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Abstract15

We present an axially asymmetric steady state model of Jupiter’s magnetosphere-ionosphere16

coupling, including precipitation-induced enhancement of the ionospheric Pedersen con-17

ductivity. We compare the magnetodisc current intensities calculated using this model18

with those determined directly from magnetic field measurements in various local time19

sectors, and find that the observed radial current intensities require an average radial20

mass transport rate of magnetospheric plasma of 2000 kg s−1. Models with a traditional21

mass transport value of 1000 kg s−1 produce significantly weaker radial currents than22

observed. We also study the effect of additional field-aligned currents associated with23

Jupiter’s nightside partial ring current and find that their inclusion leads to much bet-24

ter agreement between the model and observed magnetodisc radial currents in the re-25

gion beyond ∼40 Jupiter radii.26

1 Introduction27

Jupiter has a powerful source of plasma deep within the magnetosphere in the vol-28

canic moon Io which orbits at around 6 RJ . Here RJ = 71492 km is Jupiter’s equa-29

torial 1 bar radius (e.g Joy, 2002). Plasma is transported radially outward from the Io30

torus, and in the absence of a torque acting on the plasma its angular velocity would fall31

with radial distance as 1/ρ2 due to angular momentum conservation. However, the de-32

crease in equatorial plasma angular velocity mapped into the ionosphere increases the33

collisional friction between ionospheric ions and atmospheric neutrals. In steady state34

this torque is balanced by the j×B force of the equatorward Pedersen current in the35

ionosphere, with the collisional torque being transferred to the equatorial magnetosphere36

by field-aligned currents. The equatorial plasma is then sped up towards corotation by37

the j×B force of an outward radial current which closes the current system (Hill, 1979).38

Figure 1 shows the overall current system enforcing corotation. The upward ionospheric39

field-aligned current region is associated with precipitating electrons and has been sug-40

gested to be the source of Jupiter’s main oval auroral UV emissions (Cowley & Bunce,41

2001; Hill, 2001).42

The key parameters of the Hill (1979) model of corotation enforcement are the equa-43

torial magnetic field profile, the plasma mass outflow rate, and the Pedersen conductiv-44

ity of the ionosphere. The model has been improved and built upon for many years. Pontius45

(1997) used a realistic magnetic field model that takes into account the current disc field,46

instead of the simple dipole field used by Hill (1979) to calculate angular velocity pro-47

file. Hill (2001) and Cowley and Bunce (2001) studied the current system correspond-48

ing to the calculated angular velocity profiles and considered its connection to the au-49

roral emissions. Nichols and Cowley (2003) studied the effect of different mass transport50

rates and ionospheric conductivities on the solutions, while Nichols and Cowley (2004)51

accounted for ionospheric conductivity modulations by precipitation associated with up-52

ward field-aligned current regions. The effect of decoupling of the magnetosphere and53

ionosphere due to field-aligned voltages, solar wind pressure changes, neutral flow in the54

ionosphere and diurnal variations of ionospheric conductivity on magnetosphere-ionosphere55

(M-I) coupling were studied by Nichols and Cowley (2005), Ray et al. (2010), Cowley56

et al. (2007), Tao et al. (2009), Ray et al. (2015), and Tao et al. (2010), respectively. Louarn57

et al. (2016) studied the empirical connection between auroral radio activity and the ra-58

dial mass transport rate.59

Azimuthal currents in the current disc are determined by radial force balance, and60

hence depend on the angular velocity profile, while the angular velocity profile, in turn,61

depends on the magnetic field created by the current disc. Nichols (2011) used the steady62

state model of radial force balance derived by Caudal (1986) to develop a self-consistent63

model of the current disc and M-I coupling. Nichols et al. (2015) further developed this64

model by accounting for anisotropic plasma pressure, while Nichols et al. (2020) used65
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Figure 1. Sketch showing a meridian cross-section through Jupiter’s magnetosphere. Arrowed

solid lines show magnetic field lines. Arrowed dashed lines show the currents. ΩJ , Ω∗
J and ω are

the angular velocities of Jupiter, the upper neutral atmosphere in the ionospheric Pedersen layer,

and the plasma in a given flux tube, respectively. The dotted region represents the current sheet

plasma. Taken from Nichols (2011), adapted from Cowley and Bunce (2001).

the model to study transient enhancements of the aurora and azimuthal and radial mag-66

netic fields.67

Ray et al. (2014) studied local time (LT) asymmetries of M-I coupling at Jupiter68

using the Vogt et al. (2011) empirical magnetic field model. They assumed an effective69

ionospheric Pedersen conductivity of 0.1 mho, constant in latitude and LT, and a mass70

outflow rate of 1000 kg s−1. The M-I coupling model employed is axisymmetric, as used71

in most studies of M-I coupling based on Hill’s (1979) work. Lorch et al. (2020) used mag-72

netic field measurements obtained from all the spacecraft that have visited Jupiter to73

map the average radial and azimuthal current intensities in the magnetodisc in radial74

distance and LT. Since the radial currents are a key part of the M-I coupling current sys-75

tem, these observations provide an important opportunity to study LT asymmetries at76

