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Abstract16

Solar wind drives magnetospheric dynamics through coupling with the geospace system17

at the magnetopause. While upstream fluctuations correlate with geomagnetic activity,18

their impact on the magnetopause energy transfer is an open question. In this study, we19

examine three-dimensional global magnetospheric simulations using the Geospace con-20

figuration of the Space Weather Modeling Framework. We examine the effects of solar21

wind fluctuations during a substorm event by running the model with four different driv-22

ing conditions that vary in fluctuation frequency spectrum. We demonstrate that up-23

stream fluctuations intensify the energy exchange at the magnetopause increasing both24

energy flux into and out of the system. The increased energy input is reflected in ground25

magnetic indices. Moreover, the fluctuations impact the magnetopause dynamics by reg-26

ulating the energy exchange between the polar caps and lobes and energy transport within27

the magnetotail neutral sheet.28

Plain Language Summary29

Earth’s magnetic field shields the near-Earth space plasma environments from the30

direct influence of solar wind. Solar wind however drives the magnetosphere when phys-31

ical processes at the magnetopause boundary enable the transfer of energy between the32

plasmas. The coupling has global consequences in the magnetosphere system and its ef-33

ficiency is particularly dependent on the orientation of interplanetary magnetic field and34

its magnitude but also on magnetic field fluctuation power. We capture the impact of35

upstream fluctuations on magnetopause energy exchange and nightside magnetotail dy-36

namics by analysing magnetohydrodynamic simulations of the global magnetosphere us-37

ing various upstream driving conditions. We discover that more energy flows out from38

and into the system at the magnetopause when the upstream solar wind plasma include39

magnetic field fluctuations. The upstream fluctuation power is moreover reflected in night-40

side magnetotail, where flow patterns at the neutral sheet are regulated, as well as to41

ground indices with fluctuations driving a stronger geomagnetic response.42

1 Introduction43

Magnetospheric phenomena are driven by the solar wind interaction at the mag-44

netopause boundary. The physical processes that enable transfer of energy between the45

solar wind and Earth’s magnetosphere (Burton et al., 1975; Weigel et al., 2003) have global46

consequences including substorms during which energy is released earthward from the47

nightside magnetotail (Hones, 1979).48

While the orientation and magnitude of interplanetary magnetic field (IMF) con-49

trol the strength of the coupling, the field fluctuations are also correlated with magne-50

tospheric phenomena. Ultra-low frequency (ULF; mHz) waves in the solar wind increase51

auroral activity (Borovsky & Funsten, 2003; D’Amicis et al., 2007, 2009), both during52

southward and northward IMF (Osmane et al., 2015). The response at low latitudes is,53

however, ambiguous (Wanliss & Weygand, 2007; D’Amicis et al., 2010, 2011; Alimagan-54

betov & Streltsov, 2020). It is still unknown through which processes the upstream fluc-55

tuations increase geomagnetic activity (Borovsky, 2021).56

Only a few studies have quantitatively addressed the net energy transfer through57

the magnetopause (Brenner et al., 2021, 2023; Ala-Lahti et al., 2022). These studies show58

net energy outflow from the magnetosphere in the dayside and inflow through the tail59

lobes (see also Palmroth et al., 2003, 2006, 2010, 2011). Prior numerical studies have ex-60

amined the magnetospheric impact of solar wind dynamic pressure fluctuations (Claudepierre61

et al., 2010; Zhou et al., 2022), synthetic Alfvénic waves (McGregor et al., 2014) and back-62

ground solar wind averaged to frequencies 0.2mHz (Ilie et al., 2010). The impact of the63
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solar wind fluctuations on the energy transfer, however, has thus far not been quanti-64

fied.65

Here we investigate the importance of solar wind fluctuations for solar wind – mag-66

netosphere coupling by modeling the Earth’s space plasma environment with global mag-67

netospheric simulations. We focus on the impacts during substorm intervals of solar wind68

