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rate of change of the Dst index are stronger for By < 0 (By > 0).11
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by a global coupled MHD-ring current model.13
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Abstract14

The most important parameter driving the solar wind-magnetosphere interaction15

is the southward (Bz) component of the interplanetary magnetic field (IMF). While the16

dawn-dusk (By) component of the IMF is also known to play an important role, its ef-17

fects are usually assumed to be independent of its sign. Here we demonstrate for the first18

time a seasonally varying, explicit IMF By-dependence of the ring current and Dst in-19

dex. Using satellite observations and a global magnetohydrodynamic (MHD) model cou-20

pled with a ring current model, we show that for a fixed level of solar wind driving the21

flux of energetic magnetospheric protons and the growth-rate of the ring current are greater22

for By < 0 (By > 0) than for By > 0 (By < 0) in Northern Hemisphere summer23

(winter). While the physical mechanism of this explicit By-effect is not yet fully under-24

stood, our results suggest that IMF By modulates magnetospheric convection and plasma25

transport in the inner magnetosphere.26

1 Introduction27

The interaction between solar wind, interplanetary magnetic field (IMF) and the28

Earth’s magnetic field is dominated by the north-south (Bz) component of IMF, which29

is the most important driver of dayside reconnection [Dungey , 1961], and thus the en-30

ergy input into the magnetosphere. The dawn-dusk (By) component of IMF is also known31

play an important role, leading, e.g., to a By-dependence of the ionospheric convection32

patterns [Heppner and Maynard , 1987; Cowley et al., 1991; Ruohoniemi and Greenwald ,33

2005; Thomas and Shepherd , 2018]. It is also known that IMF By modulates the day-34

side reconnection rate by affecting, e.g., the geometry of the merging line [Sonnerup, 1974;35

Laitinen et al., 2007; Trattner et al., 2012], its effect on the magnetospheric response is36

usually assumed to be symmetric with respect to its sign. However, several studies [Friis-37

Christensen et al., 1972, 2017; Smith et al., 2017; Holappa and Mursula, 2018; Workayehu38

et al., 2021; Holappa et al., 2021] have shown that there is a strong IMF By-dependence39

in auroral currents which is not symmetric with the By sign. This so-called explicit By-40

dependence is especially strong in the AL index (measuring the westward electrojet), which41

is about 40% stronger for By > 0 than for By < 0 in Northern Hemisphere (NH) win-42

ter, or under negative tilt angle of the Earth’s magnetic dipole with respect to the Sun-43

Earth line. In Northern Hemisphere summer (or during positive dipole tilt) the By-dependence44

is reversed.45
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The By-dependence of the auroral electrojets is at least partly due to a By-dependence46

of electron precipitation and ionospheric conductance. Holappa et al. [2020] showed that47

the fluxes of energetic (> 30 keV) precipitating electrons in the dawn sector (measured48

by the National Oceanic and Atmospheric Administration (NOAA) Polar Operational49

Environmental satellites, POES) are modulated by IMF By similarly as the westward50

electrojet (greater precipitation for By < 0 in NH summer and By > 0 in NH win-51

ter). The By-dependence of electron precipitation implies a similar By-dependence of52

ionospheric conductance. Recent studies [Holappa et al., 2021; Weimer and Edwards,53

2021] have indeed found a similar IMF By-dependence of ionospheric conductance, max-54

imizing in the dawn sector.55

The physical mechanism of the explicit By-effect is still not fully understood. As56

the above recent studies indicate, understanding how IMF By modulates the magneto-57

spheric energetic particles and their precipitation into ionosphere are of key importance.58

An important question is whether the ring current also exhibits an explicit By-dependence.59

Possible explicit IMF By effects in the inner magnetoshere have not been analyzed, al-60

though it has been suggested that IMF By plays a role in skewing of the inner magne-61

tosphere electric field as observed in Energetic Neutral Atom (ENA) emissions [C:son Brandt62

et al., 2002].63

A viable method for studying the coupling between IMF By and the ring current64

is to use physics-based numerical models, such as global magnetohydrodynamic (MHD)65

models coupled with the ring current models of the inner magnetosphere [de Zeeuw et al.,66

