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Abstract. Mesoscale (on the scales of a few minutes and a few RE) magnetosheath and 17 

magnetopause perturbations driven by foreshock transients have been observed in the flank 18 

magnetotail. In this paper, we present the 3D global hybrid simulation results to show qualitatively 19 

the 3D structure of the flank magnetopause distortion caused by foreshock transients and its 20 

impacts on the tail magnetosphere and the ionosphere. Foreshock transient perturbations consist 21 

of a low-density core and high-density edge(s), thus, after they propagate into the magnetosheath, 22 

they result in magnetosheath pressure perturbations that distort magnetopause. The magnetopause 23 

is distorted locally outward (inward) in response to the dip (peak) of the magnetosheath pressure 24 

perturbations. As the magnetosheath perturbations propagate tailward, they continue to distort the 25 

flank magnetopause. This qualitative explains the transient appearance of the magnetosphere 26 

observed in the flank magnetosheath associated with foreshock transients. The 3D structure of the 27 

magnetosheath perturbations and the shape of the distorted magnetopause keep evolving as they 28 

propagate tailward. The transient distortion of the magnetopause generates compressional 29 

magnetic field perturbations within the magnetosphere. The magnetopause distortion also alters 30 

currents around the magnetopause, generating field-aligned currents (FACs) flowing in and out of 31 

the ionosphere. As the magnetopause distortion propagates tailward, it results in localized 32 

enhancements of FACs in the ionosphere that propagate anti-sunward. This qualitatively explains 33 

the observed anti-sunward propagation of the ground magnetic field perturbations associated with 34 

foreshock transients.  35 

1. Introduction 36 

Perturbations in front of the bow shock are more frequently observed in front of the quasi-37 

parallel shock (the foreshock) and the perturbed region extends further upstream, as compared to 38 

those in front of the quasi-perpendicular shock. In this paper, the mesoscale perturbations 39 
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generated in the foreshock are referred to as ion foreshock transients. There are many different 40 

types of foreshock transients with their time scales ranging from seconds to minutes and spatial 41 

scales ranging from foreshock ion gyroradius up to 10 RE (Zhang and Zong, 2020). Almost all 42 

foreshock transient perturbations include a core with the number density and magnetic field 43 

strength lower than the background solar wind values and compression edge(s) with the density 44 

and magnetic field strength higher than the solar wind values. Some foreshock transients may also 45 

include flow deflection. Some foreshock transients are generated by the kinetic interaction of 46 

energetic ions reflected from the bow shock with interplanetary magnetic field (IMF) 47 

discontinuities, such as foreshock bubbles (Liu et al., 2015; 2016; Omidi et al., 2010; Omidi et al., 48 

2020; Turner et al., 2013; Turner et al, 2020), hot flow anomalies (Chu et al., 2017; Lin, 1997; 49 

2002; Liu et al., 2017; Lucek et al., 2004; Omidi and Sibeck, 2007; Schwartz et al., 1985; 2018; 50 

Thomsen et al., 1986; Zhang et al., 2010; 2017;), foreshock cavities (e.g., Billingham et al., 2008; 51 

Schwartz et al., 2006; Sibeck et al., 2002; 2004), and traveling foreshock (e.g., Kajdič et al., 2017), 52 

while some are formed without IMF discontinuities, such as diamagnetic cavities (Lin, 2003; Lin 53 

and Wang, 2005), foreshock cavitons (Blanco­Cano et al., 2011; Kajdič et al., 2013; Omidi, 54 

2007), and spontaneous hot flow anomalies (Omidi et al., 2013; Zhang et al., 2013). The foreshock 55 

transients that do not have the density core are foreshock compressional boundary (e.g. Sibeck et 56 

al., 2008) and short large-amplitude magnetic structures (e.g., Schwartz, 1991). Some of the above 57 

transients, such as HFAs, can also be generated in front the quasi-perpendicular shock. Recent 58 

MHD simulations found that the bow shock response to transient density depleted regions in the 59 

solar wind can also result in structures that resemble HFAs (Otto and Zhang, 2021). 60 

The density perturbations of foreshock transients result in perturbations in dynamic pressure. 61 

As the perturbations propagate into the magnetosheath, they can cause magnetopause distortion. 62 
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The resulting magnetosheath perturbations and the impact on the dayside magnetopause have been 63 

simulated (e.g., Lin and Wang, 2005; Omidi et al., 2016; Sibeck et al., 2021)) and observed (e.g., 64 

Archer et al., 2014; 2015; Jacobsen et al., 2009; Kajdičet al., 2021; Sibeck et al., 1999; 2000). 65 

Similar to the impact of the solar wind dynamic pressure perturbations, the magnetopause 66 

distortion driven by foreshock transients can subsequently generate ultralow frequency (ULF) 67 

waves inside the magnetosphere (e.g., Hartinger et al., 2013; Wang et al., 2017; Wang B. et al., 68 