ULF and sub-ULF (< 1mHz) fluctuations. Particularly, we specify the impact by com-69

puting the energy fluxes through magnetospheric boundaries and quantifying the night-70

side dynamics at the neutral sheet, effects that have not been examined in prior simu-71

lation analyses.72

2 Methods73

2.1 Space Weather Modeling Framework (SWMF)74

This work uses the Space Weather Modeling Framework (SWMF) in its Geospace75

configuration (Tóth et al., 2012) to simulate the coupled solar wind-global magnetosphere-76

ionosphere system. The Geospace configuration consists of the outer magnetosphere, in-77

ner magnetosphere and ionosphere electrodynamics components, with Block Adaptive78

Tree Solar-wind Roe Upwind Scheme (BATS-R-US) (Powell et al., 1999) solving ideal79

MHD equations to model solar wind. The magnetosphere is modeled with a varied grid80

resolution that ranges from 0.125RE in near-Earth region to 8RE in distant tail. The81

MHD global magnetosphere physics domain is coupled with Rice Convection Model (RCM)82

(Toffoletto et al., 2003) and Ridley Ionosphere Model (RIM) (Ridley et al., 2006). RCM83

describes non-Maxwellian plasmas of the inner magnetosphere by computing bounce- and84

pitch-angle-averaged phase space densities for protons, electrons and single charged oxy-85

gen ions, whereas RIM solves the Poisson equation for electrostatic potential distribu-86

tion at a two-dimensional ionospheric surface. Ionospheric conductances for RIM are pro-87

vided by Conductance Model for Extreme Events (CMEE) (Mukhopadhyay et al., 2020).88

The inner magnetosphere ring current dynamics is included in the MHD solution89

by nudging the MHD plasma pressure and density to correspond to the RCM values, which90

are computed from boundary field and plasma conditions set by BATS-R-US (de Zeeuw91

et al., 2004). RIM on the other hand receives field-aligned currents from BATS-R-US92

to determine ionospheric conductances and update electric potential and field, which are93

then fed to the MHD model and RCM, respectively. RCM uses the electric field to com-94

pute the drift speeds.95

Similar to Brenner et al. (2023), we capture the magnetopause with 0.5RE grid res-96

olution inside a paraboloid that reaches from its nose at XGSM = 20RE (YGSM = ZGSM = 0)97

to XGSM = −32RE (YGSM = ZGSM = ±26RE). All simulation results are shown in Geo-98

centric Solar Magnetospheric (GSM) coordinates at 1-min temporal cadence. We increase99

the resolution to 0.125RE within −20 < XGSM < 8 and −8 < YGSM,ZGSM < 8RE to re-100

solve the nightside magnetotail dynamics (see Figure S1 in Supporting Information (SI)).101

The inner boundary of the simulation domain is at 2.5RE and the simulation time step102

the order of 10−2 s (Ala-Lahti et al., 2024).103

2.2 Boundary Energy Fluxes104

We apply previously developed methods to identify magnetospheric boundaries and105

to compute boundary energy fluxes. Following Brenner et al. (2021), we use magnetic106

field line topology and modified plasma beta (β∗) to determine the magnetopause. The107

modified plasma beta is given as108

β∗ = 2µ0(Pth + Pdyn)/B
2, (1)109

where µ0 is vacuum permeability, Pth and Pdyn are thermal and dynamics pressures, and110

B is magnetic field magnitude (Xu et al., 2016). On the dayside, the magnetopause is111
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defined as the outer surface of closed field lines, whereas on the nightside the magnetopause112

is defined as an isosurface of β∗ = 0.7, which has been shown to well separate the dense113

magnetosheath (high thermal/dynamic pressure) from the empty tail lobes (low ther-114

mal/dynamic pressure) (Brenner et al., 2021). A tailward closure of the boundary is spec-115

ified by a cutoff plane at given XGSM that is adjusted to omit any solar wind field lines.116

The final magnetopause boundary encloses the magnetospheric volume consisting of closed117

and open field topologies out to the cutoff plane. In this work, we set the tail cutoff at118