2004; Tóth et al., 2005; Zhang et al., 2007; Buzulukova et al., 2010a; Glocer et al., 2013].67

While the MHD physics is not sufficient for describing energetic particle populations, the68

global MHD models can be coupled with kinetic inner magnetosphere models, such as69

the Comprehensive Inner Magnetosphere-Ionosphere (CIMI) model [Fok et al., 2014, 2021],70

designed for modeling the ring current and radiation belt physics.71

The goal of this paper is to quantify the By-dependence of magnetospheric elec-72

trons and protons and the ring current using global modeling with a coupled model and73

satellite measurements. We will use the Space Weather Modeling Framework (SWMF)74

[Tóth et al., 2005] coupled with the CIMI model. With this capability we are able to model75

also the By-dependence of the ring current fluxes. We will compare the modeling results76
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to measurements of NOAA POES measurements of energetic magnetospheric protons77

and the Dst index.78

This paper is organized as follows. In Section 2 we will introduce the data and the79

models in our analysis. The results from the global coupled model and satellite measure-80

ments are given in Sections 3 and 4, respectively. Finally we discuss our results and give81

our conclusions in Section 5.82

2 Data and methods83

2.1 Global 3D MHD BATS-R-US model coupled with CIMI84

We use the global 3D BATS-R-US MHD code [Tóth et al., 2005] coupled with the85

Comprehensive Inner Magnetosphere and Ionosphere (CIMI) model [Fok et al., 2014] and86

Ridley ionospheric electrodynamics (RIM) module [Ridley et al., 2004]. BATS-R-US and87

RIM are parts of Space Weather Modeling Framework (SWMF) developed at Univer-88

sity of Michigan. The CIMI coupled code is developed at NASA GSFC Geospace Physics89

laboratory. For this study we use an ideal one-fluid anisotropic version of BATS-R-US90

MHD with grid resolution 1/8 RE in the near-Earth region. The total number of grid91

points is ∼ 8×106. It is acknowledged that magnetic field reconnection in ideal MHD92

model is defined by numerical resistivity, however multiple studies of substorms with dif-93

ferent MHD codes [Fedder et al., 1995; Raeder et al., 2010; Birn and Hesse, 2013; Gordeev94

et al., 2017; Merkin et al., 2019; Keesee et al., 2021] confirm that this approach works95

reasonably well for the Earth’s magnetosphere (although with some caveats). Global MHD96

model provides a reasonable solution for 3D structure of currents, magnetic field and plasma97

parameters (bulk velocity, pressure and density). In the inner magnetosphere, additional98

physics should be included to describe the ring current effects. This is done by dynamic99

two-way coupling of MHD solution and the ring current solution in order to describe energy-100

dependent gradient drifts of the ring current population with energies ∼1 - 200 keV. De-101

tails of the coupling methodology can be found in [de Zeeuw et al., 2004; Glocer et al.,102

2013].103

Solution for ionospheric electric field potential is provided by RIM with ionospheric104

conductivity calculated from an empirical relation between field-aligned currents and iono-105

spheric conductivity specified with the Assimilative Mapping of Ionospheric Electrody-106

namics (AMIE) model [Ridley et al., 2004].107
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In this paper we present the results of two runs with positive/negative IMF GSM108

By = +5/-5 nT for the dipole tilt 20◦ in XZ GSM plane, corresponding to summer in109

northern hemisphere (NH). The value of tilt is kept fixed through the two runs. Except110

IMF By all run parameters are kept the same. Two runs are made with static IMF in-111

put solar wind Vx = - 500 km/sec; Vy = Vz = 0; IMF Bx = 0; solar wind density n=3112

cm3; solar wind temperature T = 200000 K. The first 2h of simulations are done with113

Bz = 3 nT, and the next 6h of simulations are done with static Bz = -5 nT.114

2.2 NOAA POES data and Dst index data115

In this paper we use energetic particle measurements from NOAA15-NOAA19 satel-116

lites in 1995-2019. The measurements from different NOAA satellites have been calibrated117

for instrument degradation and other issues [Asikainen and Mursula, 2011, 2013]. The118

POES satellites measure protons with two orthogonal (0◦ and 90◦) detectors, measur-119

ing both precipitating and trapped particles. To compare the POES measurements to120

the modeled omnidirectional proton fluxes we average the 0◦ and 90◦ fluxes of the low-121

est energy channel (30-80 keV).122

To quantify the intensity of the ring current we use the Dst index. Instead of the123

standard (Kyoto) Dst index (which is currently only available until 2014 in the final form)124

we use the University of Oulu version (called the Dxt index, available at dcx.oulu.fi),125

which also corrects some minor errors in the standard Dst index [Karinen and Mursula,126

2005; Mursula et al., 2008]. However, we note that practically identical results can be127

obtained using the standard Dst index.128

3 Results: IMF By effect in CIMI fluxes and energy content129

Figure 1a and 1b show the omnidirectional fluxes of 56 keV protons for the last timestep130

(8.00 h) of the two runs at the geomagnetic equatorial plane (minimum B field plane)131

for By = +5 nT and By = −5 nT, respectively, calculated from CIMI output. For two132

runs with different By the proton flux is stronger in premidnight and dusk sectors. This133

reflects the well-known dawn-dusk asymmetry of the ring current during the storm main134

phase [Hamilton et al., 1988; Liemohn et al., 2001; Buzulukova et al., 2010b; Yakovchouk135

et al., 2012].136
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In addition to well-known dawn-dusk ring current asymmetry, proton fluxes in Fig-137

ure 1 exhibit a strong By-dependence. The proton fluxes are greater for negative By than138

for positive By. This By-dependence is strongest in the dusk and premidnight sectors139

where the fluxes are also largest overall. Figure S1 in the supporting material is simi-140

lar to Figure 1 shows that the omnidirectional (56 keV) electron flux in the dawn sec-141

tor exhibits a similar By-dependence as protons in the dusk sector, showing larger value142

of fluxes for the run with negative By, in agreement with earlier based on NOAA POES143

measurements of > 30 keV electrons [Holappa et al., 2020].144
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Figure 1. Equatorial omnidirectional fluxes of 56 keV protons for a) the run with By < 0

b) By > 0. Flux units are 1/cm2/sr/s/keV in log-10 scale. The fluxes are shown for the last

timesteps (8.00 h) of the two runs. Sun is from the left. Labels indicate magnetic local time and

radial distance (in Earth radii).

145

146

147

148

Figure 2a shows the total energy content of the ring current calculated from the149

proton CIMI model for the two runs with opposite polarities of IMF By after the IMF150

Bz is turned southward at t = 2 h. While the evolution of ring current energy is very151

similar for both signs of IMF By during t = 3..6 h, negative By yields clearly greater152

ring current energy during the last two hours of the runs. The same By-dependence is153

seen in Figure 2b, which shows the pressure-corrected Dst indices (Dst∗) [O’Brien and154

McPherron, 2000] calculated from the ring current energies (U) in Figure 2a by the Dessler-155

Parker-Sckopke (DPS) relationship (Dst∗ = 3.98·10−30·U [keV]) [Dessler and Parker ,156

1959].157
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Both Figures 1 and 2 demonstrate that the ring current fluxes, energy content and158

the modeled Dst index show explicit IMF By-dependence with stronger ring current and159

larger fluxes for negative By in northern hemisphere summer.160
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Figure 2. a) Simulated total energy of the ring current protons as a function of the simulation

time for the signs of IMF By. b) Dst∗ indices calculated from the total proton energy using the

Dessler-Parker-Sckopke relationship.
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4 Results: IMF By-effect in measured energetic protons and the Dst164

index165

To support and extend results presented in the previous section, we study the By-166

dependence of energetic (30-80 keV) protons, measured by NOAA POES satellites. For167

quantifying the By-dependence of the particle fluxes we use similar methodology as Ho-168

lappa et al. [2020], by sorting the measured particle fluxes by IMF By and the the Newell169

et al. [2007] coupling function, designed to represent the dayside reconnection rate at the170

magnetopause (MP)171

dΦMP

dt
= v4/3B

2/3
T sin(θ/2)8/3, (1)

where BT =
√
B2

z +B2
y and θ = arctanBy/Bz is the IMF clock-angle. This coupling172

function is dominated by IMF Bz, but it also includes IMF By. However, the Newell func-173

tion (as all other coupling functions) is symmetric with respect to the sign of By.174

Figures 3a and 3b show the average 30-80 keV proton fluxes in both hemispheres175

under positive (> 20◦) dipole tilt. The proton fluxes are averaged over the dusk sector176

(12-24 MLT) and ±(55◦...75◦) corrected geomagnetic latitude, roughly corresponding to177

L = 3−10, which are the MLT and L-ranges with highest fluxes of protons in the CIMI178

results in Figure 1. The proton fluxes are binned by the Newell coupling function dΦMP /dt179

and IMF By averaged over 3 hours prior the proton measurements.180
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Figures 3a and 3b show that for a fixed value of dΦMP /dt, the proton flux is clearly181

greater for By < 0 than for By > 0 in both hemispheres, in agreement with the above182

simulation results. The proton fluxes are generally higher in SH than NH, probably due183

to hemispheric asymmetry of magnetic field strength related to the South Atlantic Anomaly.184

Figures 3c and 3d further quantify the size of the By-dependence showing averages of185

the proton fluxes for By < 0 and By > 0 as a function of dΦMP /dt. The standard er-186

rors in Figures 3c and 3d are calculated by normalizing the standard deviation on each187

bin by the square root of the number of samples. The By-effect is present in both hemi-188

spheres, although it is stronger for SH. Note that the flux units are shown in logarith-189

mic scale.190

Assuming that the fluxes measured by NOAA POES satellites (on low-Earth or-191

bit) reflect patterns in underlying equatorial population, this result strongly supports192

the above CIMI results on By dependence of equatorial ring current fluxes.193

Figure S2 in the supporting material shows the same analysis as Figure 3 for NH194

winter (dipole tilt < −20◦). Figure S2 clearly shows that the By-dependence is reversed195

in the NH winter, in agreement with earlier studies on the explicit By-effect.196

The above SWMF/CIMI model results also suggest that the Dst index exhibits an205

explicit By-dependence. To verify this, we make a similar analysis using the measured206

Dst, Dst∗ index and their rate of change. Figure 4a shows the average measured Dst207

index as a function of 3-hour means of dΦMP /dt and IMF By during NH summer (dipole208

tilt > 20◦) in the same format as in Figure 3. Figure 4a shows asymmetric pattern with209

respect to By, but the dependence it not so clear as for the proton precipitation. This210

is likely due the long memory of the Dst index, that is, there is a large lag between so-211

lar wind driving (coupling functions) and the response of the Dst index, because the value212

of Dst index for any give hour is mainly determined by the pre-existing ring current pop-213

ulation. However, the time-derivative of the Dst index is known to have a more imme-214

diate response [Burton et al., 1975; Newell et al., 2007]. Indeed, there is a clear By-dependence215

in ∆Dst (Figure 4b), which is the change of the Dst index over three hours. The By-216

dependence of Dst and ∆Dst are further quantified in Figures 4c and 4d, which show217

the averages of the Dst index and ∆Dst for By < 0 and By > 0 during different val-218

ues of dΦMP /dt. Analysis of error bars indicates that the effect is stronger for ∆Dst and219

more statistically significant, but it is still present for Dst index as well.220
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Northern Hemisphere

-5 0 5
IMF By [nT]

1

1.5

2

2.5
d

M
P
/d

t /
 

 d
M

P
/d

t 

3

3.2

3.4

3.6

3.8

4

4.2

Southern Hemisphere

-5 0 5
IMF By [nT]

1

1.5

2

2.5

3.4

3.6

3.8

4

4.2

4.4

1 1.5 2 2.5 3

d
MP

/dt /  d
MP

/dt 

3

3.5

4

lo
g

10
(P

ro
to

n 
flu

x)

By < 0
By > 0

1 1.5 2 2.5 3

d
MP

/dt /  d
MP

/dt 

3.5

4

4.5

lo
g

10
(P

ro
to

n 
flu

x)

By < 0
By > 0

a) b)

c) d)

Figure 3. Flux of 30-80 keV protons measured by NOAA POES satellites as a function of

3-hour means of the Newell coupling function dΦMP /dt and IMF By during NH summer condi-

tions (dipole tilt > 20◦) a) in Northern Hemisphere (55◦...70◦ corrected geomagnetic latitude) b)

Southern Hemisphere (−55◦... − 75◦ corrected geomagnetic latitude). The units are 1/cm2/sr/s

in log-10 scale. The Newell coupling function is normalized by its mean value in 1995-2019

⟨dΦMP /dt⟩ = 3.781 · 103 (km/s)4/3nT2/3. c-d) Proton fluxes a-b) in averaged for By < 0 and

By < 0 as a function of dΦMP /dt. The vertical bars denote the standard errors of the means.

Note the log scale for the proton flux.
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Thus, the ring current grows at a faster rate (−∆Dst is greater) for By < 0 dur-221

ing positive dipole tilt, confirming the CIMI modeling results on the ring current energy222

content and model Dst index (Fig. 2). Figures S3a and S3b show the same analysis of223

Dst and ∆Dst for negative (< −20◦) dipole tilt. The By-dependence during negative224

tilt is reversed (faster growth of the ring current for By > 0) which is also expected from225

earlier studies on the explicit By-effects. The By-dependence in the time-derivative of226
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the Dst-index is quite strong. For the highest values of the Newell coupling function shown227

in Figure 4d ∆Dst is about 50% greater for By < 0 than for By > 0. In order to have228

sufficient statistics, data in Figure 4 are limited to mainly non-storm times (as seen in229

the scale of Dst values in Figure 4a). Further modeling and event studies are needed for230

studying how significant the By-dependence is during storm-times. Figures S3c-S3d and231

S3e-S3f repeat the analysis of Figure 4 for positive and negative dipole tilts using the232

pressure-corrected Dst index (Dst∗) [O’Brien and McPherron, 2000], yielding practi-233

cally identical results. This gives confidence that the results of Figure 4 are not contam-234

inated by the magnetopause current.235

Taken together, the analysis of NOAA POES data and Dst index gives strong ev-236

idence that there is a global explicit IMF By-effect in magnetospheric energetic protons237

and ring current energy content. These findings are strongly supported by the above SWMF/CIMI238

results as well.239
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Figure 4. a) The Dst index as a function of 3-hour means of the Newell coupling function

dΦMP /dt and IMF By in NH summer (dipole tilt > 20◦). b) The change of the Dst index

(∆Dst) during the same three-hour intervals as in the panel a). Bottom panels show c) Dst d)

∆Dst averaged for By < 0 (blue line) and By > 0 (red line) as a function of Φ. MP /dt. The verti-

cal bars denote the standard errors of the means.
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5 Discussion and Conclusions245

It has been known for a long time that IMF By plays a role in solar wind-magnetosphere246

interaction which is seen, e.g., convection patterns in polar caps and auroral zones [Hep-247

pner and Maynard , 1987; Cowley et al., 1991; Ruohoniemi and Greenwald , 1996, 2005;248

Thomas and Shepherd , 2018]. Recent studies have revealed that IMF By effects are com-249

plex and seasonally varying, showing dependence on the dipole tilt angle. The combined250

dependence on IMF By and the dipole tilt (also called the explicit By-dependence) strongly251

modulates auroral electrojets [Friis-Christensen et al., 2017; Holappa and Mursula, 2018;252

Holappa et al., 2021; Workayehu et al., 2021], electron precipitation [Holappa et al., 2020],253

and the size of polar cap [Reistad et al., 2020]. These effects are quite significant, for ex-254

ample showing variations in the AL index up to 40% for opposite values of By.255

In this paper, using a global MHD/ring current model and satellite measurements256

we have demonstrated, for the first time, a global explicit IMF By-dependence of the ring257

current proton fluxes, and the Dst index. We showed that IMF By-component signif-258

icantly modulates energetic magnetospheric protons, the time-derivative of the Dst in-259

dex and consequently the growth-rate of the ring current.260

First we performed two simulations with the SWMF coupled with the CIMI inner261

magnetosphere model with static solar wind/IMF inputs (V = 500 km/s, Bz = −5262

nT) and positive (+20◦) dipole tilt. The two runs had identical solar wind inputs and263

other settings except for the sign of IMF By. We found that the run with negative By264

produced stronger fluxes of energetic protons in the inner magnetosphere.265

To verify the model results we quantified the explicit By-dependence of the ener-266

getic (30−80 keV) magnetospheric proton fluxes measured by NOAA POES satellites267

flying on polar low-Earth orbits. We showed that for fixed value of the Newell solar wind268

coupling function (dΦMP /dt) the NOAA POES proton fluxes are greater for By < 0269

than for By > 0 in northern hemisphere summer (dipole tilt > 20◦). These empirical270

results are in excellent agreement with the model results, assuming that the proton fluxes271

measured by NOAA POES satellites on low-Earth orbit reflect the modeled equatorial272

ring current protons with similar energy (IMF By not significantly modulating the pitch-273

angle distribution).274
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Because the ring current is mainly carried by energetic protons in the inner mag-275

netosphere, the above results indicate that the ring current energy content and the Dst276

index should also exhibit an explicit IMF By dependence. Indeed, we found that the SWMF/CIMI277

run with a negative IMF By produced a greater energy content of the ring current and278

a more negative modeled Dst index. To verify this empirically, we showed that for a fixed279

value of dΦMP /dt the measured Dst index, Dst∗ index and the time-derivative of Dst280

and Dst∗ (∆Dst,∆Dst∗) is more negative for By < 0 during positive dipole tilt.281

Thus, for fixed solar wind driving the ring current grows faster and becomes stronger282

for By < 0 (By > 0) in northern hemisphere summer (winter). Therefore the ring cur-283

rent growth-rate exhibits a similar explicit By-dependence as the westward electrojet [Ho-284

lappa and Mursula, 2018] and substorm occurrence frequency [Ohma et al., 2021].285

The physical mechanism(s) of the explicit By-effects on the magnetospheric dynam-286

ics and particularly on the inner magnetosphere are still not fully understood. Recently,287

Reistad et al. [2020] showed that the polar cap area exhibits a similar explicit By-dependence:288

during positive tilt polar cap is larger for By < 0 than for By > 0 while the By-dependence289

is opposite for negative dipole tilt. They suggested that IMF By either modulates the290

dayside reconnection rate or the magnetotail response to solar wind driving. Evidence291

toward the former hypothesis was provided by Reistad et al. [2021] who showed that there292

is an explicit By-dependence in the cross-polar cap potential which is consistent with a293

similar By-dependence of the substorm occurrence frequency [Ohma et al., 2021].294

The IMF By-dependence of the energetic proton fluxes and the ring current in the295

inner magnetosphere is probably closely related to the By-dependence of substorm ac-296

tivity, as substorms are known to cause injections of energetic particles into the inner297

magnetosphere [Mauk and McIlwain, 1974; Birn et al., 1998; Gkioulidou et al., 2014].298

Another explanation is suggested by results from ring current models showing that elec-299

tric field in the inner magnetosphere controls the strength of the ring current (e.g., Ebi-300

hara and Ejiri [2003]). In order to get stronger ring current in the coupled model, there301

should be stronger potential drop and stronger convection near the ring current model302

polar boundary, that is, on closed magnetic field lines. From this perspective it would303

be interesting to reanalyze the results of C:son Brandt et al. [2002] to examine if strong304

IMF By produces additional skewing of the electric field in the inner magnetosphere. Mul-305

tiple studies confirm that the presence of IMF By is not needed for the skewing since it306
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is produced by the ring current itself [Wolf , 1983; Fok et al., 2003; Ebihara and Fok , 2004;307

Buzulukova et al., 2010b]. However, the results of our study suggest that indeed some308

additional effect is possible since the strength of the ring current is modulated by IMF309

By. At present, it is not clear why the convection on the closed field lines should be stronger310

when the signs of IMF By and dipole tilt are opposite. However the reproduction of the311

effect with the coupled SWMF/CIMI model demonstrates the potential of future mod-312

eling studies to uncover the physical mechanism of the explicit By-effect. Further mod-313

eling and event-based studies are also also needed for studying how significant the ex-314

plicit By-dependence of the ring current is during storm-times.315
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