Jupiter.77

In this work we develop an axially asymmetric variation of the Hill (1979) model,78

with variable ionospheric conductivity dependent on the field-aligned current density fol-79

lowing Nichols and Cowley (2004). We compare the model results with the currents cal-80

culated by Lorch et al. (2020), and investigate the system behavior using different mass81

transport rates. We find that the value 2000 kg s−1, larger than usually estimated, bet-82

ter accounts for the observed radial currents. Lorch et al.’s (2020) results show an asym-83

metry of the magnetodisc azimuthal currents, which can be thought of as a partial ring84

current in the nightside magnetosphere. We study the effect of additional field aligned85

currents connected to this partial ring current on the overall M-I coupling current sys-86

tem, and find that their inclusion into the model significantly reduces the discrepancy87

between the model and the observed radial currents at distances beyond ∼40 RJ .88
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2 Theoretical Background89

2.1 Partial Differential Equation for Angular Velocity90

In this section we derive the partial differential equation for the plasma angular ve-91

locity profile, generalizing previous work to the case of axial asymmetry, thus forming92

a two dimensional extension of the Hill-Pontius equation (Hill, 1979; Pontius, 1997; Cow-93

ley et al., 2002). Calculation of the M-I coupling currents follows Cowley and Bunce (2001),94

with an angular momentum balance equation derived analogously to that given by Cowley95

et al. (2002), but now not assuming axial symmetry.96

A simple way to map magnetically between the equatorial plane and the ionosphere97

is provided by Euler’s potentials. A magnetic field B can be expressed in terms of such98

potentials f and g as99

B = ∇f ×∇g, (1)100

where both f and g are constant along field lines because the magnetic field vector is per-101

pendicular to their gradients. In cylindrical coordinates we assume g = φ and f = F (ρ, φ, z)/RJ102

and thus disregard Bφ. With this assumption103

Bz =
1

ρ

∂F

∂ρ
. (2)104

For purposes of modeling we consider the internal magnetic field of the planet to be dipo-105

lar, for which function F is given by106

Fd = BJρ
2

(
RJ
r

)3

, (3)107

where ρ is the cylindrical distance from the magnetic axis, r is the distance from the cen-108

ter of the planet, and BJ is Jupiter’s equatorial magnetic field strength (BJ = 4.28×109

105 nT in the VIP4 internal field model of Connerney et al. (1998)). Near the planetary110

surface the internal planetary field is dominant, so that assuming the planet is approx-111

imately spherical, the ionospheric F is112

Fi = ρ2iBJ , (4)113

where ρi is the perpendicular distance from the magnetic axis in the ionospheric layer.114

Since f is constant along a field line, we can map between the magnetospheric equator115

and the ionosphere using116

Fe(ρ, φ) = Fi(ρi, φ). (5)117

From current continuity, the structure of the current system shown in Figure 1, and118

the assumption of north-south symmetry it follows that on a given flux shell in a given119

azimuthal sector120

ρiρ = 2ρiiP , (6)121

where iρ is the radial current intensity in the equatorial current disc integrated through122

its north-south width, and iP is the ionospheric height-integrated Pedersen current in-123

tensity given by124

iP = 2BJρiΣ
∗
P (ΩJ − ω). (7)125

Here we have assumed that the polar planetary field is near-vertical and of strength 2BJ ,126

ΩJ = 1.76×10−4 rad s−1 is Jupiter’s angular velocity, ω is the ionospheric plasma an-127

gular velocity, and Σ∗P is the effective height-integrated ionospheric Pedersen conductiv-128

ity. The effective conductivity accounts for rotational lagging of the neutral atmosphere129

relative to rigid corotation due to ion-neutral collisions, and is reduced compared to the130

true value by an unknown factor 0 < (1− k) < 1, taken to be equal 0.5 following pre-131

vious work (e.g., Cowley & Bunce, 2001; Cowley et al., 2002; Nichols & Cowley, 2004).132

From equations (4)–(7) we obtain133

ρiρ = 4Σ∗PFe(ΩJ − ω). (8)134
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The angular momentum per unit mass of the equatorial plasma is ρ2ω(ρ, φ), where135

ω is angular velocity. The flux of angular momentum is caused by radial transport of the136

plasma and its rotation around the planet. The change of angular momentum per unit137

time in the volume between ρ and ρ + dρ and inside the sector centered at azimuthal138

angle φ with angular width dφ is139

dTz =
∂(Ṁρρ

2ω)

∂ρ

dφ

2π
+
∂(Ṁφρ

2ω)

∂φ
dρ, (9)140

where Ṁρ is the radial mass transport rate per 2π radians of azimuth (full equatorial141

circle), and Ṁφ is the azimuthal mass transport rate per unit radial length. The Lorentz142

force torque per unit volume about Jupiter’s center is r×(j×B), where r is the posi-143

tion vector, j is the current density, and B is the magnetic field. The z-component of the144

torque acting on the plasma inside the volume element considered is145

dTz = −ρ2iρBzdρdφ. (10)146

If the mass surface density of the plasma integrated through the width of the equato-147

rial current sheet is D(ρ, φ) then148

Ṁφ = ρωD. (11)149

Substitution of equations (10) and (11) into the equation (9) gives150

∂(Ṁρρ
2ω)

∂ρ

1

2π
+ ρ3

∂(ω2D)

∂φ
= −ρ2iρBz. (12)151

We then substitute the width-integrated radial current given by equation (8) into equa-152

tion (12) to obtain the following partial differential equation for the angular velocity153