2018b; 2019; 2020; 2021; Shi et al., 2021), enhance particle precipitation and the resulting aurora 69 

brightness (e.g., Fillingim et al., 2011; Wang B. et al., 2018a; 2018b; 2019), and enhance field-70 

aligned currents (FACs) and the associated perturbations in ionospheric currents and ground 71 

magnetic field (e.g., Fillingim et al., 2011; Kataoka et al., 2002; Murr and Hughes, 2003; Shen et 72 

al., 2018).  73 

Recent studies have extended our understanding of the foreshock transients to the nightside. In 74 

observations, Liu et al. (2020; 2021) reported foreshock transients observed in the midtail 75 

foreshock around X ~ –40 RE. Using multi-point satellite measurements, Wang C. et al. (2018) 76 

showed that the perturbations driven by foreshock transients can propagate tailward within the 77 

flank magnetosheath to the midtail around X ~ –50 RE and can cause transient flank 78 

magnetopause distortion. 3D global hybrid simulations have been conducted to investigate 79 

foreshock transients associated with an IMF directional rotational discontinuity (RD) (Wang C. et 80 

al., 2020) and tangential discontinuity (TD) (Wang C. et al., 2021). They showed the evolution of 81 

the foreshock transient perturbations as they propagate from the dayside to nightside foreshock 82 

and the associated magnetosheath perturbations in the flanks. In this paper, we use the simulation 83 

by Wang et al. (2021) to show qualitatively the 3D structure of the flank magnetopause distortion 84 

caused by foreshock transients and the impact on the magnetosphere and ionosphere. The results 85 
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presented here should provide a qualitative understanding of the impacts common to the foreshock 86 

transients of different types since they all have the same features of density perturbations (low-87 

density core and high-density edge). We also present two observation events to provide qualitative 88 

comparisons with the simulated magnetopause distortion and ionospheric perturbations. 89 

2. Simulation 90 

Wang et al. (2021) used the AuburN Global hybrId CodE in 3D (ANGIE3D) hybrid code (Lin 91 

et al., 2014) to simulate foreshock transients resulting from the interaction of an IMF directional 92 

TD (i.e., with direction change only) with the foreshock ions. The simulation model and setup for 93 

this simulation is described in Section 2.1. In Sections 2.2 to 2.7, we present the simulation results 94 

for the tailward propagating magnetosheath perturbations, the magnetopause distortion on the 95 

dayside and the flank, and the impacts on the magnetosphere and the ionosphere. 96 

2.1. Simulation Model and Setup 97 

In the ANGIE3D code, the ions (protons) are treated as discrete, fully kinetic particles, and the 98 

electrons are treated as a massless fluid. Quasi charge neutrality is assumed. Detailed descriptions 99 

of the equations for ion particle motion, electric and magnetic fields and assumptions used in the 100 

ANGIE3D code are given in Lin et al. (2014). The code is valid for low-frequency physics with ω 101 

~Ωi and kρi ~1 (wavelength λ ~6ρi), where ω is the wave frequency, k is the wave number, Ωi is 102 

the ion gyrofrequency, and ρi is the ion Larmor radius.  103 

The simulation domain is 25 ≥ X ≥ –60, 60 ≥ Y ≥ –35, 35 ≥ Z ≥ –45 RE in the geocentric 104 

solar magnetospheric (GSM) coordinates. Inflow time-dependent boundary conditions for the 105 

solar wind are specified at the sunward boundary and open boundary conditions are used for the 106 

rest of the outer boundaries. An inner boundary is assumed at the geocentric distance of r ≈ 3 RE. 107 

This inner boundary is composed of a zigzag grid line approximating the spherical surface as in 108 
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global MHD simulations. For the region of the inner magnetosphere, a cold, incompressible ion 109 

fluid is assumed to be dominant in r < 6 RE, which coexists with particle ions, since this simulation 110 

focuses on the dynamics and ion kinetic physics in the outer magnetosphere. The inclusion of the 111 

cold ion fluid in the inner magnetosphere simplifies the conditions for the fluid-dominant low-112 

altitude, inner boundary. A combination of spherical and Cartesian coordinates is used at the inner 113 

boundary. We let particles be reflected at exactly r = 3 RE. This simple reflection of the ion parallel 114 

velocity means that loss cone effects are omitted. The E and B fields at the boundary reside on the 115 

Cartesian boundary approximating the spherical boundary, which are extrapolated to an extra grid 116 

point inside the r = 3 RE surface. The B field is assumed to maintain the dipole field values at the 117 

inner boundary.  118 

The ionospheric conditions (1000 km altitude) are incorporated into the ANGIE3d code. The 119 

FACs, calculated within the inner boundary, are mapped along the geomagnetic field lines into the 120 

ionosphere as input to compute ionospheric potential. For this simulation, simplified ionospheric 121 

conductance with uniform Pederson conductance of 10 siemens and Hall conductance of 5 siemens 122 

is specified.  123 

The TD is specified as a planar IMF discontinuity with a half-width of 0.12 RE and the normal 124 

direction of (–0.5, 0.86, 0). The TD propagates with a velocity of (–400, 0, 33.7) km/s. At t = 0, 125 

the TD plane intersects the Y = 0 axis at X = 185 RE. Unless otherwise noted, downstream 126 

