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Abstract In this study, we examine the spatiotemporal variability of the global equivalent ionospheric
current system estimated from geomagnetic Solar‐quiet (Sq) variations at 124 mid‐ to low‐latitude ground‐
based magnetometer stations during 1–31 May 2020. In this period, geomagnetic activity was particularly low,
that is, the hourly geomagnetic activity index Hp60 did not exceed 4o. The spherical harmonic analysis is
performed on the Sq variations to estimate the equivalent current function at each universal time hour. Hourly
maps of the global Sq current system are used to evaluate, for the first time, the tidal composition of mid‐latitude
Sq currents and its temporal evolution. Although tides are known to be an important driver of Sq currents, the
tidal composition analysis was difficult in previous studies that focused on Sq currents at particular longitude
sectors. Our results show that the migrating tidal components (DW1, SW2, and TW3) are predominant in both
hemispheres. This is as expected from the strong day‐night contrast in ionospheric conductivities. The day‐to‐
day variations of the migrating tidal components are, however, not strongly correlated between the two
hemispheres, suggesting that these variations arise not only from the global effect of solar radiation on
ionospheric conductivities but also from the local effect of neutral winds. Variations associated with non‐
migrating tides are also found. Especially, eastward‐propagating diurnal and semidiurnal tides with zonal
wavenumber 1 (DE1 and SE1) are the largest non‐migrating components. Their production mechanisms remain
to be understood.

1. Introduction
During geomagnetically quiet periods, ionospheric currents at 90–130 km altitude in low‐ to mid‐latitude regions
are primarily driven by the E‐region dynamo. The dynamo process can be described by the ionospheric Ohm's law
J = σ̃ ⋅ (E + U × B), where the current density J is expressed as a function of the conductivity tensor σ̃, electric
field E, the neutral wind U and geomagnetic field B. The neutral wind induces an electric field as the wind drags
ions and electrons across the geomagnetic field lines in the dynamo region, where the ion‐neutral collision fre-
quencies νin are greater than the gyrofrequencies of ions Ωi (as νin ≫ Ωi) but the electron‐neutral collision fre-
quencies νen are lower than the gyrofrequency of electrons Ωe (as νen ≪ Ωe), resulting in the production of
ionospheric dynamo currents (Maeda & Kato, 1966; Rishbeth, 1997). These currents generate a regular daily
variation in the geomagnetic field, known as the solar quiet variation (Sq).

The ionospheric current system has a complex three‐dimensional spatial structure (Kawano‐Sasaki & Miya-
hara, 2008; Pfaff et al., 2020; Takeda &Maeda, 1980), which cannot be uniquely determined by ground‐based Sq
observations. To reduce the complexity, it is convenient to introduce the concept of the equivalent current system,
in which currents flow in a spherical thin shell (Chapman & Bartels, 1940a). An effective representation of the Sq
current system, for which the horizontal scale (on the order of ∼103 km) is much larger than the vertical scale (on
the order of ∼101 km).

The equivalent Sq current system comprises external and internal parts, with the external part primarily due to
ionospheric currents and the internal part generally attributed to underground currents induced by ionospheric
currents (Chapman & Bartels, 1940a). The geomagnetic field variation caused by these currents can be measured
using magnetometers on the ground and onboard satellites (see Yamazaki &Maute, 2017, and references therein).
The spherical harmonic analysis (SHA) has been a powerful technique used to examine the equivalent Sq current
system from ground and satellite geomagnetic field observations (Chapman & Bartels, 1940b; Winch, 1981;
Yamazaki, 2022). Numerous studies have been conducted to analyze the features of the equivalent Sq current
system, such as the strength and central position of the Sq current whorl (e.g., Liu et al., 2021; Stening &
Winch, 2013; Takeda, 2002; Yamazaki, Yumoto, Cardinal, et al., 2011, and others).
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The dynamo‐region currents can be modulated by atmospheric oscillations such as the tides caused by the ab-
sorption of solar radiation in the lower atmosphere, which propagate to the mesosphere‐lower‐thermosphere
(MLT) region (Richmond, 1979). Following Forbes et al. (2008), tidal oscillations in the Earth's atmosphere
can be expressed by An,s cos(nΩt + sλ − ϕn,s), where An,s and ϕn,s denote the amplitude and phase of the
oscillation for each nth (=1, 2, 3,⋯) harmonic of the solar‐day oscillation and zonal wavenumber s (=⋯ , − 3, − 2,
− 1, 0, 1, 2, 3,⋯), respectively. Ω, t, and λ denote the rotation rate of the Earth (2π/day), the time (days), and the
longitude (radians), respectively. The westward (eastward) propagating wave components are denoted by s > 0
(s < 0), whereas the zonally symmetric oscillation is denoted by s = 0. The tides with n = s propagate westward
with the apparent motion of the Sun, and are called migrating tides. All the other tides (n ≠ s) are called non‐
migrating tides.

Various modes of tides are found in the dynamo region (Forbes et al., 2008; Oberheide et al., 2011; Truskowski
et al., 2014; Yamazaki et al., 2023), and some of these tides are known to be important for driving ionospheric
currents. Early modeling studies have shown that the global feature of the ionospheric current system can be
reproduced by driving a dynamo model with the neutral wind associated with the migrating diurnal and semi-
diurnal tides (Forbes & Lindzen, 1976; Richmond et al., 1976; Stening, 1977; Tarpley, 1970). Although previous
studies have established that not only migrating but also non‐migrating tidal components are important for the
equatorial electrojet (EEJ) (Lühr & Manoj, 2013; Soares et al., 2022), the tidal composition of mid‐latitude Sq
currents have not been examined, as most previous studies focused on Sq currents at particular longitude sectors.

