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Abstract

We study the dynamic evolution of dayside magnetopause reconnection locations and their dependence on the interplanetary

magnetic field (IMF) cone angle via 3-D global-scale hybrid simulations. Cases with finite IMF Bx and Bz but By=0 are

investigated. It is shown that the dayside magnetopause reconnection is unsteady under quasi-steady solar wind conditions.

The reconnection lines during the dynamic evolution are not always parallel to the equatorial plane even under purely south-

ward IMF conditions. Magnetopause reconnection locations can be affected by the generation, coalescence, and transport of

flux ropes (FRs), reconnection inside the FRs, and the magnetosheath flow. In the presence of an IMF component Bx, the

magnetopause reconnection initially occurs in high-latitude regions downstream of the quasi-perpendicular bow shock, followed

by the generation of multiple reconnection regions. In the later stages of the simulation, a dominant reconnection region is

present in low-latitude regions, which can also affect reconnection in other regions. The global distribution of reconnection lines

under a finite IMF Bx is found to not be limited to the region with maximum magnetic shear angle.
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 14 

Abstract 15 

We study the dynamic evolution of dayside magnetopause reconnection 16 

locations and their dependence on the interplanetary magnetic field (IMF) 17 

cone angle via 3-D global-scale hybrid simulations. Cases with finite IMF 18 

Bx and Bz but By=0 are investigated. It is shown that the dayside 19 

magnetopause reconnection is unsteady under quasi-steady solar wind 20 

conditions. The reconnection lines during the dynamic evolution are not 21 

always parallel to the equatorial plane even under purely southward IMF 22 

mailto:monmentum82@gmail.com


conditions. Magnetopause reconnection locations can be affected by the 23 

generation, coalescence, and transport of flux ropes (FRs), reconnection 24 

inside the FRs, and the magnetosheath flow. In the presence of an IMF 25 

component Bx, the magnetopause reconnection initially occurs in 26 

high-latitude regions downstream of the quasi-perpendicular bow shock, 27 

followed by the generation of multiple reconnection regions. In the later 28 

stages of the simulation, a dominant reconnection region is present in 29 

low-latitude regions, which can also affect reconnection in other regions. 30 

The global distribution of reconnection lines under a finite IMF Bx is 31 

found to not be limited to the region with maximum magnetic shear 32 

angle. 33 

 34 

Plain Language Summary: The channel of solar wind energy transfer 35 

into the magnetosphere is widely believed to be controlled by magnetic 36 

reconnection at the dayside magnetopause. Understanding the location of 37 

dayside magnetopause reconnection is crucial to comprehending the 38 

energy coupling process between the solar wind and the magnetosphere. 39 

Magnetopause reconnection has been intensively investigated by 40 

numerical simulations and space observations. Nevertheless, the locations 41 

and dynamic evolution of reconnection sites in the 3-D magnetopause 42 

reconnection under different IMF conditions are barely scrutinized. In 43 

this paper, we investigate the effects of IMF Bx on the motion of 44 



magnetopause reconnection locations by using 3-D global hybrid 45 

simulations under a southward IMF Bz. We find that the reconnection is 46 

highly variable due to local magnetopause processes associated with the 47 

generation, coalescence, and transport of FRs, as well as reconnection 48 

inside the FRs. Under southward IMF conditions with IMF Bx, the 49 

magnetopause reconnection initially occurs downstream of the 50 

quasi-perpendicular bow shock but eventually dominates in low-latitude 51 

regions, including the magnetopause downstream of the quasi-parallel 52 

bow shock.  53 

  54 

Key points 55 

1. Dayside magnetopause reconnection is highly variable but the 56 

reconnection locations eventually maintain quasi-steady in the low 57 

latitude. 58 

2. In the presence of IMF Bx, high-latitude dayside reconnection can be 59 

inhibited by reconnection near the equator and magnetosheath flow. 60 

3. Variations of reconnection locations are also controlled by the 61 

generation, coalescence, and transport of FRs, and reconnection inside 62 

FRs. 63 

 64 

1. Introduction 65 

Magnetic reconnection is a fundamental space plasma process that 66 



results in abrupt magnetic topology change and acceleration and heating 67 

of charged particles. It is widely considered to be a major mechanism for 68 

solar wind mass, momentum, and energy to enter the magnetosphere 69 

(Dungey, 1961; Lyon, 2000), most efficient under southward 70 

interplanetary magnetic field (IMF) conditions (Akasofu, 1981; Lu et al., 71 

2013). Numerous reconnection events have been observed to place at the 72 

dayside magnetopause (e.g., Paschmann, 1997; Trattner et al., 2007, 73 

2012a, 2012b, 2016; Anekallu et al., 2013; Burch & Phan, 2016; 74 

Pritchard et al., 2019; Fu et al., 2019; Dong et al., 2020; Zou et al., 2022; 75 

Man et al., 2022; Qiu et al., 2022). Reconnection sites represent the 76 

potential locations where energy conversion and transfer occur. Thus, 77 

understanding the location of dayside magnetopause reconnection is 78 

crucial to the comprehension of the coupling between the solar wind and 79 

the magnetosphere. 80 

Previous studies indicate that the factors affecting the reconnection 81 

locations mainly include the orientation of the IMF, the dipole tilt angle, 82 

and local dynamic processes. The prevailing view is that the region where 83 

the geomagnetic field and the IMF are antiparallel is the most likely 84 

location for magnetic reconnection (Dungey, 1961;1963; Luhmann et al., 85 

1984; Trattner et al., 2005). Under southward IMF conditions without a 86 

Bx component, the reconnection line tends to be somewhat more 87 

equator-aligned near the subsolar region during strong reconnection 88 



(Palmroth et al., 2006; Laitinen et al., 2007; Tan et al., 2012). Trattner et 89 

al. (2007) found that the dayside reconnection lines generally tend to be 90 

located in an antiparallel reconnection scenario, i.e., where the magnetic 91 

shear angle is maximum, under the condition of a southward IMF Bz and 92 

a strong IMF Bx. But for the cases with a strong IMF By, reconnection at 93 

the magnetopause is not limited to regions where magnetic fields are 94 

strictly antiparallel, i.e., it can take place in the form of component 95 

reconnection.  96 

Previous MHD simulations and observations indicate that positive 97 

(negative) Bx results in a northward (southward) shift of the 98 

magnetopause reconnection line location (Peng et al., 2010; Tang et al., 99 

2013; Hoilijoki et al., 2014; Pi et al., 2018), that is, reconnection prefers 100 

