward 300 
ones at RE2 in Figure 4r if considering the energy reflection by the smooth southern ionosphere. 301 

The similar intensified geomagnetic disturbance and enhanced ionospheric aurora were not observed 302 
near the conjugated region of RA/E1 (near BJN station), corresponding well with no evidence of strong 303 

FLR/toroidal fluctuations during the RA1 and RE1 intervals from Figures 3 and 4.. Interestingly, the 304 
evident giant undulations (GUs; e.g., Lui et al., 1982; Forsyth et al., 2020; Zhou et al. 2021, 2022) appear 305 

on the equator edge of diffuse aurora in Figures 5a and 5b, which are excited by the ~1.3 mHz 306 
plasmapause surface wave on the dusk-sector plasmapause, as firstly evidenced by He et al. (2020) in the 307 

same GUs event. Their potential relationship deserves a further investigation, based on the large GUs 308 
database established by Zhou et al. (2021, 2022). 309 



 310 

Figure 5. Aurora and ground ULF waves. (a-b) Station chain (blue dots) aligned in almost the same 311 
magnetic longitude in the IMAGE magnetometer array with the background northern auroral image 312 
concurrently observed by DMSP F18 and F17 satellites. The green, cyan and black curves trace the 313 
footprints of THA, THE and DMSP, individually. (c) Bandpass filtered (1.4±0.5 mHz) horizontal (H; 314 
black) and vertical (D; red) components of the geomagnetic field perturbations. The geomagnetic 315 
latitudes and longitudes of each station are shown above its curve. The blue vertical dotted line marks a 316 
time of phase reversal. (d) Amplitudes (black) and phase differences (blue) of the H component of the 317 
blue stations chain plotted as a function of geomagnetic latitudes. 318 
 319 
 320 

3. Discussion and Conclusion 321 

A radial standing Pc5-6 wave with the ~1.2 mHz discrete frequency is identified within the dusk-sector 322 
magnetosphere in this research, according to the inherent signatures of cavity modes derived from 323 

previous theoretical models and experimental research (e.g., Zhu & Kivelson, 1989; Samson et al., 1992; 324 
Waters et al., 2002; Takahashi et al., 2010, 2018). To roughly test whether the magnetosphere cavity can 325 

support such a low frequency, we further utilize the spacecraft potential inferred electron density 326 
(McFadden et al., 2008b) and measured magnetic field to calculate the general Alfvén velocity along the 327 

satellites’ trajectories. We neglect spike values and average the Alfvén velocity tendency in the 328 

magnetosphere (4.2-8.9 L shells) to obtain the Av ~410 km/s (THA) value, which is a reasonable 329 
approximation since there are small variations of the radial Alfvén velocity. The lowest possible fast 330 



mode resonance (FMR) frequency given by 
)(4 PPMP

A
FMR RR

vf
−

=  (e.g., Mann et al., 1999) is roughly 331 

estimated to be ~2.2 mHz for a quarter wavelength mode between the MP (RMP=11 RE obtained from the 332 

THD’s MP crossing in Figure 1) and PP (RPP=3.8 RE determined at the clear sharp electron density 333 
gradient measured by THE). Generally, this frequency is close to the 1.2 mHz frequency of observed 334 

radial standing wave signal when considering that the Alfvén velocity may be overestimated, especially 335 
serious near the PP, due to the cold protons and heavy ions composition. Regardless of the simple box 336 

model and the cursory estimation, the frequency matching at least provides a potential feasibility that 337 
the observed 1.2 mHz radial standing mode wave may be constructed between the sharp MP and PP in 338 

this case. 339 

The sparsity of simultaneous space and ground observations of classical FLR is worthwhile to be noted 340 

(e.g., Southwood, 1974; Agapitov et al., 2009; Rae et al., 2005). And the shear and compressional 341 

MHD wave modes could couple via the FLR mechanism (e.g., Chen & Hasegawa, 1974b; Keiling et al., 342 