XGSM = −40RE. The energy analysis volume is further limited to outside a sphere119

of r = 4RE radius; note that this boundary is different from the simulation inner bound-120

ary which resides at 2.5RE.121

We compute the total energy flux (K) that includes the Poynting flux (S) carry-122

ing electromagnetic energy and hydrodynamic energy flux (H). The total energy flux123

can be written in the MHD limit as124

K = S+H =

(
B2

µ0
V − B ·V

µ0
B

)
+

(
1

2
ρV 2 +

γ

γ − 1
Pth

)
V, (2)125

where V is the MHD bulk velocity, ρ the mass density, and γ = 5/3 is the ratio of spe-126

cific heats. At a given boundary, the flux transfer is obtained locally as the normal com-127

ponent of the flux (K·n), and the total energy flux rate is obtained by integrating over128

the boundary surface area (
∫
A
K·dA). We use an outward sign convention, where K·129

n > 0 indicates energy escape from the magnetosphere into the magnetosheath.130

We further investigate the energy flow between the portion of the close field vol-131

ume connected to the magnetosheath, and between the open lobes and the boundary at132

r = 4RE. Additionally the closed field is divided into dayside and nightside regions based133

on the average flux tube X position (X > 0 dayside). The boundary identification and134

flux calculation methods have been demonstrated and validated by Brenner et al. (2021,135

2023).136

2.3 Substorm 18 May 2015 and Simulation Runs137

We analyse a substorm event on 18 May 2015 that had minimum AL index of −423 nT138

with only a minor ring current enhancement. We ran the SWMF Geospace simulation139

using the solar wind measured by the Wind spacecraft as upstream boundary condition.140

We constructed three additional runs by filtering the Wind data: First, the Wind mag-141

netic field and plasma data were low-pass filtered to frequencies < 1mHz. Second, we142

created a “box”-filtered data series, which comprises constant solar wind and IMF but143

stepwise varying BZ changing only when the field turned southward/northward. Third,144

we extracted magnetic field ULF fluctuations (2 – 8mHz; periods of 2 and 8min) (e.g.,145

McGregor et al., 2014; Osmane et al., 2015; Villante et al., 2022) from the original Wind146

observations and added that to the box-filtered time series, which yields an IMF pro-147

file that has ULF fluctuations but no lower-frequency field variations. The latter two are148

referred to as the “Box” and “Box+ULF” runs.149

The simulations were performed from 23:00UT on 17 May 2015 to 17:00UT on 18150

May 2015 using SWMF restart option. The magnetosphere was first initiated by driv-151

ing it with the solar wind data from 23:00UT on 17 May to 07:00UT on 18 May 2015.152

The four simulations with different solar wind input data series were then run from the153

end state of this initiation period to 17:00UT on 18 May 2015.154

Figure 1 introduces the upstream solar wind data of the four simulation runs; the155

restart time is marked by the dashed vertical line, before which all simulations are iden-156

tical. Figure 1a shows the unfiltered (“Orig SW” colors) and low-pass filtered (“Lowpass”157

black) magnetic field data from Wind. The box-filtered magnetic field with (colors) and158

without (black) ULF fluctuations are shown in Figure 1b. Panels 1c-d show the plasma159
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Figure 1. Simulation upstream solar wind conditions (Left: Orig SW, Lowpass; Right: Box,

Box+ULF). Panels a-f: (a-b) Upstream magnetic field (colors - Orig SW, Box+ULF; black -

Lowpass, Box), (c-d) plasma velocity, (e-f) density (blue) and temperature (yellow). Panels g-h:

Newell coupling function (blue) and its cumulative (yellow). Panels i-j: Geomagnetic SYM-H

and AL indices, with the observations (black; OMNIWeb). Insert: Schematic of magnetospheric

boundary fluxes in the noon-midnight meridional plane. Flux through the outer boundary is

given by fluxes 1-4. The inner solid lines (teal and brown) illustrate the analysis inner boundary

at r = 4RE (fluxes 5-6). Purple - open field line regions; red - closed field line regions.