to occur downstream of the quasi-perpendicular bow shock 101 

(corresponding to the anti-parallel magnetic field geometry). In the 102 

presence of the IMF By component, the reconnection line rotates with the 103 

IMF clock angle (Palmroth et al., 2006; Laitinen et al., 2007). The tilt of 104 

the subsolar reconnection line relative to the equatorial plane is 105 

determined by the ratio By/Bz of the IMF (Trattner et al., 2007). 106 

Global simulations (Russell et al., 2003; Park et al., 2006; Tan et al., 107 

2011; Cnossen et al., 2012; Hoilijoki et al., 2014; Komar et al., 2015; Guo 108 

et al., 2020) and observations (Trattner et al., 2007; Zhu et al., 2015; 109 

Kitamura et al., 2016) show that under southward IMF conditions, the 110 



reconnection locations along the dayside magnetopause tend to shift 111 

toward the winter hemisphere from the subsolar region due to the effect 112 

of the geomagnetic dipole tilt. Positive (negative) dipole tilt angle 113 

contributes to the southward (northward) moving of the reconnection line 114 

location, consistent with the season effect proposed by Trattner et al. 115 

(2007). 116 

Utilizing 2-D global hybrid simulations, Omidi et al. (2006, 2007) and 117 

Hoilijoki et al. (2017, 2019) studied the magnetopause reconnection and 118 

flux transfer events (FTEs) under southward IMF conditions, and found 119 

that time-dependent reconnection leads to the formation of multiple 120 

X-lines and FTEs at the low-latitude magnetopause during steady IMF 121 

conditions. Omidi et al. (2006, 2007) showed that the initiation of 122 

reconnection is due to local current sheet thinning and intensification 123 

which may be affected by the shock-related ULF waves and ion tearing 124 

within the current sheet. Hoilijoki et al. (2017, 2019) further emphasized 125 

that despite steady solar wind conditions, the location and rate of 126 

reconnection at the X-lines exhibit significant variability due to 127 

magnetosheath turbulence, neighboring X-lines, and the motion of 128 

magnetic islands.  129 

Similar dynamic features were obtained in 3-D global hybrid 130 

simulations. Tan et al. (2011, 2012) showed that both multiple X-line 131 

reconnection and single X-line reconnection coexist at the magnetopause. 132 



Under the purely southward IMF configuration, the segments of X-lines 133 

on the dayside magnetopause are approximately parallel to the equatorial 134 

plane. Guo et al. (2020) found that neighboring reconnection sites could 135 

impact the local plasma conditions at the magnetopause. The generation 136 

and propagation of FRs, the magnetosheath flows, and the outflow 137 

structures associated with multiple reconnection sites significantly 138 

modulate the positions of X-lines. Although recursive FRs form and 139 

propagate poleward, the average locations of the magnetopause subsolar 140 

X-lines remain nearly the same. 141 

To date, 3-D global hybrid simulations have been used to explore many 142 

important features of the dynamic evolution of magnetopause 143 

reconnection, e.g., the evolution of FRs (Guo et al., 2020; Guo et al. 144 

2021a, 2021b, 2021c) and the generation of kinetic Alfvén waves (Wang 145 

et al., 2019). The hybrid simulations include ion kinetic physics 146 

self-consistently in the global dynamics. However, no hybrid simulations 147 

have specifically examined the impact of the IMF conditions on the 148 

evolution of reconnection locations at the 3-D magnetopause. MHD 149 

simulations do not include the charged particle dynamics and the 150 

turbulent magnetosheath structures due to ion kinetic physics. On the 151 

other hand, while in situ spacecraft observations of the structure of 152 

reconnection (Russell & Elphic, 1978; Phan et al., 2004; Yan et al., 2016; 153 

Wang et al., 2017a; Pritchard et al., 2019; Zou et al., 2022; Zhong et al., 154 



2023) as well as the turbulent structures of its ambient magnetosheath 155 

(Huang et al., 2017; Yao et al., 2018; Wang et al., 2018; Wang et al., 2019; 156 

Li et al., 2020; Shi et al., 2021) have shown that dayside magnetopause 157 

reconnection and its location may be unsteady under turbulent 158 

magnetosheath conditions, observations are limited in their ability to infer 159 

the existence of extended reconnection lines because the spacecraft 160 

generally sample a limited region during one passage of the reconnection 161 

region. It is difficult for observations to provide a complete 162 

time-dependent structure of the entire region where reconnection may be 163 

occurring. 164 

In this paper, we investigate the dayside magnetopause reconnection 165 

locations, their dynamic evolution, and their dependence on IMF Bx by 166 

using 3-D global hybrid simulations under a southward IMF Bz. The 167 

purpose is to achieve a better understanding of the location and motion of 168 

the dayside reconnection X-line. The outline of the paper is as follows. In 169 

Section 2, we briefly introduce the simulation model. Section 3 introduces 170 

our method to identify the magnetopause surface and the reconnection 171 

locations. The simulation results are presented in Section 4. Elaborate 172 

discussions and the summary are given in section 5 and section 6, 173 

respectively. 174 

 175 

2. Simulation model 176 



We perform 3-D dayside global hybrid simulations (Lin et al., 2005, 177 

2006, 2007; Pang et al., 2010) to investigate the effect of IMF Bx on 178 

magnetopause reconnection. The detailed numerical scheme is described 179 

by Swift (1996). In the hybrid code, ions are treated as particles, electrons 180 

are treated as a massless and isothermal fluid. Ion motion is given by 181 

Newton's equation under Lorentz force. The electric field is obtained 182 

from the electron momentum equation. Electron flow velocity is 183 

evaluated from Ampere’s law. Magnetic field is advanced in time 184 

following Faraday’s law. A spherical coordinate system (r, θ, φ) is 185 

employed in the simulation. The simulation results are described in the 186 

geocentric solar-magnetospheric (GSM) coordinate system, in which the 187 

X-axis points from the Earth to the Sun, the Z-axis is in the plane 188 

containing X and geomagnetic dipole axis and pointing northward, and 189 

the Y-axis completes the right-handed system. More details of this code 190 

can be found in Lin & Wang (2005). 191 

In all cases to be shown, the ion gyrofrequency Ω0 in the solar wind is 192 

chosen to be 1.0 s
-1

, corresponding to an IMF of ~10 nT, where Ω0 = 193 

eB0/mi. The solar wind ion inertial length, di0 = c/ωpi0, is chosen to be 0.1 194 