∂(Ṁρρ
2ω)

∂ρ

1

2π
+ ρ3

∂(ω2D)

∂φ
= −4Σ∗P ρBzFe(ΩJ − ω). (13)154

Physically correct solutions must converge to almost rigid corotation close to the planet,155

thus the boundary condition is156

ω(ρ0, φ) ≈ ΩJ , (14)157

where ρ0 is ∼ 6RJ (near the orbit of Io).158

2.2 Modulation of Ionospheric Conductivity by Field-Aligned Currents159

The ionospheric Pedersen conductivity is modulated by precipitation of electrons160

accelerated by field-aligned voltages in the auroral region. Nichols and Cowley (2004)161

calculated how the height-integrated ionospheric Pedersen conductivity depends on the162

ionospheric field-aligned currents density flowing out of the ionosphere, and provided the163

following analytic approximation164

ΣP (j||i) = 0.16j||i + 2.45×
(

(j||i/0.075)2

1 + (j||i/0.075)2

)
× 1

1 + exp
(
− j||i−0.220.12

) , (15)165

where j||i is the field-aligned current density just above the ionospheric layer. The ef-166

fective conductivity is then167

Σ∗P = (1− k)(ΣP (j||i) + ΣP0), (16)168

where ΣP0 is the background height-integrated ionospheric Pedersen conductivity taken169

to be 0.1 mho (Nichols & Cowley, 2004).170

If we assume the absence of electric currents perpendicular to the magnetic field171

lines in the region between the current disc and the ionosphere, then j||/B is constant172
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along the field lines. Following Cowley et al. (2002) in the azimuthally symmetrical case173

we then find the equatorial field-aligned current density from the divergence of the ra-174

dial currents175

j||

B
=

jz
Be

= − 1

2Bz

1

ρ

d

dρ
(4Σ∗PFe(ΩJ − ω)) . (17)176

If there exists a partial ring current in Jupiter’s magnetosphere, we should add field aligned177

currents associated with the divergence of the azimuthal magnetodisc currents ∇φiφ to178

the equation to obtain179

j||

B
=

jz
Be

= − 1

2Bz

(
1

ρ

d

dρ
(4Σ∗PFe(ΩJ − ω)) +∇φiφ

)
. (18)180

We will later define these additional field-aligned currents explicitly as an input param-181

eter for the model. The ionospheric field-aligned current density is then182

j||i = −BJ
Bz

(
1

ρ

d

dρ
(4Σ∗PFe(ΩJ − ω)) +∇φiφ

)
. (19)183

Equations (13) and (19) constitute a system of partial differential equations (PDEs)184

for ω and j||i. Their solution requires a second boundary condition at some distance ρ1185

j||i(ρ1, φ) = j||i0(φ). (20)186

Because the system of equations (13) and (19) is unstable in the near-rigid corotation187

region, it is very difficult to solve directly. In the next section we will discuss the rea-188

sons for this in detail and describe our approach to obtaining approximate solutions.189

3 Modeling Approach190

3.1 Magnetic Field Model191

The model equatorial magnetospheric magnetic field employed has been derived192

from Galileo and Juno magnetometer data, using data from all Galileo orbits and from193

Juno perijoves 0–22 that are currently available. As in Lorch et al. (2020), we split the194

data into eight 3 h wide LT sectors, yielding sufficient data to cover radial distances of195

interest, and allowing us to readily compare our results with those of Lorch et al. (2020).196

For our purposes we are interested only in the equatorial magnetic field, so we excluded197

data outside of the current disc by using the Khurana (2005) current sheet model to de-198

termine when the spacecraft was farther than 0.5 RJ from the center of the sheet. We199

then fitted the polynomial200

Bz(ρ) =
a

ρ
+

b

ρ2
+

c

ρ3
(21)201

to the z component of the residual magnetic field in each LT sector. The residual field202

was obtained by subtracting the JRM09 model of the internal planetary field (Connerney203

et al., 2018) from the data. (We note that for the modelling we still used a dipolar in-204

ternal magnetic field model because of the assumed north-south symmetry and the ne-205

glect of dipole tilt). For ρ < 10 RJ we used the current disc field model developed by206

Pensionerov et al. (2019) instead of the polynomial given by equation (21), smoothing207

the transition between the two field regimes by linear interpolation. Table 1 lists the co-208

efficients of the polynomial used in the LT sectors 00 to 21, while Figure 2 shows the re-209

sulting approximation combined with the dipolar magnetic field. Function F for this field210

model was then obtained by integrating equation (2).211

Because we use the magnetic field model as an input for the system of equations (13)212

and (19), we solve it on a fine ρ grid, but in 3 h wide LT sectors. The outer boundary213

for our solutions is set to be at 70RJ .214
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Figure 2. Absolute value of the z component of the equatorial magnetic field obtained by

combining the dipolar field and the polynomial approximation of the residual magnetic field

given by equation (21) with the coefficients used in the present model for LT sectors 00 to 21 h

(Table 1). We also show the field profile derived by Lorch et al. (2020) also listed in Table 1.

Table 1. Coefficients of the polynomial given by equation (21), fitted to the residual z compo-

nent of the equatorial magnetic field in LT sectors 00 to 21 h. Coefficients used by Lorch et al.

(2020) are shown for comparison.