(upstream) of the TD in this paper indicates the anti-sunward (sunward) side of the TD. The 127 

downstream IMF direction is (3, 1.7, 0) nT and upstream IMF is (0, 0, –3.4) nT. Constant solar 128 

wind density of 5 cm-3 and isotropic solar wind ion temperature of 10 eV are used. The solar wind 129 

velocities are (–370.7, 16.8, 33.7) km/s downstream and (–400, 0, 0) km/s upstream. The 130 

average solar wind Alfvén Mach number is MA = 11.8. These solar wind values are within the 131 
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typically observed ranges. To accomplish this large-scale simulation with the available computing 132 

resources and can still produce physical results, we choose the solar wind di to be 0.1 RE (about 6 133 

times larger than the realistic value) and the cell dimensions to be nx×ny×nz = 502×507×400. Also, 134 

we use time-independent nonuniform cell sizes (ranging from ~0.1 to 0.5 RE) so that we can 135 

appropriately assign cell sizes comparable to the di values in different key regions from the solar 136 

wind to the outer magnetosphere. The bow shock and magnetopause form self­consistently by the 137 

interaction of the solar wind with the geomagnetic dipole. Before the arrival of the TD, the bow 138 

shock nose is at X ~14 RE and the magnetopause nose is at X ~10 RE, similar to the realistic 139 

locations.  140 

2.2. Magnetosheath Perturbations and Tailward Propagation  141 

Figures 1a-1c show the 2D profiles of the magnetic field strength (|B|), ion density (N), and 142 

ion bulk flow speed (|V|), respectively, in the X-Y plane at Z = 0 at four different times from t = 143 

53.4 to 75.3 min (see also Supplementary Movie 1 in Supplementary Material). The simulated 144 

magnetopause and bow shock are disturbed, so we also add in the t = 53.4 min plots two smooth 145 

model boundaries, the magnetopause locations predicted by Roelof and Sibeck (1993) and the bow 146 

shock locations predicted by Peredo et al. (1995), as visual references to help readers discern the 147 

magnetosheath perturbations. In this stimulation, before the arrival of the TD, the foreshock is 148 

mainly on the duskside extending from the dayside to the nightside. Note that there are weak 149 

perturbations in the foreshock and the magnetosheath due to the foreshock ULF waves. The TD 150 

first encounters the foreshock ions just outside the dayside bow shock at t ~44 min and foreshock 151 

transient perturbations are formed (see Wang et al. (2021) for more details about the initiation of 152 

the foreshock transient). The foreshock transient perturbations consist of a core with lower density, 153 

higher temperature, lower magnetic field strength, and lower anti-sunward bulk flow speed than 154 
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the values of the solar wind. An edge with relatively higher density and higher magnetic field 155 

strength is on the upstream side of the core. As the TD (indicated by the black or white dashed 156 

straight lines) propagates tailward, it continues to interact with the foreshock ions and generate 157 

perturbations around the TD (the low-density core is indicted by magenta arrows in Figure 1b). 158 

The perturbations newly generated just outside the bow shock subsequently enter the 159 

magnetosheath via their anti-sunward flows and continue to propagate anti-sunward. Note that 160 

these magnetosheath perturbations associated with the foreshock transients are the focus of this 161 

paper, not the pre-existing perturbations associated with the foreshock ULF waves.   162 

Figure 1 shows the tailward propagation of the magnetosheath plasma and magnetic field 163 

perturbations resulting from foreshock transients. In the near-Earth region, as shown in the t = 53.4 164 

and 59.7 min plots, the structures of magnetosheath perturbations are approximately aligned with 165 

the TD plane (the black or white dashed line). The perturbations seen closer to the magnetopause 166 

are associated with the foreshock transient perturbations that are generated and enter the 167 

magnetosheath earlier, while those seen closer to the bow shock are associated with the foreshock 168 

transient perturbations that are generated and enter the magnetosheath more recently. The newer 169 

perturbations coming into the magnetosheath interact nonlinearly with those further inside, leading 170 

to changes in the spatial structures of the perturbations across the magnetosheath. In this 171 

simulation, the foreshock region extends to the nightside. Thus, as the TD propagates from the 172 

near-Earth to the midtail, as shown in the t = 66 and 72.3 min plots, there are still new foreshock 173 

transient perturbations being continuously added into the flank magnetosheath. As a result, the 174 

magnetosheath perturbations are still strong in the midtail. Compared to the earlier magnetosheath 175 

perturbations in the near-Earth flank shown in the t = 59.7 min plots, which are more spatially 176 

confined around the TD plane and have well-defined structures, the spatial size of the mid-tail 177 
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magnetosheath perturbations shown in the t = 72.3 min plots have become larger and their spatial 178 

structures become complex because of the nonlinear interaction described above. 179 

2.3. Dayside Magnetopause Distortion 180 

Figure 2 compares the dayside magnetosheath and magnetopause before the arrival of the TD 181 

at t = 45.6 min with those associated with the magnetosheath perturbations at t = 52.8 min. As 182 

shown in Figures 2a-2e for the X-Y distributions at Z = 0, at t = 45.6 min, there are small and 183 

localized perturbations in both the magnetosheath plasma and the magnetopause shape (black or 184 

white curves) associated with the foreshock ULF waves. The dayside magnetopause locations are 185 

determined by tracing magnetic field lines from Z = 0 and the field lines in the dayside 186 

magnetosphere are closed (both ends of the field lines are in the ionosphere). At t = 52.8 min, the 187 

low-density core and high-density edge can be seen in the new perturbations forming outside the 188 

bow shock as well as in the magnetosheath perturbations that have entered the magnetosheath 189 

earlier (Figure 2b). The magnetic field strength is lower inside the core and higher at the edge 190 

(Figure 2a). Figure 2c shows different flow speeds and directions for the core and edge, which 191 

would later cause the spatial extents of the core and edge regions to change as they propagate 192 

tailward. As a result of the lower density and flow speed within the core than at the edge, both the 193 

thermal pressure (Pth) and the dynamic pressure along the direction normal to the magnetopause 194 