RE. Note that the Alfvén speed in the solar wind is VA0= di0 Ω0. The solar 195 

wind flow speed is V0 = 5VA0 = 0.5, corresponding to a solar wind Alfven 196 

Mach number MA=5. The ion plasma beta is βi=0.5 and electron plasma 197 

beta βe=1 in the solar wind, and the ion number density in the solar wind 198 



is N0=12000. The simulation grids are uniformly distributed in the 199 

north-south and east-west directions, which contain 104 and 130 grid 200 

points, respectively. Nonuniform grid spacing ∆r is employed in the 201 

radial direction, with a higher spatial resolution from r = 8 RE to 13 RE, 202 

encompassing the magnetopause boundary layer, magnetosheath, and 203 

bow shock regions. In these areas, the grid size is approximately equal to 204 

1di0, while it is ~1.3di0 for r > 13 RE. Outflow open boundary conditions 205 

are applied at the backside planar boundaries (X = 0), while a perfect 206 

conducting boundary is implemented at the inner boundary at r = 4 RE. 207 

All the results are presented in normalized units. The magnetic field B 208 

is normalized to the IMF B0, the flow velocities are normalized to the 209 

solar wind Alfv�́�n speed VA0, the electric field is expressed in units of 210 

VA0B0, the ion number densities are normalized to the solar wind density 211 

N0, the time t is normalized to Ω0
−1, and the spatial coordinates are 212 

expressed in units of RE. 213 

The IMF cone angle is defined as the angle between the +X axis and 214 

the IMF, i.e., α = arccos(|𝐁𝟎 ∙ 𝐗|/𝐁𝟎). Here B0 = (Bx0, By0, Bz0) is the 215 

IMF. In this paper, 3 cases with different IMF cone angles are presented. 216 

Case 1 is based on a purely southward IMF with B0= (0, 0, -1), and thus 217 

α = 90°. The other two cases have a non-zero IMF Bx0 component. In 218 

case 2, B0= (-0.707, 0, -0.707), and thus 𝛼 = 45°; case 3 also has 219 

𝛼 = 45°, but Bx0<0, i.e., B0= (0.707, 0, -0.707).  220 



 221 

3. Methods 222 

3.1 Identification of the dayside magnetopause surface 223 

Figures 1a and 1b show an example of how we identify the 224 

magnetopause locations. Plotted in the figure are the contours of 225 

magnetic field component Bz in the Y=0 and Z=0 planes obtained from 226 

case 1 with a purely southward IMF. The positive Bz corresponds to the 227 

northward magnetospheric field, the negative Bz in high latitudes on the 228 

tailward side of the positive Bz (X < 6) corresponds to the southward 229 

magnetospheric field, and the negative Bz on the sunward side of the 230 

positive Bz represents the southward magnetosheath and IMF Bz. We 231 

identify the dayside magnetopause surface, indicated by the black dashed 232 

lines in Figures 1a and 1b, by the location of the reversal of magnetic 233 

field component Bz as it turns southward from the northward 234 

magnetospheric field, similar to the MHD simulation study of Němeček 235 

et al. (2011). Figures 1c and 1d show the line cuts of magnetic field 236 

component Bz and Y-component current density, Jy, as a function of X 237 

along the Sun-Earth line (Y=0 and Z=0). The location of Bz reversal is 238 

found to coincide with the location of the current density peak, as shown 239 

by the red dashed lines in Figures 1c and 1d. In this study, we do not 240 

utilize the streamline method as in Palmroth et al. (2003, 2006) and Lu et 241 

al. (2011). This is because our focus is solely on the dayside 242 



magnetopause, defined as the magnetopause regions on the sunward side 243 

of the cusp, under southward IMF Bz conditions. The Bz component can 244 

be used to directly mark the sunward side of the cusp region (positive 245 

magnetospheric Bz). Here, the search for the magnetopause surface is 246 

carried out in the planes at constant Y, from Y=-10 to Y=+10 with an 247 

interval of ∆Y=0.2. In each of these planes, the search starts from Z=-10 248 

to Z=+10 with an increment of ∆Z=0.2 to locate the X position of the Bz 249 

reversal at each Z value. The 3-D magnetopause position is then obtained 250 

at various times. As seen in the line cut profiles shown in Figures 1c and 251 

1d, the current density (Jy) peaks around the magnetopause location of Bz 252 

reversal. 253 



 254 

Figure 1. Contours of magnetic field component Bz in the noon-meridian 255 

plane (a) and equatorial plane (b) at t=60. Line cuts of Bz component (c) 256 

and current density Jy (d) as a function of X along Y=0 and Z=0. The 257 



black dashed curves in Figures 1a and 1b and the red vertical dashed lines 258 

in Figures 1c and 1d mark the magnetopause location. 259 

 260 

3.2 Identification of the reconnection location 261 

After the dayside magnetopause surface is identified, we can search for 262 

the reconnection location along the magnetopause following the method 263 

of Tan et al. (2011) and Guo et al. (2020). There are several commonly 264 

used criteria for the identification of local X-lines. We take the 265 

noon-meridian plane to show an example of our approach in Figure 2, 266 

which plots the contours of ion bulk flow velocity (Vp) component Vpz, 267 

magnetic field component By, non-ideal energy conversion term 268 

J·(E+Vp×B), and the 2-D projection of magnetic field lines in the 269 

noon-meridian plane. First, based on the magnetic field directions 270 

surrounding the X-point (the red mark ‘X’ inside each of the three red 271 

boxes in Figure 2a), we can classify four types of field lines near an 272 

X-point: closed field lines of northward magnetic field on the earthward 273 

side of the magnetopause current sheet (Bz>0), open field lines of 274 

southward magnetosheath field on the sunward side of the current sheet 275 

(Bz<0), reconnected field lines connecting the magnetosheath field and 276 

dipole field with a sunward Bx>0, and the reconnected field lines with an 277 

earthward Bx<0. Second, near the X-point, bidirectional ion bulk flow 278 

velocities Vpz pointing away from the X-point are present, corresponding 279 



to the reconnection outflows. Third, the presence of an asymmetric 280 

quadrupole Hall magnetic field (By) in the vicinity of the X-point (Figure 281 

2b) with stronger By perturbations on the magnetosheath side of the 282 

magnetopause boundary layers, while similar features are also observed 283 

by MMS spacecraft (Peng et al., 2017; Wang et al., 2017b; Zhang et al., 284 

2017). The asymmetric Hall structure of By appears clearly around the 285 

X-line in the red boxes around Z ~ ±3 and Z ~ +5. Fourth, strong 286 

non-ideal energy conversion takes place as seen from the positive 287 

J·(E+Vp×B) in the red boxes in Figure 2c, which has frequently been 288 

used to identify the diffusion region of reconnection (e.g., Zenitani et al., 289 