LT a, 102 · nT b, 104 · nT c, 104 · nT

00 -3.620 2.854 -13.891
03 -2.258 2.146 -9.401
06 -2.263 2.022 -8.894
09 -4.535 2.780 -16.823
12 -3.600 2.127 -9.396
15 -3.559 2.048 -8.969
18 -4.577 2.344 -9.873
21 -3.611 2.108 -8.048

Lorch et al. -1.825 1.893 -8.441
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3.2 Method for Obtaining Numerical Solutions215

Most of the Hill-Pontius differential equation solutions quickly diverge to very large216

positive or negative values of angular velocity in the inner magnetosphere. The phys-217

ically correct solution converges to ∼ ΩJ . In the one-dimensional case with an explic-218

itly defined ionospheric conductivity function Σ∗P (ρ), the solution can easily be obtained219

by solving the equation radially outward with the boundary condition ω(ρ0) = ΩJ , where220

ρ0 is several RJ . This is because solutions with slightly different boundary conditions221

near the planet quickly converge to the one solution we are interested in as shown in the222

appendix of Cowley and Bunce (2003).223

This approach cannot be applied to the Hill-Pontius equation combined with the224

equation for ionospheric conductivity modulation by field-aligned currents, because it225

becomes unstable in the inner region. Since we cannot start the solution from the rigid226

corotation region, we cannot ensure the fulfillment of the boundary condition equation (14)227

by solving the equations radially outward. Nichols and Cowley (2004) deal with this prob-228

lem by solving the equations radially inward. They fixed the field-aligned current at a229

distance of 100RJ and used a binary search to find the value of the angular velocity that230

leads approximately to rigid corotation near the planet, by tracing the solution inward.231

A binary search is allowed by the fact that the solutions diverge to large positive val-232

ues for boundary angular velocities above the correct one and to large negative values233

for those below. This method requires the angular velocity boundary condition to be spec-234

ified to a large number of digits. Nichols and Cowley (2004) traced the solution to 10–235

20 RJ and used an approximate iterative solution in the inner region. The same can be236

done with a fixed angular velocity and binary-searched field-aligned current boundary237

condition.238

The method for solving the one dimensional Hill-Pontius equation with an explicit239

conductivity can easily be adapted to the two dimensional case. However, the Nichols240

and Cowley (2004) method for solving the equation with variable conductivity cannot241

be translated to the partial differential equations developed here because a binary search242

of the second boundary condition becomes impossible due to the influence of the azimuthal243

sectors on each other. The crux of the issue lies in the second term of equation (13) that244

accounts for the net azimuthal transport of angular momentum ρ3 ∂(ω
2D)
∂φ . It is useful,245

therefore, to estimate the significance of this term in comparison with the other terms.246

For this purpose, as well as later for obtaining the solutions, we need an estimate of the247

plasma mass density. For this purpose we employed the profile of cold plasma concen-248

tration per unit magnetic flux from Nichols (2011), which together with our magnetic249

field model yields the number density, and hence the mass density assuming an average250

ion mass of 20 amu.251

To estimate the significance of azimuthal transport we used the Hill (1979) ana-252

lytical angular velocity profile applicable in case of a purely dipolar magnetic field, be-253

cause it is generally representative of the plasma angular velocity behavior at Jupiter.254

We also assumed an upper bound for the azimuthal derivative of ω to be 0.5×(ΩJ−255

ω), consequent on the fact that as the angular velocity converges towards rigid corota-256

tion, its azimuthal derivative should converge towards zero. The choice of the coefficient257

0.5 is based on the comparison of angular velocity profiles obtained by solving the one-258

dimensional system of equations for each LT separately. Finally, the azimuthal deriva-259

tive of the mass density was for simplicity assumed to be zero, noting the lack of detailed260

LT-dependent density measurements. Using these assumptions we compared the elec-261

tromagnetic torque (the right hand side of equation (13)) with the azimuthal transport262

term. Figure 3 shows a comparison using Hill’s solution with a characteristic distance263

ρH = 25RJ (the distance at which the angular velocity starts to deviate significantly264

from rigid corotation). The result varies with the plasma density and ρH , but in most265

cases the azimuthal angular momentum transport effect is at least several times less than266

the electromagnetic torque effect in the region ρ < 25RJ . Thus in the absence of a bet-267
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Figure 3. Comparison of terms in equation (13), where the solid line shows the electromag-

netic torque term while the dashed line shows an estimate of the net azimuthal transport of

angular momentum term.

ter approach we neglect the second term in equation (13) and solve the system of equa-268

tions (13) and (19) for each LT sector radially inward using the Nichols and Cowley (2004)269

method.270

After obtaining the boundary values for ω and j||i at ρ = 25RJ which correspond271

to a solution that converges to approximately ΩJ in the inner region, we can use these272

boundary conditions to solve the system of equations (13) and (19) radially outward in273

the case without net azimuthal angular momentum transport. This approach usually yields274

a valid solution, though, depending on the magnetic field profile and the chosen fixed bound-275

ary condition, it can produce a solution for field-aligned currents that diverges to large276

positive values. However, as shown in Figure 3, the azimuthal transport is not necessar-277

ily negligible in the region ρ > 25RJ . Unfortunately, solving the system of equations (13)278

and (19) with inclusion of net azimuthal transport often leads to diverging solutions, ren-279

dering this approach very difficult to implement reliably. Thus, to solve the equation in280

the region ρ > 25RJ we need further simplification.281

We propose the following approach. We solve the one-dimensional problems with282

variable ionospheric conductivity for each sector radially outward, neglecting net azimuthal283

transport of angular momentum. We then treat the conductivities calculated from the284

one-dimensional solutions as explicitly defined and use them to solve equation (13) ra-285

dially outward, this time accounting for azimuthal transport in the ρ > 25RJ region.286