velocity, and panels 1e-f both the number density (blue) and temperature (yellow). The160

dotted vertical lines delimit the southward (BZ < 0) IMF period.161

The Newell coupling function (Newell et al., 2007), which estimates the rate of in-162

crease of open magnetic flux from dayside reconnection, is shown in Figures 1g-h. The163

panels show both the instantaneous coupling function and its cumulative value starting164

from 07:00UT on 18 May 2015. The run with higher fluctuation power in each panel is165

represented by the colored traces. While upstream fluctuations result in rapid variations166

of the Newell function, the cumulative function show only minor differences.167

Figures 1i-j show the observed and simulated SYM-H and AL indices. The low ring168

current activity is demonstrated by the SYM-H values above −19nT. The simulation with169

the Wind solar wind data (Orig SW) follows the observations well, but underpredicts170

the observed substorm-time activity. The ring current develops in the simulation with171

a delay, but the start of the substorm growth phase and the ending of its recovery phase172

match the observations well (Figure 1j).173

The coupling function increases in a steplike fashion when the upstream field turns174

southward (first dotted line). The Newell function (Newell et al., 2007) and AL index175

indicate that, by the time of IMF northward turning (marked by the second dotted line)176
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the coupling function decreased and the substorm cycle completed its recovery phase.177

We refer to the interval bounded by the dotted lines as the event and mark these times178

in all subsequent figures.179

The simulation results imply that upstream fluctuations increase the magnetospheric180

response during disturbed period. The AL index diverges during the substorm differing181

by ∼ 20− 50 nT between the Orig SW and Lowpass runs. This effect is more distinct182

between the Box+ULF and Box runs (20− 80 nT), which also show a long-lasting dif-183

ference in SYM-H. Before the event, no significant differences are observed between the184

two pairs of traces with and without ULF waves. The AL curves converge in the sub-185

storm recovery phase.186

Next we examine whether these differences can be traced to variations of the en-187

ergy flux at the magnetosphere boundaries. The surfaces and their boundary normal di-188

rections are shown in the insert embedded in Figure 1. The total flux into and out from189

the geoeffective portion of the magnetosphere (bounded by the magnetopause and the190

tail cut plane; hereafter referred to as “outer boundary”) is given by fluxes 1-4, and through191

the boundary at r = 4RE (hereafter referred to as “inner boundary”) by fluxes 5-6. Note192

that flux 1 includes also flux through the closed field line boundary extending into the193

nightside at the flanks of the magnetotail. We denote the fluxes K1-K6, where K refers194

to the total energy flux (see Equation 2).195

3 Results – Energy Flux through the System Boundaries196

Figure 2. Magnetospheric bulk fluxes and their cumulatives. Panels a-b: Upstream BY and

BZ. Panels c-d: Total energy flux through the outer boundary and inner boundary at r = 4RE.

Escape (out) and entry (in) are plotted over the event in pale colors; their integral values are

given in the insert. Panels e-f: Cumulative of the total energy flux shown in panels c-d.

The total energy flux through the magnetospheric outer boundary (the sum of K1-197

K4) and the inner boundary (K5-K6) are shown in Figure 2. Figure 2c-d shows the to-198

tal flux as the sum of the outward (K·n > 0) and inward flux components (K·n < 0)199
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shown with the pale lines only during the event period (see also SI Table S1). It is clear200

that at any given time, the net energy transport is a small fraction of the inward and201

outward transport that roughly balance each other. The results at the outer boundary202

show that southward IMF results in net energy input into the system (negative total flux203

values in Figure 2c).204

The impact of the upstream fluctuations on solar wind – magnetosphere coupling205

is seen by comparing the yellow and red curves with their low-pass counterparts shown206

in cyan and blue, respectively. Integrating the negative and positive values over the event207

shows that the solar wind fluctuations intensified the inward and outward energy exchange,208

but did not have a major impact on the net energy flux (total flux out+total flux in ∼209

const: Orig SW/Lowpass: −26/− 27TW; Box+ULF/Box: −6/− 9TW).210

Figure 2d shows that, similar to the outer boundary, the solar wind fluctuations in-211

creased fluxes both out from and into the inner magnetosphere and ionosphere through212

the inner boundary. While the Orig SW and Lowpass runs show no marked differences213

during the event, in the Box+ULF run the upstream fluctuations resulted in a more sig-214

nificant increase in the active time energy exchange. Interestingly, this increase is not215

comparable to the changes at the outer boundary (inner boundary +12.3% vs. outer bound-216

ary +4.3%). This suggests that the fluctuations are important in regulating the inner217

magnetosphere and magnetotail dynamics. We note that the flux in Figure 2d is dom-218

inated by the K6 flux (see SI Figure S2).219

The cumulative of the total (in+out) energy flux through the outer and inner bound-220

