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Abstract 

This paper describes solar and lunar daily variations of the geomagnetic field over low- and mid-latitude regions, 
using vector magnetometer data from Swarm satellites at altitudes of ∼500 km during the solar minimum years of 
2017–2020. The average solar variation of the geomagnetic field is within the range of ±14 nT, while the lunar varia-
tion is within ±2 nT. The latter is comparable to the ocean tidal field. A spherical harmonic analysis is performed on 
the solar and lunar variations to evaluate their internal and external equivalent current systems. The results show that 
both the solar and lunar variations are mainly of internal origin, which can be attributed to combined effects of iono-
spheric dynamo currents and induced underground currents. Global patterns of the internal solar and lunar current 
systems are consistent with the corresponding external current systems previously reported based on ground obser-
vations. The Swarm external currents are mainly in the meridional direction, and are likely associated with interhemi-
spheric field-aligned currents. Both the internal and external current systems depend on the season and longitude.
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Introduction
The Earth’s upper atmosphere is weakly ionized, as 
it receives energy inputs from the Sun in the form of 
electromagnetic waves. Ionized particles interact with 
neutrals by collisions and move through the ambient 
geomagnetic field, which gives rise to an electromotive 
force to support electric fields and currents. The process 
is known as the ionospheric wind dynamo, or simply 
ionospheric dynamo, and it is the dominant production 
mechanism of ionospheric electric fields and currents at 
middle and low latitudes during geomagnetically quiet 
periods (e.g., Richmond 1995a; Heelis 2004). The dynamo 
currents flow mainly on the dayside at E-region altitudes 
(ca 90–150 km), where the electrical conductivity of the 
ionosphere is greatest. At night, the ionospheric con-
ductivity is smaller by about two orders of magnitude 
(e.g., Richmond 2011). Thus, the currents are also much 

weaker and have a negligible effect on the geomagnetic 
field on the ground. The daytime presence and night-
time absence of the magnetic effect associated with ion-
ospheric dynamo currents lead to daily variation of the 
geomagnetic field measured at ground stations. Geo-
magnetic daily variation is smooth and regular in appear-
ance on geomagnetically quiet days when high-frequency 
geomagnetic disturbances associated with geomagnetic 
storms and substorms are absent, and is often referred 
to as solar-quiet (Sq) variation (e.g., Campbell 1989; 
Yamazaki and Maute 2017).

A spherical harmonic analysis is a technique that is most 
commonly used to estimate the ionospheric current system 
from Sq. The Sq field is expressed in terms of a magnetic 
scalar potential, which is a solution to the Laplace’s equa-
tion. That is

(1)M(r, θ ,φ) = Mex(r, θ ,φ)+Min(r, θ ,φ)

(2)Mex = R

∞
∑

n=1

[

( r

R

)n
n

∑

m=0

{

gex
m
n cos (mφ)+ hex

m
n sin (mφ)

}

Pm
n (cos θ)

]

+ Cex

(3)Min = R

∞
∑

n=1

[

(

R

r

)n+1 n
∑

m=0

{

gin
m
n cos (mφ)+ hin

m
n sin (mφ)

}

Pm
n (cos θ)

]

+ Cin,

Graphical Abstract



Page 3 of 21Yamazaki  Earth, Planets and Space           (2022) 74:99  

where M is the magnetic scalar potential for Sq. r, θ and φ are 
the radial distance (in km), colatitude (in rad) and longitude 
(in rad), respectively. Mex and Min are external and internal 
parts of the magnetic scalar potential, respectively. Cex and 
Cin are constant terms. R is a reference height (in km), which 
would be the Earth’s radius RE for the analysis of ground mag-
netic data. Pm

n (cos θ) are Schmidt quasi-normalized associ-
ated Legendre functions. The integers n and m are degree and 
order, respectively. gmn  and hmn  are the so-called Gauss coeffi-
cients, with subscripts “ex” and “in” representing external and 
internal components, respectively. Using M, magnetic per-
turbations in the northward (X), eastward (Y) and vertical (Z) 
components can be expressed as follows:

The Gauss coefficients can be determined so that the devi-
ation of BX , BY  and BZ from the observed Sq field in the X, 
Y and Z components will be minimized. Substituting the 
Gauss coefficients to (1)–(3), the external ( Mex ) and inter-
nal ( Min ) components of the magnetic scalar potential can 
be separately obtained. In (2), Mex increases with increas-
ing r, thus representing the source above the surface. On 
the other hand, Min in (3) increases with decreasing r, 
and thus the source exists below the surface. The biggest 
advantage of the spherical harmonic analysis is the math-
ematical separation of external and internal sources.

The ionospheric currents associated with Sq are often 
expressed in terms of equivalent current system. An equiva-
lent current system is a hypothetical electric current system 
on a spherical plane that would produce the same magnetic 
variations as those observed. It is a mathematically compact, 
two-dimensional, representation of the true ionospheric cur-
rent system that has a three-dimensional structure (e.g., Pfaff 
et al. 2020). Using the Gauss coefficients, external and inter-
nal equivalent current systems can be derived as follows:
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Here, Jex and Jin are the external and internal compo-
nents of the equivalent current function (in amperes). 
The constant terms C ′

ex and C ′

in
 may be determined so 

that equivalent currents will be small at night. Numerous 
studies have examined external and internal equivalent 
current systems for Sq variations observed on the ground 
(e.g., Chapman and Bartels 1940; Matsushita and Maeda 
1965a; Campbell and Schiffmacher 1985, 1988; Haines 
and Torta 1994; Takeda 1999, 2002; Yamazaki et al. 2011; 
Stening and Winch 2013; Çelik 2013; Owolabi et  al. 
2022). The external current system for Sq usually shows 
two large current vortices on the dayside, directed coun-
terclockwise in the northern hemisphere and clockwise 
in the southern hemisphere. The internal current system 
for Sq also shows two dayside current vortices, but the 
currents are weaker and in the opposite direction, that is, 
clockwise in the northern hemisphere and counterclock-
wise in the southern hemisphere. In general, the external 
Sq current system is attributed to ionospheric dynamo 
currents, and the internal current system is ascribed 
to secondary currents flowing in the conductive Earth 
induced by the primary ionospheric currents (e.g., Kuvs-
hinov et al. 2007).

Numerical studies (e.g., Richmond et  al. 1976; Forbes 
and Lindzen 1976; Takeda and Maeda 1980) have shown 
that solar tidal winds at E-region heights (10–102 m/s 
velocity) can drive sufficiently strong ionospheric cur-
rents (1–10 µA/m2 ) to explain Sq variation on the ground 
(10–102 nT). The main cause of the solar tidal motion 
in the upper atmosphere is in-situ heating due to the 
absorption of extreme ultraviolet solar radiation by O, 
O 2 and N 2 on the dayside (Hagan et  al. 2001). In addi-
tion to the locally generated tides in the upper atmos-
phere, upward-propagating tides originating from the 
troposphere and stratosphere also make contributions 
to the ionospheric dynamo (Richmond and Roble 1987; 
Yamazaki et  al. 2014). The upward-propagating tides 
from the lower atmosphere contain not only solar tides 
but also lunar tides, which are excited by the gravita-
tional force of the Moon (Lindzen and Chapman 1969). 
The semidiurnal lunar tide, M2 , is the dominant mode 
of the atmospheric lunar tide at heights of the E region 
(Vial and Forbes 1994; Pedatella et al. 2012a; Zhang and 
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Forbes 2013). The modulation of the ionospheric dynamo 
by M2 leads to lunar daily variation of the geomagnetic 
field, which is denoted as L (e.g., Tarpley 1970; Rastogi 
and Trivedi 1970; Stening and Winch 1979).

L depends not only on the phase of the Moon but also 
on local solar time. This is because the dynamo currents 
driven by M2 are subject to the diurnal modulation of 
the ionospheric conductivity, which is controlled by local 
solar time. The most commonly used form to express L is 
as follows (e.g., Chapman and Bartels 1940):

Here, t is the local solar time. ν is the lunar phase; ν = 
0 (or 2 π ) corresponds to the new Moon and ν = π cor-
responds to the full moon (Sugiura and Fanselau 1966). 
lk and ǫk are the amplitude and phase, respectively. L is 
generally much smaller in amplitude than Sq, and its 
main period (12.4 h) is very close to the semidiurnal (12.0 
h) component of Sq. Thus, it is difficult to distinguish L 
from Sq on a daily basis. Nevertheless, L and Sq can be 
statistically separated using long-term data (e.g., Chap-
man and Miller 1940). Moreover, using the spherical 
harmonic analysis, one can separate external and inter-
nal equivalent current systems for L. Studies have shown 
that the equivalent current system for L typically has four 
current vortices on the dayside, with two vortices in the 
northern hemisphere and the other two in the southern 
hemisphere (e.g., Matsushita and Maeda 1965b; Matsu-
shita 1968; Malin 1973; Matsushita and Xu 1984; Çelik 
2014). This is different from the pattern of the Sq current 
system, which has one vortex in each hemisphere.

In the past two decades, attempts have been made to 
observe magnetic perturbations associated with Sq cur-
rents using satellite-borne magnetometer data. Turner 
et  al. (2005, 2007) showed Sq variations in the total 
intensity of the geomagnetic field observed by CHAMP 
satellite (Reigber et  al. 2002) during May–September 
2001. Pedatella et  al. (2011) used vector magnetometer 
data from the CHAMP satellite during 2006–2008, and 
showed that the equivalent Sq current system has two 
dayside current vortices, consistent with that derived 
from ground-based magnetometer data during the same 
period. Chulliat et  al. (2016) combined vector mag-
netometer data from Swarm satellites (Friis-Christensen 
et al. 2006) and globally distributed ground stations dur-
ing 2013–2015 to construct an empirical model of the Sq 
current system, which depends on latitude, longitude, 
time, and solar flux. Comprehensive Model (e.g., Sabaka 
et al. 2002, 2018), which is an empirical model of the geo-
magnetic field based on both ground and satellite data, 
also takes into account the Sq field.

(9)L(t, ν) =

4
∑

k=1

lk sin (kt − 2ν + ǫn).

The present study examines not only Sq but also L in 
vector magnetometer data from Swarm satellites. The 
spherical harmonic analysis will be performed on Sq and 
L at Swarm altitudes to evaluate their internal and exter-
nal equivalent current systems. L current systems based 
on satellite data will be presented for the first time. It is 
noted that the meaning of external and internal equiva-
lent current systems derived from Swarm magnetic data 
are different from those obtained from ground measure-
ments. Since the Swarm satellites fly above the E region, 
the dynamo currents mainly contribute to the internal 
part of the Swarm Sq and L fields, while in the analysis of 
ground-based magnetometer data, the E-region dynamo 
currents mainly contribute to the external part. The dis-
cussion will be presented as to whether physically mean-
ingful information can be obtained from Swarm external 
equivalent current systems.

