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1. Introduction
As a consequence of Jupiter's intense magnetic field and rapid rotation, plasma dynamics in the Jovian magne-
tosphere is rotationally dominated, and the effects of the solar wind have been regarded as insignificant (e.g., 
Barbosa & Kivelson, 1983; Brice & Ioannidis, 1970). The main feature of the Jovian inner magnetosphere is 
the presence of the Io plasma torus (IPT) originating from the ionization of volcanic gasses erupted from the 
innermost Galilean satellite Io at a radial distance of 5.9 RJ (1 RJ is the radius of Jupiter) from the center of 
Jupiter. Local time (LT) asymmetry in the brightness of extreme ultraviolet (EUV) emissions from IPT has 
been well studied in the past decades; the dusk side is 30% brighter than the dawn side on average (Murakami 
et al., 2016; Sandel & Broadfoot, 1982; Schmidt et al., 2018; Shemansky & Sandel, 1982; Smyth et al., 2011; 
Steffl et al., 2004). The dawn-dusk asymmetry in the brightness of IPT results from the dawnward displacement 
of the plasma orbit by 0.1–0.2 RJ, which has been confirmed by the radial profile of the brightness of SII and 
SIII emissions of IPT (Dessler & Sandel, 1992; Küppers & Jockers, 1997; Schmidt et al., 2018; Schneider & 
Trauger, 1995; Smyth et al., 2011). Ions and electrons are adiabatically heated at dusk and cooled at dawn due 
to the shift of the orbit of IPT dawnward, which lead to the dawn-dusk asymmetry in the excitation rate of ions 
and hence the brightness of IPT (Ip & Goertz, 1983; Murakami et al., 2016). The displacement of IPT orbit 
toward dawn side can be explained by the dawnward shift of the equipotential contours, which corresponds to a 
dawn-to-dusk electric field of about 4 mV/m, which is an order of magnitude greater than the solar wind electric 
field about 0.4 mV/m (Barbosa & Kivelson, 1983; Ip & Goertz, 1983). Variation of the IPT brightness was also 
revealed by the long-term observations of EUV emissions from IPT by the EUV spectrometer Extreme Ultraviolet 

Abstract The presence of the dawn-to-dusk electric field of about 4 mV/m in the Jovian inner 
magnetosphere and its response to the enhancement of the solar wind dynamic pressure are still a mystery of 
the rotation-dominated Jovian magnetosphere. Previous studies have suggested that magnetosphere-ionosphere 
(M-I) coupling via Region 2-like (R2-like) field-aligned current (FAC) could be the origin of the Jovian 
dawn-to-dusk electric field. This study investigates whether the dawn-to-dusk electric field is formed from this 
scenario by using a Jovian ionosphere model and a two-dimensional ionospheric potential solver. Our results 
show that the dawn-dusk asymmetry in the ionospheric potential form even at middle latitudes and that the 
dawn-to-dusk electric field is induced in the inner magnetosphere if the electric potential is mapped to the 
magnetospheric equatorial plane. Around the Io orbit, the calculated electric field strength for the ionosphere 
without meteoroid influx is too large, 200 mV/m at dawn and 88 mV/m at dusk. One of the solutions is to 
consider long-lived meteoric ions in the Jovian ionosphere, which reduce the electric field strength to 15 mV/m 
at dawn and 12 mV/m at dusk. The model also shows that the electric field strength increases with the intensity 
of R2-like FAC, consistent with its response to the solar wind dynamic pressure observed by the Hisaki 
satellite.
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Spectroscope for Exospheric Dynamics (EXCEED) onboard the Earth-orbiting UV/EUV space telescope Hisaki 
(Yamazaki et al., 2014; Yoshikawa et al., 2014). The dusk/dawn EUV brightness ratio changed in time and its 
variation is associated with the temporal variation of solar wind dynamic pressure (Murakami et al., 2016). The 
estimated dawn-to-dusk electric field is 4 mV/m on average and it increases up to 9 mV/m during the strongest 
solar wind compression period (Murakami et al., 2016). Statistical analysis showed that the dusk/dawn EUV 
brightness ratio was positively correlated with the solar wind dynamic pressure (Han et al., 2018).

The generation mechanism of the dawn-to-dusk electric field in the inner magnetosphere and its response to the 
solar wind dynamic pressure remains one of the mysteries of the Jovian magnetospheric physics. One of the most 
plausible scenarios is that the tailward plasma convection driven by the viscous interaction between the solar wind 
plasma and high-β magnetospheric plasma causes the dawn-to-dusk electric field (Barbosa & Kivelson, 1983; 
Delamere & Bagenal, 2010; Ip & Goertz, 1983; Schmidt et al., 2018). The presence of the tailward plasma flow 
at IPT is suggested by doppler shifts of SII forbidden line emissions from IPT (Brown, 1983; Trauger et al., 1980) 
and by anti-clockwise shift of the dawn-to-dusk electric field orientation (Schmidt et al., 2018). Delamere and 
Bagenal (2010) estimated the dawn-to-dusk electric field strength at 3 mV/m using the tailward plasma velocity 
of 1.7 km/s from a corotation-convection model assuming a “cometary limit” that the friction at the magneto-
pause boundary causes the draping of interplanetary magnetic field.

Another scenario is that the dawn-to-dusk electric field is formed by the magnetosphere-ionosphere (M-I) 
coupling via field-aligned currents (FACs) flowing into and out of the ionosphere on the dawn side and on the 
dusk side, respectively (Goertz & Ip, 1984; Murakami et al., 2016). The configuration of this FAC system is simi-
lar to the Region 2 (R2) current system at Earth by taking into account the opposite polarization of the planetary 
magnetic field. The closure of the R2-like FAC in the Jovian ionosphere requires an additional Pedersen current, 
which corresponds to a dawn-to-dusk electric field in the ionosphere. The dawn-to-dusk electric field formed in 
the ionosphere is mapped to the magnetospheric equatorial plane along magnetic flux tubes. The R2 FAC system 
is driven by the day-night asymmetry in the ring current; partial ring current of the nightside is associated with 
the FAC at the dawn and dusk sides, which enhance if the solar wind dynamic pressure increases (e.g., Hasegawa 
& Sato, 1979; Nakano et al., 2009; Ogino, 1986). There is some observational support for the existence of R2-like 
FAC in the Jovian system. Khurana  (2001) statistically analyzed the magnetic field measurements of Galileo 
spacecraft when it crossed the plasma sheet and showed that the divergence of plasma sheet current perpendicular 
to the magnetic field displayed the dawn-dusk asymmetry, which suggested the presence of R2-like FAC and the 
estimated total amount of R2-like FAC was 60 MA. Other clues to the existence of R2-like FAC are found in 
the LT asymmetry in UV auroral morphology because auroral emissions originate from precipitating electrons 
associated with an upward FAC. Discontinuity in the main auroral oval found in the prenoon sector suggests a 
downward current at dawn (Radioti et al., 2008), and brighter emission on the dusk side rather than the dawn 
side indicate an upward current at dusk (Bonfond et al., 2015). The auroral emissions in the dusk side region 
brightened during the solar wind compression period, as shown by the UV emission called “dusk active region” 
(Nichols et al., 2017) and by 7.8 μm emission of CH4 (Sinclair et al., 2019).

The scenario that the dawn-to-dusk electric field can be formed by the M-I coupling process via R2-like FAC 
has not yet been evaluated quantitatively. The purpose of this study is to estimate the dawn-to-dusk field strength 
in the inner magnetosphere formed by the M-I coupling process assuming the presence of R2-like FAC using 
a 2-D ionospheric potential solver and to investigate whether such a scenario can explain the observed electric 
field strength at IPT. The ionospheric potential solver can obtain the global distribution of ionospheric potential 
using the FAC density distribution as a source and an ionospheric conductance tensor as a coefficient by solving 
a Poisson equation. We have used the Jovian ionosphere model described in Nakamura et al. (2022) to calculate 
the global distribution of ionospheric conductance under a given FAC input.

2. Model Description
2.1. Jovian Ionosphere Model With Meteoroid Ablation and Photochemical Models

The details of the Jovian ionosphere model are described in Nakamura et al. (2022). The Jovian ionosphere model 
consists of a meteoroid ablation model and a photochemical model. In the model, the temperature and density 
profiles of H2, He, CH4, C2H2, C2H4, and C2H6 of Jupiter's atmosphere are based on the neutral temperature given 
by Grodent et al. (2001) and on the hydrocarbon density profiles given by Moses and Poppe (2017), which are the 
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same as Figure 1 of Nakamura et al. (2022). The density profile of H is calculated by the photochemical model as 
Nakamura et al. (2022) did. The altitude density profiles of vibrationally excited H2 (H2 (ν ≥ 2) and H2 (ν ≥ 4)), 
which are important to determine H + density, were taken from Majeed et al. (1991). The temperatures of ions and 
electrons are assumed to be the same as the neutral temperature based on the calculation by Nagy et al. (1976).

The meteoroid ablation model solves the system of differential equations consisting of the equation of motion, the 
ablation equation, and the energy equation for incident meteoroids, based on the formulation given by Lebedinets 
et al. (1973). The velocity and the mass distribution of the incident meteoroid flux on Jupiter were taken from 
Moses and Poppe (2017). Because meteoroid influx, the mass fraction of elements in the meteoroid, and the 
atmospheric profiles are the same as in Nakamura et  al.  (2022), the same meteoroid ablation rate profile as 
displayed in Figure 2 of Nakamura et al. (2022) is used as a standard case in this study.

The photochemical model took into account 406 chemical reactions for 55 ion species in the Jovian iono-
sphere based on the hydrocarbon ion chemistry described in Kim and Fox (1994) and meteoric ion chemistry 
described in Kim et al. (2001). The list of chemical reactions used in the model is given in Appendix of Nakamura 
et al. (2022). The EUVAC model (Richards et al., 1994) was used for the solar EUV flux to calculate photoion-
ization rates of neutral species and the F10.7 index was assumed to be 140 corresponding to moderate solar 
activity. The photochemical model solves the system of continuity equations including chemical production, 
loss, and vertical diffusion terms for all the species considered in the model. The ionization rate profile of H2 by 
precipitating auroral electrons was calculated by using the parameterization given by Hiraki and Tao (2008). We 
assumed that the energy flux of precipitating electrons is a function of FAC density described by Nichols and 
Cowley (2004) based on the kinetic theory of Knight (1973) for simplicity, in which electrons are accelerated by 
field-aligned static potential. Recent observations by the Juno spacecraft suggested that the stochastic process 
is the dominant acceleration mechanism rather than static potential due to the bidirectional electron distribution 
(e.g., Mauk et al., 2018). Since the nonlinear relationship between the observed electron energy flux in the loss 
cone and the characteristic electron energy is similar to both the Knight theory and the magnetohydrodynamic 
turbulence acceleration theories (Clark et al., 2018), we applied the Knight theory as a first-order approximation.

The parallel conductivity σ‖, Pedersen conductivity σP, and Hall conductivity σH are calculated as follows.

𝜎𝜎‖ =
𝑞𝑞𝑒𝑒𝑛𝑛𝑒𝑒

𝐵𝐵
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 (1c)

where qe is the elementary charge, ne is the electron density, B is the local magnetic field strength, ωe and ωi are 
the cyclotron frequencies of the electron and the ith ion species, respectively, and 𝐴𝐴 𝐴𝐴𝑒𝑒−H2

 and 𝐴𝐴 𝐴𝐴𝑖𝑖−H2
 are the colli-

sional frequencies between the electron and H2 and between and the ith ion species and H2, respectively. The 
collisional frequencies 𝐴𝐴 𝐴𝐴𝑒𝑒−H2

 and 𝐴𝐴 𝐴𝐴𝑖𝑖−H2
 are taken from Chapman and Cowling (1970) and Danby et al. (1996). The 

magnetic  field of Jupiter was assumed to be a spin-aligned axisymmetric dipole and its strength was assumed to 
be 4.28 G at the equatorial surface (Kivelson & Bagenal, 2007).

The photochemical model neglected horizontal transport and was basically a 1-dimensional model lined up lati-
tudinally that rotated about the spin axis to obtain the local time dependence of the ion density profiles. The hori-
zontal resolution of the photochemical model was 1° in longitude and 1° in latitude, and the vertical resolution 
was 20 km in the model altitude range of 200–3,000 km. In order to obtain the steady-state global distribution 
of the density profiles of ions including long-lived H + and meteoric ions, we separated the calculation into two 
steps: (a) stable solution and (b) rotational solution. In the stable solution, LT was fixed at 12:00 LT at all latitude 
grids, and the solar EUV flux was set to be half of its flux at 12:00 LT assuming a diurnal mean solar flux. The 
stable solution was obtained after the model ran over 1,000 Jupiter days. In the rotational solution, the density 
profiles obtained from the stable solution were used as the initial density. We ran the model over 2.5 Jupiter days 
to obtain a quasi-steady state global distribution of the ion profiles.
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2.2. Jovian Two-Dimensional Ionospheric Potential Solver

The ionospheric conductivity derived by the Jovian ionosphere model is used in the two-dimensional ionospheric 
potential solver. This tool assumes that the ionosphere is a thin conducting spherical shell and is called “thin shell 
model,” which has been used to investigate global distributions of ionospheric electric field and current systems 
at Earth (e.g., Fejer, 1953; Nakamizo et al., 2012; Tsunomura, 1999). The Ohm's law for the ionosphere of the 
thin shell model is described in two-dimensional polar coordinates by assuming that the vertical variations of the 
horizontal electric fields are sufficiently small and that the vertical scale of the ionosphere is negligibly small (cf. 
Nakamizo et al., 2012). In this model, ionospheric current density can be described as

𝑱𝑱 = 𝚺𝚺 ⋅ 𝑬𝑬 =

⎛
⎜
⎜
⎝

Σ𝜃𝜃𝜃𝜃 Σ𝜃𝜃𝜃𝜃

Σ𝜃𝜃𝜃𝜃 Σ𝜃𝜃𝜃𝜃

⎞
⎟
⎟
⎠
⋅ (−∇Φ) (2)

where J is the height-integrated ionospheric horizontal current density, Σ is the height-integrated conductivity 
tensor (hereafter called as conductance tensor), E is the ionospheric horizontal electric field, θ is the latitude 
directing northward, ϕ is the longitude directing eastward with 0° at midnight, and Φ is the potential. Each 
component of the conductance tensor is a height-integrated value of ionospheric conductivity tensor components 
σθθ, σθϕ, σϕθ, and σϕϕ, which are described by using the ionospheric parallel, Pedersen, and Hall conductivities as 
follows.

𝜎𝜎𝜃𝜃𝜃𝜃 =
𝜎𝜎𝑃𝑃 𝜎𝜎‖

𝜎𝜎𝑃𝑃 cos
2 𝐼𝐼 + 𝜎𝜎‖ sin

2
𝐼𝐼

 (3a)

𝜎𝜎𝜃𝜃𝜃𝜃 = −
𝜎𝜎𝐻𝐻𝜎𝜎‖ sin 𝐼𝐼

𝜎𝜎𝑃𝑃 cos
2 𝐼𝐼 + 𝜎𝜎‖ sin

2
𝐼𝐼

 (3b)

𝜎𝜎𝜙𝜙𝜙𝜙 =
𝜎𝜎𝐻𝐻𝜎𝜎‖ sin 𝐼𝐼

𝜎𝜎𝑃𝑃 cos
2 𝐼𝐼 + 𝜎𝜎‖ sin

2
𝐼𝐼
= −𝜎𝜎𝜙𝜙𝜙𝜙 (3c)

𝜎𝜎𝜙𝜙𝜙𝜙 = 𝜎𝜎𝑃𝑃 +
𝜎𝜎𝐻𝐻

2 cos2 𝐼𝐼

𝜎𝜎𝑃𝑃 cos
2 𝐼𝐼 + 𝜎𝜎‖ sin

2
𝐼𝐼

 (3d)

where I is the dip angle of the local magnetic field line from the horizontal plane. The divergence of the iono-
spheric horizontal current density can be written as a function of the FAC.

∇ ⋅ 𝑱𝑱 = 𝑗𝑗‖|sin 𝐼𝐼| (4)

where j∥ is the FAC density, positive values are vertically downward. Substituting Equation 2 into Equation 4, we 
finally obtain the following Poisson equation.

−𝑗𝑗‖|sin 𝐼𝐼| = ∇ ⋅ (𝚺𝚺 ⋅ ∇Φ) (5)

Solving the above Poisson equation with j∥ as a source and Σ as a coefficient yields the global distribution of Φ.

The Poisson equation is solved numerically by using an iteration method without boundaries for the entire sphere 
consisting of both northern and southern hemispheres. In order to obtain a convergence solution, it should be 
noted that the components of the conductance tensor increase rapidly by more than an order of magnitude within 
one horizontal grid point, especially in the equatorial region where σθθ approaches to σ‖ as the dip angle of the 
local magnetic field I becomes 0°, and in the auroral region where auroral electrons precipitate into the atmos-
phere to increase the ionospheric conductance in a narrow latitude range. Such a rapid increase in the conduct-
ance tensor components makes it impossible to obtain a realistic convergent solution. To avoid such a rapid 
increase in the conductance tensor components, we implemented the following approaches; (a) Σθθ at 0° latitude 
is calculated by extrapolating Σθθ at latitudes of 2° and 1°, that is, the Cowling channel (Yoshikawa et al., 2013)  is 
neglected, and (b) smoothing was performed 5 times for all components of conductance tensor at all grids. The 
dawn-to-dusk electric field at Io's orbit does not strongly depend on the number of smoothing; in the case that the 
smoothing was performed 10 times, the dawn-to-dusk electric field changed by less than 25% compared with the 
case for 5 times smoothing.
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2.3. Potential Mapping

By assuming a spin-aligned axisymmetric dipole, the ionospheric potential distribution obtained is then mapped 
to the magnetospheric equatorial plane along the magnetic field lines. Inside the inner edge of the magnetospheric 
current sheet locates at 5 RJ.

At the radial distance greater than 5 RJ, the poloidal field is defined by a flux function F related to the magnetic 
field components B = 1/r∇F × eϕ, where eϕ is the unit vector in the azimuthal direction (Nichols & Cowley, 2004). 
The flux shell is defined by F = constant, and the magnetic mapping between the ionosphere and the magne-
tospheric equatorial plane is achieved by Fi = Fe, where Fi and Fe are the flux functions in the ionosphere and 
magnetospheric equatorial planes, respectively. By assuming the spin-aligned dipole magnetic field, the flux 
function in the ionosphere can be described as follows.

𝐹𝐹𝑖𝑖 = 𝐵𝐵𝐽𝐽𝜌𝜌
2

𝑖𝑖 = 𝐵𝐵𝐽𝐽𝑅𝑅
2

𝐽𝐽
sin

2
𝜃𝜃𝑖𝑖 (6)

where BJ is the local magnetic field strength, ρi is the distance from the magnetic axis and θi is the co-latitude. The 
flux function Fe in the magnetospheric equatorial plane can be expressed as follows (Nichols & Cowley, 2004).

𝐵𝐵𝑧𝑧𝑧𝑧 =
1

𝜌𝜌𝑧𝑧

𝑑𝑑𝑑𝑑𝑧𝑧

𝑑𝑑𝜌𝜌𝑧𝑧
 (7)

where ρe is the distance from the magnetic axis and Bze is the magnetic field at magnetospheric equatorial plane. 
Bze and Fe are given as follows (Nichols & Cowley, 2004).

𝐵𝐵𝑧𝑧𝑧𝑧(𝜌𝜌𝑧𝑧) = −

{
𝐵𝐵0

(
𝑅𝑅𝐽𝐽

𝜌𝜌𝑧𝑧

)3

exp

[
−

(
𝜌𝜌𝑧𝑧

𝜌𝜌𝑧𝑧0

)5∕2
]
+ 𝐴𝐴

(
𝑅𝑅𝐽𝐽

𝜌𝜌𝑧𝑧

)𝑚𝑚
}

 (8a)

𝐹𝐹𝑒𝑒(𝜌𝜌𝑒𝑒) = 𝐹𝐹∞ +
𝐵𝐵0𝑅𝑅

3

𝐽𝐽

2.5𝜌𝜌𝑒𝑒0
Γ

[
−
2

5
,

(
𝜌𝜌𝑒𝑒

𝜌𝜌𝑒𝑒0

)5∕2
]
+

𝐴𝐴

𝑚𝑚 − 2

(
𝑅𝑅𝐽𝐽

𝜌𝜌𝑒𝑒

)𝑚𝑚−2

 (8b)

where B0  =  3.335  ×  10 5  nT, ρe0  =  14.501 RJ, A  =  5.4  ×  10 4  nT, m  =  2.71, F∞  =  2.841  ×  10 4  nT RJ 2, and 
𝐴𝐴 Γ(𝑎𝑎𝑎 𝑎𝑎) = ∫

∞

𝑎𝑎
𝑡𝑡𝑎𝑎−1𝑒𝑒−𝑡𝑡𝑑𝑑𝑡𝑡 is the incomplete gamma function.

Taking the gradient of the mapped potential distribution yields the electric field in the magnetospheric equatorial 
plane. The dawn-to-dusk electric field Edd can be calculated by using the radial component of the electric field Er 
and the azimuthal component of the electric field Eϕ as follows:

𝐸𝐸𝑑𝑑𝑑𝑑(𝑟𝑟𝑟 𝑟𝑟) = −𝐸𝐸𝑟𝑟 sin𝑟𝑟 − 𝐸𝐸𝑟𝑟 cos𝑟𝑟 = sin𝑟𝑟
𝜕𝜕Φ

𝜕𝜕𝑟𝑟
+ cos𝑟𝑟

1

𝑟𝑟

𝜕𝜕Φ

𝜕𝜕𝑟𝑟
 (9)

where r is the distance from the center of Jupiter and ϕ is the azimuthal angle from midnight.

3. Results
The dawn-to-dusk electric field at Io's orbit was calculated by the following procedure. (a) We first used only 
corotation enforcement current (CEC) as an input FAC source to calculate the ionospheric conductance and to 
solve the Poisson equation, obtaining the potential distribution in CEC case. The corotation enforcement theory 
was a widely accepted theory to account for the steady and continuous Jovian main aurora, and indeed, it has 
succeeded in explaining the brightness and location of the main emissions (e.g., Bonfond et al., 2012; Cowley 
& Bunce, 2001). However, recent observations made with the Juno spacecraft found some evidence against the 
corotation enforcement theory (Bonfond et al., 2020; Yao et al., 2022). Statistical analysis of the main emis-
sion observed by the Hubble Space Telescope showed that the duskside is brighter than the dawnside (Bonfond 
et al., 2015), which is contrary to the prediction by the corotation enforcement theory with the dawnside being 
brighter than the duskside (Ray et al., 2014). In addition, Yao et al. (2022) showed that the main emission bright-
ened at all longitudes during the solar wind compression period. This finding is contrary to the prediction of the 
corotation enforcement theory, in which the shrinkage of the magnetosphere pushes the magnetospheric flux 
tubes inward, accelerating the plasma azimuthal velocity to conserve angular momentum, resulting in a reduction 
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of FAC and a weakening of the main emission (e.g., Cowley & Bunce, 2001). Although the corotation enforce-
ment theory has started to be questioned, we use CEC as a source of a steady source of electron precipitation into 
the main auroral region due to the limitation of our model. (b) We then used CEC and R2-like FAC (CEC + R2) 
as input FAC sources to calculate the ionospheric conductance and to solve the Poisson equation, obtaining the 
potential distribution in CEC + R2 case. When we ran the photochemical model by using CEC + R2, we first 
obtained the stable solution by fixing the local time (LT) at noon by using only CEC. We then ran the model by 
considering the rotation using CEC + R2 to obtain the global distribution of ion and electron densities. (c) We 
can obtain the additional potential by taking the difference between CEC + R2 case and CEC case. Taking the 
gradient of the distribution of the additional potential mapped to the magnetospheric equatorial plane yields the 
dawn-to-dusk electric field at Io's orbit using Equation 9. Potential formed by the corotational motion of plasma 
should be added to the potential obtained by the Poisson equation to obtain the actual potential distribution in the 
magnetospheric equatorial plane for both FAC cases. Since this study focused not on the potential distribution 
itself but on the potential difference between the two FAC cases and since the corotational potential disappeared 
by taking the difference, we omitted the description of the corotational potential.

The CEC density distribution was calculated by the magnetosphere-ionosphere-thermosphere coupled model 
(Tao et al., 2009) and the same distribution was used for all the calculations in this study. It should be noted that 
the CEC density distribution here used is self-consistently obtained using another Jovian ionosphere model with-
out meteoroids. The R2-like FAC density j∥R2 was given by

𝑗𝑗‖,𝑅𝑅2 = ± 𝑗𝑗0 exp

[
−
(𝜃𝜃 − 𝜃𝜃0)

2

𝛿𝛿2
𝜃𝜃

−
(𝜙𝜙 ± 𝜙𝜙0)

2

𝛿𝛿2
𝜙𝜙

]

 (10)

where j0 is the normalization constant, θ0 and ϕ0 are latitude and longitude of the peak R2-like FAC density, respec-
tively, and δθ and δϕ are the latitudinal and longitudinal widths of R2-like FAC, respectively. The normalization 
constant j0 is determined to satisfy that the total amount of R2-like FAC is 60 MA according to Khurana (2001). 
θ0 and ϕ0 are set to 77° and 135°, respectively, according to the R2-like FAC distribution by Khurana (2001). 
δθ and δϕ are set to 4° and 45°, respectively. The FAC density distributions used in the calculation are shown in 
Figure 1.

Our Jovian ionosphere model recently suggested that meteoric ions originating from meteoroid ablation could 
contribute to the Jovian ionospheric conductance (Nakamura et  al.,  2022), which, however, has not yet been 
confirmed by observations. Therefore, we evaluate following two cases; (a) Case 1 is the ionosphere without 
meteoroid influx and (b) Case 2 is the ionosphere including meteoroid influx. Figures 2a–2c shows the calcu-
lated ionospheric conductance tensor components by using CEC as FAC input in Case 1 and (d-f) those in Case 
2. Figures 2g–2i shows the calculated ionospheric conductance tensor components by using CEC + R2 as FAC 
input in Case 1 and (j-l) those in Case 2. In both figures, every component of the ionospheric conductance tensor 
is enhanced in Case 2 compared to Case 1 due to the contribution from long-lived meteoric ions as suggested by 
Nakamura et al. (2022). In both Case 1 and Case 2, ionospheric conductances are enhanced at dusk side due to 
the upward R2-like FAC at latitudes around 77°.

Using the FAC distribution shown in Figure 1 as an input source and the ionospheric conductance tensor shown 
in Figure 2, the Poisson equation was solved by an iteration method to obtain the potential distribution by an 
iteration method. As explained above, we focused on the additional potential, which is the potential difference 
between the CEC + R2 case and CEC case. Figure 3 shows the distributions of the “additional potential” calcu-
lated by taking the difference between the CEC + R2 case and CEC case. In both Case 1 and Case 2 ionospheres, 
dawn-to-dusk potential asymmetry can be confirmed. The additional potential is positive on the dawnside and 
negative on the duskside, corresponding to the regions of the downward and upward currents of R2-like FAC 
flowing into and out of the ionosphere, respectively. It is noted that the dawn-to-dusk asymmetry in the potential 
distribution can be also confirmed at low-latitude Io's footprint. When the potential difference is mapped to the 
magnetospheric equatorial plane, the dawn-to-dusk asymmetry in the potential can be seen along the Io's orbit. 
Comparing the two cases, the additional potential is on the order of 100 MV in Case 1, while the additional 
potential is on the order of 10 MV in Case 2.

The calculated dawn-to-dusk electric field strength at Io's orbit as a function of LT is shown in Figure 4. In 
Case 1, the dawn-to-dusk electric field strengths at Io's orbit were 200 mV/m and 88 mV/m at dawn and dusk, 
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respectively, which were unrealistically high and were comparable to the strength of corotational electric field 
at Io's orbit (150 mV/m). In Case 2, the dawn-to-dusk electric field strengths were 15 mV/m and 12 mV/m at 
dawn and dusk, respectively, which were 14 and 7 times smaller than in Case 1, respectively. For both Case 1 
and Case 2, the dawn-to-dusk electric field is the largest around noon because of the day-night asymmetry in the 
R2-like FAC density distribution as shown in Figure 1. The difference in the dawn-do-dusk electric field strength 
between Case 1 and Case 2 resulted from the difference in the magnitude of the ionospheric conductance. The 
ionospheric conductance in Case 2 was larger than that in Case 1 because of the contribution of meteoric ions 
(Nakamura et al., 2022). By considering the Ohm's law, the electric field in the ionosphere is proportional to 
Σ −1. We compared our model results with the dawn-to-dusk electric field strength 4–9 mV/m estimated by the 
previous observation by the Hisaki satellite (Murakami et al., 2016). The dawn-to-dusk electric field strength in 
Case 1 is overestimated by more than a factor of 10, and that in Case 2 is closer to the observation than in Case 
1, however, there is still a discrepancy by a factor of 2–4.

4. Discussion
There are several limitations to our model. As mentioned in Section 2, we have applied corotation enforcement 
theory as the only source of precipitating electrons into the main auroral region, which is questioned by recent 
observations. We used the formula of Nichols and Cowley (2004) to estimate the precipitating electron energy 

Figure 1. Field-aligned current (FAC) distribution used in the calculation. (a) Corotation enforcement current (CEC), (b) Region 2-like (R2-like) current, and (c) sum 
of CEC and R2-like current. The total amount of R2-like FAC is set to 60 MA. FAC densities in all the panels are exhibited in the same color scale. Positive is vertically 
upward and negative is vertically downward.
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Figure 2. (a–f) Distributions of ionospheric conductance tensor components viewed from the north by using corotation enforcement current (CEC) as input 
field-aligned current (FAC) source. (a–c) shows the results in Case 1. (d–f) shows the results in Case 2. Left panels are θθ component, middle panels are θϕ component, 
and right panels are ϕϕ component. Io's footprint is indicated at latitude of 65° as violet line in each panel. (g–l) Distributions of ionospheric conductance tensor 
components by using both CEC and Region 2-like (R2-like) current as input FAC sources, with the same layout as panels (a–f).
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flux based on the Knight theory, in which electrons are accelerated by the field-aligned potential. However, recent 
findings by Juno have cast a question about the Knight theory. The Jupiter Energetic Particle Detector Instrument 
(JEDI) showed bidirectional electron distribution, indicating that the acceleration mechanism is predominantly 
stochastic rather than a static potential along magnetic field lines (Mauk et al., 2018; Salveter et al., 2022). A 
comparison of the auroral brightness observed by the ultraviolet spectrograph (UVS) on board Juno and the 
precipitating electron energy flux observed by JEDI and Juno's Jovian Auroral Distributions Experiment (JADE) 
showed that the downward electron energy flux is less than the upward energy flux and is more than one order of 
magnitude smaller than the auroral emission power at the polar region, indicating the stochastic acceleration of 
electrons below Juno's altitude (Ebert et al., 2019; Gérard et al., 2019). Furthermore, Gérard et al. (2020) showed 
that other auroral sources in the polar and equatorward regions could contribute to the ionospheric Pedersen 

Figure 3. (a) Distribution of additional ionospheric potential obtained by taking the difference between CEC + R2 case and CEC case in Case 1 and (b) that in Case 2. 
Io's footprint is indicated in black line at latitude 65°. (c) Distribution of the additional potential mapped to the magnetosphere in Case 1 and (d) that in Case 2. Io's orbit 
is indicated in black line at 5.9 RJ distance away from the center of Jupiter.
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conductance up to several mhos, which is comparable to or larger than the 
main emission. These facts highlight that other auroral processes than corota-
tional enforcement theory could largely contribute to conductance and reduce 
the dawn-to-dusk electric field strength even in the absence of meteoric ions, 
which is not considered in our simulation.

The meteoroid influx and the total amount of R2-like FAC are the other 
uncertainties in our model. We have tested the sensitivity of the dawn-to-dusk 
electric field to the meteoroid influx and the total amount of R2-like FAC. 
Figure 5 shows the calculated dawn-to-dusk electric field at different meteor-
oid influx. The dawn-to-dusk electric field strength decreased with increas-
ing the meteoroid influx due to the enhancement of ionospheric conductance. 
The dawn-to-dusk electric field strength decreased by a factor of 3 when 
the meteoroid influx increased by a factor of 10. This is because the iono-
spheric conductance is proportional to the square root of meteoroid influx 
as suggested by Nakamura et  al.  (2022). Figure  6 shows the dependence 
of the dawn-to-dusk electric field on the total amount of R2-like FAC. 
The calculated dawn-to-dusk electric field strength is almost proportional 
to the total amount of R2-like FAC. Since the R2-like FAC is expected to 
be enhanced during solar wind compression, this result supports the idea 
that the dawn-to-dusk electric field can be enhanced when the solar wind 
dynamic pressure increases as suggested by Murakami et al. (2016).