(Pdyn,n) (the magnetopause normal direction in this paper is estimated using the model 195 

magnetopause of Roelof and Sibeck (1993)) are relatively lower within the core and higher at the 196 

edge. As shown in Figure 2d, the dayside magnetopause and magnetosphere intrude locally 197 

outward for ~3 RE into the magnetosheath in response to the lower Pn (Pn = Pth + Pdyn,n) of the core 198 

and are distorted locally inward for ~1 RE by the stronger Pn of the edge. The outward intruding 199 

magnetosphere is indicated by the plasma with relatively higher magnetic field strength (Figure 200 
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2a) and lower density (Figure 2b) than the surrounding magnetosheath plasma. Figure 2e shows 201 

the perpendicular current density. It shows that the magnetosheath perturbations at t = 52.8 min 202 

results in strong perpendicular currents along the distorted magnetopause. Figures 2f-2g show the 203 

2D X(Y)-Z profiles along the white dashed line indicated in Figure 2a (the TD plane at t = 52.8 204 

min). The magnetopause outward distortion is seen mainly in the region of |Z| < ~ 5 RE with the 205 

maximum distortion near Z = 0. The 1D profiles at Z = 0 along the white dashed line indicated in 206 

Figure 2a are shown in Figures 2h-2k. Comparing the 1D profiles between t = 45.6 and 52.8 min 207 

clearly show the changes in magnetic field components, flow velocity components, and pressure 208 

components outside the magnetopause (vertical magenta dashed lines) associated with the low-209 

density core.  210 

2.4. Flank Magnetopause Distortion 211 

 Figure 3 compares the X-Y distributions of the nightside magnetosheath and magnetosphere 212 

at Z = 0 at t = 45.6 with those at t = 60 min when the magnetosheath perturbations have propagated 213 

to the nightside around X = –10 RE. The magnetosheath perturbations at t = 60 min are seen to 214 

be around the TD line (white dashed line). Similar to the dayside magnetopause distortion shown 215 

in Figure 2, the magnetopause (indicated by white dashed line) intrudes locally outward into the 216 

magnetosheath around X = –10 RE in response to the low-density core of the magnetosheath 217 

perturbations while it is distorted inward around X = –7 RE in response to the high-density edge. 218 

In determining the nightside magnetopause boundaries shown in Figure 3 and later in Figures 4, 219 

5, and 7, we investigate the magnetosonic Mach number from the magnetosheath to the 220 

magnetosphere and use the location of a quick drop in the Mach number values to below a certain 221 

threshold as the approximate location for the magnetopause boundary. The outward intruding 222 

magnetosphere can be seen by the plasma with relatively higher magnetic field strength (Figure 223 
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3a), lower density (Figure 3b), and higher temperature (Figure 3c) than the surrounding 224 

magnetosheath plasma. Different from the slow-flowing plasma deep within the magnetosphere, 225 

the intruding magnetospheric plasma has a strong tailward flow speed (Figure 3d). Figure 3e shows 226 

the changes in the perpendicular current density within the magnetosphere associated with the 227 

distorted magnetopause. This results in FACs flowing into and out of the ionosphere, as described 228 

later in Section 2.6. Figure 3f shows the 3D view of the number density distributions at t = 60 min 229 

from three different viewing angles together with the magnetic field lines. As indicated by the 230 

closed magnetic field lines (red), the plasma sheet is seen within the outward intruding 231 

magnetosphere. The field lines in the magnetosheath tailward of the intruding magnetosphere are 232 

open field lines (purple, with one end connecting to the Earth) due to open flank magnetopause 233 

resulting from the duskward IMF downstream of the discontinuity, while those earthward of the 234 

intruding magnetosphere are IMF field lines (light pink) corresponding to the southward IMF 235 

upstream of the discontinuity. 236 

The 3D structure of the outward intruding magnetosphere at t = 60 min shown in Figure 3 can 237 

be better constructed with the 2D Y-Z and X-Z distributions cutting through the intrusion shown 238 

in Figures 4a-4b and 4g-4h, respectively (see also Supplementary Movie 2 in Supplementary 239 

Material). The magnetopause is distorted mainly in the region from Z ~ –10 to 10 RE with the 240 

maximum outward distortion at Z ~0 (Figures 4a-4b) so that the cross-section in the X direction is 241 

the widest near Z = 0 (Figures 4g-4h). The Y-profiles of plasma and magnetic field along the 242 

cutting plane at Z = 0 are shown in Figures 4c-4f. As indicated by the vertical magenta dashed 243 

line, the magnetopause boundary moves outward from Y ~18 to 24 RE during the distortion. 244 