2001; Hartinger et al., 2011). In this case, the essential characteristics of FLR are concurrently 343 
identified during the RA2 interval at the dusk-sector magnetosphere and conjugated ground location, in 344 

overlapping regions showing amplified standing wave. Combined with the northward Poynting flux 345 
and local aurora enhancement, we can obtain that the radial standing wave dissipates energy into upper 346 

atmosphere by coupling itself to the FLR, generating the visible local aurora enhancement within auroral 347 

oval. Certainly, the fast mode wave can also lose energy through the azimuthal Poynting flux, which 348 

shows it is azimuthally propagating instead of standing and therefore corresponds to a waveguide mode. 349 

The crucial energy source supporting the Pc5-6 ULF wave in the magnetosphere deserves a further 350 

discussion. Solar wind is currently accepted to drive the magnetospheric ULF wave through the K-H 351 
instability/wave (e.g., Pu & Kivelson, 1983; Mann et al., 1999; Wright et al., 2000; Agapitov et al., 2009) 352 

and periodic fluctuations of the solar wind dynamic pressure (e.g., Kepko & Spence, 2003; Zong et al., 353 
2007; Di Matteo et al., 2022) and impulse/shock (e.g., Mann et al., 1998; Takahashi et al., 2018). In this 354 

event, the magnetospheric dominant 1.2/1.1 mHz ULF waves observed by THA/THE at 11:30-13:30 UT 355 
plausibly correspond well with the discrete ~1 mHz magnetosheath ion dynamic pressure/velocity 356 

oscillation at 10:00-13:00 UT, possibly suggesting this radial standing wave and FLR in the flank 357 
magnetosphere may be triggered by the magnetosheath fluctuation outside the dusk-sector MP. Notably, 358 

this ~1 mHz magnetosheath fluctuation can be evidently identified by the dynamic pressure oscillation 359 
during 10:00-11:00 UT and is continuously reflected in the ion velocity oscillation due to a rapidly 360 

decreasing ion density during 11:30-13:30 UT. The latter seems to be unconspicuous in the dynamic 361 

power spectra, mostly overshadowed by the temporarily/locally more intense velocity distortion at 362 

11:15-11:30 UT. Alternatively, the strong magnetosheath dynamic pressure oscillation at 10:00-11:00 363 



UT likely have driven magnetospheric ULF waves to establish radial standing waves between MP and 364 

PP (e.g., Kepko & Spence, 2003; Zong et al., 2007). Then this magnetospheric radial standing wave 365 
might sustain for hours, consideration of a quasi-stable MP and PP locations, as determined from both the 366 

steady solar wind dynamic pressure and the nearly constant IMF Bz during 11:00-13:00 UT (Shue et al., 367 
1998; He et al., 2017), and thus could be captured by THA and THE. Further, this magnetosheath 368 

fluctuation existing from 10:00 to 13:00 UT may originate from the solar wind based on their nearly the 369 
same dynamic pressure and density oscillation during 10:00-11:00 UT and the similar velocity 370 

fluctuation at 12:15-13:30 UT. Besides, internal instabilities triggered by the substorm energetic ion 371 
injection could also play a role at some point in the excitement of the ULF waves (e.g., Turner et al., 2015; 372 

Keiling et al., 2008). Yet this situation generally appears near the PP (RPP=3.8 RE), which is far away 373 
from the Pc5-6 ULF region (6.8-9 RE) herein. In these regards, we suggest that the 374 

solar-wind/magnetosheath dynamic pressure and/or velocity fluctuations might be a reasonable driver 375 

for the observed radial standing waves. 376 

The essential characteristics and effect of Pc5-6 (<2 mHz) ULF waves in the solar 377 
wind-magnetosphere-ionosphere coupled system are demonstrated and identified in this letter. Limited 378 

by the satellites’ configuration, however, here we don’t emphasize to distinguish the temporal evolving 379 
and spacial distribution effects of ULF waves, which could be resolved by multiple satellites in a 380 

string-of-pearls configuration combined with the self-consistent global MHD or hybrid models in the 381 

future. Nevertheless, our result in this letter would provide both physical insights and restrictions in 382 

improving the current global resonance model including the cavity mode and waveguide mode 383 
resonance and thus advance our understanding on the solar wind-magnetosphere-ionosphere energy 384 

coupling process. 385 
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