ary is shown in Figure2e-f. In panel e, all curves show negative values at 14:35UT im-221

plying that the magnetosphere experienced total energy gain during the examined time222

interval. Matching yellow and cyan curves demonstrate similar outer boundary dynam-223

ics between the Orig SW and Lowpass runs. The red and blue curves on the other hand224

diverge over time suggesting slightly varying dynamics between the Box+ULF and Box225

runs. First, the curves show minor differences before steady energy input into the mag-226

netosphere indicated by a negative slope starts at 12:05. Secondly, based on the higher227

positive slope of the red curve at the end of the event, the fluctuations boosted system228

energy loss. The cumulative fluxes of Box+ULF and Box runs, furthermore, diverged229

at the inner boundary (Figure 2f).230

Next we focus on the fluxes through the closed field line outer boundary and the231

open field line inner boundary (K1, K4 and K5 fluxes, see the Figure 1 insert; see also232

SI Figure S2). Figure 3a shows the total K1 flux (strong colors) and its inward and out-233

ward components (light colors) on the dayside, with Figure 3b showing the cumulative234

of the total flux. Similar to prior numerical work (Ala-Lahti et al., 2022; Brenner et al.,235

2021, 2023), the energy flows out from the magnetosphere through the dayside magne-236

topause during southward IMF as magnetic reconnection erodes the terrestrial magnetic237

flux. Based on the results from the Box+ULF vs. Box runs, solar wind IMF fluctuations238

at 2− 8mHz frequencies can enhance the dayside flux erosion.239

Figure 3c-d show the nightside K1 flux. The black arrow marks a spike in the Box+ULF240

run, which was traced to tailward of X = −20RE and was completely absent in the Box241

run. Both runs included another distinct flux spike (magenta arrow). This fluctuation242

occurred between X = −20 and −40RE in the Box run but earthward of −20RE in the243

Box+ULF run. The total flux over the event, however, did not drastically differ between244

the runs (Figure 3d). This observation supports the earlier discussion on Figure 2e that245

the upstream fluctuations can alter magnetopause boundary dynamics: Even if the to-246

tal energy exchange during an event did not vary significantly, the upstream conditions247

affect the time-history of solar wind – magnetosphere coupling as well as the exact lo-248

cation where energy is exchanged between the plasma regimes.249
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Figure 3. Magnetospheric energy fluxes shown in the format of Figure 2. Panels a-b: Day-

side K1 flux. Panels c-d: Nightiside K1 flux. Panels e-f: K4 flux at X = −40RE and at

X = −10RE (light lines). Panels g-f: K5 flux and the total K6 flux from the Box+ULF run.

K6 flux is shown to illustrate the magnitude differences between K5 and K6 (see Figure 2d).

Insert: Schematic of magnetospheric boundary fluxes in the equatorial plane.

This effect is also seen in Figure 3e, where the tail cutoff closed K4 flux at X =250

−40 shows differences between the Box+ULF and Box runs while the total flux over the251

event remains the same (Figure 3f). As the K4 flux is the flux through the closed mag-252

netotail at the cutoff distance, its negligible values imply that nightside reconnection hap-253

pens earthward of X = −40RE. The light-colored lines in Figure 3e-f show K4 when the254

tailward boundary was placed at X = −10RE. The fluxes are earthward (negative), highly255

fluctuating and their temporal variations do not agree. The cumulative values (Figure 3f)256

show however that the differences between the Orig SW and Lowpass runs are marginal.257

The K5 flux between the lobes and polar caps differ between the simulations. At258

the event beginning, all runs showed energy flow from the lobes to the polar caps (neg-259

ative flux values). While the energy flux changed to flow from the polar caps into the260

lobes (positive total values) simultaneously in the Orig SW and Lowpass runs, the change261

in the direction happened at different times between the Box and Box+ULF runs. In262

addition, the energy flux into the polar caps was larger during steadier solar wind con-263

ditions (see the curve minima in Figure 3h).264

Because of these differences, the positive cumulative flux at the end, i.e. lobes ex-265

periencing net energy input, was reached earlier and it was more substantial in the runs266

with upstream fluctuations. Most strikingly, the Box run showed no net energy gain/loss267

during the event.268
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Figure 4. Energy flux within the magnetotail neutral sheet. Panel a: X-component of the

total energy flux captured at the magnetotail neutral sheet at 12:10UT. The neutral sheet is de-

fined as BR = 0 within the closed field line topology. Panel b-e: Neutral sheet KX extracted

at X = −10RE, with the contours demarcating values |KX| > 0.2mW/m2. Panel f-g: The con-

toured areas from panels b-e (black - Orig SW and Box ULF; purple - Lowpass and Box). The

yellow indicates the areas where the contours overlap.