Figures 4i-4m show the X-profiles at Z = 0 along Y = 21 RE. The X scale of the intruding 245 

magnetosphere is ~ 6 RE.  246 
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Figures 5a-5c show the time sequence of the flank magnetopause (white solid curves) 247 

distortion in the X-Y, X-Z, and Y-Z planes, respectively. The white dotted curves in Figures 5a 248 

and 5c indicate the magnetopause at t = 45.6 min. Note that the magnetopause boundary shape can 249 

appear filamentary at some locations. This is associated with fine structures of the magnetosheath 250 

perturbations in the magnetic field strength and flow speed, which resulting in fine structures in 251 

the magnetosonic Mach number distributions used in determining the approximate magnetopause 252 

boundary. Figure 5 shows that as the magnetosheath perturbations move tailward from X ~ –10 253 

to X ~ –40 RE, they continue to distort the magnetopause. As described in section 2.1, the spatial 254 

structures of magnetosheath perturbations change substantially as they propagate tailward, thus 255 

the 3D structure of the outward intruding magnetosphere in the midtail (t = 70.4 min plot) is quite 256 

different from the earlier structure in the near-Earth tail (t = 60 min plot). The maximum outward 257 

intrusion remains around Z = 0 and it extends farther out in the Y direction with increasing 258 

downtail distances. The localized structure of the outward distortion shown in Figure 5 indicates 259 

that a satellite in the magnetosheath may observe the outward intruding magnetosphere with the 260 

probability strongly depending on the satellite locations.  261 

Figure 6 shows the temporal profiles of magnetic field components, number density, ion 262 

temperature, and ion bulk flow velocities that would be observed by a virtual satellite in the 263 

magnetosheath at three downtail distances at Z ~0. Because of the passing of the localized outward 264 

magnetopause distortion, the virtual satellite would observe transient appearance of the 265 

magnetosphere, as indicated by the magnetic field strength, density, and temperature changing 266 

from the magnetosheath values to the magnetospheric values and then return to the magnetosheath 267 

values. These temporal profiles are qualitatively similar to the perturbations observed in the midtail 268 

magnetosheath at X = –54 RE reported by Wang C. et al. (2018). Another observation event in 269 
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the flank magnetosheath closer to the Earth is shown in Section 3.1.  270 

2.5. Impact on the Magnetosphere 271 

The localized and transient magnetopause distortion affects the magnetic field within the 272 

magnetosphere. Figure 7 shows a time sequence of the Y-Z distributions at X = –10 RE from the 273 

dusk flank to midnight for number density (Figure 7a), magnetic field strength (Figure 7b), 274 

amplitudes of the magnetic field perturbations in the parallel direction (Figure 7c), and 275 

perpendicular current strength (Figure 7d). The magnetic field perturbations shown in Figure 7c 276 

are obtained by subtracting the 10 min running averages. To better show the perturbations 277 

associated with waves propagating through a relatively uniform background, only the 278 

perturbations in the northern lobe where Bx > 15 nT are plotted in Figures 7c. As shown in the t = 279 

45.6 min plot for before the arrival of the magnetopause distortion, there are weak magnetic field 280 

perturbations within the magnetosphere. These are due to the small magnetopause disturbances 281 

associated with the foreshock ULF waves, like that seen on the dayside as shown in Figure 2a for 282 

t = 45.6 min. As the magnetopause distortion passes through X = –10 RE, as shown in the t = 59.7 283 

to t = 61.6 min plots in Figure 7, the magnetic field perturbations within the magnetosphere are 284 

enhanced. The enhancements are seen to extend from the dusk flank into the magnetosphere. 285 

Compared to the enhancements when the magnetopause is distorting outward around t ~60 min, 286 

the perturbations generated by the inward magnetopause distortion around t = 61.3 min are stronger 287 

and deeper into the magnetosphere. This shows that the magnetopause distortion driven by 288 

foreshock transients can launch compressional waves within the magnetosphere, which 289 

qualitatively explains the observed enhancements in magnetospheric ULF waves associated with 290 

foreshock transients (e.g., Hartinger et al., 2013; Wang et al., 2017; Wang B. et al., 2018b; 2019; 291 

2020). 292 

In review



As shown in Figure 7b, the inward and outward motion of the distorted magnetopause alters 293 

the magnetospheric magnetic field near the flank in Y > ~10 RE. This causes transient changes in 294 

the perpendicular currents in the flank magnetosphere shown Figure 7d as well as FACs flowing 295 

into or out of the ionosphere in order to maintain current continuity, establishing impact on the 296 

ionosphere. The resulting FAC perturbations in the ionosphere are shown in section 2.6. 297 

2.6. Impact on the Ionosphere 298 

Figures 8a and 8b show the FACs and FAC perturbations at t = 60 min, respectively, in the 299 

Northern Hemisphere (N.H.) ionosphere (positive value indicates FACs flowing into the N.H. 300 

ionosphere). The FAC perturbations are obtained by subtracting the 10 min averages of the FACs 301 

in the ionosphere. The FAC spatial distribution shown in Figure 8a has currents flowing into (out 302 

of) the ionosphere on the dawnside (duskside), which is the large-scale region-1 FACs connecting 303 

to the magnetosphere near the magnetopause. Figure 8b shows that the FAC perturbations are 304 

spatially localized. Figure 8c shows the time sequence of the ionospheric FAC perturbations in 305 