Data processing
The main data employed in this study are vector mag-
netic field measurements from Swarm satellites. Swarm 
is ESA’s satellite constellation mission launched in 
November 2013. The Swarm constellation consists of 
three identical satellites (Swarm A, B and C), which carry 
high-precision magnetometers (Leger et al. 2009), along 
with other scientific instruments for investigating the 
Earth’s magnetic field and its sources (Friis-Christensen 
et  al. 2008). The Swarm Level 1b magnetic product 
MAGX_LR_1B provides magnetic fields with a sampling 
rate of 1 Hz. Estimated uncertainties are also provided, 
which are typically less than 0.3 nT. For the present study, 
the magnetic field is expressed in the following three 
components: the center (C) component directed to the 
Earth’s center, magnetic northward (N) component and 
magnetic eastward (E) component. The N and E compo-
nents are derived by rotating the geographic northward 
and eastward components of the magnetic field using the 
magnetic declination given by the latest version of the 
International Geomagnetic Reference Field (Alken et  al. 
2021). Also, magnetic latitude and longitude in quasi-
dipole (QD) coordinates (Richmond 1995b; Emmert 
et al. 2010) are calculated at each measurement point. It 
is known that ionospheric currents are better organized 
in QD coordinates than in geographical coordinates (e.g., 
Laundal and Richmond 2017).

This study focuses on the period from the years 2017 
to 2020, representing typical solar minimum conditions. 
The solar flux index F10.7 (Tapping 2013) was below 100 
solar flux unit (=10−22W·m−2 ·Hz−1 ) most of the times, 
as indicated in the top panel of Fig. 1. Only the data dur-
ing geomagnetically quiet times are used. The selection of 
the quiet-time data is based on the geomagnetic activity 
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index Hp30, which is similar to the Kp index (Matzka 
et  al. 2021) but with higher temporal resolution of 30 
min. Hp30 is available from the GFZ website at https://
www.gfz-potsdam.de/hpo-index. The interested reader is 
referred to Yamazaki et al. (2022) for a detailed descrip-
tion of Hp30. The times with Hp30≤2+ are defined to be 
geomagnetically quiet. The second panel of Fig. 1 displays 
the monthly occurrence rate of Hp30≤2+ . It shows that 
geomagnetic activity was particularly low during the 
years 2018–2020 when quiet periods account for more 
than 80% of the times for most months.

During the period considered, Swarm A and C flew 
side by side at an altitude of ∼450 km, while Swarm B 
was flying separately at a higher altitude of ∼510 km. The 
third panel of Fig. 1 shows the altitude of Swarm A and B. 
The magnetic data from Swarm C are used only when the 
data from Swarm A are unavailable. The combined data 
from Swarm A and C are referred to as Swarm A data, 
because the data from Swarm C account for less than 1% 
of the total data volume.

The bottom panel of Fig. 1 indicates the local solar time 
of Swarm A and B over the equator. The solid and dashed 
lines correspond to ascending and descending orbits, 
respectively, which are 12 h apart from each other. Dur-
ing 2017, the separation of Swarm A and B in local solar 
time was approximately 6 h, which achieves the best local 
solar time coverage by the two satellites. The difference in 
local solar time between Swarm A and B became smaller 
in the later years.

Satellite magnetic data contain contributions from var-
ious sources (e.g., Olsen and Stolle 2012). The main part 
(on the order of 104 nT) is generated by electric currents 
in the Earth’s outer core, and referred to as “core field”. 
It accounts for more than 95% of the total field inten-
sity. Other contributions (100–102 nT) include not only 
the “ionospheric field” associated with Sq and L cur-
rents, but also the “crustal field” due to magnetized rocks 
in the solid Earth (e.g., Maus et al. 2006; Thébault et al. 
2016), the “magnetospheric field” arising from large-scale 
magnetospheric currents (e.g., Lühr et al. 2017) and the 
“ocean tidal field” resulting from the tidal motion of elec-
trically conductive ocean (e.g., Tyler et al. 2003; Grayver 
and Olsen 2019). These non-ionospheric fields need to be 
removed from the data before evaluating the ionospheric 
field (Stolle et al. 2016).

The CHAOS-7 geomagnetic field model (Finlay et  al. 
2020) is used to estimate the core, crustal and magne-
tospheric fields. The ocean tidal field is evaluated using 
the residuals between Swarm data collected from the 
nightside and corresponding CHAOS-7 predictions. 
The ocean dynamo operates equally on the dayside and 
nightside, while the ionospheric dynamo is ineffective 
on the nightside due to the small ionospheric conduc-
tivity (Malin 1970; Schnepf et al. 2014). Thus, using only 
the nightside data, the contamination from ionospheric 
L currents can be avoided. The nightside is defined here 
with the solar zenith angle χ > 105◦ , under which the 
atmosphere from the surface to ∼200 km is in the dark-
ness. The M2 ocean tidal field is determined by fitting the 
following formula to the quiet-time nightside data within 
each grid of 5 ◦ ×5◦ in latitude and longitude:

Here, τ is the lunar time ( = t − ν ). lo and ǫo are the 
amplitude and phase of the M2 ocean tidal component, 
respectively. The N2 and O1 ocean tidal components are 
also known to be present in satellite magnetic data (e.g., 
Grayver and Olsen 2019), but they are ignored due to 
their small amplitudes. The M2 ocean tidal field is evalu-
ated separately for the N, E and C components and for 
the Swarm A and B data. The residual field, denoted here 

(10)Lo(τ ) = lo sin (2τ + ǫo).

Fig. 1 From top to bottom, daily F10.7 index, monthly percent 
occurrence rate of geomagnetically quiet time (Hp30≤2+ ), altitudes 
of Swarm A (blue) and B (red), local solar time of Swarm A and B over 
the equator for ascending (solid line) and descending (dashed line) 
orbits
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as �B , is derived by subtracting the M2 ocean tidal field 
described above from the Swarm-CHAOS residuals.

It is possible that �B includes magnetic signatures of 
not only E-region currents but also F-region currents. It is 
known that neutral winds at F-region heights can locally 
drive dynamo currents (Rishbeth 1981; Maute and Rich-
mond 2017) just like the ionospheric dynamo in the E 
region. Lühr and Maus (2006) observed magnetic pertur-
bations of up to 5 nT associated with the F-region wind 
dynamo currents, mainly in the equatorial region, at alti-
tudes of the CHAMP satellite ( ∼425 km) during August 
2000–October 2004, near solar maximum. Park et  al. 
(2010) demonstrated that the intensity of the F-region wind 
dynamo currents decreases with decreasing F10.7 . Based 
on the results presented by Park et al. (2010) and Lühr and 
Maus (2006), magnetic perturbations due to the F-region 
wind dynamo currents are estimated to be less than 1.5 nT 
during the solar minimum period considered in this study. 
It is noted that this would make only a marginal contribu-
tion to the Sq field that is examined in this paper.

Studies have also shown that satellite magnetometer data 
can be affected by F-region plasma gravity and pressure-
gradient currents (Alken et  al. 2017). These currents can 
also produce magnetic perturbations of up to 5 nT at satel-
lite altitudes under solar maximum conditions (Lühr et al. 
2003; Maus and Lühr 2006), but they are much weaker 
under solar minimum conditions due to the reduction of 
plasma density (Alken 2016). Their contributions to the Sq 
field is, thus, ignored in this paper.

Interhemispheric field-aligned currents (IHFACs) are 
another type of currents that are seen at satellite altitudes. 
The currents are generated by the north–south asymme-
try of the E-region wind dynamo, and they flow along the 
magnetic field lines from one hemisphere to the other (e.g., 
van Sabben 1966; Fukushima 1979; Takeda 1990; Le Sager 
and Huang 2002). Although its current density is much 
smaller than that of the E-region dynamo currents, mag-
netic signatures of IHFACs are large enough to be sensed 
by satellite magnetometers (Olsen 1997; Yamashita and 
Iyemori 2002; Park et  al. 2011). The part of IHFACs that 
flow across the spherical plane at the altitude of the satel-
lite produces a non-potential field. Lühr et al. (2015) esti-
mated IHFACs from the curl of the magnetic field observed 
by Swarm satellites. Such a non-potential field would make 
no contribution to equivalent current systems derived from 
the spherical harmonic analysis. Nevertheless, the part of 
IHFACs that is remote from the spherical plane of the sat-
ellite altitude might contaminate the equivalent current 
systems. This will be discussed in more detail later.

In the polar region, �B would be dominated by the influ-
ence of region-1 and region-2 field-aligned currents and 
auroral electrojet (e.g., Laundal et al. 2018). It is assumed 
that the contamination of the Sq field by these currents 

can be ignored after the selection of geomagnetically quiet 
periods (Hp30≤2+ ) and the exclusion of high-latitude data 
above 60◦ QD latitude. The equatorward boundary of the 
auroral oval depends on geomagnetic activity. Under geo-
magnetically quiet conditions, the boundary is generally 
above 60◦ magnetic latitude (e.g., Xiong et al. 2014).

The Sq and L fields at Swarm altitudes are evaluated 
using �B . The variation of Sq with local solar time is 
expressed as follows:

where sn and δn are the amplitude and phase. Solar har-
monics from k = 1 to k  =  6 are generally sufficient to 
represent Sq (e.g., Campbell 1990). At each magnetic 
latitude of 1 ◦ from 60◦ S to 60◦ N, Sq daily variation is 
determined by fitting the formula (11) to the data within 
±0.75◦ magnetic latitudes. Similarly, L daily variation is 
determined at each magnetic latitude by fitting the for-
mula (9). As can be seen in (9), L at a fixed value of the 
lunar phase ν depends only on local solar time t. In the 
remainder of the paper, the lunar phase corresponding to 
the new Moon ( ν = 0) is selected for presenting L, which 
facilitates the comparison of the results with many previ-
ous studies that also used ν = 0 (e.g., Matsushita 1968).

Smooth distributions of both Sq and L fields are now 
obtained as a function of local solar time and magnetic 
latitude. The spherical harmonic analysis is performed 
on these smooth Sq and L fields based on (1)–(8), but 
replacing the colatitude θ and longitude φ with the 
magnetic colatitude and solar local time, respectively. 
In addition, N, E and C components of the geomagnetic 
field are used instead of X, Y and Z components. Equiv-
alent current systems are evaluated at r = R (=RE ), as 
both the altitude of the satellite and the distance of the 
source from the satellite are much smaller than the 
Earth’s radius. The spherical harmonic expansion is 
truncated at the degree of n = 40, and at the order of m 
= 6 for Sq and m = 4 for L. n = 40 is found to be suf-
ficient for resolving relatively small structures in the Sq 
and L fields near the magnetic equator associated with 
the equatorial electrojet (Chapman 1951). The equato-
rial electrojet is an enhanced zonal current flow along 
the dayside magnetic equator arising from a vertical 
electric field, which is localized within approximately 
±3◦ from the magnetic equator (e.g., Stening 1995). 
Magnetic signatures of the equatorial electrojet can be 
found in satellite magnetometer data (Lühr et al. 2004; 
Alken and Maus 2007; Alken et al. 2015).

Like many previous studies based on ground obser-
vations (e.g., Matsushita and Maeda 1965a; Camp-
bell et  al. 1993), the spherical harmonic analysis is 

(11)Sq(t) =

6
∑

k=1

sk sin (kt − δn),
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performed in a grid of solar local time (i.e., geographi-
cal longitude) and magnetic latitude. The non-orthogo-
nality of the grid is ignored. In addition, the difference 
between the direction of N (i.e., local magnetic north) 
and the direction of the northward unit vector of the 
QD coordinate system is ignored. Moreover, the dif-
ference between the direction of E (i.e., local magnetic 
east) and the direction of geographic east is ignored. 
These simplifications would lead to “assumption error” 
in the derived equivalent current function, which is 
difficult to evaluate. Meanwhile, “statistical error” was 
evaluated using the bootstrap technique (Efron 1981). 
The statistical error (one-sigma value) in the equiva-
lent current function is generally below 0.1 kA, which is 
much smaller than the features discussed in this paper, 
and thus is ignored.

Results and discussion
Ocean tidal field
Figure  2 presents the amplitude (left panels) and phase 
(right panels) of the M2 ocean tidal field obtained for 
Swarm A (panels a) and Swarm B (panels b). The ampli-
tude is generally less than 2 nT in all components. The C 
component tends to be the largest among the three. There 
are regions, where the amplitude in the C component is 
enhanced, including the southern Indian Ocean, Tasman 
Sea, North Atlantic and Gulf of Alaska. The results are in 
good agreement with those presented in earlier studies 
(e.g., Saynisch-Wagner et al. 2021; Kuvshinov et al. 2021). 
The amplitudes in the N and E components are relatively 
large in the vicinity of the regions where the C compo-
nent is large. The results are consistent between Swarm 
A and B in both amplitude and phase, demonstrating the 
robustness of the M2 ocean tidal field. 

Sq and L fields
Figure 3 shows the Sq field (panels a) and L field (panels 
b) in the N (left), E (middle) and C (right) components 
derived from the Swarm A data, including all seasons 
and universal times. In both (a) and (b), the upper pan-
els show the observed Sq or L field, while the lower pan-
els show the corresponding field reconstructed with a 
magnetic scalar potential; see (4)–(6). Thus, the differ-
ence between the upper and lower panels indicates the 
presence of non-potential fields. The difference is more 
evident in the N and E components than in the C compo-
nent. This seems to suggest that the non-potential fields 
are mainly generated by electric currents in the radial 
direction. Field-aligned currents flowing across the sat-
ellite’s orbital altitude (e.g., Lühr et al. 2015; Rodríguez-
Zuluaga and Stolle 2019) may be considered as a possible 

source. Besides, non-physical sources, including seasonal 
and UT biases as well as the assumption error mentioned 
earlier, could also contribute to the non-potential fields. 
However, identifying the causes of the non-potential 
fields is outside the scope of this study, thus no further 
analysis is performed on the non-potential fields.

The Sq field in Fig.  3a is within the range of ±14 nT. 
The largest variation is seen in the N component over 
the magnetic equator, where the E-region currents in the 
zonal direction are enhanced due to the equatorial elec-
trojet. The Sq field in the C component shows a negative 
peak in the northern hemisphere and a positive peak in 
the southern hemisphere, reflecting the two-dayside-vor-
tex pattern of the Sq current system in the E region.

The L field in Fig. 3b is within the range of ±2 nT. The 
magnitude is generally about one tenth of the Sq field, 
and is comparable with the M2 ocean tidal field presented 
in Fig. 2. The L field in the N and C components shows 
semidiurnal variation, unlike Sq which mainly shows 
diurnal variation. The largest variation is in the N com-
ponent near the magnetic equator due to the equatorial 
electrojet. The lunar daily variation of the equatorial elec-
trojet was examined in detail by Yamazaki et  al. (2017) 
based on Swarm and CHAMP data.

Figure  4 presents the same valuables as Fig.  3 except 
for the Swarm B data. The results are in agreement 
with those from Swarm A in terms of both pattern and 
magnitude of the Sq and L fields. The overall agree-
ment between Swarm A and B results suggests that the 
obtained magnetic signatures associated with Sq and L 
are robust.

Equivalent current systems
Figure  5 depicts, from left to right, the Swarm internal 
equivalent current system for Sq, external equivalent cur-
rent system for Sq, internal equivalent current system 
for L and external equivalent current system for L. The 
upper and lower panels show the results derived from 
the Swarm A and Swarm B data, respectively, including 
all seasons and universal times. For the Sq current sys-
tems, the equivalent currents of 5 kA flow between adja-
cent contour lines, while for the L current systems, the 
contour interval is 0.5 kA. The equivalent currents flow 
counterclockwise around positive peaks and clockwise 
around negative peaks.

The Swarm internal equivalent Sq current system 
shows a familiar pattern with a counterclockwise vortex 
in the northern hemisphere and a clockwise vortex in the 
southern hemisphere. The internal current system is con-
tributed not only by E-region dynamo currents but also 
by induced underground currents. As mentioned, these 
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Fig. 2 Ocean tidal field for Swarm A (a) and B (b), as derived from quiet-time nightside data in the magnetic northward (N), magnetic eastward (E) 
and center (C) components during 2017–2020. Left panels show the amplitude, and right panels show the phase
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two current systems are similar in pattern but they flow 
in opposite directions. According to previous studies, the 
intensity of the induced currents is approximately half 
that of the E-region currents (e.g., Campbell and Mat-
sushita 1982; Campbell 1990). Thus, a rough estimate 
of the equivalent Sq current system in the E region can 
be obtained by multiplying the Swarm internal current 
function by a factor of two. This leads the peak value of 
the northern current vortex to be ∼ 80 kA and the south-
ern vortex to be ∼ 50 kA. These values are compara-
ble with those reported for the external current system 
from ground-based observations under solar minimum 
conditions (e.g., Campbell and Schiffmacher 1985, 1988; 
Yamazaki et  al. 2011). The accurate separation of the 
E-region currents and induced underground currents 
requires the knowledge of the electrical conductivity dis-
tribution of the Earth and oceans (Koch and Kuvshinov 
2013, 2015), and is beyond the scope of the present study.

The Swarm external equivalent Sq current system 
shows a single-vortex pattern with a negative peak 
around 13:00–14:00 local solar time near the magnetic 
equator. The pattern suggests northward and southward 
cross-equatorial currents in the noon sector and after-
noon sector, respectively. It resembles the pattern of 
IHFACs, which are also in the northward direction in 
the noon sector and in the southward direction in the 
afternoon sector in an annual mean sense (e.g., Park et al. 
2011).

The Swarm internal equivalent L current system for the 
new Moon ( ν = 0) has a counterclockwise vortex in the 
morning sector and a clockwise vortex in the afternoon 
sector in the northern hemisphere. In the southern hemi-
sphere, a morning clockwise vortex and an afternoon 
counterclockwise vortex are seen in the Swarm B data, 
while in the Swarm A data, the afternoon counterclock-
wise vortex is not as clear. The overall pattern is consist-
ent with that of the external equivalent L current system 
previously reported based on ground magnetic data (e.g., 
Matsushita 1968). This is the first time that the four-vor-
tex pattern of the equivalent L current system is derived 
from satellite magnetometer data. The internal equiva-
lent L current system contains contributions from both 
E-region dynamo currents and induced underground 
currents, such as the Swarm internal equivalent Sq cur-
rent system. The external equivalent L current system 
does not show a clear pattern. As will be shown later, 

this is not always the case depending on the season and 
longitude.

Seasonal dependence
Seasonal variations of the equivalent Sq and L current 
systems are examined. The residual data �B from Swarm 
A and B are combined, and then separated into six bi-
monthly groups. The spherical harmonic analysis is per-
formed on each group of the data to derive equivalent 
current systems. Figure  6a shows the seasonal variation 
of the Swarm internal equivalent current system for Sq. It 
is seen that the equivalent currents tend to be stronger in 
the summer hemisphere than in the winter hemisphere, 
which can be attributed to the enhancement of local ion-
ospheric conductivity during summer (e.g., Wagner et al. 
1980). The total currents that flow between the north-
ern and southern Sq foci are largest during the equinox, 
which is mainly due to the seasonal change of solar tidal 
forcing (Yamazaki and Maute 2017).

The Swarm external Sq current system (Fig.  6b) also 
shows seasonal variation. Equivalent currents are par-
ticularly strong during the northern hemisphere summer 
(May–August). A negative peak of the current function 
is seen over the equatorial region in the afternoon sec-
tor between 12:00 and 15:00 local solar time and a weaker 
positive peak in the morning sector around 08:00 local 
solar time. The results suggest that equivalent currents 
flow across the magnetic equator from the southern hem-
isphere to the northern hemisphere around 12:00 local 
solar time, which are accompanied by weaker southward 
currents in the afternoon sector as well as in the morning 
sector. The pattern is somewhat similar during the equi-
noxes (Mar–April, September–October), when a negative 
peak is seen over the equatorial region in the afternoon 
sector between 12:00 and 15:00 local solar time. How-
ever, equivalent currents are much weaker than those 
during the norther hemisphere summer. During the 
northern hemisphere winter (November–February), a 
negative vortex appears in the morning sector between 
09:00 and 12:00 local solar time. The dependence of the 
Swarm external Sq currents on local solar time and sea-
son is consistent with that of IHFACs. IHFACs are also 
strongest during the northern hemisphere summer, with 
northward currents around the noontime sector and 
weaker southward currents in the morning and after-
noon sectors (e.g., Park et al. 2011, 2020a). The local solar 

Fig. 3 Local solar time versus quasi-dipole (QD) latitude depiction of the Sq field (a) and L field at the new Moon (b), as derived from quiet-time 
data from Swarm A in the magnetic northward (N), magnetic eastward (E) and center (C) components during 2017–2020. In each of a and b the 
upper panels show the observed Sq or L field, while the lower panels show the Sq or L field reconstructed by a magnetic scalar potential described 
by (4)–(6). Contour steps are 2 nT for Sq and 0.4 nT for L. It is noted that local lunar time equals local solar time at the new Moon

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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Fig. 4 Same as Fig. 3 except for Swarm B
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time pattern of IHFACs during the equinoxes is similar 
to that during the northern hemisphere summer but with 
reduced currents, and the pattern is unclear during the 
northern hemisphere winter (Park et al. 2020a). IHFACs 
do not strongly depend on solar activity (Park et al. 2011), 
so that their magnetic signatures can be detected during 
both solar maximum and solar minimum.

As mentioned earlier, satellite magnetometer data are 
contributed from various types of F-region currents, 
including F-region wind dynamo currents, plasma grav-
ity and pressure-gradient currents. These currents are 
unlikely the main cause of the Swarm external Sq cur-
rent system, as they are thought to be very weak under 
solar minimum conditions. Besides, the patterns of their 
equivalent current systems would be different from the 
Swarm external Sq current system, which shows cross-
equatorial currents. The F-region wind dynamo currents 
flow in the meridional direction, but they are symmet-
ric about the magnetic equator (Lühr and Maus 2006), 
which means that meridional currents flow into or out 
of the magnetic equator, rather than flowing across the 
magnetic equator. The plasma gravity and pressure-gra-
dient currents flow mainly in the zonal direction (Alken 
et al. 2017).

Figure  7a depicts the seasonal variation of the Swarm 
internal L current system for ν = 0. The L currents show 
annual variation with the maximum current intensity 

during the northern hemisphere winter. For instance, the 
intensity of the currents that flow between the morning 
and afternoon foci is largest during January–February 
in both the northern hemisphere (5.6 kA) and southern 
hemisphere (6.3 kA), and smallest during July–August 
in both the northern hemisphere (4.2 kA) and southern 
hemisphere (2.1 kA). Previous studies have also noted 
that the L currents tend to be strongest during the north-
ern hemisphere winter (e.g., Matsushita and Xu 1984). 
The annual variation of L can be attributed to that of 
lunar tidal forcing at E-region heights (e.g., Pedatella 
2014). Besides, strong L currents during January–Feb-
ruary may be contributed by enhanced lunar tides dur-
ing sudden stratospheric warmings (SSW). SSW are 
large-scale dynamical disturbances in the Arctic mid-
dle atmosphere during the northern hemisphere winter 
(e.g., Baldwin et  al. 2021). Studies have shown that the 
semidiurnal lunar M2 tide can be amplified during SSW 
(e.g., Stening et  al. 1997; Pedatella et  al. 2012b; Zhang 
and Forbes 2014), which leads to an enhancement of L 
currents at mid and low latitudes (e.g., Fejer et al. 2010; 
Yamazaki 2014). Our data set covers major SSW in Feb-
ruary 2018 (Rao et al. 2018) and January 2019 (Oberheide 
et al. 2020).

The seasonal variation of the Swarm external L current 
system for ν = 0 is presented in Fig.  7b. The pattern of 
the current function is similar between May–June and 

Fig. 5 From left to right, Swam equivalent internal current system for Sq, external current system for Sq, internal current system for L and external 
current system for L, obtained using quiet-time data during 2017–2020 including all seasons and UTs. Upper and lower panels present the results 
derived with Swarm A and Swarm B data, respectively. Contour steps are 5 kA for Sq and 0.5 kA for L. It is noted that local lunar time equals local 
solar time at the new Moon
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Fig. 6 Seasonal dependence of Swarm equivalent internal (a) and external (b) current systems for Sq, derived from quiet-time measurements by 
Swarm A and B during 2017–2020. Contour steps are 5 kA for both a and b 
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Fig. 7 Same as Fig. 6 except for L at the new Moon. Contour steps are 0.5 kA. It is noted that local lunar time equals local solar time at the new 
Moon
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July–August, with a positive and negative peak over the 
equatorial region in the morning and afternoon sectors, 
respectively. The pattern is also similar between Novem-
ber–December and January–February, with a negative 
and positive peak in the morning and afternoon sectors, 
respectively. The direction of the equivalent currents 
during the northern hemisphere summer (May–August) 
is opposite of those during the northern hemisphere win-
ter (November–February). Thus, the annual mean of the 
Swarm external L current system is small as shown in 
Fig. 5. During May–April, the pattern is more similar to 
those during the northern hemisphere winter than dur-
ing the northern hemisphere summer. On the other hand, 
during September–October, the pattern is more similar 
to those during the northern hemisphere summer.

One possible explanation for the Swarm external L 
currents is the contribution of IHFACs. IHFACs are 
controlled by the ionospheric wind dynamo at E-region 
heights, and thus can be affected by the M2 tide. Miya-
hara and Ooishi (1997) and Park et  al. (2020a) numeri-
cally demonstrated that IHFACs are strongly influenced 
by tides and other large-scale waves coming from the 
middle and lower atmosphere. Lühr et al. (2019) pointed 
out that the intensity of IHFACs depends on the Moon 
phase. Yamazaki et al. (2020) demonstrated that the lunar 
variation of IHFACs is amplified during SSW. However, it 
is not well understood how the lunar variation of IHFACs 
depends on the season and local solar time. Future work 
is required to establish the seasonal climatology of the 
lunar variation of IHFACs, which then needs to be com-
pared with the Swarm external L current system shown 
in Fig. 7b.

Longitude dependence
Sq and L fields depend not only on the season but also 
on longitude (e.g., Matsushita and Maeda 1965a; Sten-
ing and Winch 1979). The longitude dependence of Sq 
and L arises in part from the longitudinal dependence 
of the ionospheric conductivity, which itself depends on 
the plasma density and ambient geomagnetic field (Sten-
ing 1971). Besides, tidal winds (as seen at a fixed local 
solar or lunar time) vary with longitude (e.g., Forbes et al. 
2008; Paulino et al. 2013), which would also contribute to 
the longitudinal dependence of Sq and L. To highlight the 
longitudinal dependence of Swarm equivalent Sq and L 
current systems, the data are separated into three groups 

depending on the universal time, that is, 04:00–12:00 
UT, 12:00–20:00 UT and 20:00–04:00 UT. According to 
Çelik (2013), the dayside Sq vortices are located in the 
Central Asian to Euro-African sector during 04:00–12:00 
UT, in the American sector during 12:00–20:00 UT, and 
in the Pacific to Far Eastern sector during 20:00–04:00 
UT. Moreover, each group of data is separated into two 
groups according to the season, that is, the northern 
hemisphere summer (April–September) and northern 
hemisphere winter (October–March).

Figure  8a presents the Swarm internal (upper panels) 
and external (lower panels) Sq current systems during 
the northern hemisphere summer months (April–Sep-
tember) in the Euro-African/Central Asian sector (left), 
American sector (middle) and Far Eastern/Pacific sector 
(right). It can be seen that the overall patterns of the cur-
rent systems are similar at the three longitudinal sectors, 
with some differences in the current intensity. Figure 8b 
shows the same but for the northern hemisphere winter 
months (October–March). Besides the normal two-vor-
tex pattern, the southern internal current system displays 
an additional counterclockwise vortex centered around 
07:00 local solar time, which is most and least prominent 
in the Euro-African/Central Asian sector and in the Far 
Eastern/Pacific sector, respectively. The external cur-
rent systems reveal cross-equatorial southward currents 
around 15:00 local solar time in the Euro-African/Central 
Asian sector and Far Eastern/Pacific sector, but not in the 
American sector. This might be related to the peculiarity 
of IHFACs over the American sector, which was noted by 
Park et al. (2020a, b).

Figure  9 is similar to Fig.  8 but for the Swarm L cur-
rent systems. During the northern hemisphere summer 
months (April–September), the current patterns are con-
sistent at different longitudinal sectors. That is, the inter-
nal current system has two vortices in each hemisphere, 
while the external current system has one counterclock-
wise vortex in the morning sector and one clockwise 
vortex in the afternoon sector over the equatorial region. 
During the northern hemisphere winter months (Octo-
ber–March), the internal current system shows the four-
vortex pattern, but the counterclockwise vortex in the 
southern hemisphere is not as clear in the Euro-African/
Central Asian sector as in the other longitude sectors. For 
the external current system, an afternoon counterclock-
wise vortex is seen in the Euro-African/Central Asian 

(See figure on next page.)
Fig. 8 Swarm equivalent Sq current systems obtained from quiet-time magnetic observations by Swarm A and B during a the northern 
hemisphere summer (April–September) and b northern hemisphere winter (October–March) of 2017–2020. The results are presented for (left) 
04:00–12:00 UT when the Euro-African/Central Asian sector is on the dayside, (middle) 12:00–20:00 UT when the American sector is on the dayside 
and (right) 20:00–04:00 UT when the Far Eastern/Pacific sector sector is on the dayside. In each of a and b, the upper panels show Swarm internal 
current systems, and the lower panels show Swarm external current systems. Contour steps are 5 kA
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Fig. 8 (See legend on previous page.)
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Fig. 9 Same as Fig. 8 except for Swarm equivalent L current systems at the new Moon. Contour steps are 0.5 kA. It is noted that local lunar time 
equals local solar time at the new Moon.
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sector, and a clockwise morning vortex is seen in the Far 
Eastern/Pacific sector, both of which indicate southward 
cross-equatorial currents around the noon. In the Ameri-
can sector, on the other hand, the external currents do 
not exhibit a clear pattern.

Summary and outlook
Using Swarm vector magnetometer data during the solar 
minimum years of 2017–2020, quiet-time solar (Sq) and 
lunar (L) daily variations of the geomagnetic field at mid 
and low latitudes are examined and their equivalent cur-
rent systems are derived. The evaluation of the Sq and 
L fields relied on the estimation of the core, crustal and 
magnetospheric fields by the CHAOS-7 geomagnetic 
field model (Finlay et  al. 2020). In addition, the ocean 
tidal field was evaluated using the residuals between the 
nightside Swarm data and corresponding CHAOS-7 pre-
dictions, and was removed from the data before analyz-
ing the Sq and L fields. For the first time, both internal 
and external equivalent current systems of the Sq and 
L fields are evaluated based on the spherical harmonic 
analysis of satellite magnetometer data. An important 
difference from the analysis of ground data is that the 
Swarm internal and external currents have their sources 
above and below the height of the satellite ∼500 km, so 
that the E-region dynamo currents contribute to the 
internal component. The primary results of this study can 
be summarized as follows:

• The L field at Swarm altitudes is within approxi-
mately ±2 nT in the seasonal and longitudinal mean. 
This is about one tenth of the Sq field in magnitude, 
which is within approximately ±14 nT, and is com-
parable with the ocean tidal field, whose amplitude is 
less than 2 nT in most areas.

• The Swarm Sq and L fields are primarily of inter-
nal origin, which can be attributed to the E-region 
dynamo currents and induced underground currents.

• The Swarm internal equivalent Sq and L current sys-
tems generally show two- and four-dayside-vortex 
patterns, respectively, which are consistent in pattern 
with the external current systems previously reported 
with ground magnetic observations.

• Swarm external Sq and L equivalent current sys-
tems often show dayside vortices over the equatorial 
region, accompanying cross-equatorial meridional 
currents. The pattern and strength of the external 
current systems change systematically with season.

• Longitudinal dependence is also found in the Swarm 
external and internal Sq and L current systems.

The external component of the Swarm Sq field 
is interpreted as arising from the remote part of 

interhemispheric field-aligned currents (IHFACs). There 
is some agreement between the seasonal climatology of 
IHFACs (Park et al. 2011, 2020a) and the cross-equatorial 
part of the Swarm external Sq currents. More studies are 
required to clarify their relationship. The external com-
ponent of the Swarm L field may also be associated with 
the lunar variation of IHFACs. However, there is so far 
little evidence to support this hypothesis, because the 
lunar variation of IHFACs and its seasonal and longitudi-
nal dependence are not well established.

This study has focused on a solar minimum period. 
Both Sq and L fields are expected to be greater in mag-
nitude under solar maximum conditions, where the 
E-region dynamo currents are stronger (Olsen 1993; 
Çelik 2018). In addition, F-region currents (e.g., Lühr 
and Maus 2006; Alken et al. 2017) become non-negligible 
under solar maximum conditions. IHFACs, on the other 
hand, do not strongly depend on solar activity (Park et al. 
2011). It needs to be clarified how these factors affect the 
Sq and L fields during solar maximum periods.

The longitudinal dependence of Sq and L fields needs to 
be examined in more detail. The results presented here are 
based on the separation of the data into three UT groups, 
thus do not resolve longitudinal structures with zonal 
wavenumber 2 or more. Previous studies have revealed 
that longitudinal structures with zonal wavenumber up to 
4 or so can be important for the Sq current system (e.g., 
Pedatella et  al. 2011; Chulliat et  al. 2016). IHFACs also 
have longitudinal structures with zonal wavenumber 4–5 
(e.g., Park et al. 2020a). For the L current system, the lon-
gitudinal structure is less known. The L field in the equa-
torial electrojet shows longitudinal structures with zonal 
wavenumber up to 4 (Yamazaki et  al. 2017). Resolving 
these longitudinal structures and their seasonal depend-
ence would require a larger data set.

A larger data set would also allow empirical modeling 
of the Swarm internal and external Sq and L current 
systems. Combining the Swarm magnetic data with the 
measurements from other satellite missions might help 
achieve this goal. Calibrated magnetic data from non-
geomagnetic missions such as CryoSat-2 (Olsen et  al. 
2020) and GRACE-FO (Stolle et al. 2021) are potentially 
useful.
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