In this study, we examine the global equivalent Sq current system using the SHA of ground‐based magnetometer
data in May 2020 to investigate the temporal and spatial variations of the Sq current system and discuss their
implications. We evaluate the temporal (day‐to‐day) evolution of different tidal components in the northern and
southern Sq current intensities for the first time.

2. Data Selection and Methods
We estimate the equivalent Sq current system using ground‐based magnetometer data from a total of 124 stations.
The stations are located between ±60° latitude regions in the quasi‐dipole magnetic coordinate system (Emmert
et al., 2010). In the remainder of the paper, the quasi‐dipole latitude and longitude are abbreviated as QLAT and
QLON, respectively. We obtain the magnetic data from several sources, including SuperMAG (Gjerloev, 2012),
INTERMAGNET (Love, 2008), Embrace MagNet (Denardini et al., 2018), and LISN/IGP (Valladares &
Chau, 2012), which provide 110, 4, 8, and 2 magnetometer stations, respectively. Our analysis includes 85 mid‐
latitude stations (30°–60°N and 30°–60°S QLAT), 36 low‐latitude stations (5°–30°N and 5°–30°S QLAT), and
three equatorial stations (5°N–5°S QLAT).

The selected time period (1–31 May 2020) corresponds to very low geomagnetic activity. It contains 17
consecutive days when the daily maximum value of the Hp60 index did not exceed 3o. Hp60 is a geomagnetic
activity index described by Yamazaki et al. (2022). It has effectively the same occurrence distribution as the Kp
index (Matzka et al., 2021) but has the higher time resolution of 1 hr in contrast to 3 hr for Kp. The Hp60 value did
not exceed 4o during the whole period.

Figure 1 displays the ground‐based stations we selected around the globe at 15:30 universal time (UT) on 1 May
2020. The red and black lines represent the magnetic equator and ±60° QLAT, respectively. The background
color represents the total magnetic field intensity obtained from the IGRF‐13 model (Alken et al., 2021), and the
night side is shown in a darker color. The ground‐based stations are selected between ±60° QLAT to avoid the
disturbance magnetic field from the high‐latitude current system (Laundal et al., 2018). Additionally, the polar
view maps are provided in the top‐left and top‐right corners of the figure.

The magnetic data obtained in the geographic coordinates (GEO) were processed as described below, and Sq
variations were derived in the local magnetic coordinates (MAG). We define the GEO coordinates as follows: its
X‐axis points toward the geographic North, its Y‐axis points toward the geographic East, and its Z‐axis points to
the center of Earth. On the other hand, the MAG coordinates has its X, Y, and Z axes pointing toward the local
magnetic North, local magnetic East, and downward directions, respectively. First, we re‐sampled 1‐min mag-
netic data to 1‐hr by averaging the data at each UT hour over 60 min centered at minute 30 (e.g., averaging 00:00–
00:59 UT yields a value at 00:30 UT). The retrieval procedures for the Sq variation are described below, and are
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also demonstrated in Figure 2 using the magnetic northward component (ΔN) of the geomagnetic field observed
at the Niemegk observatory (NGK, 52.07°N, 12.68°E) as an example.

1. The geomagnetic field variation represented in GEO coordinates (BOBS
GEO; Figure 2, top panel, black line) is

obtained by subtracting the monthly median from the raw data. This is done for each vector component of the
geomagnetic field (i.e., X, Y, and Z) to determine the observed magnetic field variations.

2. The geomagnetic field variation is also obtained using CHAOS‐7 (BCHAOS7
GEO ; Figure 2, top panel, red line).

CHAOS‐7 (Finlay et al., 2020; Olsen et al., 2006) is an empirical model of the geomagnetic field. It can predict
the main field, lithosphere field, and magnetospheric field for a given location and time. We subtract the
monthly median value from each orthogonal component of the CHAOS‐7 model output to get the BCHAOS7

GEO . It
may be noted in Figure 2 (top panel, red line) that BCHAOS7

GEO exhibits daily variation. The daily variation in
BCHAOS7

GEO is not due to Sq currents but due to large‐scale magnetospheric currents (Lühr et al., 2017), which
needs to be removed from the magnetic data for studying Sq.

3. The residual magnetic field (δBGEO; Figure 2, middle panel, blue line) is obtained after subtracting the
CHAOS‐7 model output from the observation for each orthogonal component of the geomagnetic field (i.e.,
δX, δY, and δZ), as shown in Equation 1:

δBGEO = BOBS
GEO − B

CHAOS7
GEO . (1)

4. The magnetic field baseline during quiet geomagnetic activity (δBbaseline
GEO ; Figure 2, middle panel, red line) is

obtained from the residual magnetic field. The baseline is the linear regression of the residual magnetic field at
local midnight when the Hp60 index did not exceed 2− (Figure 2, middle panel, blue dots). In other words, we
assume the currents to be vanishingly small (i.e., small in an absolute sense) at local midnight.

5. The Sq variation in the GEO (ΔBGEO; Figure 2, bottom panel, black line) is obtained after subtracting the
baseline from the residual magnetic field, as shown in Equation 2:

ΔBGEO = δBGEO − δBbaseline
GEO ