
1.  Introduction
The Earth's magnetic field is the sum of magnetic fields produced by many different sources. It can be measured 
at the Earth's surface, in the geomagnetic observatories, or on board of satellites (Hulot et al., 2015). Such data 
are used to build models of the Earth's magnetic field and to study their sources. One main challenge, however, 
is to single out the signal from each source. This is particularly true for the ionospheric field produced by the 
electric currents that flow in the ionosphere—the ionized layer of the atmosphere, from 80 to 1,000 km. Because 
of its high variability in space and time, and of an incomplete space-time data coverage, this field and associated 
electric currents are still only partially understood (Finlay et al., 2017).

One of the dominant ionospheric currents at mid and low latitudes are called Solar quiet (Sq) currents 
(Matsushita, 1968; Yamazaki & Maute, 2017). They flow in the ionospheric E region—between 90 and 150 km—
and mainly consist of two vortices, each flowing in one hemisphere and in opposite directions. They are generated 
by a physical mechanism called the ionospheric wind dynamo (Richmond, 1979) and are therefore referred to as 
dynamo currents. This system is reinforced at the magnetic equator where the equatorial electrojet flows (Lühr 
et al., 2021). Several approaches have been proposed to build data-based models of the mid- and low-latitude 
E-region ionospheric field. The Comprehensive Model series (Sabaka et al., 2002, 2020) and the DIFI model 
(Chulliat et al., 2013, 2016) use spherical harmonics and Fourier series to represent the global climatological 
variations of the low and mid latitude E-region ionospheric field. More recently, some alternative approaches 
were developed. They rely on a priori information allowing for a better characterization of individual Earth's 
magnetic field component. Among these, one can mention correlation-based modeling techniques (Baerenzung 
et al., 2020; Holschneider et al., 2016) and techniques that rely on physics-based models (Alken et al., 2017; 
Egbert et al., 2021).

Other important ionospheric currents flow in the F region, between 150 and 1,000 km. These currents are of 
particular interest to this study. The dominant currents in the F region are the field-aligned currents that flow 
along the highly conductive field lines of the Earth's main magnetic field. They exist both at high latitudes 
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and low and mid latitudes and are produced by distinct physical mechanisms in these two latitude sectors. In 
the mid- and low-latitude F region, interhemispheric field-aligned currents (IHFACs) arise from the electro-
static difference between geomagnetic conjugate points and connect the E-region dynamo current systems in 
the Northern and Southern Hemispheres (Fukushima, 1978; Takeda, 1982; Van Sabben, 1966). These currents 
mostly flow on the dayside and have been extensively studied using ground and satellite data (Bolaji et al., 2012; 
Fillion et  al.,  2021; Lühr et  al.,  2015,  2019; Park et  al.,  2011; Park, Stolle, et  al.,  2020; Park, Yamazaki, & 
Lühr, 2020; Ranasinghe et al., 2021; Shinbori et al., 2017; Yamashita, 2002). At high latitudes, field-aligned 
currents are about one order of magnitude more intense and connect the high-latitude E-region current system 
to magnetospheric currents. They flow at all local times and are organized in two cells respectively in the dawn 
and dusk sectors (Laundal et  al.,  2016; Weimer et  al.,  2010). Additionally, significant dynamo currents also 
flow in the mid- and low-latitude ionospheric F-region (Maute & Richmond,  2017; Rishbeth,  1981,  1997; 
Van Sabben, 1966). Some of the best documented dynamo currents in this region are the meridional dynamo 
currents first introduced by Rishbeth (1971), which flow above the magnetic equator (Lühr & Maus, 2006; Lühr 
et al., 2019; Park et al., 2010; H. Wang, Lühr, et al., 2022). A complete review of F region dynamo currents can 
be found in Maute and Richmond (2017).

Olsen (1997) produced one of the first data-based F-region models. This study proposed two methods to recover 
the F region toroidal magnetic and associated poloidal current using data from the Magsat satellite. He was able 
to identify high-latitude ionospheric field-aligned currents, meridional dynamo currents as well as mid-latitude 
field-aligned currents. His model, however, was limited to two local times due to the local time coverage of 
the Magsat mission. F-region currents and magnetic fields were also included in pre-Swarm versions of the 
Comprehensive Model (Sabaka et al., 2002, 2015). This model was also able to predict some features of F-region 
field-aligned and meridional dynamo currents. The most recent versions, however, no longer include F-region 
currents (Sabaka et al., 2018, 2020). More recently, Laundal et al. (2018) developed the AMPS model which is 
specifically designed to represent the E- and F-region currents and magnetic fields at high latitudes. Some studies 
have also used the Spherical Elementary Current Systems techniques that can be applied at both global or local 
scales (Amm et al., 2015; Amm & Viljanen, 1999).

The Swarm constellation, launched in 2013, now provides a dataset with unprecedented spatial and temporal 
coverage (Friis-Christensen et al., 2006; Olsen et al., 2013). While recent models such as AMPS represent the 
high-latitude F-region currents and fields, to the authors' knowledge, no recent model takes full advantage of 
the Swarm constellation to represent the global mid- and low-latitude F-region currents and fields. In this study, 
we present the first step toward building such a model. This kind of model will improve our understanding of 
the ionospheric electric current system, which would in turns improve our ability to model the geomagnetic 
field as well as our understanding of ionospheric physics. One difficulty, however, is that satellite measures a 
time-varying magnetic field while moving through space, thus mixing spatial and temporal signals in the meas-
urements. In this study, our goal is to investigate whether a full separation of spatial and climatological variations 
can be achieved using the Swarm data. We show that our preliminary model can recover well-known charac-
teristics of F region currents and can provide new insights. Section 2 details the data used in this work and the 
preprocessing and selection. Sections 3 and 4 present the model parametrization and the inversion procedure. In 
Section 5, we then discuss the model fit to the data and in Section 6.1 we validate the model by comparing current 
density maps to results obtained in previous studies. In Sections 6.2 and 6.3, the model is used to investigate the 
climatology of F-region currents. Section 7 concludes this paper.

2.  Data Selection and Pre-Processing
The Swarm satellite constellation consists of three identical satellites, launched into near-polar orbits on 22 
November 2013 (Friis-Christensen et al., 2006). The satellites, respectively known as Alpha, Bravo and Charlie, 
reached their configuration for the period ranging from 2014 to 2022 in May 2014; Alpha and Charlie were 
lowered to an average altitude of 460 km and flew on close by orbits whereas Bravo was raised to an average alti-
tude of 530 km. For each satellite, the local time at the ascending node (resp. descending node) slowly drifts such 
that one satellite covers all local time sectors in about 4 months. The drift rates are also different for Swarm Bravo 
on one side and Swarm Alpha and Charlie on the other, meaning that the satellites gradually separate in local 
time. All satellites carry an Absolute Scalar Magnetometer (ASM) (Léger et al., 2015) and a Vector Fluxgate 
Magnetometer (VFM) (Merayo et al., 2008) measuring the intensity and the direction of the geomagnetic field, 
respectively.
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We use Level-1b 1 Hz vector data from the Swarm data processing chain (Olsen et  al.,  2013) version 0601. 
The data are first corrected for several potential fields: the core field, the lithospheric field, the ionospheric 
E-region field and its induced counterpart, and the magnetospheric field and its induced counterpart using the 
Swarm-derived Comprehensive Model (CM) (Sabaka et al., 2018) version 0701. The use of the comprehensive 
model is mainly motivated by two considerations. First, this model is built using a comprehensive approach 
specifically designed to optimize field separation (Sabaka & Olsen, 2006). Second, the representation of the 
magnetospheric field in the CM is based on static low-degree spherical harmonics representations in 1-hr bins. 
This approach fairly accounts for the fast-varying quiet-time magnetospheric field which turned out to be critical 
to limit contamination and extract meaningful F-region currents. The data are then decimated every 60s and 
selected for quiet time by only retaining data when the ap index was below 10 (Matzka et al., 2021).

A good data coverage is critical to accurately recover the average climatological variations of the F-region toroi-
dal field and associated currents. We therefore use data from 1 January 2016 to 31 December 2020 from all three 
Swarm satellites. This dataset ensures that all longitude sectors are well covered for every local time and every 
season. This is illustrated in Figure 1 for Swarm satellites Alpha and Bravo. This figure presents histograms of 
the number of data in every local time and longitude sectors for each season and for satellites Alpha and Bravo 
after the above-mentioned data selection and decimation—note that the local time coverage of Swarm Charlie is 
the same as Swarm Alpha for the considered period of time—. Each season is defined as a 91 day period either 
centered on the solstice or the equinox. The data coverage is generally slightly better during Northern Hemisphere 
summer, although overall it is good for all seasons. Additionally, the start and end dates were chosen to keep only 
a period of time during which satellite Bravo was separated from satellites Alpha and Charlie by at least 1 hour 
in local time. This ensures that Swarm Bravo sampled the local time sectors completely independently of Swarm 
Alpha and Charlie, that is the three satellites never measured the magnetic field in the same local time sector 
simultaneously. Furthermore, it also corresponds to a period of time when the daily average distance from the 
Earth's center for each satellite did not vary by more than 20 km. This is an important consideration with respect 
to the parametrization presented in Section 3. Finally, for the sake of simplicity, any reference to a specific season 
in the following will refer to the corresponding season in the Northern Hemisphere.

3.  Parametrization
The parametrization relies on an approximation of the Mie representation of the magnetic field in a thin spherical 
shell. This approximation is called the thin-shell approximation (Backus, 1986; Sabaka et al., 2010). Using this 
mathematical representation, the magnetic field within a thin spherical shell of minimum radius a, maximum 
radius c and thickness c − a = h can be expressed as the sum of three terms:

𝐵⃗𝐵(𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟) = 𝐵⃗𝐵𝑖𝑖(𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟) + 𝐵⃗𝐵𝑒𝑒(𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟) + 𝐵⃗𝐵𝑇𝑇 (𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏   )� (1)

where r, θ, ϕ and t are respectively the radius, colatitude, longitude and time, with r varying between a and c, 
𝐴𝐴 𝐵⃗𝐵𝑖𝑖 is the internal poloidal magnetic field produced by sources located inside the sphere of radius a, 𝐴𝐴 𝐵⃗𝐵𝑒𝑒 the exter-

nal poloidal magnetic field produced by the sources located outside the sphere of radius c, and 𝐴𝐴 𝐵⃗𝐵𝑇𝑇  the toroidal 
magnetic field on the average sphere of the shell with radius 𝐴𝐴 𝐴𝐴 =

𝑐𝑐+𝑎𝑎

2
 produced by electric currents crossing this 

sphere. Note that, in Equation 1, two contributions to the total magnetic field are neglected. The first is associated 
with the radial variations of the toroidal field 𝐴𝐴 𝐵⃗𝐵𝑇𝑇  within the shell. The second is associated with the poloidal 
magnetic field produced by the currents that flow within the shell (between the spheres of radius a and c). Both 
contributions are of the order of 𝐴𝐴

ℎ

𝑏𝑏
 and are small enough to be neglected (Sabaka et al., 2010).

The thin-shell approximation is very well suited to model the magnetic field measured by the Swarm satel-
lites. Indeed, each Swarm satellite orbit inside a thin spherical shell whose minimum and maximum radius are 
defined by the minimum and maximum radius reached by the satellite during the considered period of time. 
Figure  2 shows the overall configuration. The spherical shell corresponding to Swarm Alpha and Charlie is 
represented in blue and the shell corresponding to Swarm Bravo in red. The low- and mid-latitude IHFACs and 
the E-region Sq dynamo currents are also represented. Between 1 January 2016 and 31 December 2020, the 
minimum and maximum radius are aAC ≈ 432 km and cAC ≈ 483 km for Swarm satellites Alpha and Charlie, and 
aB ≈ 498 km and cB ≈ 532 km for Swarm satellite Bravo. The corresponding shell thicknesses are hAC ≈ 51 km 
and hB ≈ 34 km. Note also that, since cAC < aB, Swarm Alpha/Charlie and Swarm Bravo measure the magnetic 
field within non-intersecting shells.
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We use Equation 1 to express the magnetic field measured by each Swarm satellite. We also assume that subtract-
ing the magnetic field prediction of the Comprehensive Model from the data (Section 2) correctly removes all 
contributions from the poloidal fields—the first two terms on the right side of Equation 1. The Comprehensive 
Model, however, like other similar models, cannot exactly capture all of the poloidal fields and we note that 
possible contamination of the model by residual potential fields must be considered when interpreting our model. 
Neglecting 𝐴𝐴 𝐵⃗𝐵𝑖𝑖 and 𝐴𝐴 𝐵⃗𝐵𝑒𝑒 in Equation 1 then leads to:

𝐵⃗𝐵(𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟) = 𝐵⃗𝐵𝑇𝑇 (𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏   )� (2)

Equation 2 is a compact representation of three independent equations, one equation for each Swarm satellite. 
Note that, in this equation, 𝐴𝐴 𝐵⃗𝐵 does not vary as a function of the spherical coordinate r inside the considered thin 

Figure 1.  Histograms showing the data coverage for Swarm Alpha (top four panels) and Swarm Bravo (bottom four panels) 
between 1 January 2016 and 31 December 2020 after data selection and decimation. Each panel shows the data distribution in 
one-hour local time sectors for a specific season. Additionally, information about the longitudinal distribution for each local 
time sector is given using the color code detailed in the legends.
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spherical shell. The toroidal magnetic field can be further expressed using the 
toroidal potential Φ, which gives:

𝐵⃗𝐵𝑇𝑇 (𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟) = ∇⃗ ×
(

Φ(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏   )𝑟𝑟
)

� (3)

where 𝐴𝐴 ∇⃗× is the curl operator and 𝐴𝐴 𝐴𝐴𝐴  is the position vector where the field is to be 

evaluated. Equation 3 shows that the toroidal field 𝐴𝐴 𝐵⃗𝐵𝑇𝑇 has no radial component. 
The two other components can be calculated using the following equations:

𝐵𝐵𝜃𝜃(𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟) =
1

sin 𝜃𝜃

𝜕𝜕

𝜕𝜕𝜕𝜕
Φ(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏   )� (4)

𝐵𝐵𝜙𝜙(𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟) = −
𝜕𝜕

𝜕𝜕𝜕𝜕
Φ(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏   )� (5)

where Bθ and Bϕ are respectively the South and East components. Addi-
tionally, the three components of the poloidal current at the position 𝐴𝐴 𝐴𝐴𝐴  and 
time t can also be derived from the toroidal potential Φ using the following 
equations:

𝐽𝐽𝑟𝑟(𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟) =
−1

𝜇𝜇0𝑟𝑟
∇2

𝑆𝑆 (Φ(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏   ))� (6)

𝐽𝐽𝜃𝜃(𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟) =
1

𝜇𝜇0𝑟𝑟

𝜕𝜕

𝜕𝜕𝜕𝜕

𝜕𝜕

𝜕𝜕𝜕𝜕
(𝑟𝑟Φ(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏   ))� (7)

𝐽𝐽𝜙𝜙(𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟) =
1

𝜇𝜇0𝑟𝑟sin 𝜃𝜃

𝜕𝜕

𝜕𝜕𝜕𝜕

𝜕𝜕

𝜕𝜕𝜕𝜕
(𝑟𝑟Φ(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏   ))� (8)

where Jr, Jθ and Jϕ are respectively the Radial, South and East components and 𝐴𝐴 ∇2

𝑆𝑆
 is the surface Laplacian 

defined as:

∇2

𝑆𝑆 =
1

sin 𝜃𝜃

𝜕𝜕

𝜕𝜕𝜕𝜕

(

sin 𝜃𝜃
𝜕𝜕

𝜕𝜕𝜕𝜕

)

+
1

sin
2𝜃𝜃

𝜕𝜕2

𝜕𝜕𝜕𝜕2
� (9)

The next step is to express Φ with a parametrized equation. We choose to represent the spatial variations of Φ 
with a truncated spherical harmonics expansion and adopt the same approach as the one used in former versions 
of the comprehensive model (Sabaka et al., 2002, 2015). This approach relies on a modulation of the spatial part 
with harmonic functions of time. This is also the approach used to model the E-region ionospheric field in the 
Comprehensive Model (Sabaka et al., 2020) and DIFI model (Chulliat et al., 2013, 2016). The full expression of 
the toroidal potential Φ is the following:

Φ(𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑈𝑈𝑈𝑈 ) =

𝑠𝑠max
∑

𝑠𝑠=𝑠𝑠min

𝑝𝑝max
∑

𝑝𝑝=𝑝𝑝min

𝑛𝑛max
∑

𝑛𝑛=1

min(𝑛𝑛𝑛𝑛𝑛max)
∑

𝑚𝑚=0

𝑃𝑃𝑚𝑚
𝑛𝑛 (cos 𝜃𝜃)

{[

𝜑𝜑
𝑚𝑚𝑚(𝑐𝑐)
𝑛𝑛𝑛𝑛𝑛𝑛 cos(𝑚𝑚𝑚𝑚) + 𝜓𝜓

𝑚𝑚𝑚(𝑐𝑐)
𝑛𝑛𝑛𝑛𝑛𝑛 sin(𝑚𝑚𝑚𝑚)

]

cos(𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠 + 𝜔𝜔𝑝𝑝𝑝𝑝𝑝𝑝𝑈𝑈𝑈𝑈 )

+
[

𝜑𝜑
𝑚𝑚𝑚(𝑠𝑠)
𝑛𝑛𝑛𝑛𝑛𝑛 cos(𝑚𝑚𝑚𝑚) + 𝜓𝜓

𝑚𝑚𝑚(𝑠𝑠)
𝑛𝑛𝑛𝑛𝑛𝑛 sin(𝑚𝑚𝑚𝑚)

]

sin(𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠 + 𝜔𝜔𝑝𝑝𝑝𝑝𝑝𝑝𝑈𝑈𝑈𝑈 )
}

� (10)

where t and tUT are the time respectively expressed in decimal years between 0 and 1 and in hours between 0 and 
24, n and m are the degree and the order of the spherical harmonics expansion, s and p are the wave numbers 
respectively associated with seasonal and diurnal modes, 𝐴𝐴 𝐴𝐴𝑚𝑚

𝑛𝑛  are the Schmidt Seminormalized Associated Legen-
dre functions (Winch et al., 2005), ωs is the seasonal angular frequency equal to 2π rad.yr −1, ωp is the diurnal 
angular fundamental frequency equal to 𝐴𝐴

2𝜋𝜋

24
rad.hr

−1 , and 𝐴𝐴 𝐴𝐴
𝑚𝑚𝑚(𝑐𝑐)
𝑛𝑛𝑛𝑛𝑛𝑛  , 𝐴𝐴 𝐴𝐴

𝑚𝑚𝑚(𝑐𝑐)
𝑛𝑛𝑛𝑛𝑛𝑛  , 𝐴𝐴 𝐴𝐴

𝑚𝑚𝑚(𝑠𝑠)
𝑛𝑛𝑛𝑛𝑛𝑛  and 𝐴𝐴 𝐴𝐴

𝑚𝑚𝑚(𝑠𝑠)
𝑛𝑛𝑛𝑛𝑛𝑛  are the model coefficients. 

We obtain a set of three identical equations for ΦA, ΦB, and ΦC with a different set of coefficients for each equa-
tion. Note that we do not use magnetic coordinates—such as the quasi dipole coordinates (Richmond, 1995)—or 
magnetic time, but the standard spherical coordinates and UTC time. This is done on purpose and will allow us to 
check if the recovered signal is naturally organized with respect to the Earth's main magnetic field, as we expect, 
despite the fact that this is not constrained by the parametrization.

Figure 2.  Sketch of the overall configuration. Swarm Bravo orbits within the 
red spherical shell whereas Swarm Alpha and Charlie orbit within the blue 
one. The low and mid-latitude IHFACs and the E-region Sq dynamo currents 
are represented with black arrows.
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We choose nmax = 60 and mmax = 10. The truncation degree is taken relatively high in order to correctly capture 
the sharp transition between the mid- and high-latitude current systems. In contrast, the maximum order is set 
relatively low. This is to limit contamination by the meridionally organized fast-varying magnetospheric field. 
Finally, following Chulliat et al. (2016) and Sabaka et al. (2020), we set smin = −2, smax = 2, pmin = 0, and pmax = 4. 
It respectively corresponds to the 24, 12, 8, and 6-hr diurnal modes as well as the semiannual and annual modes. 
This results in a total number of 57,330 coefficients. Assuming that one knows the model coefficients, one can 
directly compute Bθ, Bϕ, and Jr on the sphere of radius b by inserting Equation 10 in Equations 4–6. However, 
according to Equations 7 and 8, computing Jθ and Jϕ is not possible as additional knowledge of the radial deriva-
tives of the model coefficients would then be required.

4.  Inversion Procedure
We derive three independent spherical harmonics representations using the parametrization presented in Section 3 
and the same inversion procedure. Each representation is computed using data from one Swarm satellite. Model 
A, B, and C will respectively refer to the representation derived with data from Swarm Alpha, Bravo, and Charlie. 
The forward problems can be written as:

𝑑𝑑 = 𝑮𝑮𝑚⃗𝑚� (11)

where 𝐴𝐴 𝑑𝑑  is the data vector, which only includes the South and East components of the satellite measurements, 𝐴𝐴 𝐴𝐴𝐴 
is the model vector which contains the model coefficients and G is the matrix that connects the two vectors. We 
compute estimates of the parameter vectors by minimizing the following cost functions:

𝑒𝑒𝑇𝑇𝑪𝑪−𝟏𝟏

𝒅𝒅
𝑒𝑒 + 𝜆𝜆 𝜆𝜆𝜆𝑇𝑇

𝚲𝚲𝑚⃗𝑚� (12)

where 𝐴𝐴 𝐴𝐴𝐴  is the residual vector, Cd is the a priori diagonal data covariance matrix for which we take all elements 
equal to 1 nT −2, the matrix Λ is a regularization matrix, the coefficient λ is a damping parameter and T denotes 
the matrix transpose. Λ is a diagonal matrix which is defined as:

𝚲𝚲 = 𝑰𝑰 (49) ⊗𝛀𝛀� (13)

where I(49) is the identity matrix of dimension 49×49, 49 corresponding to the total number of temporal basis func-
tions, Ω is a diagonal matrix of dimension 1,170×1,170, 1,170 corresponding to the total number of spatial basis 
functions, and ⊗ is the Kronecker product as defined by Loan (2000). The elements of the matrix Ω are defined as:

Ω𝑛𝑛𝑛𝑛𝑛𝑛𝑛′𝑚𝑚′ =
1

2

𝑛𝑛4(𝑛𝑛 + 1)
4

2𝑛𝑛 + 1
𝛿𝛿𝑛𝑛𝑛𝑛′𝛿𝛿𝑚𝑚𝑚𝑚′� (14)

where Ωnm,n′m′ is an element of the matrix Ω, nm and n′m′ denotes the line and column indices, respectively, which 
are function of the degrees n and n′ and of the orders m and m′, and δnn′ (resp. δmm′) is the Dirac distribution equal 
to 1 when n = n′ (resp. m = m′) and 0 otherwise. The elements in Equation 14 are derived by computing analyt-
ically the diagonal elements of the following norm:

𝑄𝑄 =
1

4𝜋𝜋𝜋𝜋 ∫𝑇𝑇 ∫Ω

‖

‖

∇2

𝑆𝑆𝐽𝐽𝑟𝑟(𝑏𝑏𝑏 𝑏𝑏𝑏 𝑏𝑏𝑏 𝑏𝑏𝑏 𝑏𝑏𝑈𝑈𝑈𝑈 )‖
‖

2
𝑑𝑑Ω𝑑𝑑𝑑𝑑� (15)

where Ω is equal to 4π and is the complete solid angle and T is one period equal to 1 year. The regularization 
matrix Λ gradually damps the energy in the high spherical harmonics degrees—similarly for each temporal 
mode—and smooths the final solution. It is crucial to obtain a clean mid and low latitude signal with minimum 
contamination from magnetospheric fields and minimum ringing originating from the strong high latitude signal 
propagating to lower latitudes. However, it is at the expense of smoothing small-scale structures and, therefore, to 
some extent, our model has a lower spatial resolution than an unregularized degree 60 model.

To determine a value for λ, we compute the three L curves for Model A, B, and C. In the following, we choose 
𝐴𝐴 𝐴𝐴 = 5 ∗ 10−2

(

𝑛𝑛𝑛𝑛𝑛𝑛𝑛−4
)−2 , a value close to the corners of all three L curves. For Model A, B, and C, an estimation 

of the model coefficients can be computed using:

𝑚⃗𝑚𝑒𝑒𝑒𝑒𝑒𝑒 =
(

𝑮𝑮
𝑇𝑇
𝑪𝑪

−𝟏𝟏

𝒅𝒅
𝑮𝑮 + 𝜆𝜆𝚲𝚲

)−1
𝑮𝑮

𝑇𝑇
𝑪𝑪

−𝟏𝟏

𝒅𝒅
𝑑𝑑� (16)
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We obtain three sets of coefficients that can be used to compute independent predictions of the South and East 
components of the toroidal field and of the radial component of the poloidal current inside the corresponding 
shells—blue and red shells in Figure 2—using Equations 4–6.

5.  Magnetic Data Fit
We now discuss the model fit to the Swarm magnetic data. Here, it is important to keep in mind that, over the consid-
ered period of time, the Swarm satellites Alpha and Charlie orbit side by side in the same local time sector whereas at 
the same time Swarm Bravo orbits in a different local time sector. Therefore, the local time sector sampling is different 
for Swarm Alpha and Charlie on one side and Swarm Bravo on the other. By considering the data from each Swarm 
satellite as an independent dataset, this orbital configuration allows us to assess the robustness of the observed signal: 
first, with respect to the measurement errors—and possibly small-scale un-modeled field errors—and, second, with 
respect to the local time sector sampling. The first point can be assessed by comparing signals in Swarm Alpha and 
Charlie data. The second one by comparing signals in Swarm Alpha/Charlie and Swarm Bravo data.

The model is designed to represent the average diurnal and seasonal variations of F region magnetic fields; we first 
show that such an average signal exists in the data and that it is robust. To do so, we build maps of the average signal 
at each universal time and season using the preprocessed and selected data presented in Section 2. For each map, 
the data are further selected for one universal time and one season, respectively defined as a 1-hr window centered 
on the hour and a 3-month window centered on either one equinox or one solstice. The data are subsequently 
averaged inside bins of 5° of latitude by 5° of longitude. Note that these average data are only used for the purpose 
of visualization and are not the one used in Section 4 to build the model. Figure 3 shows an example of maps of 
the average magnetic field East and South components for all three Swarm satellites at 6:00 UTC in summer. At 
low and mid latitudes, the strongest signal is on the East component on the dayside and is about 15 nT in ampli-
tude. This signal is observed in maps of all three Swarm satellites showing that it is robust. Around the magnetic 
equator, the East component is negative in the noon sector and positive in the morning and afternoon sectors. The 
sign is opposite at mid latitude. The low- and mid-latitude dayside signal on the South component is weaker, but 
we nevertheless observe similar signals in maps of all three satellites. It is negative around the magnetic equator 
in the noon sector and mostly positive at mid latitude in the morning, noon and afternoon sectors, with the excep-
tion of the morning sector in the Northern Hemisphere where it is negative. A significantly stronger signal is also 
observed at high latitude and at all local times on both the East and South components and for all three satellites. 
This signal is of the order of 80 nT. However, a climatological average makes less sense at these latitudes and one 
should expect significant variability around the climatological mean. Finally, meridional stripes can be observed 
at all local times on both the South and East components. Interestingly, these stripes are mostly similar for Swarm 
Alpha and Charlie, but different for Swarm Bravo. This suggests that they are not a climatological signal but rather 
a signature of fast varying signals. Such meridional signals most likely originate from residual magnetospheric 
fields. In the following, special care is taken to ensure that these signal are not contaminating the F region model.

Figures 4 and 5 show comparisons of maps of the data, of the model prediction and of the residuals for Swarm 
Alpha (left columns) and Swarm Bravo (right columns) respectively for the East and South components. The 
maps of the data and residuals are derived in the same way as the maps presented in Figure 3 using time series 
of the data and of the residuals—the difference between the data and the model prediction at each position and 
time—at 15:00 UTC in the summer. The maps showing model predictions are derived using predictions on a grid 
at 15:00 UTC on 20 June 2016. The corresponding maps for Swarm Charlie are very similar to those of Swarm 
Alpha (see Figure S1 in Supporting Information S1). On the East component (Figure 4), the average signal in 
the data is to some extent different to what was observed at 6:00 UTC in the summer (Figure 3). Here, the local 
midday is over South America where the magnetic equator dips. The dayside low- and mid-latitude signal follows 
the geometry of the magnetic equator, which supports its ionospheric origin. It is characterized by a negative 
patch over South America, between the morning and noon sectors, and three negative bands over the Atlantic 
Ocean, between the noon and afternoon sectors. As shown in Figure 4, the model East component reproduces 
well the average mid and low latitude dayside signal observed on the East component of the data for both Swarm 
Alpha and Bravo. On this component, the low- and mid-latitude dayside residuals are of the order of 5 nT, about 
one order of magnitude less than the signal in the data. Over the Pacific Ocean, on the night side, the model 
slightly overestimates the signal in the data which is reflected as positive residuals in this region. Figure 5 shows 
that the model fairly reproduces the overall morphology of the dayside signal on the South component of the data, 
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although now slightly overestimating the signal in all local time sectors for both Swarm Alpha and Bravo. This 
could reflect the fact that the model optimizes the fit to the strongest signal, that is, the East component at low and 
mid latitude which is indeed stronger than the corresponding signal on the South component. At high latitude, the 
model captures the overall morphology of the signal on the South and East components for both Swarm Alpha 
and Charlie. However, the average residuals are quite significant in this region, of the order of 40 nT, reflecting 
the high variability of this signal which the climatological model cannot capture.

The results presented in Figures 3–5 show that the low- and mid-latitude dayside average signal is well captured by 
the model. These results are well representative of what is observed at all UTCs and seasons in maps of all three 
Swarm satellites. Overall, the low- and mid-latitude signal, mainly seen on the dayside East component, follows some 
significant climatological variations. Furthermore, as was already pointed out when discussing Figure 4, the signal 
is also well organized with respect to the main field geometry, which the model parametrization did not enforce.

6.  Discussion
The three spherical harmonics representation—respectively labeled Model A, B, and C—can predict the radial 
component of the poloidal current density at the altitude of the Swarm satellites using Equations  6 and  10. 

Figure 3.  Maps of the average magnetic field East (left column) and South (right column) components derived with data from Swarm Alpha (first row), Charlie 
(second row) and Bravo (third row) at 6:00 UTC in summer. The magnetic equator is represented with a black plain line and the ±60° quasi dipole parallels with two 
dotted lines. Three meridians are also represented and correspond to a local time of 8:00 (left), 12:00 (center) and 16:00 (right). The maps are centered on the local 
noon and the Robinson map projection is used—we keep the same two conventions for every map in this article.
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Therefore, they can be used to study the climatology of F region poloidal currents. In Section 6.1, we first discuss 
the ability of the model to reproduce well-known characteristics of these currents by comparing model predic-
tions to results from previous studies. In Section 6.2, we use the model as a tool to provide a comprehensive view 
of F-region mid- and low-latitude ionospheric currents, which leads to new insight. In Section 6.3, we finally 
discuss the dynamics of F-region mid- and low-latitude ionospheric currents using integrated quantities.

6.1.  Comparison With Previous Studies

Some of the most important characteristics of radial ionospheric F-region currents at low and mid latitudes 
are well summarized in Figures 1 and 2 of Park, Yamazaki, and Lühr  (2020). These figures are built using 
single satellite estimates of the F-region ionospheric radial current density provided in the Level 2 Field-Aligned 
Current Swarm product (Ritter et al., 2013). Each figure consists of nine panels showing composite maps of the 
average radial current density built using data from one Swarm satellite at a specific magnetic local time (MLT) 
and season. We reproduce similar figures to evaluate if our model predicts realistic F-region currents.

Figures 6 and 7 present maps of the model predictions of the poloidal current radial component at several MLTs 
and days of year. These figures are designed to ease comparison with Figures 1 and 2 from Park, Yamazaki, 
and Lühr (2020). Each map is built in the following way. We first compute the radial poloidal current density 

Figure 4.  Maps of the east component of the data (first row), model prediction (second row) and residuals between the model and the data (third row) for Swarm Alpha 
(left column) and Swarm Bravo (right column). The data and residuals maps are derived using data at 15:00 UTC in summer. The model prediction map is derived 
using model prediction on a grid on 20 June 2016 at 15:00 UTC.



Journal of Geophysical Research: Space Physics

FILLION ET AL.

10.1029/2023JA031344

10 of 28

prediction on a 5° × 5° grid covering the whole globe at each universal time during one appropriately chosen day. 
To represent the currents in spring, fall, summer and winter, the model predictions are computed on 20 March 
2016; 22 September 2016; 20 June 2016; and 21 December 2016, respectively. For each individual day, the data 
are stacked together to form one dataset and we compute the MLT in quasi dipole coordinates for each individual 
data point. Finally, the data are selected for one specific MLT and the map is built by averaging these selected 
data in bins of 5° × 5°. Figure 6 shows maps built using Model A at 7:00 MLT (first column), 12:00 MLT (second 
column) and 16:00 MLT (third column) on 20 March 2016 (first row), 22 September 2016 (second row), 20 
June 2016 (third row), and 21 December 2016 (fourth row). Figure 7 is the same figure for Model B. These two 
figures are to be compared with Figures 1 and 2 from Park, Yamazaki, and Lühr (2020). However, in this latter 
study, spring and fall seasons were considered together assuming that radial ionospheric F-region currents are 
the same during these seasons. Here, we considered them separately to assess potential differences. Finally, the 
results obtained with Model C—not shown—are very similar to those obtained with Model A (See Figure S2 in 
Supporting Information S1).

We first note the very good agreement between currents predicted by Model A (Figure 6) and Model B (Figure 7). 
This confirms again the robustness of the model with respect to data measurement errors and to data local 
time sampling. On both figures, the maps display radial F-region currents well organized with respect to the 
Earth's main field geometry and antisymmetric with respect to the magnetic equator. These are clear signa-
tures of IHFACs well in agreement with maps from Park, Yamazaki, and Lühr (2020). Although these currents 

Figure 5.  Same as Figure 4 for the South component.
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generally dominate at low and mid latitudes, one should keep in mind that other second-order currents could also 
contribute. This is particularly true above the magnetic equator where radial dynamo currents have been identi-
fied (Lühr et al., 2019; H. Wang, Lühr, et al., 2022). IHFACs fall in two categories: low-latitude IHFACs, which 
roughly flow in a latitude band between the magnetic equator and the ±35° magnetic parallels, and mid-latitude 
IHFACs, which roughly flow between −60° and −35° in the Southern Hemisphere and 35° and 60° in the 
Northern Hemisphere. It is worth noting that most previous studies mainly focused on low-latitude IHFACs 
(Abidin et al., 2019; Lühr et al., 2015, 2019; O. P. Owolabi et al., 2018; Park et al., 2011; Shinbori et al., 2017; 
Yamashita, 2002) whereas mid-latitude IHFACs were only brought to light recently (Fathy et al., 2019; Park, 
Yamazaki, & Lühr, 2020).

We start by discussing currents at low latitude. The low-latitude IHFACs in the morning sector—left columns of 
Figures 6 and 7—are generally weak, of the order of 1–5 nA.m −2. In spring and fall—panels (a) and (d), these currents 
exhibit clear polarity in the American and Pacific Ocean sectors, where they are mostly southbound between −135° 
and −45° of longitude and mostly northbound between −180° and −135° of longitude, and in the Indian Ocean 
sector, between +45° and +90°where they are mostly southbound. In summer—panels (g), the morning low-latitude 
IHFACs are southbound at almost all longitudes, which agrees with results from Lühr et al. (2019), except around 
−90° of longitude where they are northbound. In contrast, the morning winter low-latitude IHFACs—panels (j)—
are mostly northbound between −180° and 50° of longitude and southbound between 50° and 180° of longitude.

The low-latitude IHFACs in the noon sector—center columns of Figures 6 and 7—are significantly stronger 
in comparison to their morning sector counterpart. They are of the order of 10–15 nA.m −2. It is interesting to 

Figure 6.  Maps of the radial poloidal current density predicted by Model A at 7:00 MLT (first column), 12:00 MLT (second column) and 16:00 MLT (third column) on 
20 March 2016 (first row), 22 September 2016 (second row), 20 June 2016 (third row) and 21 December 2016 (fourth row). The quasi dipole magnetic equator is shown 
with a black plain line, and the ±35° and ±60° quasi dipole parallels with dashed lines.
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compare these currents in spring and fall—panels (b) and (e)—as IHFACs during these two seasons are often 
considered similar. Comparison of these two seasons in Figures  6 and  7 shows that this is only partly true. 
Indeed, stronger noon low-latitude IHFACs are predicted by the model in fall than in spring at all longitudes. The 
low-latitude IHFACs in fall and spring both flow northbound East of the magnetic equator dip—between −30° 
and 180° of longitude. However, they have a different polarity West of the magnetic equator dip, that is between 
−180° and −80° of longitude: they are mostly northbound in fall and southbound in spring. In summer—panels 
(h), we observe clear northbound noon low-latitude IHFACs at almost all longitudes consistently with all the 
studies cited above. Interestingly, the polarity is reversed over Brazil in the region of the South Atlantic Anomaly 
(SSA)—between −60° and −30° of longitude—which is also observed in Figures 1 and 2 of Park, Yamazaki, and 
Lühr (2020). Finally, the case of noon low-latitude IHFACs in winter is interesting as these currents are histori-
cally not well constrained. They were first believed to flow southbound following Fukushima's conceptual model 
(Fukushima, 1994). However, recent studies show that this model does not hold for winter (Lühr et al., 2019; Park, 
Yamazaki, & Lühr, 2020) and that the current pattern for this season remains unclear. Our results—panels (k)—
show that extracting the winter pattern from Swarm data is possible. The low-latitude winter IHFACs display a 
rather complicated pattern. They flow southbound over most of the Pacific Ocean, Central and South America, 
and northbound over most of the Atlantic Ocean, Africa and the Middle East, which agrees with results obtained 
by Lühr et al. (2019). Additionally, we observe an abrupt change of polarity over East Asia—between 90° and 
130° of longitude—and in the Japan-Australia sector—between 130° and 170° of longitude—: the currents flow 
southbound over the first and northbound over the second.

The low-latitude IHFACs in the afternoon sector—right columns of Figures  6 and  7—are weaker compared 
to those in the noon sector and generally flow in the opposite direction. This agrees well with some of the 

Figure 7.  Same as Figure 6 for Model (b).
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most recent studies (Lühr et al., 2019; Park, Yamazaki, & Lühr, 2020). Additionally, the low-latitude afternoon 
IHFACs are stronger than their morning counterparts at all seasons, as they are of the order of 4–7 nA.m −2. In 
spring and fall—panels (c) and (f) -, these currents mostly flow southbound. They are almost similar during these 
two seasons, with only minor differences such as in the SAA sector—around −80° of longitude—where the 
low-latitude IHFACs are northbound in spring whereas we observe both northbound and southbound low-latitude 
IHFACs in fall. In summer—panels (i) -, the afternoon low-latitude IHFACs are southbound except around 
+90° where they are northbound. In winter—panels (l), the afternoon low-latitude winter IHFACs is mostly 
northbound, except over Africa, between 0° and 40° of longitude, East Asia, between 100° and 140°and over the 
Pacific Ocean, between −180° and −145°where they are mostly southbound.

The well documented tidal longitudinal modulation of noontime low-latitude IHFACs is also observed in Figures 6 
and 7. This modulation is particularly marked in summer—panels (h). It is generally believed that the associated 
variations are characterized by a wave number-4 (WN-4) structure (Lühr et al., 2019; Park et al., 2011), however, 
results here rather suggest a WN-5 structure as suggested by Park, Yamazaki, and Lühr (2020). The WN-5 pattern 
can also be observed in Figure 8e of Park, Stolle, et al. (2020). A similar longitudinal modulation is also observed 
at noon in fall and spring—panels (b) and (e). During these two seasons, the low-latitude IHFACs display a clear 
three-peak tidal modulation East of the equatorial dip, between −45° and +180° of longitude. However, no clear 
modulation is observed west of it. Similarly, no clear modulation is observed at noon in winter—panels (k)—or 
at all seasons in the morning and afternoon sectors—first and third columns of Figures 6 and 7. It is also worth 
noting that the C-shaped structure starting in the North Atlantic down to South America in summer and equinox 
seasons reported by Park, Stolle, et al. (2020) is also well reproduced by the model, as can be observed in panels 
(b), (e), and (h).

We now turn to mid-latitude IHFACs. The observed structure for these currents is simpler compared to their 
low latitude counterparts. In the morning sector—first columns of Figures 6 and 7, the mid-latitude IHFACs are 
generally weak. Interestingly, in this sector, we observe two narrow bands of negative currents covering all longi-
tudes: one right below the +60° quasi dipole parallel in the Northern Hemisphere and the other right above the 
−60° quasi dipole parallel in the Southern Hemisphere. This is not a signature of IHFACs as these currents are not 
antisymmetric with respect to the magnetic equator. Furthermore, they were not observed in Figures 1 and 2 of 
(Park, Yamazaki, & Lühr, 2020). These currents could be artifacts of the model, reflecting the difficulty to repre-
sent mathematically the sharp transition between low- and mid-latitude IHFACs and high-latitude field-aligned 
currents, or possibly other radial ionospheric currents.

In the noon sector—second columns of Figures 6 and 7 -, the mid-latitude IHFACs do not vary significantly 
with season. As already observed by (Park, Yamazaki, & Lühr, 2020), their polarity is generally opposite in 
comparison with low latitude IHFACs, although this is not systematically the case as, for instance, in the noon 
sector in fall and summer—panels (e) and (h)—between −180° and −80° of longitude. Furthermore, we do not 
observe a similar longitudinal modulation of mid-latitude IHFACs compared to low-latitude IHFACs, as was also 
reported by Park, Yamazaki, and Lühr (2020). They are mostly northbound between −150° and −45° of longitude 
and southbound everywhere else, which is consistent with observations from Park, Yamazaki, and Lühr (2020). 
Finally, in the afternoon sector—third columns of Figures 6 and 7, the mid-latitude IHFACs seems to be mostly 
southbound in fall, spring and winter—panels (c), (f) and (l)—, and mostly northbound in summer—panels (i). It 
is worth noting that, similarly to what was observed in the morning sector, we observe in this sector two narrow 
bands of positive potential artifact currents close to the ±60° quasi dipole parallels.

The analysis of the signal observed in Figures 6 and 7 showed that the Model A, B, and C reproduces well-known 
characteristics of F-region low- and mid-latitude IHFACs and provide new insight. It is worth noting, however, 
that other important F-region electric currents exist, such as the well-documented meridional dynamo currents 
flowing in a narrow band around the magnetic equator (Lühr & Maus, 2006; Lühr et al., 2019; H. Wang, Lühr, 
et al., 2022). These currents are not captured by the model. This is because a higher spatial resolution would be 
necessary, which is prevented by the smoothing regularization term—Equation 15—used in the inversions. The 
model can still be used to study low- and mid-latitude IHFACs. Looking at the signal at selected MLTs, however, 
has some inherent limitations, as one must assume that the current system is fixed with respect to MLT to provide 
a correct interpretation. In the next sections, we take advantage of the full capabilities of the model to investigate 
the dynamics of low- and mid-latitude IHFACs.
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6.2.  A Comprehensive View of IHFAC Climatology

The F-region radial poloidal currents can also be studied by directly looking at successive maps representing 
these currents predicted by Model A, B, and C at a selected UTC. This representation provides additional insight. 
In Sections 6.2.1, 6.2.2, and 6.2.3, we use this representation to provide a comprehensive view of the climatology 
of IHFACs. We first discuss the daily variations in summer in Section 6.2.1 and in winter in Section 6.2.2. We 
then discuss the seasonal variations using examples at two selected UTCs in Section 6.2.3. In all these sections, 

Figure 8.  Maps of the radial poloidal current density predicted by Model A (first column) and Model B (second column) at 3:00 UTC (first row), 9:00 UTC (second 
row), 15:00 UTC (third row) and 21:00 UTC (fourth row) on 20 June 2016—which corresponds to the summer solstice. The quasi dipole magnetic equator is shown 
with a black plain line, and the ±60° and ±35° quasi dipole parallels with dashed lines.
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we have distinguished between low- and mid-latitude IHFACs using the +35° quasi dipole parallel in the North-
ern Hemisphere and the −35° quasi dipole parallel in the Southern Hemisphere.

6.2.1.  Daily Variations of IHFACs in Summer

Figure 8 shows maps of the radial poloidal current predicted by Model A (left column) and Model B (right 
column) at 3:00 UTC (first row), 6:00 UTC (second row), 15:00 UTC (third row) and 21:00 UTC (fourth row) on 
20 June 2016—which corresponds to the summer solstice. All maps are centered on the meridian corresponding 
to the noon local time. In Figure 8, consistently with what was already noted in Section 6.1, a clear low- and 
mid-latitude signal of IHFACs equatorward of the ±60° quasi dipole parallels is seen which is antisymmetric with 
respect to the magnetic equator. Poleward of the ±60° quasi dipole parallels, we also observe the signatures of 
high-latitude field-aligned currents. These currents will not be discussed in this section—or in any of the follow-
ing sections—as the focus of this paper is on mid and low latitudes.

The succession of maps at 3:00 UTC, 9:00 UTC, 15:00 UTC and 21:00 UTC provides a clear view of the longi-
tude variations of low- and mid-latitude IHFACs in summer. A conspicuous feature is the different structure of 
IHFACs observed in maps at 15:00 UTC—third row of Figure 8—compared to the other maps. This UTC corre-
sponds to a time when the dayside is over the region of the South Atlantic Anomaly (SSA), where the geometry 
of the main field is distorted. In this region, the IHFACs seem to flow in two sectors. The first sector is the late 
morning sector, at about −70° of longitude, where the model predict northbound IHFACs at both low and mid 
latitudes. The second sector encompasses the noon and afternoon sectors—roughly between −45° and 90° of 
longitude—where the structure of IHFACs is more complex. In contrast, in maps at 3:00 UTC, 9:00 UTC and 
21:00 UTC—corresponding to UTCs when the dayside is over regions where the geometry of the main field is 
less distorted, the morphology of IHFACs at low latitude is rather simple. To first order, it can be described as 
follows: low-latitude IHFACs are southbound in the morning sector, northbound in the noon sector and south-
bound in the afternoon sector. These observations highlight the importance of the main field's geometry as was 
previously noted by Le Sager and Huang (2002) using numerical simulations.

Another interesting feature appears when considering the local current density maximum of low-latitude IHFACs 
in the noon sector. A close inspection of maps in Figure 8 shows that this maximum does not always coincide 
with the meridian corresponding to noon. This can be particularly observed on the maps at 3:00 UTC and 9:00 
UTC—first and second rows of Figure 8. In these maps, the meridian marking the noon local time—center black 
meridians in Figure 8—can be taken as a good approximation of the noon MLT meridian given that the magnetic 
equator is relatively flat in these sectors. In maps at 3:00 UTC, the current density maximum in the noon sector 
is located at about +150° of longitude whereas the meridian marking the noon local time is at +135°. In maps 
at 9:00 UTC, the low-latitude IHFACs around the noon sector has two local current density maximums: one 
in the late morning sector, at about 30° of longitude, and another in the early afternoon sector, at about 80° of 
longitude—the noon meridian is this time at +45°. In contrast, the current density maximum in the noon sector 
in maps at 21:00 UTC—fourth row of Figure 8—seems much more aligned with the meridian marking the noon 
local time—at about −135° of longitude -, although the magnetic equator is tilted in this sector making this 
observation less reliable. Taken all together, these observations nevertheless suggest that a substantial part of 
low-latitude IHFAC variations with longitude is not in phase with the Sun. This specific issue will be discussed 
more in Section 6.3.

Figure 8 also provides some insight on IHFAC variations with latitude. As mentioned in Section 6.1, mid-latitude 
IHFACs were only identified in recent studies (Fathy et al., 2019; Park, Yamazaki, & Lühr, 2020). These currents 
are thought to frequently be of opposite polarity compared to their low-latitude counterparts. In maps at 3:00 
UTC, the model does not predict any significant mid-latitude IHFACs with opposite polarity at this UTC. This 
shows that mid-latitude IHFACs with opposite polarity are not systematic. In contrast, we observe northbound 
low-latitude IHFACs together with southbound mid-latitude IHFACs on the maps at 9:00 UTC, which this time 
is well in agreement with Park, Yamazaki, and Lühr (2020). Furthermore, the case of the map at 15:00 UTC is 
particular. In these maps, we see a pattern of three IHFAC systems with alternating opposite polarity in the noon 
and afternoon sectors—roughly between −45° and 90° of longitude—. The first pattern is located close to the 
magnetic equator and consists in northbound IHFACs. The second one can be observed on the ±35° quasi dipole 
parallels and consists in southbound currents. The third one is located close to the +60° quasi dipole parallel in 
the Northern Hemisphere and close to the −60° parallel in the Southern Hemisphere and consists in northbound 
IHFACs. The fact that the polarity of IHFACs at low and mid latitudes can change more than one time is reported 
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in this study for the first time. Finally, we also observe southbound low-latitude IHFACs together with north-
bound mid-latitude IHFACs in maps at 21:00 UTC in the early afternoon sector—at about −90° of longitude. 
This configuration, however, is limited to this local time sector as no mid-latitude IHFACs with opposite polarity 
are observed in the other local time sectors.

The analysis of maps in Figure 8 made it possible to highlight several important characteristics of IHFACs in summer. 
It first confirms that IHFACs can change polarity with latitude as shown by Park, Yamazaki, and Lühr  (2020). 
However, this is not systematic and these variations with latitude seems to be mostly confined to specific local time 
sectors. Furthermore, IHFACs can change polarity with latitude more than one time as shown in maps at 15:00 UTC. 
The analysis also showed that low- and mid-latitude IHFACs follow significant variations with longitude as previ-
ously discussed in numerous studies (Lühr et al., 2015, 2019; Park et al., 2011; Park, Yamazaki, & Lühr, 2020). Part of 
these variations is related to variations of the main Earth's magnetic field geometry. Another part is not in phase with 
the Sun and seems to be driven by another physical mechanism. The latter will be further discussed in Section 6.3.

6.2.2.  Daily Variations of IHFACs in Winter

Figure 9 is the same as Figure 8 but for radial poloidal currents predicted by Models A and B on 21 December 
2016, which corresponds to the winter solstice. As already mentioned in Section  6.1, the winter IHFACs is 
historically not well constrained. For the first time, Figure 9 gives a clear picture of IHFAC daily variations in 
winter. As a first general comment, we observe weaker IHFACs compare to summer, which agrees with some 
conclusions in previous studies (Lühr et al., 2019; Park, Yamazaki, & Lühr, 2020).

The Fukushima's conceptual model is often taken as a reference to provide a quick diagnostic of IHFACs clima-
tology (Fukushima, 1994). This model states that low-latitude IHFACs flow from the summer hemisphere to the 
winter hemisphere in the morning sector, and from the winter hemisphere to the summer hemisphere in the noon 
sector. Recent studies, however, have shown that this conceptual model might not be valid for winter—see also 
Section 6.1—(Lühr et al., 2019; Park, Stolle, et al., 2020; Park, Yamazaki, & Lühr, 2020). Our results for winter—
Figure 9—indeed reveal much more complex structure of IHFACs in this season. A good example is given in maps 
at 3:00 UTC in Figure 9—first row. At low-latitude, IHFACs mostly flow in the same direction as their summer 
counterparts, that is southbound in the morning sector—between 60° and 100° of longitude -, northbound in the 
noon sector—here roughly between 135° and 180° -, and southbound in the afternoon sector—at about 195° of 
longitude. This is in contradiction with Fukushima's model. The mid-latitude IHFACs, however, are significantly 
different from their summer counterparts, as we observe southbound IHFACs in almost all local time sectors on the 
dayside which were not observed in summer. Another interesting example can be observed in maps at 9:00 UTC—
second row of Figure 9. In these maps, to first order, both low- and mid-latitude IHFACs flow in the same direction 
as their summertime counterparts, being again in direct contradiction with Fukushima's conceptual model.

IHFACs in winter follow some significant variations with longitude, similarly to what was observed in summer. 
The maps at 15:00 UTC, corresponding to a time when the dayside is over a region where the main field is the 
most distorted, show again the important role played by the geometry of the main field. Indeed, the morphology 
of IHFACs in these maps is significantly different to what can be observed in maps at 3:00 UTC, 9:00 UTC and 
21:00 UTC. Additionally, and again similarly to what was noted in summer, we observe that the current density 
maximums in the noon sector do not always coincide with the meridians corresponding to the noon local time. 
This can be well observed in maps at 3:00 UTC, in which the maximum is at about +150° of longitude whereas 
the noon meridian is at +135° of longitude, and in maps at 9:00 UTC, in which the maximum is around +30° of 
longitude and the noon meridian at +45° of longitude. This aspect will be discussed in Section 6.3.

The maps produced by Model A and B—and C, not shown here (see Figure S3 in Supporting Information S1)—in 
Figures 8 and 9 generally show very good agreement. This is in line with conclusions from Sections 5 and 6.1. 
A close inspection of these maps, however, show that some small differences exist. This is particularly true for 
the maps at 21:00 UTC in winter—fourth row of Figure 9. In these maps, in the noon sector—at about −140° of 
longitude, we observe clear southbound low-latitude IHFACs together with northbound mid-latitude IHFACs for 
Model A whereas we only observe northbound mid-latitude IHFACs and no clear low-latitude IHFACs for Model 
B. This difference could possibly be explained by the different local time sampling of Swarm satellite Alpha and 
Bravo over the considered period of time in this study.

The maps in Figure 9 show the complex dynamics of IHFACs in winter. Similarly to summer, winter IHFACs 
follow some significant variations with longitude in relation with both the main field geometry and a longitudinal 
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modulation which is not in phase with the Sun. Furthermore, a close comparison of maps in Figures 8 and 9 show 
that, although there are some clear morphological differences between winter and summer, the IHFACs in these 
two seasons often flow in the same direction. This observation is in contradiction with Fukushima's conceptual 
model. Our results show that winter IHFACs follow some complex variations which are not fully understood.

6.2.3.  Two-Season Behavior of IHFACs

Whereas the IHFAC configurations are significantly different in winter and summer, the configurations during 
equinox seasons, on the other hand, are believed to be close to the summer one (Lühr et al., 2019; Park, Yamazaki, 

Figure 9.  Same as Figure 8 but on 21 December 2016—which corresponds to the winter solstice.
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& Lühr, 2020). This seasonal variation is sometimes called the two-season behavior of low- and mid-latitude 
IHFACs (Park, Yamazaki, & Lühr, 2020). To some extent, our results in Section 6.1 confirms the two-season 
behavior of IHFACs, although we could still identify some clear differences between IHFACs in fall, spring, and 
summer. In this section, we further discuss the two-season behavior using the model derived in this study. As it 
would be too tedious to show and discuss maps for all seasons, all UTCs, and Model A, B, and C, we selected 
two examples of seasonal variations predicted by Model A at two different UTCs. These two examples, while 
not exhaustive, give a good sense of how IHFACs vary with season. The corresponding maps for Model B and C 
show very similar IHFACs.

Figures 10 and 11 show maps of the radial poloidal current predicted by Model A respectively at 6:00 UTC and 
18:00 UTC on 20 March 2016 (spring equinox, upper left panel), 20 June 2016 (summer solstice, upper right 
panel), 22 September 2016 (fall equinox, bottom left panel) and 21 December 2016 (winter solstice, bottom right 
panel)—see also Figures S4 and S5 in Supporting Information S1 for similar maps produced with Model B and 
C. The maps in Figure 10 corresponds to a UTC when the dayside is in a longitude sector where the Earth's main 
magnetic field is not too distorted. Figure 11, on the other hand, show maps at 18:00 UTC when the dayside is in 
the longitude sector close to the SAA, that is where the Earth's main magnetic field geometry is more distorted.

The IHFACs in falls and spring in Figures 10 and 11—first columns—have very close morphologies. In maps at 6:00 
UTC—Figure 10, first column -, we observe northbound low-latitude IHFACs together with southbound mid-latitude 
IHFACs in a longitude range which roughly goes from 30° to 145°—roughly corresponding to late morning, noon 
and early afternoon sectors—in both spring and fall. On the maps at 18:00 UTC—Figure 11, first column, we observe 
northbound low-latitude IHFACs together with southbound mid-latitude in a longitude range going from −180° to 
−80°—roughly the morning and late morning sectors—again for both fall and spring. Interestingly, the configuration 
seems to be reversed in the longitude sector ranging from −80° to 45°—roughly the noon, early afternoon and after-
noon sectors—as we observe southbound low-latitude IHFACs together with northbound mid-latitude IHFACs also 
for both equinox seasons. More generally, IHFACs in fall seems to be stronger than their spring counterpart, which 
confirms some first observation made in Section 6.1. This specific point will be further discussed in Section 6.3.

The IHFACs in summer in Figures 10 and 11—upper right panels—are indeed very similar to their fall and spring 
counterparts, as suggested by the two-season behavior hypothesis. We could, however, spot two important differences. 

Figure 10.  Maps of the radial poloidal current density predicted by Model A at 6:00 UTC on 20 March 2016 (spring equinox, upper left panel), on 20 June 2016 
(summer solstice, upper right panel), on 22 September 2016 (fall equinox, bottom left panel) and on 21 December 2016 (winter solstice, bottom right panel). The quasi 
dipole magnetic equator is shown with a black plain line, and the ±35° and ±60° quasi dipole parallels with dashed lines.
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First, the IHFACs in summer seems to be stronger than in fall and spring—which will be further discussed in 
Section 6.3. Second, the low-latitude IHFACs in the morning sector are different in summer. In maps at 6:00 UTC—
Figure 10, upper right panel, we observe southbound low-latitude IHFACs in a longitude range going from −45° to 
0°—roughly the early morning sector—which could not be observed in fall and spring—Figure 10, first column. In 
maps at 18:00 UTC—Figure 11, upper right panel, we observe much weaker northbound low-latitude IHFACs in 
the morning sector—at about −150° of longitude—compared to their fall and spring counterparts—Figure 11, first 
column. Additionally, on this same map, we also observe weak southbound low-latitude IHFACs in the early morn-
ing sector—at about −180° of longitude—which could not be observed on the corresponding maps in fall and spring.

The IHFACs in winter in Figures 10 and 11—bottom right panels—are significantly different from their summer, fall 
and spring counterparts. On the map at 6:00 UTC—Figure 10, bottom right panel, we see northbound low-latitude 
IHFACs together with southbound mid-latitude IHFACs in a longitude sector ranging from +20° to +70°—roughly 
the morning and late morning sectors. In the longitude sector ranging from +70° to +150°—roughly the noon and 
early afternoon sectors, we observe southbound IHFACs at both low and mid latitudes. The configuration is differ-
ent for the winter IHFACs on the map at 18:00 UTC—Figure 11, bottom right panel. In this map, we observe north-
bound low-latitude IHFACs in the morning sector—at about −150° of longitude; southbound low-latitude IHFACs 
together with northbound in a longitude range ranging from −135° to −30°—roughly the late morning and noon 
sectors; and northbound IHFACs at about +40°—roughly the early afternoon sector—at both low and mid latitudes.

The observation of Model A current density predictions in Figures 10 and 11 generally confirms the two-season 
behavior of IHFACs. This two-season behavior, however, is only a first order approximation as some substantial 
differences could be observed in maps in fall, spring and summer.

6.3.  Analysis of IHFAC Dynamics Using Integrated Quantities

The analysis of the maps presented in Sections 6.2.1, 6.2.2 and 6.2.3 have provided some interesting new insight on 
IHFAC climatology. In these maps, however, it is difficult to grasp a good sense of the overall dynamics. A good 
alternative to current density maps is to use an integrated quantity that would summarize the information contained in 
maps at all UTCs and seasons. An appropriate quantity is the total amount of current, which can be defined either as:

𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 = ∬𝑆𝑆

𝑗𝑗𝑟𝑟(𝑗𝑗𝑟𝑟)𝑑𝑑𝑑𝑑� (17)

Figure 11.  Same as Figure 10 but at 18:00 UTC.
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or

𝑄𝑄𝑖𝑖𝑖𝑖 = ∬𝑆𝑆

𝑗𝑗𝑟𝑟(−𝑗𝑗𝑟𝑟)𝑑𝑑𝑑𝑑� (18)

where S is a surface corresponding to a partition of a sphere, jr is the radial component of the current density 
expressed in A.m −2, 𝐴𝐴 (𝑗𝑗𝑟𝑟) (resp. 𝐴𝐴 (−𝑗𝑗𝑟𝑟) ) is the Heaviside distribution equal to one if jr > 0 (resp. −jr > 0) and 
0 if jr < 0 (resp. −jr < 0), and Qout and Qin are the total amount of current flowing respectively outward and 
inward of the corresponding surface S. Qout and Qin are expressed in Ampere, that is there are homogeneous to a 
current intensity. The difference with the total current intensity, however, is that only currents in one direction are 
accounted for in Qout and Qin. Note that, for the case of a poloidal currents flowing through a whole sphere, the 
total current intensity is strictly 0A (Sabaka et al., 2010) as currents flowing outward are compensated by currents 
flowing inward. The total amount of currents, however, is nonzero and reflects the quantity of currents flowing 
through the sphere. This quantity is therefore particularly adapted to low- and mid-latitude IHFACs which flow 
outward of one hemisphere and inward of the other.

6.3.1.  Numerical Estimate of the Integrated Amount of IHFACs

The total amount of current Qout and Qin can be estimated numerically. To do so, we use the algorithm of 
Leopardi (2006) which allows to divide the sphere into partitions of equal area. For this study, the total sphere is 
divided into 1,000 partitions, which is found to provide accurate enough results. The numerical estimate of Qout 
and Qin can then be computed by, first, computing the radial current density prediction of Model A, B, or C at 
the center of each partition at a specific UTC and season, and, second, by computing the weighted sum of the 
contribution from each partition. Note that, although Qout and −Qin must be theoretically equal—the minus sign 
arises because of the sign convention used in Equations 18 and 17, the numerical estimates of these two quantities 
might slightly differ due to numerical errors. We first check to what extent this statement is true.

Figure 12 shows a comparison between numerical estimates of Qout and −Qin as a function of UTC, for each 
season, and for Model A and B. In this figure, Qout and −Qin were computed on the dayside, defined here as the 
interval between 6:00 MLT and 18:00 MLT, and at low and mid latitudes, that is between ±55° of quasi dipole 
latitude. The rational here is to check that Qout and −Qin are representative of low- and mid-latitude IHFACs, 
which mostly flow from one hemisphere to the other on the dayside. In Figure 12, we indeed observe that Qout 
and −Qin are very close for all UTCs and seasons, and for both Model A and B. Additionally, the sum Qout + Qin 
is represented in green. If the numerical estimates of Qout and −Qin were perfect estimates, one should expect 
Qout + Qin to be zero. We indeed observe that Qout + Qin is close to zero, again for all UTCs and seasons, and for 
Model A and B. Qout + Qin accounts at most for no more than 10% of Qout and −Qin, which is found acceptable 
for this study.

Although Qout and −Qin were found to be close in Figure 12, we still observed some small differences between 
these two quantities. To account for these differences, we define a new quantity Qav, such that:

𝑄𝑄𝑎𝑎𝑎𝑎 =
1

2 ∬𝑆𝑆

|𝑗𝑗𝑟𝑟|𝑑𝑑𝑑𝑑� (19)

which is equivalent to taking the average between Qout and −Qin. Similarly to Qout and −Qin, Qav can also be 
computed numerically using the algorithm presented above in this section. In the following sections, Qav is used 
to explore the dynamics of low- and mid-latitude IHFACs.

6.3.2.  Total Amount of IHFACs at Low and Mid Latitudes on the Dayside

In Sections 6.1 and 6.2, IHFACs were shown to follow some significant climatological variations. In particular, it 
was observed that IHFACs seem to be stronger in summer and fall, although this was not properly quantified. In 
this section, this latter statement is discussed using the quantity Qav defined in Section 6.3.1.

Figure 13 presents estimates of Qav on the dayside—between 6:00 MLT and 18:00 MLT—and at low and mid 
latitudes—between ±55° of quasi dipole latitude—plotted as a function of UTC for both Model A and B. We 
first observe that low- and mid-latitude IHFACs are generally stronger in summer, which confirms what could 
be inferred from results in several previous studies (Lühr et  al.,  2015,  2019; Park, Stolle, et  al.,  2020; Park, 
Yamazaki, & Lühr, 2020). This observation, however, is quantified in terms of total amount of currents for the 
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Figure 12.  Comparison between Qout and −Qin computed on the dayside (between 6:00 MLT and 18:00 MLT) and at low 
and mid latitudes (between ± 55° of quasi dipole latitude) as a function of UTC for Model A (upper four panels) and Model 
B (bottom four panels). Qout is shown with blue dots, −Qin with red diamonds and the sum Qout + Qin with green squares, at 
the spring equinox (March 20, upper left panels), summer solstice (June 20, upper right panels), fall equinox (September 22, 
bottom left panels) and winter solstice (December 21, bottom right panel).

Figure 13.  Qav estimated on the dayside (between 6:00 MLT and 18:00 MLT) and at low and mid latitudes (between ± 55 
degrees of quasi dipole latitude) as a function of UTC for Model A (left) and B (right), at the spring equinox (March 20, blue 
dots), summer solstice (June 20, red diamonds), spring equinox (September 22, green squares) and winter solstice (December 
21, purple triangles).
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first time in this study. Figure 13 also shows that the average total amount of current Qav is by no means similar in 
fall and spring, again for both Model A and B. Indeed, Qav is often stronger in fall compared to spring—although 
this is not systematic—and follows substantially different variations with UTC during these two seasons. Note 
that some significant differences between these two seasons were already observed in Sections 6.1 and 6.2.3. 
This confirms that IHFACs in these two seasons cannot be regarded as strictly equivalent. Additionally, Qav is the 
weakest in winter for most UTCs.

Figure 13 also shows that the average total amount of current Qav on the dayside and at low and mid latitudes is of 
the order of 150–350 kA for all UTCs and seasons—as could also be observed in Figure 12. Interestingly, these 
values are of the same order of magnitude than the currents predicted with E-region equivalent current functions, 
which can be computed using either physics-based models (Yamazaki et al., 2016; Yamazaki & Maute, 2017) 
or empirical models derived with ground and satellite magnetic data (Chulliat et al., 2013, 2016; C. Owolabi 
et al., 2021; Yamazaki, 2022; Yamazaki et al., 2011). Note, however, that a comparison between Qav and currents 
predicted with these equivalent functions is not straightforward, as the first represents the integrated current 
crossing a partition of a sphere in the F region whereas the second is usually represented as bands of horizontal 
currents in the E region. Nevertheless, this highlights that the F-region current system is not negligible compared 
to the E-region current system. This consideration is particularly important as recent studies have discussed 
potential contamination of IHFACs in external field models of the ionospheric E-region Sq currents, in particular 
in relation with their cross-equatorial part (Yamazaki, 2022).

One can also observe in Figure 13 that Qav is generally stronger between 16:00 UTC and 22:00 UTC. This is particu-
larly marked in summer and fall, whereas it is less significant in spring and winter. At these UTCs, the dayside is over 
the SSA region and the Pacific Ocean. The reason for this increase is still unclear, although some elements of discus-
sion are presented in Section 6.3.3. Finally, the longitudinal modulation of IHFACs can be discerned, mostly on the 
curves corresponding to summer and fall. Note, however, that IHFACs at low latitudes and at mid latitudes are known 
to follow different variations with longitude (Park, Yamazaki, & Lühr, 2020, and Section 6.1 of this paper). The vari-
ations of IHFACs in these two latitude sectors are not separated in Figure 13 because Qav is computed between ±55° 
of quasi dipole latitude. Therefore, a discussion of IHFAC modulation with longitude in Figure 13 is not very relevant.

6.3.3.  IHFAC Longitudinal Modulation at Low Latitudes

IHFACs are driven by the asymmetric action of the E-region ionospheric dynamo about the magnetic equator—
which results from an hemispheric asymmetry of neutral winds and conductivity—(Richmond, 1989; Chulliat 
et al., 2005, and references therein). In particular, the key role played by solar upward propagating nonmigrating 
tides for IHFAC longitudinal modulation has been highlighted in several studies (Lühr et al., 2019; Park et al., 2011; 
Park, Yamazaki, & Lühr, 2020). These tides are excited in the troposphere, propagate upward and reach their 
maximum amplitude in the mesosphere lower thermosphere region—roughly between 80 and 120 km—(Forbes 
et al., 2008; Hagan & Forbes, 2002), which largely overlaps the E-region ionosphere. At these altitudes, they are 
thought to influence the ionospheric dynamo (Liu, 2016; Yiğit et al., 2016; Yiğit & Medvedev, 2015). These tides 
can be produced by the release of latent heat from tropical clouds, land-sea contrasts and non-linear interac tions 
between tides and planetary waves (Forbes,  2021; Hagan et  al.,  2007; Oberheide et  al.,  2015; Oberheide & 
Forbes, 2008; Schindelegger et al., 2023). The different modes are referred to using a 3-character code, each char-
acter specifying—in this order—the period, the direction of propagation and the wavenumber (Forbes, 2021). 
The letters D and S refer to diurnal and semi-diurnal modes, whereas the letters W and E refer to westward and 
eastward propagating modes. An important mode is the DE3, standing for a wavenumber-3 eastward propagating 
mode. Nonmigrating tides are by definition non Sun-synchronous, as opposed to migrating tides that migrate with 
the apparent motion of the Sun. Note that nonmigrating tides are also well-known to drive a significant part of the 
longitudinal variations of the equatorial electrojet (Lühr et al., 2008; Soares et al., 2018, 2022) as well as to influ-
ence the F-region ionospheric plasma density (England, 2012; Immel et al., 2006; Schindelegger et al., 2023).

Figure 14 presents estimates of Qav at low magnetic latitudes—between ±35° of quasi dipole latitude—and in 
1-hr MLT bands as a function of UTC and MLT. In Figure 14, Qav was computed using the model predictions 
on 20 March 2016 (spring equinox, first row), 20 June 2016 (summer solstice, second row), 22 September 2016 
(fall equinox, third row), and 21 December 2016 (winter solstice, fourth row). The panels in the left column 
correspond to Model A whereas the panels in the right column correspond to Model B (see also Figure S6 in 
Supporting Information S1 for Model C). The values of Qav are shown on a logarithmic color scale to accentuate 
the day-night contrast. Figure 14 shows that almost all the low-latitude IHFACs predicted by the model flow 
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Figure 14.  Qav estimated in 1 hour MLT bands and at low latitudes (between ± 35 degrees of quasi dipole latitude) as a function of UTC and MLT, at the spring 
equinox (March 20, first row), summer solstice (June 20, second row), fall equinox (September 22, third row) and winter solstice (December 21, fourth row), and for 
Model A (left) and B (right). The values of Qav are represented with a logarithmic color scale. The three horizontal dashed lines mark a MLT of 8:00 (bottom), noon 
(center) and 16:00 (upper). Five transversal black plain lines with a slope of 1 MLT.UTC −1 are shown at regular intervals of 5:00 UTC.
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on the dayside between 06:00 MLT and 17:00 MLT, for both Model A and B. Furthermore, the longitudinal 
modulation of low-latitude IHFACs can be clearly observed in this figure—here shown as a function of UTC. In 
summer—second row, we observe a clear WN-5 structure, confirming what was suggested by Park, Yamazaki, 
and Lühr (2020) and what can be observed in Figure 8e of Park, Stolle, et al. (2020). However, the WN-5 structure 
is not as clearly visible in Spring, Fall, and Winter. This longitudinal modulation varies significantly with season 
and seems to be an important factor controlling the overall magnitude of low-latitude IHFACs. But most strik-
ingly, the IHFAC structures are not aligned with lines of fixed MLT—dashed black lines in Figure 14, but rather 
with the transversal black plain lines with a slope of 1 MLT.UTC −1. This observation shows that, in a reference 
frame fixed with respect to the Sun, low-latitude IHFACs mostly drift eastward at the same speed as the rotation 
of the Earth. There is, however, one obvious exception. Indeed, in the panels corresponding to summer—second 
row, the IHFAC eastward drift is slowed at about 0:00 UTC and the observed structure is more aligned with the 
horizontal dashed line marking 12:00 MLT. This eastward drifting behavior is also clearly seen in the movies we 
provide in Supporting Information S1, where low-latitude IHFACs in summer clearly arise in the morning sector 
and next drift eastward before vanishing in the evening sector.

The results shown in Figure  14 provide some constraints on the driving mechanism producing the observed 
longitudinal modulation of low-latitude IHFACs. The eastward drift of IHFACs strongly supports that the longi-
tudinal modulation is driven by a physical process co-rotating with the Earth, potentially being the action on the 
E-region dynamo of upward propagating nonmigrating tides originating from the troposphere. The DE3 mode, 
produced by the release of latent heat in the troposphere (Hagan & Forbes, 2002; Miyoshi et al., 2017; Oberheide 
& Forbes, 2008), is thought to play an important part (Lühr et al., 2019; Park, Yamazaki, & Lühr, 2020). This 
mode produces a WN-4 structure in the F-region ionosphere (Wan et al., 2012), however, in summer the IHFACs 
are closer to a WN-5 structure according to Figure 14. This suggests that DE3 alone might not be sufficient to 
explain the full longitudinal variability of IHFACs and that other modes, such as the DE4 mode, might also be 
important. Additionally, the increase of total amount of currents over the Pacific Ocean in summer observed 
in Section 6.3.2 might also be an important consideration potentially highlighting the importance of land-sea 
contrasts. Nonmigrating tides are also known to follow some significant variations with season, and in particular 
the DE3 mode which is enhanced in summer (Oberheide et al., 2011; Sridharan, 2019). This might contribute to 
explain the seasonal variability observed in Figure 14. The complex relationship between upward propagating 
nonmigrating tides and low-latitude IHFACs will need to be further explored.

7.  Conclusion
We derived a new climatological model designed to represent the toroidal magnetic fields and the associated radial 
poloidal currents at low and mid latitudes at the altitude of the Swarm satellites. This model consists of three inde-
pendent spherical harmonics representations—respectively, labeled Model A, B, and C, each computed with the 
data of one Swarm satellite. The parametrization relies on the Mie representation of the magnetic field in a thin shell 
and a truncated spherical harmonics expansion in geographic spherical coordinates, modulated by harmonic func-
tions of time representing several annual and diurnal modes. The model reproduces well the average climatological 
signal in the magnetic data for all three Swarm satellites. Additionally, it predicts realistic low- and mid-latitude 
radial F-region currents generally in agreement with results obtained in previous studies. These currents are mostly 
antisymmetric with respect to the magnetic equator which is a clear signature of low- and mid-latitude IHFACs.

The model was used to analyze the climatology of low- and mid-latitude IHFACs. It was confirmed that low- and 
mid-latitude IHFACs can change polarity with latitude, although these changes of polarity are often confined to 
specific local time sectors. Low- and mid-latitude IHFACs also follow some significant variations with longi-
tude at all seasons. In particular, the geometry of the main field was shown to be an important factor controlling 
these variations. A longitudinal modulation of these currents was also observed, most significant in Summer, 
Spring, and Fall, confirming observations from previous studies. Furthermore, a clear picture of IHFAC average 
daily variations in winter was provided. Although some clear morphological differences exist between summer 
and winter, low- and mid-latitude IHFACs often flow in the same direction during these two seasons. Low- and 
mid-latitude IHFACs indeed follow a more complex climatology than the one described by Fukushima's concep-
tual model. Some clear differences between IHFACs in fall and spring could also be identified.

The model predictions were further analyzed using numerical estimates of the total amount of current, an inte-
grated quantity that represents the quantity of current flowing from one hemisphere to the other along the field 
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lines. The main result is the identification of the eastward drift of IHFACs at the same speed as the rotation of the 
Earth. This eastward drift will need to be confirmed using the Level-2 FAC Swarm product (Ritter et al., 2013), 
although some limitations could arise due to known uncertainties in this product (Fillion et al., 2021; F. Wang, 
Lühr, et al., 2022). Other characteristics such as the increase of total amount of current over the Pacific Ocean—
particularly significant in summer—or the occurrence of a WN-5 longitudinal structure in summer are also 
important. In the future, the relationship between these characteristics and upward propagating nonmigrating 
tides should be investigated more thoroughly as these tides could exert a strong control on low- and mid-latitude 
IHFACs.

The model also includes high-latitude data, although the currents predicted at these latitudes were not discussed. 
High-latitude F-region currents are very dynamic and the climatological parametrization used in this study cannot 
account for these dynamics. One should be aware that the high-latitude signal could be affected by temporal 
aliasing of fast-varying high-latitude magnetic fields. More work is needed to develop a model including F-region 
currents at all latitudes.

Data Availability Statement
The Swarm satellite data used in this study are available from ESA at http://swarm-diss.eo.esa.int/. The software 
to compute the toroidal magnetic field and radial poloidal current density from the model coefficients can be 
downloaded at https://doi.org/10.18715/IPGP.2023.lddfo4so.
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