As for the meteoroid influx, it is difficult to know accurately the meteoroid influx into the Jovian atmosphere due 
to the lack of observation of meteoroid flux at Jupiter's orbit. Radio occultation measurements made by Voyager 
1 and 2 spacecraft, Pioneer 10, and Galileo spacecraft have revealed that there were some peaks in the ionospheric 
electron density profiles (Fjeldbo et al., 1975; Hinson et al., 1997, 1998; Mendillo et al., 2022). The uppermost 
peak at around 1,000 km altitude is considered to be related to H +, while the origin of the other peaks at lower 
altitudes remains unknown. Several numerical studies tried to explain the origin of the low altitude electron 
density peak. Kim et al. (2001) reproduced the electron density peak at around 500 km altitude by considering 
meteoric ions. Emission lines of Fe I at 2.0234 and 2.0284 μm in the polar region were detected by ground-based 
observations (Kedziora-Chudczer et al., 2017), however, the density profiles of meteoric ions have not yet been 
measured. Barrow and Matcheva (2011) reproduced such low altitude peaks by considering vertical shear in the 
neutral wind produced by gravity waves propagating up to the thermosphere. Such wind shear could also contrib-

ute to the enhancement of ionospheric conductance and the reduction of the 
dawn-to-dusk electric field strength even in the absence of meteoric ions.

As for the R2-like FAC, the strength of R2-like FAC and its temporal varia-
tion is poorly understood because of the lack of observations of the plasma 
sheet current. Lorch et  al.  (2020) statistically analyzed the plasma sheet 
current using all the magnetometer data obtained by several spacecraft over 
39 years to demonstrate the local time distribution of plasma sheet current. 
They showed that there was clear dawn-dusk asymmetry in the divergence 
of azimuthal current, however, there was no apparent dawn-dusk asymmetry 
in the divergence of the total plasma sheet current; it was more likely to 
diverge to the radial current rather than to FAC. This analysis implies that the 
strength of R2-like FAC might be much smaller than the 60 MA estimated by 
Khurana (2001), leading to a better agreement between Hisaki reconstructed 
electric field and the simulated field as displayed in Figure 6.

The presence of dusk-to-dawn electric field in the Jovian radiation belt could 
reduce the dawn-to-dusk electric field at the IPT. The emission intensity of 
the Jovian synchrotron radiation (JSR) is larger on the dawn side than on the 
dusk side, which can be explained by the presence of dusk-to-dawn elec-
tric field, in an opposite direction to the dawn-to-dusk electric field imposed 
at the IPT (Kita et al., 2013, 2019). The dusk-to-dawn electric field at the 

Figure 4. Calculated dawn-to-dusk electric field at Io's orbit as a function 
of local time. Blue and red lines represent the electric field strengths in 
Case 1 and Case 2, respectively. The gray rectangle represents the range 
of dawn-to-dusk electric field strength estimated by Hisaki observation 
(Murakami et al., 2016).

Figure 5. Calculated dawn-to-dusk electric field strengths at Io's orbit for 
different meteoroid influxes. Red and black lines represent the electric field 
strengths at dawn (6:00 local time) and dusk (18:00 local time), respectively. 
The gray rectangle represents the range of dawn-to-dusk electric field strength 
estimated by Hisaki observation (Murakami et al., 2016).
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Jovian radiation belt is considered to be formed from the dynamo electric 
field driven by the diurnal wind system in the thermosphere in the middle 
latitude region (Kita et al., 2019).

5. Conclusions
This study aims to evaluate the dawn-to-dusk electric field strength formed 
by the M-I coupling via R2-like FAC by combining a Jovian ionospheric 
model and a two-dimensional ionospheric potential solver. Using ionospheric 
conductance distribution calculated by the Jovian ionosphere model and FAC 
density distribution, we deduce a global distribution of ionospheric potential, 
which is then mapped to the magnetospheric equatorial plane to obtain the 
dawn-to-dusk electric field at the IPT position. The dawn-dusk asymme try 
in the ionospheric potential is confirmed even at middle latitudes, and a 
dawn-to-dusk electric field is formed along Io's orbit when the potential is 
mapped to the magnetospheric equatorial plane as suggested by Murakami 
et al. (2016). For the ionosphere without meteoroid influx, the dawn-to-dusk 
electric field strengths are 200 mV/m at dawn and 88 mV/m at dusk, which 
are 1–2 orders of magnitude larger than the value of 4–9 mV/m estimated by 
Hisaki observations (Murakami et al., 2016). Enhancement of conductance is 
required to explain the observed dawn-to-dusk electric field strength, and we 

show that meteoric ions can be one of the solutions. For the ionosphere with meteoroid influx, the dawn-to-dusk 
electric field significantly decrease to 15 mV/m at dawn and 12 mV/m at dusk, due to the enhanced ionospheric 
conductance by the presence of long-lived meteoric ions. The discrepancy between our ionospheric model with 
meteoroid flux and the observation can be solved by considering larger meteoroid influx and/or smaller R2-like 
FAC. We cannot firmly conclude that the origin of the dawn-to-dusk electric field is controlled by the M-I 
coupling via R2-like FAC, however, this scenario could be one of the candidates to solve the long-standing 
problem in the Jovian magnetospheric physics. Further modeling and observations of the auroral process beyond 
FACs, the local time distribution of FAC, meteoroid influx, and the meteoroid composition are highly needed to 
confirm our conclusions.

Data Availability Statement
The modeling data supporting the figures presented in this paper are available at Nakamura (2022).
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