2011; Burch et al., 2016; Zhong et al., 2021; Zhou et al., 2017, 2019, 290 

2021).  291 

The local reconnection X-points can be identified by the above features. 292 

However, the asymmetric Hall magnetic field structures are not always 293 

obvious due to the contamination of the By perturbations in flux ropes and 294 

the turbulent magnetosheath (Mozer et al., 2008; Pritchett, 2008; Shay et 295 

al., 2016; Tanaka et al., 2008; Dai et al., 2016). Besides, it is difficult to 296 

provide explicit criteria for identifying the global X-lines based on the 297 

non-ideal energy conversion, for the non-ideal energy conversion not 298 

only occurs in X-point. In this work, we focus on the global distribution 299 

of the dominant dayside magnetopause reconnection regions with Vpz 300 

reversal (e.g., the X-lines at Z~ ±3 in Figure 2a,). Relatively weak 301 



reconnection without Vpz reversal (as shown in Figure 2a, the X-line at 302 

Z~ +5) which quickly propagates away from the dayside region (Hoilijoki 303 

et al., 2017; Guo et al., 2020) due to strong background convection 304 

(including magnetosheath flows) (Tanaka et al., 2010) is not the focus of 305 

this article. The ion outflow Vpz reversals and the Bx component reversals 306 

along the +Z direction in the magnetopause surface (Bz~0) are mainly 307 

used to identify the reconnection locations. The Hall field and non-ideal 308 

energy conversion are only used to assist in the identification. The search 309 

for the reconnection locations is carried out in the planes at constant Y, 310 

from Y=-10 to Y=+10 with an increment of ∆Y=0.2. The global 311 

distribution of reconnection locations on the dayside magnetopause is 312 

then obtained.  313 

 314 

Figure 2. Contours of (a) Ion bulk flow velocity component Vpz; (b) 315 

magnetic field component By; and (c) non-ideal energy conversion term 316 

J·(E+Vp×B) in the noon-median plane. The red mark “X” in (a) 317 



represents the X-point we identified. The red boxes represent the ion 318 

diffusion region. 319 

 320 

4. Simulation Results 321 

4.1  Temporal evolution of reconnection locations under purely 322 

southward IMF 323 

Figure 3 shows the evolution of magnetopause magnetic field lines 324 

configuration and reconnection locations (small black circles) under a 325 

purely southward IMF in case 1 from t=5 to t=145. At t=5, dayside 326 

magnetopause reconnection occurs first at the subsolar region around 327 

the equatorial plane, which is due to the solar wind dynamic pressure 328 

and IMF geometry. Only one reconnection line (continuous 329 

reconnection locations) is present (Figure 3a). However, as the 330 

simulation progresses, the magnetopause reconnection locations 331 

become more dynamic due to the presence of multiple X-lines (Tan et 332 

al., 2011, 2012; Guo et al., 2020; Guo et al., 2021a, 2021c). The number 333 

of reconnection lines increases to more than two after t=5, with three 334 

reconnection points being present in some planes of constant Y, as seen 335 

in Figures 3b-3e.  336 

At t=20, multiple small-scale flux ropes (FRs) are formed in the 337 

vicinity of the equator, which subsequently transport to high-latitude 338 

regions or evolve into larger-sized FRs. As shown in Figure 3c, a large 339 



FR with a scale of more than 5 RE in the Z direction is generated 340 

between two continuous reconnection lines due to multiple X-line 341 

reconnection located around the subsolar region, spanning from Y=-5 to 342 

Y=5. Three main reconnection lines nearly parallel to the equator are 343 

shown at this stage (t=60), with one located from Y=-10 to Y=-5 near 344 

the equator, the second from Y=-5 to Y=+5 near Z=+2 north of the 345 

equator, and the third from Y=-5 to Y=+10 near Z=-5 south of the 346 

equator. Some FRs, however, become tilted toward the Z direction 347 

because the propagation speeds of FRs (associated with the plasma flow 348 

velocity at the magnetopause) are different. The reason for the varied 349 

propagation speed is due to the occurrence of different dynamic 350 

processes at different Y distances, which will be discussed in Section 5, 351 

Discussions. As a result, the long reconnection lines split into multiple 352 

segments, as shown in Figure 3d at t=100.  353 

An obvious consequence is that the X-lines are no longer parallel to 354 

the equatorial plane, especially on the dawn side. As for the dusk side, 355 

the reconnection lines do not change much due to the presence of the 356 

steady reconnection line from Y=-5 to Y=10 near Z=-5 south of the 357 

equator. But later at t=145, most of the reconnection locations are seen 358 

to have shifted back to the vicinity of the equatorial plane (Figure 3e). 359 

The reason for the shift is due to the occurrence of strong reconnection 360 

near the equator, and reconnection in the high-latitude region 361 



propagates to the cusp and dissipates, which will be also discussed in 362 

Section 5 as well. The average locations of reconnection at the 363 

low-latitude regions maintain a quasi-steady state and vary north and 364 

south between Z=-5 and Z=+5 with the time-dependent FRs, as also 365 

shown by Guo et al. (2020). This finding indicates that the reconnection 366 

locations undergo temporal variations and are influenced by local 367 

dynamic processes, even under steady upstream solar wind conditions. 368 

Furthermore, the 3-D reconnection process exhibits greater complexity 369 

in the out-of-plane (i.e., dawn-dusk) direction.  370 



  371 

Figure 3. Temporal evolution of the spatial 3D magnetopause magnetic 372 

field line configuration and the reconnection locations in case 1 at (a) t=5, 373 