We effectively account for the influence of field-aligned currents on the conductivity and287

the contribution of azimuthal angular momentum transport sequentially, instead of solv-288

ing an equation that accounts for both of them simultaneously. In justification of this289

method we can offer our results obtained from our attempts to solve the partial differ-290

ential equations taking account of azimuthal transport and variable conductivity simul-291

taneously. As indicated above, this approach was deemed too unreliable to be used in292

the final implementation. However, the successful solutions demonstrated little change293

in the resulting conductivity, compared with the equivalent solutions obtained without294

azimuthal transport.295
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3.3 Boundary Conditions296

As stated above, the Nichols and Cowley (2004) method of solving the Hill-Pontius297

equation with variable conductivity requires one of the boundary conditions to be fixed,298

while the other is found by tracing solutions radially inward and binary searching the299

value that leads to near-rigid corotation in the inner region. To solve our equation we300

need to set boundary conditions for each of the LT sectors at ρ = 25RJ . We do not301

know the angular velocity or the field-aligned currents, but we have the radial current302

observations derived by Lorch et al. (2020). With these values and equations (8) and (16)303

we have a connection between the boundary conditions304

iρ(ω0, j||i0) = i(observed)ρ . (22)305

We then can binary search pairs of ω and j||i until we find boundary conditions which306

lead to a physically correct solution, by selecting a value of j||i and computing ω from307

equation (22) on each iteration. Not every value of radial current has a solution converg-308

ing to near-rigid corotation. The deciding factor in whether or not such a solution ex-309

ists for a given boundary radial current is the value of Ṁρ. For example, with Ṁρ = 1000 kg s−1310

the observed radial currents are typically too large and the equation has no physically311

correct solutions. In such cases we iteratively decreased the boundary radial currents from312

the observed value until a valid solution became possible.313

3.4 Algorithm Outline314

The final algorithm for obtaining solutions to the system of equations (13) and (19)315

is as follows.316

1. We trace the solutions radially inward from ρ = 25RJ . We binary search pairs317

of boundary conditions for angular velocity and ionospheric field-aligned current318

density that satisfy equation (22) and correspond to a solution that converges to319

approximately rigid corotation near the planet. In cases where such a solution does320

not exist for a given boundary radial current, we iteratively decrease the bound-321

ary currents, conducting a new binary search for each iteration, and repeating the322

procedure until a solution is found. The search is conducted separately for each323

LT sector under the assumption that the effect of net azimuthal angular momen-324

tum transfer is negligible in that region.325

2. The solutions in the previous step are traced to 15 RJ . Tracing to the region closer326

to the planet becomes too computationally intensive. To obtain the solution in327

the region from 6 to 15 RJ we interpolate the field-aligned currents at the 15 RJ328

boundary to zero at 10 RJ using a cubic spline. We then calculate the correspond-329

ing ionospheric conductivity and use it explicitly to solve the simple Hill-Pontius330

equation radially outward in the 6 to 15 RJ region. Because the field-aligned cur-331

rents at 15 RJ are comparatively small, the combined solution from this step and332

the previous one is continuous.333

3. We solve the system radially outward from 25 to 70 RJ . The azimuthal angular334

momentum transfer effect in this region is not negligible. However, we still solve335

the equations for each LT sector separately, thus neglecting it. We account for the336

azimuthal transport to some extent in the next step.337

4. We use the field-aligned currents obtained in the previous step to calculate the iono-338

spheric conductivity for each LT sector. We then use these conductivities explic-339

itly to solve equation (13) radially outward from 25 to 70 RJ , accounting for the340

net azimuthal angular momentum transfer effect.341

5. The full solution is constructed from those obtained in steps 1, 2 and 4.342
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4 Results343

4.1 Solutions Without Field-Aligned Currents from the Partial Ring Cur-344

rent345

We now examine the solutions obtained using the method described in section 3.4,346

and compare the model magnetodisc radial current intensities with those determined by347

Lorch et al. (2020). The key model parameter is the radial mass transport rate Ṁρ. For348

simplicity we assume it to be symmetrical in LT and constant with ρ. In reality, Ṁρ likely349

becomes asymmetric within the radial distance range of interest, but we leave the ex-350

amination of such asymmetry effects for future work. Here we compare solutions for the351

canonical Ṁρ value of 1000 kg s−1, and an increased value of 2000 kg s−1.352

In Figure 4 we compare the width-integrated radial current intensities calculated353

from the model results for Ṁρ = 1000 kg s−1 (blue lines) and 2000 kg s−1 (orange) with354

the observed current intensities from Lorch et al. (2020) (black) in the LT sectors from355

00 to 21 h. In the region closer than ∼ 15RJ in some sectors the observed radial cur-356

rents become negative, most prominently at 21, 00/24, and 03 h. The model radial cur-357

rents converge to zero near the planet, hence not accounting for the effect causing this358

observed behavior. At larger distances up to ρ ∼ 40RJ the observed radial current is359

significantly underestimated by the Ṁρ = 1000 kg s−1 model in most LT sectors, while360

the 2000 kg s−1 model does a noticeably better job. In the 06, 09 and 18 h sectors the361

model underestimates the currents with both values, with the 2000 kg s−1 model com-362

ing closer to the observed values. Only in the 12 h LT sector do both model variants over-363

estimate the currents. Beyond 40RJ , the behavior of the observed currents changes de-364

pending on the LT. In the midnight-dawn sector the radial current intensities tend to365

decrease with radial distance very slowly, while in the dusk sector and at 09 h they de-366

crease significantly faster. It should be noted that the 09 h sector has much less space-367

craft trajectory coverage over the years, with no data obtained from either Juno or Galileo368

beyond 40–50 RJ , such that the radial currents calculated by Lorch et al. (2020), as well369

as our magnetic field model, might be less reliable in this sector than in the others. The370

model currents are generally more similar to the observed currents in the dawn sector371

than in the dusk sector.372

Generally in the region closer than 40RJ the model with Ṁρ = 2000 kg s−1 of-373

fers a reasonable approximation to the observed radial currents in most LT sectors, while374

the model with Ṁρ = 1000 kg s−1 has radial currents significantly lower than those ob-375

served. Beyond 40RJ neither model work well, with the most prominent discrepancies376

appearing in the dusk sector. In the following section we will attempt to improve the model377

by incorporating field aligned currents from the partial ring current into the calculations.378

Figure 5 demonstrates the angular velocities, ionospheric field-aligned currents, and379

effective conductivity for the 2000 kg s−1 and 1000 kg s−1 cases. Angular velocities in380

the case of 2000 kg s−1 start to deviate significantly from rigid corotation slightly closer381

to the planet than for the case of 1000 kg s−1, thus producing stronger radial currents.382

In both cases the angular velocities in the dawn sector tend to fall faster than in the dusk383

sector. The ionospheric field-aligned currents and conductivity behave similarly for both384

radial mass transport values. Field-aligned currents are typically in the range 0.1–0.2 µA m−2,385

with peaks in the dawn sector at 20–30 RJ reaching 0.4–0.6 µA m−2. The correspond-386

ing effective conductivities range from 0.1 to 1.5 mho.387
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Figure 4. Equatorial width-integrated radial current intensities plotted versus distance ρ from

the planetary magnetic axis in 3 h wide LT sectors LT 00–LT 21 h. Black lines show the empir-

ical currents derived from magnetic field data by Lorch et al. (2020), while the blue and orange

lines show model currents for Ṁρ = 1000 kg s−1 and Ṁρ = 2000 kg s−1, respectively.
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Figure 5. Panels (a) and (b) show angular velocities, (c) and (d) ionospheric field-aligned cur-

rent densities, and (e) and (f) effective height-integrated ionospheric conductivities, for each LT

sector. Panels on the left correspond to a mass transport rate of 1000 kg s−1, while the panels on

the right correspond to 2000 kg s−1. All parameters are plotted versus equatorial distance from

the planetary rotation axis, mapped along field lines in the case of the ionospheric parameters in

panels (c)–(f).
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Table 2. Parameters A and ρc of the approximate form for the ionospheric field-aligned cur-

rents associated with the partial ring current given by equation (23), as employed in LT sectors

00 to 21 h for the models with radial mass outflow rates of 2000 kg s−1 and 1000 kg s−1

LT 2000 kg s−1 1000 kg s−1

A, µA m−2 ρc, RJ A, µA m−2 ρc, RJ

00 0.00 30 0.00 30
03 -0.05 30 -0.05 30
06 -0.10 30 -0.10 30
09 0.00 30 0.00 30
12 0.00 30 0.00 30
15 0.07 30 0.00 30
18 0.10 35 0.00 30
21 0.05 35 0.00 35

4.2 Solutions with Field-Aligned Currents from the Partial Ring Cur-388

rent389

Lorch et al. (2020) have calculated the divergence of their empirical azimuthal equa-390

torial current, which ideally should be used directly in our model. However, several fac-391

tors make this difficult. The solutions of the Hill-Pontius equation with variable conduc-392

tivity are very sensitive not only to the magnitude of the additional field-aligned cur-393

rents associated with these divergences, but also to their radial derivatives. The observed394

azimuthal current divergences vary significantly from one bin to the next due to statis-395

tical errors, which makes their derivatives unusable. In addition, when these divergences396

are projected into the ionosphere for some LTs, they cause ionospheric field-aligned cur-397

rents 10–50 times larger than the typical model values derived from the divergence of398

the radial currents. Use of the observed divergences usually renders the equations un-399

solvable. Thus instead of using the observed divergences directly we employed a simple400

parametric equation for the additional field-aligned currents as follows401

(∇φiφ)i = Aρc
tanh

(
ρ−ρc+d

d

)
+ 1

ρ+ ρc
. (23)402

Parameter d was set to be 5RJ , while the chosen values of ρc and A for each LT are pre-403

sented in Table 2. This equation smoothly interpolates to zero at distances smaller than404