N.H. as a function of MLT and MLAT. Figure 8d shows the time series of N.H. FAC perturbations 306 

at different duskside MLT locations along MLAT = 73.5o. Figures 8c and 8d show that the region 307 

of enhanced FAC perturbations moves anti-sunward from near noon toward later MLTs, which is 308 

consistent with the tailward propagation of the flank magnetopause distortion. At t = 60 min, FAC 309 

perturbations have moved to nightside at ~18-20 MLT when the magnetopause distortion has 310 

propagated to nightside at X ~ –10 RE. The FAC perturbations would result in perturbations in 311 

the horizontal currents flowing in the ionosphere due to the current continuity, both would generate 312 

magnetic field perturbations on the ground.  313 

Note that simplified and spatially uniform ionospheric conductance is used in this simulation 314 

and we do not further evaluate the simulated ionospheric horizontal currents. The spatial 315 
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distributions of the simulated ionospheric potential pattern and FACs corresponding to this 316 

uniform conductance do not have day-night and dawn-dusk asymmetries as realistic as those 317 

corresponding to non-uniform conductance that accounts for EUV and aurora contribution (Ridley 318 

et al., 2014). We expect that using realistic EUV- and aurora-generated conductance would shift 319 

the MLT and MLAT locations as well as the amplitudes of the perturbations in FAC and horizontal 320 

currents, but it would not affect their physical connection with the flank magnetopause distortion 321 

presented above. The simulated FAC perturbations seen at a fixed ionospheric location shown in 322 

Figure 8d should still provide a qualitative explanation for the observed ground magnetic field 323 

perturbations associated with foreshock transients (e.g., Shen et al., 2018). An observation event 324 

for ground magnetic field perturbations propagating to the nightside is shown in Section 3.2.  325 

3. Observation Events 326 

In this section, we present two observation events associated with foreshock transients for 327 

qualitative comparisons with the simulated flank magnetopause distortion and ionospheric 328 

perturbations presented in section 2. The first event shows transient appearance of the 329 

magnetosphere observed in the flank magnetosheath. The second event shows simultaneous 330 

observations of the magnetosheath perturbations and ground magnetic field perturbations. 331 

3.1. An Event for Flank Magnetopause Distortion 332 

We present in Figure 9 an observation event for transient flank magnetopause distortion driven 333 

by a foreshock transient on 31 May 2018. Figures 9a-9b show that Geotail was in the solar wind, 334 

Cluster was in the dawnside magnetosheath at X ~ 0 (data from Cluster C4 probe are used), and 335 

MMS was also in the dawnside magnetosheath further down the tail at X ~ –18 RE (data from 336 

MMS-3 probe are used). Both Cluster and MMS were near Z = 0. Figures 9c-9d show that Geotail 337 

observed two IMF directional discontinuities (no change in the IMF strength) at ~21:50 and 21:54 338 
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UT (indicated by the two vertical dashed lines), respectively. There were no changes in the solar 339 

wind density (Figure 9d), temperature (Figure 9e), and flow speed (Figure 9f) across the 340 

discontinuities. The IMF Bx was positive and IMF By was negative between the two 341 

discontinuities. The same discontinuities were also observed earlier at ~21:05 UT by WIND at X 342 

~ 200 RE (not shown) and the normal direction of the discontinuities estimated using the WIND-343 

Geotail pair is (–0.85, 0.12, 0.5). This IMF condition would result in a foreshock cavity on the 344 

dawnside. The discontinuities later arrived at Cluster at ~22:05 UT (Figure 9g). The ~15 min delay 345 

from Geotail to Cluster is expected from the propagation of the discontinuities being slowed down 346 

after they entered the dayside magnetosheath (for example, see Figure 3a of Wang C. et al. (2020) 347 

for the propagation of an RD in the magnetosheath). Between the discontinuities, Cluster observed 348 

perturbations (yellow shaded region) with a core of low density (Figure 9h) and low magnetic field 349 

strength (Figure 9g), slight flow deflection (a slight decrease in |Vx| and increase in |Vy|) (Figure 350 

9i), and some superthermal ions at ~ 10 keV (Figure 9j). An edge of slightly higher magnetic field 351 

strength and density was seen next to the core (red shaded region at ~22:08 UT in Figures 9g and 352 

9h). These confirm the magnetosheath perturbations associated with the expected foreshock 353 

transient. Even though the type of the foreshock transient in this event is different from that of this 354 

simulation, the observed magnetosheath perturbations are qualitatively similar to the simulated 355 

perturbations shown in Figure 2 in the dayside magnetosheath. This is expected since, as described 356 

in Introduction, almost all types of foreshock transients exhibit the same characteristics in their 357 

density and magnetic field perturbations.  358 

As the discontinuities and the magnetosheath perturbations observed at the Cluster location 359 

moved to the MMS location at ~22:13 UT (Figure 9k), MMS observed transient appearance of the 360 

magnetosphere (yellow shaded region). The magnetosphere is indicated by that the values for the 361 
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low density (Figure 9m) and high temperature (Figure 9n) within the yellow shaded region are 362 

typical for magnetospheric plasma. This change from the magnetosheath to the magnetosphere can 363 

also be seen in the sharp increases of ion fluxes at > 10 keV and decreases at < 2 keV shown in 364 

Figure 9p. This magnetospheric plasma seen intruding outward into the magnetosheath has 365 

substantial tailward flow speed, which is qualitatively consistent with the simulations shown in 366 

Figure 6b.  367 

3.2. An Event for the Ionospheric Disturbances 368 

We present in Figure 10 an observation event for ground magnetic field perturbations 369 

associated with a foreshock transient on 20 January 2010. This event has been reported by Wang 370 