(b) t=20, (c) t=60, (d) t=100, and (e) t=145. The small black circles 374 

represent the locations of reconnection X-points in the planes at various 375 

constant Y. The magnetic field lines are color-coded according to the Z 376 

coordinate. 377 

 378 

4.2  Effects of IMF cone angle on reconnection locations 379 

Figure 4 shows the time evolution of magnetopause field line 380 

configuration and the reconnection locations in case 2 from t=5 to t=100, 381 

in which a finite and negative IMF Bx (with cone angle of 45
o
) is imposed. 382 

At t=5, reconnection is observed only in the southern high-latitude 383 

regions around Z=-5 (Figure 4a), downstream of the quasi-perpendicular 384 

bow shock, where the geomagnetic field and magnetosheath field are 385 

antiparallel. With the dynamic evolution of magnetopause reconnection, 386 

the reconnection locations become variable due to the generation and 387 

propagation of FRs. It is shown that the FRs are initially formed in the 388 

high-latitude regions, as a result of the increase in the number of 389 

reconnection points around the early reconnection line. As seen in Figure 390 

4b, two or three X-points are present in the X-Z planes at t=40, and the 391 

reconnection locations have shifted towards both higher and lower 392 

latitudes. Subsequently at t=60 (Figure 4c), subsolar reconnection has 393 

started, and reconnection structures in the high-latitude regions gradually 394 

disappear. Only reconnections around the subsolar region are still active. 395 



Similar processes have also occurred in the ±Y direction following that in 396 

the subsolar region, and most of the reconnection locations at different Y 397 

eventually shift to the low-latitude regions (Figure 4d). At t=100, 398 

magnetopause reconnection also appears downstream of the 399 

quasi-parallel shock, as seen from the FRs around Y=-5 to Y=5 in Figure 400 

4d.  401 

Figure 5 shows the evolution of the magnetopause magnetic field line 402 

configuration and the reconnection locations in case 3. In this case, which 403 

is similar to case 2 but with an opposite IMF with Bx>0, reconnection 404 

first takes place only in the northern high-latitude regions, corresponding 405 

to, again, downstream of the quasi-perpendicular bow shock (Figure 5a). 406 

The evolution of X-lines is similar to that in case 2, that is, the 407 

reconnection locations gradually shift to the low-latitude regions (Figures 408 

5b-5d). In general, the average locations of reconnection maintain a 409 

quasi-steady state in the low-latitude regions in the later stage of the 410 

simulation, regardless of the sign of IMF Bx.  411 

It is noteworthy that, although foreshock waves are generally found 412 

upstream of the quasi-parallel shock (northern high-latitude regions in 413 

case 2 and southern high-latitude regions in case 3) (e.g., Hoppe et al., 414 

1983; Russell & Hoppe, 1983; Scholer et al., 1990; Lin & Wang, 2005; 415 

Lin et al., 2007; Wang et al., 2009; Shi et al., 2017; Liu et al., 2019), 416 

which lead to turbulent electromagnetic field in the magnetosheath 417 



(waggled field lines in Figures 4b-4d and 5b-5d) than that downstream of 418 

the quasi-perpendicular bow shock (southern high-latitude regions in case 419 

2 and northern high-latitude regions in case 3), we do not find significant 420 

reconnection in the magnetopause (satisfies our criteria described in 421 

section 3) triggered by the magnetosheath turbulence. Such results 422 

indicate that a more turbulent magnetosheath condition does not 423 

necessarily result in a higher occurrence rate of magnetopause 424 

reconnection, consistent with the observations by Petrinec et al. (2022). 425 



 426 

Figure 4. Temporal evolution of the spatial 3D magnetopause magnetic 427 

field line configuration and the reconnection locations in case 2 with 428 

Bx=-0.707 and Bz=-0.707 at (a) t=5; (b) t=40; (c) t=60, and (d) t=100, in 429 



the same format as Figure 3. 430 

 431 

Figure 5. Temporal evolution of the magnetopause magnetic field line 432 

configuration and the reconnection locations in case 3 with Bx=0.707 and 433 



Bz=-0.707 at (a) t=20; (b) t=60; (c) t=100, and (d) t=145, in the same 434 

format as Figure 3. 435 

 436 

4.3 Magnetic field shear angle and the reconnection locations  437 

  In order to understand the global locations of magnetopause 438 

reconnection, we compare the simulated reconnection locations with the 439 

antiparallel reconnection scenario. Figures 6a and 6b show the magnetic 440 

field shear angles between the magnetosheath and magnetospheric 441 

magnetic field lines, θshear, at t=60 projected onto the magnetopause 442 

surface for case 1 and case 2. Here, θshear=cos
-1

 (Bp∙Bs/(|Bp||Bs|)), Bp 443 

represents the magnetospheric magnetic field, Bs the magnetosheath 444 

magnetic field, and the angle θshear >145° represents a near antiparallel 445 

configuration. Note that in our cases with a finite IMF Bx but a zero By, a 446 

smaller magnetic shear angle does not necessarily mean component 447 

reconnection, but rather a larger normal component of magnetic field Bx. 448 

 As expected, the majority of the dayside magnetopause surface is 449 

characterized by the maximum magnetic shear conditions (θshear>145°) in 450 

both cases with a southward IMF. Reconnection locations (black circles) 451 

are mainly distributed across the regions characterized by the maximum 452 

(i.e., near antiparallel) magnetic shear conditions (θshear~145° to 180°) on 453 

the dayside magnetopause, consistent with previous studies by Dungey 454 

(1961) and Trattner et al. (2005, 2007). However, we also find that the 455 



reconnection locations on the dawn and dusk sides, where the magnetic 456 

shear angles are between 90° and 145°. We find reconnection here is 457 

consistent with the component reconnection scenario, in which the 458 

magnetospheric and magnetosheath magnetic fields have a large common 459 

guide field component.  460 

Figures 6c-6d show the magnetopause ion bulk flow velocity 461 

component Vpz as viewed from the Sun. We also find that compared with 462 

the antiparallel magnetic field configuration, the reversal of the ion bulk 463 

flow velocity component Vpz can provide a better indication of the 464 

reconnection locations in these cases under a southward IMF and without 465 

IMF By, including both the dawn side and dusk side regions. By 466 

examining the changes in Vpz and its reversal across the magnetopause 467 

surface, we can pinpoint the regions where significant reconnection is 468 

taking place under the southward IMF conditions. 469 

In order to understand the large magnetic shear angle among the 470 

southern and northern regions of the dayside magnetopause shown in 471 

Figure 6b in the presence of IMF Bx, we examine the time evolution of 472 

the field line configuration. Figures 6e and 6f present the ion bulk flow 473 

component Vpz in the noon-meridian plane together with the projected 474 

magnetic field lines at t=20 and t=60, respectively, in case 2 with a 475 

negative IMF Bx. At t=20, magnetopause flow reversal occurs in the 476 

southern hemisphere (Z=-5 in Figure 6e), where the field lines between 477 



the magnetospheric and magnetosheath are antiparallel. On the other hand, 478 

in the northern hemisphere, the field lines between the magnetosphere 479 

and magnetosheath do not exhibit a large magnetic shear angle, and the 480 

shear angle decreases with the increase of latitude due to the initial IMF 481 

Bx conditions (θshear~145° at the equator). It is found that the 482 