ρc (as we assume the azimuthal currents become symmetrical in the inner magnetosphere)405

and its absolute value falls as 1/ρ at greater distances (assuming the divergence becomes406

smaller as the azimuthal currents themselves become smaller). The form of the approx-407

imation is somewhat arbitrary, so we only aim to qualitatively study the effects of the408

additional field-aligned currents. We assumed magnitudes of these field-aligned currents409

consistent with the data from 09 to 21 h LT, and ignored the large values in the 00 to410

06 h sector. According to Lorch et al. (2020), the azimuthal current is removed from the411

magnetodisc in the dawn sector and added back to it in the dusk sector, and we follow412

this pattern in our parametric approximations. The specific values of ρc and A were cho-413

sen to best fit the observed radial currents with the model ones. For the 1000 kg s−1 model414

we have not included additional field-aligned currents in the dusk sector, since values con-415

sistent in direction with the observations did not improve the fits. Figure 6 shows an ex-416

ample of field-aligned currents at 15 h LT calculated using equation (23) with param-417

eters for the 2000 kg s−1 model (solid line), together with the field-aligned currents cal-418

culated from observations (dashed line). Inside 20RJ the azimuthal current divergence419

was not taken into account due to relatively large errors, and was linearly interpolated420
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Figure 6. Field aligned current from the partial ring current plotted versus distance from the

magnetic axis for 15 h LT. The solid line shows the parametric approximation given by equa-

tion (23) with A = 0.07 µA m−2, ρc = 35 RJ corresponding to the 2000 kg s−1 case in Table 2,

while the dashed line shows the field-aligned current calculated from the observed currents.

to zero from the boundary value. Beyond 20RJ the observed divergence was interpo-421

lated by quadratic splines.422

Figure 7 shows the radial currents in the same format as Figure 4, but with field-423

aligned currents from the partial ring current included. Negative additional field-aligned424

currents in the dawn sector make the model radial currents in the ρ > 40RJ region larger,425

bringing them closer to the observed values, especially for the 1000 kg s−1 model, though426

2000 kg s−1 still gives a closer fit. Positive additional field-aligned currents in the dusk427

sector, on the other hand, make the model radial currents in outer region lower. This428

helps to significantly reduce the discrepancies between model and observations for the429

2000 kg s−1 case. However, it still doesn’t fit the observed drop to very small or even430

negative values in the 15 and 18 h LT sectors. In the 1000 kg s−1 case additional pos-431

itive field-aligned currents cannot improve the performance of the model, because it un-432

derestimates the currents even without additional positive field-aligned currents. As was433

indicated above, 09 h LT is probably anomalous due to the limited data coverage, while434

12 h LT is also not fitted well, probably because the radial mass transport rate there is435

even lower than 1000 kg s−1 for most radial distances. Overall, with inclusion of field-436

aligned currents from the partial ring current the 2000 kg s−1 model gives a reasonable437

fit to the observed radial currents at most LTs. While improved in the dawn sector, the438

1000 kg s−1 model still gives a significantly worse fit compared to the 2000 kg s−1 model.439

Figure 8 demonstrates the angular velocities, ionospheric field-aligned currents, and440

effective conductivity in the same format as Figure 5, but for the model with field-aligned441

currents from the partial ring current. The behavior and the typical values of the an-442

gular velocities, the total ionospheric field-aligned currents and conductivities are over-443

all the same, as in the case without additional field-aligned currents.444
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Figure 7. Same as Figure 4, but for the models including field-aligned currents from the

partial ring current.
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Figure 8. Same as Figure 5, but for the models including field-aligned currents from the

partial ring current.
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5 Discussion445

A key feature of steady state M-I coupling models is their relative simplicity, com-446

pared to full 2D or 3D MHD modelling. This simplicity allows one to relatively easily447

with low iteration time and computing power requirements test the response of the sys-448

tem to different values of various parameters and compare the results with observations.449

Here we have developed a variation of this model which is asymmetrical in LT. This al-450

lowed us to compare the radial equatorial current densities calculated using the model451

with those determined from magnetic field measurements by Lorch et al. (2020) in eight452

3 h wide LT sectors centered on 00 to 21 h.453

The radial mass outflow rate in Jupiter’s magnetosphere is a key parameter of the454

model, generally assumed to be equal to the Io plasma production rate. Various empir-455

ical estimates of the plasma production rate have been made, ranging from 150 to 2000 kg s−1456

(Broadfoot et al., 1981; Vasyliunas, 1983; Bagenal, 1997; Bagenal & Delamere, 2011),457

and the canonical value of 1000 kg s−1 has been used in many previous related works458

(Cowley & Bunce, 2001; Cowley et al., 2002; Nichols, 2011; Ray et al., 2014; Nichols et459

al., 2015). Nichols et al. (2020) used the canonical value as representative of the typi-460

cal outflow rate, while using 2350 kg s−1 for an enhanced plasma production case. Hill461

(2001) used the value of 2000 kg s−1 in his calculations, while Nichols and Cowley (2003)462

studied solutions of the Hill-Pontius equation for various outflow rates from 100 to 10000 kg s−1.463