C. et al. (2018) and they have shown simultaneous satellite observations of the event in the solar 371 

wind, foreshock, and flank magnetosheath. For this event, the driver discontinuity was observed 372 

by WIND in the solar wind. Geotail was on the dayside in the foreshock (the location is indicated 373 

in Figure 10a) and observed a transient low-density core with higher temperature and deflected 374 

flows (see Figure 4 of Wang C. et al. (2018) for the WIND and Geotail observations). The density 375 

perturbations observed by Geotail are shown in Figure 10a with the time of the discontinuity 376 

observed at the Geotail location indicated by the vertical magenta line. As shown in Figures 10b 377 

and 10c for P2 and P1, respectively, ARTEMIS P1 and P2 were both in the dawnside 378 

magnetosheath (their locations are indicated in the plots) with P2 closer to the Earth at X ~ –27 379 

RE and P1 further down the tail at X ~ –50 RE. Figures 10a-10c show that the discontinuity and 380 

the associated low-density core observed at the Geotail location at 09:04 UT propagated to P2 at 381 

~09:34 UT then to P1 at ~09:39 UT.  382 

Figures 10d-10f show the ground magnetic field perturbations (obtained by subtracting the 10 383 

min running averages) in the north-south direction observed by three magnetometer stations. The 384 
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three stations were on the dawnside at similar magnetic latitudes (~73o-76o) but at different MLTs 385 

from the dayside to the nightside (their MLTs and MLATs at 09:10 UT are indicated in the plots). 386 

The aurora image in N.H. from DMSP F17 satellite around 09:11 UT (not shown) indicates that 387 

the three stations were within diffuse aurora so that they were mapped to the closed field-line 388 

region of the magnetosphere. The ground magnetic field perturbations were enhanced at the three 389 

stations within the interval when the foreshock transient perturbations propagated from Geotail on 390 

the dayside to P2 and P1 on the nightside. The enhanced perturbations were first observed at ~11 391 

MLT, then at 07 MLT, and then 04 MLT. These simultaneous observations of the tailward 392 

propagating magnetosheath perturbations and the anti-sunward propagating ground perturbations 393 

are qualitatively consistent with the simulated anti-sunward propagating FAC perturbations in the 394 

ionosphere shown in Figure 8 generated by the simulated tailward propagating magnetopause 395 

distortion shown in Figures 1-5. 396 

4. Summary and Discussion 397 

We use the 3D global hybrid simulation results of foreshock transient perturbations driven by 398 

a TD as an example to qualitatively describe the mesoscale (in a time scale of a few minutes and 399 

a spatial scale of a few RE) distortion of the flank magnetopause resulting from the density/pressure 400 

perturbations of the foreshock transients. After the foreshock transient perturbations propagate into 401 

the magnetosheath, the low-density core contributes to a decrease of the magnetosheath pressure 402 

(thermal pressure and dynamic pressure), which causes the magnetopause to distort locally 403 

outward. On the other hand, the high-density edge results in an increase in the magnetosheath 404 

pressure and localized inward distortion of the magnetopause. The magnetosheath perturbations 405 

propagate tailward and continue to distort the flank magnetopause. This tailward-propagating 406 

localized outward distortion qualitatively explains the transient appearance of the magnetosphere 407 
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observed by satellites sitting in the flank magnetosheath. We show that the simulated flank 408 

magnetopause distortion can generate compressional magnetic field perturbations within the tail 409 

magnetosphere, which can explain the enhancements of magnetospheric ULF waves associated 410 

with foreshock transients reported in previous observation studies. As the magnetopause distortion 411 

propagates tailward, it generates FAC perturbations in the ionosphere propagating anti-sunward, 412 

which can qualitatively account for observed anti-sunward propagation of the ground magnetic 413 

field perturbations associated with the tailward propagating magnetosheath perturbations driven 414 

by foreshock transients.  415 

The simulated magnetosheath perturbations and magnetopause distortion presented here are 416 

associated with foreshock transients generated by specific IMF and discontinuity conditions, 417 

nevertheless, we expect that they can provide a generalized and qualitative understanding of the 418 

transient and mesoscale nature of the impact on the nightside magnetopause/magnetosphere and 419 

the ionosphere since the density core and edge is the common feature to the majority of foreshock 420 

transients. In this simulation, |IMF By| is comparable to |IMF Bx| so that the foreshock region 421 

extends from the dayside to the nightside. Thus, as the TD propagates tailward to the nightside, it 422 

can still encounter foreshock ions so that new perturbations can be continuously generated and 423 

added into the magnetosheath. This process can be important to maintaining the significance of 424 

the magnetosheath perturbations and the corresponding flank magnetopause distortion as they 425 

propagate to the midtail. We expect that the nightside magnetosheath perturbations might become 426 

weaker in different scenarios when the IMF becomes more radial and the foreshock region is 427 

limited to the dayside. In that case, the foreshock transients entering the dayside magnetosheath 428 

would be the sole perturbations affecting the nightside magnetopause, and decay or diffuse of the 429 

perturbations during their tailward propagation would weaken their impact on the nightside. This 430 
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thought experiment will be further investigated in feature simulations. 431 
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 623 

Figure Captions 624 
Figure 1. Time sequences of the X-Y distributions from t = 53.4 to 72.3 min at Z = 0 for (a) 625 

magnetic field strength, (b) number density, and (c) ion bulk flow speed. The straight white or 626 

black dashed lines indicate the projection of the TD plane. The white curve in the top panel 627 

indicates the model magnetopause from Roelof and Sibeck (1993) and the black curve indicates 628 

the model bow shock from Peredo et al. (1995). The magenta arrows in (b) indicate the low-density 629 

core. 630 

Figure 2. The X-Y distributions at Z = 0 for (a) magnetic field strength, (b) number density, (c) 631 

ion bulk flow speed and flow directions (black arrows), (d) pressure along the direction normal to 632 

the model magnetopause, (e) perpendicular current density at t = 45.6 (left panels) and 52.8 min 633 