corresponding current sheet is thicker in the northern hemisphere than in 483 

the southern hemisphere, as can be seen by the loose magnetic field lines 484 

in the northern hemisphere (Figure 6e). Since the magnetosheath field 485 

lines undergo compression by the solar wind (Kivelson & Russell, 1995; 486 

Lopez et al., 2017; Madelaire et al., 2022), the shocked IMF lines are 487 

highly curved along the dayside magnetopause, and a thinner 488 

magnetopause current sheet is present downstream of the 489 

quasi-perpendicular shock where the magnetic shear angle is large. At 490 

t=60, antiparallel reconnection (θshear>145°) also occurs in both the 491 

southern and northern hemispheres (Figures 6b and 6f), equatorward of 492 

the original reconnection location at Z=-5. The global reconnection 493 

locations thus appear to have shifted equatorward. As shown in Figure 6f, 494 

the reversal of ion bulk flow velocity component Vpz shifts to Z=+1 at 495 

t=60. Although the field configuration is still antiparallel in the southern 496 

hemisphere, the X-line in the southern hemisphere is suppressed by the 497 

southward outflow from the newly formed reconnection region at Z=+1. 498 

In the later stage, the reconnection locations are no longer controlled by 499 



the initial IMF conditions, but rather by the local magnetopause dynamic 500 

processes. Overall, reconnection prefers to occur over a broad range of 501 

the magnetopause. 502 



 503 

Figure 6. Earth’s magnetopause color-coded for the magnetic shear angle 504 



between the magnetosheath and magnetospheric field lines (a-b) and the 505 

ion bulk flow velocity component Vpz (c-d) under different IMF Bx at 506 

t=60 as viewed from the Sun; the ion bulk flow velocity component Vpz 507 

and the 2-D view of magnetic field lines in the noon-meridian plane at 508 

t=20 (e) and t=60 (f). (a) and (c): Bx=0, Bz=-1; (b), (d), (e), and (f): 509 

Bx=-0.707, Bz=-0.707. The black circles in (a)-(d) represent the 510 

reconnection locations. The white dashed lines at (e)-(f) represent the 511 

magnetopause surface. 512 

 513 

 514 

5. Discussions 515 

Our hybrid simulations have shown that the dayside magnetopause 516 

reconnection is unsteady. During the dynamic evolution even under 517 

steady solar wind conditions, the reconnection locations are not simply 518 

determined by the maximum magnetic shear location on the basis of the 519 

initial IMF direction. How does the location of reconnection evolve 520 

dynamically? In the following, we discuss some reasons for the shift of 521 

reconnection locations. 522 

5.1 Effects of Flux Ropes 523 

Early diagrams of dayside reconnection typically depict a single 524 

quasi-steady reconnection site, as first proposed by Dungey in 1961. 525 

However, observations indicate that dayside reconnection often occurs in 526 



bursts, forming FRs that are commonly observed at the magnetopause, as 527 

reported by Russell and Elphic (1978), Kawano and Russell (1997), Fear 528 

et al. (2007, 2012), and Wang et al. (2006). In general, reconnection can 529 

occur at a single X-line or multiple X-lines. Figures 3b-3c, 4b-4d, and 530 

5b-5d also show the same processes that single X-line reconnection 531 

becomes multiple X-line reconnection during the temporal evolution, and 532 

the reconnection locations shift northward or southward from the original 533 

site.  534 

In addition, the coalescence of the FRs can also change the magnetic 535 

field topology and the variation/shift of reconnection locations. Figures 536 

7a-7c show the time evolution of contours of ion bulk flow component 537 

Vpz and the 2-D view of magnetic field lines during the coalescence of 538 

FRs in the Y=-3.2 plane in case 1. At t=60, a reconnection X-line is seen 539 

to be located at Z=+2, and a southward-moving FR (FR1) is on the 540 

southern side of this X-line, as indicated in Figure 7a. Then, at t=65, a 541 

new reconnection X-line is generated at Z=-5, and a new magnetic flux 542 

rope (FR2) is formed on the northern side of FR1, subsequently merging 543 

with FR1 (Figure 7b). At t=70, the X-line at Z=+2 has disappeared with 544 

only one FR left. The above results are supported by the 3-D field lines 545 

presented in Figure 8.  546 

Figures 7d-7e show the line cuts of the magnetic field component Bx 547 

and ion flow component Vpz along the magnetopause surface at t=65 in 548 



the Y=-3.2 plane. Both Bx and Vpz between FR1 and FR2 reverse from 549 

positive to negative along the +Z direction, though their reversal locations 550 

are not exactly the same. It is shown that Vpz inside FR1 and at the 551 

merging point near Z=-0.8 is positive, which means that FR1 is moving 552 

northward to merge with FR2. As a result, the reconnection outflow of the 553 

X-line at Z=+2 is gradually suppressed by the northward-moving flow. At 554 

t=70, only the X-line at Z=-5 survives. It is found that the reconnection 555 

location can change by 7 RE in the Z direction, spanning between the 556 

northern and southern hemispheres.  557 



 558 

Figure 7. Coalescence of FRs in case 1. Contours of ion particle bulk 559 

velocity component Vpz at t=60 (a), t=65 (b), and t=70 (c); the line cuts of 560 

magnetic field components Bx, Bz (d), and ion bulk velocity component 561 

Vpz (e) along the magnetopause surface at t=65 in the Y=-3.2 plane. The 562 

red mark ‘X’ represents the location of Vpz reversal from negative to 563 

positive along the +Z direction. The red and blue dashed boxes in Figures 564 



7d and 7e represent the flux ropes FR1 and FR2, respectively. 565 

 566 

Figure 8. Magnetic field line configuration in 3-D perspective around the 567 

Y=-3.2 plane in case 1 at t=60 (a), 65 (b), 70 (c), and 75 (d). The field 568 

lines are color-coded according to their Z coordinates. The red mark ‘X’ 569 

represents the position of the X-line in the Y=-3.2 plane.  570 

 571 

To better understand the 3-D coalescence process, we draw the time 572 

evolution of 3-D magnetic field line configuration around the Y=-3.2 573 

plane in Figure 8. At t=60, the southward-moving FR1 is wrapped by 574 



northward-moving reconnected magnetic field lines in regions with 575 

Y>-3.2. In the Y=-3.2 plane, only one reconnection X-point exists at 576 

Z=+2 (Figure 8a). At t=65, FR2 is generated on the northern side of FR1, 577 

and new reconnection occurs at Z=-5 (Figure 8b). Both FR1 and FR2 are 578 

wrapped together by the northward-moving reconnected magnetic field 579 

lines (Figure 7b and Figure 8b), which indicates that the coalescence is 580 

driven by the northward reconnection outflow of the new reconnection at 581 

Z=-5. At t=70, this coalescence is also present in the extended regions in 582 

the -Y direction and pulls the southward-moving FR1 northward to merge 583 

with FR2 (Figures 8b-8d). Reconnection around the X-point at Z=+2 is 584 

inhibited by the northward reconnection outflow and disappears (Figures 585 

7c and 8c). At t=75, the coalescence between FR1 and FR2 is completed, 586 

and the two FRs are replaced by a new FR with a larger diameter (Figure 587 

8d). The axis of the new FR is tilted in the Z direction due to the spatial 588 

variation of convection velocity at different Y locations and the guide 589 

field By. Our results agree with the previous global hybrid simulation by 590 

Guo et al (2020), which shows the tilted FRs due to the presence of guide 591 

field. Therefore, a coalescence that begins at a nearby coordinate Y and 592 

the associated convection of field lines can affect the motion and 593 

interaction of FRs, which then further affects the reconnection locations. 594 