In this work we compared the equatorial radial currents produced by the model using464

radial mass outflow rates of 1000 and 2000 kg s−1, and found that the model currents465

are in significantly better agreement with observations when a transport rate of 2000 kg s−1466

is used. Currents produced in the 1000 kg s−1 case are systematically lower than those467

observed.468

The magnetic field observations used by Lorch et al. (2020) to calculate the cur-469

rents, and those employed by us to construct our model of the magnetospheric equato-470

rial field, are taken from observations made on the trajectories of several spacecraft, thus471

representing a time-averaged picture. Thus the mass transport rates used in our mod-472

elling are taken to correspond to the average mass transport rate in the system. The value473

of 2000 kg s−1 favored by our comparison with observations is on the higher side of most474

estimates of Io plasma production rate. It is sometimes considered as an enhanced value,475

but the average value is usually estimated to be lower. Nichols and Cowley (2004) com-476

pared their calculated radial currents with those derived from Galileo azimuthal mag-477

netic field data obtained in the midnight LT sector, and found that the model currents478

better fit the observed values with Ṁρ set to a larger value of 2000 or 3000 kg s−1. We479

used the same approximation for the conductivity dependence on the field-aligned iono-480

spheric current density as Nichols and Cowley (2004), as well as the same atmosphere481

slippage coefficient of 0.5, which affects the effective conductivity. Preliminary tests with482

a lower slippage coefficient and hence higher effective conductivity did not show an in-483

crease in the model radial currents, while tests with a higher coefficient and consequent484

lower effective conductivity showed decreased currents. Consequently, changes in the slip-485

page coefficient do not fix the systematic underestimation of the observed currents by486

the 1000 kg s−1 model. However, more rigorous study is needed of the behavior of the487

solutions with different approximations for the conductivity dependence on the field aligned488

current.489

We also considered the effects on the solutions of field-aligned currents from the490

partial ring current. Because of the sensitivity of the solutions to the radial derivatives491

of the divergence of the equatorial azimuthal current, we were unable to use the observed492

divergences directly. Instead we used a simple analytic form for the resulting ionospheric493

field-aligned currents with parameters individually selected for each LT sector. The di-494

rection of the field-aligned currents we used is in agreement with the observations of Lorch495

et al. (2020). The inclusion of these currents in the model allowed us to significantly im-496
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Figure 9. Upward field-aligned currents integrated over the ionosphere in one hemisphere

for each 3 h wide LT sector (excluding the 09 h LT sector due to apparent inaccuracies in the

magnetic field model). Black and gray bars show results without and with field aligned currents

from the partial ring current, respectively. In both cases a 2000 kg s−1 mass outflow rate is used.

prove the agreement between the observed and model equatorial radial currents in the497

region beyond ∼ 40RJ from the planet.498

Bonfond et al. (2015) used HST images to estimate the brightness asymmetry of499

the main oval of Jupiter’s UV aurora. They found that in the southern hemisphere the500

dusk sector emission is on average ∼ 3 times brighter than in the dawn sector, while in501

the northern hemisphere the dusk sector is only ∼ 1.1 times brighter (possibly due to502

the northern magnetic anomaly complicating the analysis). As a possible explanation503

of this asymmetry, Bonfond et al. (2015) suggested the presence of a partial ring cur-504

rent in the nightside magnetosphere, whose field aligned currents would strengthen the505

main oval aurora at dusk while weakening it at dawn. The calculations by Ray et al. (2014)506

are inconsistent with the Bonfond et al. (2015) results, since they predict stronger field507

aligned currents in the dawn sector. Our calculations also show stronger field-aligned cur-508

rents in the dawn sector. However, the total upward field-aligned current is not larger509

in the dawn sector, because in the dusk sector it covers a significantly wider latitude range.510

Figure 9 shows the upward field-aligned current integrated over the ionosphere in one511

hemisphere for each of the 3 h wide LT sectors, except for 09 h LT. The total current512

in this sector is approximately twice as large as in the other sectors, probably caused by513

an inaccurate magnetic field model due to the lack of data in the outer magnetosphere.514

Figure 9 shows our results for cases with and without additional field aligned currents515

from the partial ring current. In both cases there is no strong dawn-dusk asymmetry.516

We should note that the additional field-aligned currents from the partial ring current517

do not necessarily affect the aurora in the simple way suggested by Bonfond et al. (2015).518

Additional field-aligned currents change the conductivity of the ionosphere, which in turn519

changes the angular velocity profile, and hence the field aligned currents from the diver-520

gence of the radial currents. In the 15 and 21 h LT sectors, which have positive addi-521

tional currents, the total positive field aligned current is less than in the case without522

additional currents, while in the 03 and 06 h LT sectors, which have negative additional523

–19–



manuscript submitted to JGR: Space Physics

currents, the total is larger. The resulting field-aligned currents depend strongly on the524

magnitude and radial derivative of the additional currents.525

6 Conclusions526

We have presented an axially asymmetrical variant of the steady state M-I coupling527

model for the Jovian magnetosphere, and have compared the radial magnetodisc cur-528

rents calculated using this model with those derived by Lorch et al. (2020) from in situ529

magnetic field observations. We found that the observed radial current magnitudes re-530

quire an average radial mass transport rate of 2000 kg s−1, significantly higher than the531

value typically used of 1000 kg s−1. We also considered the effect of field-aligned cur-532

rents associated with the nightside partial ring current on the M-I coupling system, and533

found that their inclusion results in reduced discrepancies between the model and the534

observed radial magnetodisc currents at radial distances beyond 40 RJ .535
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