Finally, we examine nightside magnetotail dynamics. We focus on the X-component269

of the total energy flux (KX) at the neutral sheet defined as the surface where the ra-270

dial magnetic field component vanishes (Br = 0) (Palmroth et al., 2023) within closed271

field region. Figure 4a shows how the four simulations captured different energy flow pat-272

terns as well as neutral sheet shape in terms of tailward extent (along X) and width (in273

Y direction).274

We further extract the time series of KX at the neutral sheet at X = −10RE. The275

results are shown for the four runs in Figure 4b-e, with the contours demarcating fluxes276

above and below ±0.2mW/m2. In Figure 4f-g, the contoured high-transport areas are277

shown in the same plot for comparison (black – Orig SW, Box+ULF; purple – Lowpass,278

Box; yellow – overlap). Both comparisons show largest differences at the beginning of279

the event and at the midnight sector neutral sheet (Y = 0RE).280

4 Conclusions281

Our results indicate that the presence of solar wind IMF ULF fluctuations (2-8 mHz)282

determine a stronger geomagnetic activity. While prior work has shown that upstream283

ULF fluctuations intensify solar wind – magnetosphere coupling, especially auroral ac-284

tivity (e.g., Borovsky & Funsten, 2003; Borovsky, 2023; D’Amicis et al., 2007; Osmane285

et al., 2015), this is the first study to quantitatively assess the energy transport globally286
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throughout the magnetopause boundary and through a cross-section of the tail. The con-287

nection between solar wind fluctuations and low-latitude (SYM-H) response is however288

more ambiguous (Wanliss & Weygand, 2007; D’Amicis et al., 2010, 2011; Alimaganbe-289

tov & Streltsov, 2020), and further studies focusing on the impact during geomagnetic290

storms ought to be constructed.291

In this study, energy exchange at the system boundaries increased with upstream292

fluctuation power. Interestingly, the increase at the inner boundary (energy flux into and293

out of the polar caps and inner magnetosphere) was much larger than the increase at the294

outer boundary between the Box+ULF and Box runs. While this effect was absent in295

the Orig SW and Lowpass comparison, the dynamics at the neutral sheet varied based296

on the solar wind conditions, with upstream fluctuations increasing earthward energy297

flux on the nightside (Figure 3f).298

We observed that solar wind conditions regulate the magnetopause boundary dy-299

namics, particularly where and when energy is transferred at the system outer bound-300

ary. These results are consistent with prior MHD simulations that show upstream so-301

lar wind Alfvénicity enhancing Kelvin-Helmholtz instability (McGregor et al., 2014). In302

this study, dayside flux erosion was enhanced during IMF ULF fluctuations, which may303

result from regulated dayside boundary dynamics including varying reconnection rates304

and multiple X-lines (e.g., Raeder, 2006; Hoilijoki et al., 2017). Also the energy trans-305

fer between the lobes and polar caps was sensitive to upstream conditions.306

These findings highlight the nonlinearity of solar wind – magnetosphere coupling307

(D’Amicis et al., 2020), but more focused studies are required to understand causalities308

and consequences in the inner magnetosphere. For example, the dynamics associated with309

magnetosphere lobes acting as energy reservoirs (Baker et al., 1996; Brenner et al., 2023)310

could well be addressed by global numerical simulations.311

Open Research Section312

The simulations were constructed with the Space Weather Modeling Framework313

(SWMF) and BATS-R-US tools developed at and made available for download by the314

University of Michigan. The analyzed simulation and upstream solar wind data as well315

as the simulation software and analysis tools are available at and via Ala-Lahti et al. (2024).316
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