The tilted FRs, which have also been observed at the magnetopause (Teh 595 

et al., 2017) and in the magnetotail (Teh et al., 2018; Man et al., 2020; 596 



Jiang et al., 2023), as well as the spreading of their coalescence in the Y 597 

direction, however, cannot be revealed by 2-D models.  598 

 599 

5.2 Reconnection inside FRs 600 

It is also found in our simulation that reconnection can take place 601 

inside FRs, which also affects the variation of reconnection locations. 602 

Figure 9 shows the contours of Vpz and 2-D view of magnetic field line 603 

configuration during the evolution of reconnection inside FR3 in case 1. 604 

As shown inside the red ellipse in Figure 9a (t=135), the length scale of 605 

FR3 can be ~10 RE in the Z direction, extending across the equator. The 606 

Vpz reversal locations on the northern and southern sides of FR3 are no 607 

longer at the X-points of the projected field but rather inside FR3. The 608 

magnetopause flow velocity is ~1 VA0 at the X-line northward of FR3 and 609 

~-0.6 VA0 at the X-line southward of FR3, comparable with but somewhat 610 

smaller than the average magnetosheath flow speed of ~1 VA0. FR3 and 611 

the magnetopause current sheet around it are stretched by the northward 612 

flow in the northern hemisphere and southward flow in the southern 613 

hemisphere. As a result, new reconnection is triggered in the current sheet 614 

(Figures 9a-9c). At t=140, FR3 is splitting into two FRs (FR4 and FR5). 615 

The reconnection locations shift to the center of FR3 (Figure 9b).  616 

Figures 9d-9e show the line cuts of the Bx component and the flow 617 

component Vpz, respectively, along the magnetopause surface in the 618 



noon-median (Y=0) plane at t=140. In these line cuts, reconnection 619 

location is identified by the Bx reversal from positive to negative and the 620 

bulk velocity component Vpz reversal from negative to positive at Z=-1. 621 

At t=145, FR3 has fully split into FR4, FR5, and a small FR (FR6). FR6 622 

is generated by the secondary reconnection under a strong northward flow 623 

inside FR3 at Z=+3. The flow component Vpz in the magnetopause is 624 

larger than that in the magnetosheath, as seen from the darker colors 625 

inside FR4 and FR5, and the flow reversal is located at the X-type 626 

magnetic configuration (Z=-1). The splitting of a large-scale FR into two 627 

smaller FRs has recently been observed at the Earth’s magnetopause 628 

(Zhong et al., 2023). In general, multiple X-line reconnection can be 629 

affected by the strong northward or southward magnetosheath flows 630 

before the reconnection inside FR3 has fully developed (i.e. before the 631 

FR3 separates into two FRs). Ions are accelerated by the new 632 

reconnection inside FR3, and then reconnection on the north and south 633 

sides of FR3 is found to be inhibited by the new reconnection outflow. 634 



 635 

Figure 9. Evolution of reconnection inside FR3 in case 1. Contours of ion 636 

bulk velocity component Vpz at t=135 (a), t=140 (b), and t=145 (c); line 637 

cuts of magnetic field component Bx and Bz (d), and ion bulk velocity 638 

component Vpz (e) along the magnetopause surface in the noon-median 639 

(Y=0) plane at t=140. The red mark ‘X’ indicates the location of ion flow 640 



reversal from negative to positive. The red and blue dashed boxes in 641 

Figures 9d-7e represent the flux ropes FR5 and FR4, respectively. 642 

 643 

The 3-D magnetic field line configuration around the noon-meridian 644 

plane is also provided in Figure 10. At t=130, the flux rope FR3 645 

extending in the Y and Z directions (predominantly in Z) is located 646 

between Z>-5 and Z<+5 (Figure 10a). At t=135, FR3 stretches in the ±Z 647 

direction (Figure 10b). At t=140, reconnection inside FR3 is triggered, 648 

and three new FRs (FR4, FR5, and FR6) are separated from FR3 (Figure 649 

10c). FR4 and FR5 are generated by reconnection with Vpz reversal at the 650 

Z=-1. FR6 is generated by secondary reconnection at Z=+3. It is worth 651 

noting that the features of FR6 do not appear in the 2-D view in Figure 9b 652 

and the line cuts of the magnetic field in Figure 9d (t=140), because the 653 

axial direction of FR6 is mainly in the Z direction. The effects of 654 

secondary reconnection on the global distribution of magnetopause 655 

reconnection are beyond the scope of this paper. At t=145, the new 656 

reconnection outflow transports FRs from the low-latitude region toward 657 

the high-latitude region. The distance between FR4 and FR5 becomes 658 

larger than that at t=140, as FR4 propagates northward and FR5 is 659 

transported southward. Overall, the location of reconnection has shifted 660 

to Z=-1 due to reconnection inside FR3. 661 



 662 

Figure 10. 3-D magnetic field line configurations around the 663 

noon-meridian plane in case 1, at t=130 (a), t=135 (b), t=140 (c), and 664 

t=145 (d). The field lines are color-coded according to their Z coordinate. 665 

The red mark ‘X’ represents the position of the X-point in the 666 

noon-meridian plane. 667 

 668 

5.3 Reconnection near the equator and effects of magnetosheath flow  669 

Under the southward IMF conditions with finite IMF Bx, reconnection 670 

first occurs in a high-latitude region (Figures 4a and 5a) downstream of 671 

the quasi-perpendicular shock, consistent with the anti-parallel 672 



reconnection scenario. Then, in the middle stage of the simulation, 673 

subsolar reconnection between the northward geomagnetic field and the 674 

southward IMF is found to have developed and become steadier than 675 

reconnection in the high-latitude region. The reason for the formation of 676 

the steadier low-latitude reconnection is that the strong northward or 677 

southward magnetosheath flow in the high-latitude region induces the 678 

sliding motion of the X-line along the magnetopause (Tanaka et al., 2010). 679 

Then the high-latitude reconnection near the noon-meridian plane is 680 

suppressed by the subsolar reconnection outflow and eventually 681 

dominated by the low-latitude reconnection (Figures 4c and 5b). As the 682 

magnetopause current sheet is further stretched by the magnetosheath 683 

flow, low-latitude reconnection is also triggered on the dawn and dusk 684 

sides. 685 

Figure 11 depicts the contours of ion velocity component Vpz in the 686 

Y=-8.6 plane (dawn side) superposed with the nearby 3-D magnetic field 687 

lines in case 2 with a negative IMF Bx. At t=60, a Vpz reversal at the 688 

magnetopause and the reconnection X-lines are located at Z=-3.2 (Figure 689 

11a). The average |Vpz| (~1.3VA0) of the magnetosheath flow is 690 

comparable to and somewhat larger than the magnetopause |Vpz| (~1VA0) 691 

near Z=-3.2. The Vpz flow reversal in the magnetosheath is located at 692 

Z=+2, signifying that the magnetopause reconnection X-line at Z=-3.2 is 693 

situated against the backdrop of a southward magnetosheath flow. At t=70, 694 



new reconnection occurs in the low-latitude region near Z=+2 where the 695 

magnetopause flow reversal at this position coincides with magnetosheath 696 

flow reversal (Figure 11b). At t=80, a new FR is generated in Y>-8.6 697 

(Figure 11c, duskward of the contour plane). In Y<=-8.6, on the other 698 

hand, the magnetopause reconnection in the southern hemisphere is 699 

inhibited by the southward magnetosheath flow. At t=100, the locations of 700 

magnetopause reconnection in the Y<=-8.6 planes are dominated by those 701 

near the equator (Figure 11d). Besides, it is worth noting that 702 

reconnection locations at Z=-3.2 still exist in the Y>-8.6 planes, where 703 