(right panels). The straight white dashed lines indicate the projection of the TD plane at t = 52.8 634 

min. The black or white curves in (a-g) indicate approximately the simulated magnetopause. The 635 

white dotted curves in (a) indicates the model magnetopause based on Roelof and Sibeck (1993). 636 
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(f-k) The 2-D and 1-D profiles at t = 45.6 (left) and 52.8 min (right) along the TD plane at t = 52.8 637 

min indicated in (a): The 2-D profiles for (f) magnetic field strength and (g) number density. The 638 

1-D profiles at Z = 0 for (h) magnetic field components, (i) number density, (j) ion bulk flow 639 

velocities, and (k) pressures. The magenta dashed line in (h)-(k) indicate approximately the 640 

magnetopause. 641 

Figure 3. The X-Y distributions at Z = 0 for (a) magnetic field strength, (b) number density, (c) 642 

ion temperature, (d) ion bulk flow speed and flow directions (black arrows), and (e) perpendicular 643 

current density at t = 45.6 (left panels) and 60 min (right panels). The black or white curves indicate 644 

approximately the magnetopause boundary. The straight white dashed lines in the left panels 645 

indicate the projection of the TD plane at t = 60 min. (f) Number density distributions at t = 60 646 

min viewing from three angles. The red curves indicate closed magnetic field lines, the orange 647 

lines indicate open magnetic field lines, and light pink lines indicate IMF field lines. 648 

Figure 4. The Y-Z distributions at X = –10 RE for (a) magnetic field strength and (b) number 649 

density and the Y profiles at X = –10 and Z = 0 RE for (c) magnetic field components, (d) number 650 

density, (e) ion temperature, and (f) ion bulk flow velocities at t = 45.6 (left panels) and 60 min 651 

(right panels). The X-Z distributions at Y = 21 RE for (g) magnetic field strength and (h) number 652 

density and the X profiles at Y = 21 and Z = 0 RE for (i) magnetic field components, (j) number 653 

density, (k) ion temperature, and (m) ion bulk flow velocities at t = 45.6 (left panels) and 60 min 654 

(right panels). The white or black curves in (a-b) and (g-h) indicate approximately the 655 

magnetopause boundary. The vertical magenta dashed lines in (c-f) and (i-m) indicate the 656 

magnetopause. 657 

Figure 5. Time sequences of number density distributions in (a) X-Y, (b) X-Z, and (c) Y-Z planes 658 

from t = 60 to 70.4 min. The white solid curves indicate approximately the magnetopause. The 659 
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white dotted curves in (a) and (c) indicate the magnetopause at t = 45.6 min. The straight white 660 

dashed lines in (a) indicate the projection of the TD plane. 661 

Figure 6. Temporal profiles at (a) X = 0, Y = 17, and Z = 0 RE, (b) X = –20, Y = 22, and Z = 0 662 

RE, and (c) X = –40, Y = 28, and Z =1 RE. From top to bottom: Magnetic field components, number 663 

density, ion temperature, and ion bulk flow velocities. 664 

Figure 7. Time sequences of the Y-Z profiles at X = –10 RE from t = 45.6 to 66 min for (a) number 665 

density, (b) magnetic field strength, and (c) the amplitudes of magnetic field perturbations in the 666 

parallel direction in the northern lobe where Bx > 15 nT, and (d) perpendicular current density. 667 

The black curves indicate approximately the magnetopause. 668 

Figure 8. (a) FAC and (b) FAC perturbations at t = 60 min in N.H. (c) Time sequences of the 669 

MLAT-MLT distributions for the FAC perturbations in the ionosphere from t = 51.2 to 64.4 min. 670 

(b) Time series of the FAC perturbations at different MLTs along MLAT = 73.5o. 671 

Figure 9. A foreshock transient event on 31 May 2018. The projections of the locations of Geotail, 672 

Cluster C4, and MMS-3 on (a) X-Y and (b) X-Z planes. Geotail observations of (c) magnetic field 673 

components, (d) number density, (e) ion temperature, and (f) ion bulk flow velocities. The two 674 

vertical dashed lines indicate the two discontinuities. Cluster observations of (g) magnetic field 675 

components, (h) number density, (i) ion bulk flow velocities, and (j) ion energy flux (eV/(s-sr-cm2-676 

eV)). The shaded yellow and red region indicate the core and edge of the magnetosheath 677 

perturbations, respectively. MMS observations of (k) magnetic field components, (m) number 678 

density, (n) ion temperature, (o) ion bulk flow velocities, and (p) ion energy fluxes (eV/(s-sr-cm2-679 

eV)). The shaded yellow region indicates the magnetosphere. 680 

Figure 10. A foreshock transient event on 20 January 2010. The number density observed by (a) 681 

Geotail, (b) ARTEMIS P2, and (c) AREMIS P1. The vertical magenta line indicates the time when 682 
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the IMF discontinuity was observed. The ground magnetic field perturbations (perturbations from 683 

10-min running averages) in the north-south direction observed at (d) HRN, (e) UMQ, and (f) CDC 684 

stations. 685 
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