multiple X-line reconnection is also in process. After the reconnection 704 

locations shift to the vicinity of the equator, they tend to remain 705 

quasi-steady in the low-latitude regions, with slight position changes 706 

caused by the generation, transport, and coalescence of the FRs. 707 



 708 

Figure 11. Contours of ion flow component Vpz in the Y=-8.6 plane 709 

together with 3-D magnetic field lines in case 2 at various times. The 710 

black circles represent the magnetopause reconnection locations. 711 

 712 

6. Summary  713 

In this paper, we have studied the dynamic evolution of dayside 714 



magnetopause reconnection locations and their dependence on the IMF 715 

cone angle via 3-D global hybrid simulations. The main conclusions are 716 

as follows. 717 

1. Under purely southward IMF conditions, reconnection begins from 718 

around the equator, and the reconnection sites exhibit a dynamic 719 

evolution that extends beyond the equatorial region. The X-lines are 720 

not always parallel to the equatorial plane, even though the IMF is 721 

southward. Our results demonstrate detailed manners of the evolution 722 

of global reconnection structures, including tilted FRs, tilted 723 

reconnection lines, and the spreading of FR coalescence in the Y 724 

direction. Nevertheless, these highly dynamic reconnection locations 725 

tend to shift to the equator and maintain quasi-steady in the 726 

low-latitude regions in the later stage of simulation. 727 

2. In the presence of a finite IMF Bx, reconnection initially occurs in the 728 

high-latitude regions downstream of the quasi-perpendicular bow 729 

shock, where the magnetic field lines are antiparallel. Similar to the 730 

case with a purely southward IMF, the magnetopause reconnection 731 

evolves dynamically under steady upstream conditions. Eventually, 732 

the magnetopause is dominated by low-latitude reconnection, while 733 

reconnection in the high-latitude regions is inhibited by the outflow of 734 

the low-latitude reconnection as well as the magnetosheath flow. The 735 

average locations of reconnection maintain quasi-steady in the 736 



low-latitude regions, regardless of the sign of IMF Bx. 737 

3. The presence of IMF Bx controls the location of reconnection by 738 

affecting the thickness of the magnetopause current sheet. In the early 739 

stage of simulation, reconnection occurs in high-latitude 740 

(𝜃𝑠ℎ𝑒𝑎𝑟~180, quasi-perpendicular shock) where the magnetopause 741 

current sheet is the thinnest. The current sheet is thicker in other 742 

regions with smaller 𝜃𝑠ℎ𝑒𝑎𝑟. Such occurrence of reconnection in the 743 

region characterized by antiparallel magnetic field lines supports the 744 

views of Dungey (1961, 1963), Luhmann et al. (1984), and Trattner et 745 

al. (2005, 2007). Nevertheless, a relatively thin local magnetopause 746 

current sheet is found to also develop in the extended areas over the 747 

dayside magnetopause, where the shocked magnetosheath field lines 748 

are compressed by the solar wind (Kivelson & Russell, 1995; Lopez et 749 

al., 2017; Madelaire et al., 2022). Since the shocked IMF lines are 750 

highly curved, large 𝜃𝑠ℎ𝑒𝑎𝑟  exists in broad regions. Subsequently, 751 

reconnection can occur over a large range of the dayside 752 

magnetopause. Therefore, reconnection locations are no longer 753 

controlled by the initial IMF conditions in the dynamic magnetopause. 754 

We have examined other cases with different IMF cone angles (not 755 

shown in this paper) and obtained similar results.  756 

4. Predominant magnetopause reconnection can be effectively identified 757 

by the locations of Bx reversal and the reversal of the ion flow velocity 758 



component Vpz on the magnetopause surface. It is worth noting that 759 

the X-lines identified with simultaneous Bx and Vpz reversals tend to 760 

possess quasi-steady reconnection locations, while X-lines without Vpz 761 

reversal tend to be transient as they are easily carried away by 762 

significant poleward background flows in higher latitudes. 763 

5. Overall, we find that dayside magnetopause reconnection locations not 764 

only depend on the initial IMF directions but also the local dynamic 765 

processes of the magnetopause, e.g., the generation, coalescence, and 766 

transportation of FRs, reconnection inside the FRs, low-latitude 767 

reconnection, and magnetosheath flow.  768 

Previous observations (Zou et al., 2022) and simulations (Hoilijoki et 769 

al., 2017, 2019; Pfau-Kempf et al., 2020) suggested that perturbations in 770 

the magnetosheath driven by foreshock waves can modulate the 771 

magnetopause reconnection. Chen et al. (2021) showed that the 772 

magnetosheath fluctuations can induce magnetopause reconnection. 773 

However, recent observational statistics obtained by Petrinec et al. (2022) 774 

showed that enhanced magnetosheath fluctuations are unlikely to trigger 775 

magnetic reconnection at random magnetopause locations. Such results 776 

indicate that increased fluctuations do not enhance the occurrence of 777 

steady magnetic reconnection at the magnetopause. Our present study 778 

focuses on the predominant and primary reconnection locations, for 779 

which we do not see the significant effects of foreshock waves. 780 



A particular aspect of our study is the investigation of the relation 781 

between magnetic shear angle and the magnetopause reconnection under 782 

finite IMF Bx and Bz. In the existing Maximum Shear Model, an 783 

empirical approach is employed to predict the location of reconnection 784 

X-lines on the magnetopause surface based on the maximum magnetic 785 

shear angle (Trattner et al., 2007). Since its introduction, various studies 786 

in the literature have assessed the performance of the Maximum Shear 787 

Model. It is found that the Maximum Shear Model would not lose 788 

statistical accuracy when the IMF is dominated by a southward IMF Bz 789 

(Trattner et al., 2007; Qudsi et al., 2023) or IMF By (Trattner et al., 2017). 790 

However, for large |Bx|/|B|, the model predicts only antiparallel 791 

reconnection due to inaccuracies in modeling the magnetosheath field 792 

line draping (Trattner et al., 2007). Fuselier et al. (2017) noted that the 793 

Maximum Shear Model struggles to predict reconnection location under 794 

some conditions, such as vortex structures of the KH waves and IMF Bx 795 

dominant X-line events with a strong guide field. In this study, we find 796 

that the maximum shear angle model exhibits good performance in the 797 

case with purely southward conditions, consistent with the IMF-Bz 798 

dominant observations (Trattner et al., 2007; Qudsi et al., 2023). In the 799 

case with IMF Bx, the maximum shear angle model exhibits accurate 800 

predictions in the early stage of global reconnection, when the thinnest 801 

current sheet exists downstream of quasi-perpendicular shocks where the 802 



field is antiparallel, leading to reconnection in this high-latitude boundary 803 

layer. Nevertheless, due to the magnetosheath field lines draping around 804 

the magnetopause, almost entire magnetopause displays large shear 805 

angles except on the dawn and dusk sides. In the later stage, reconnection 806 

is not confined to the region with maximum shear angle.  807 
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Figure 7.
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Figure 8.





Figure 9.
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Figure 10.
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Figure 11.
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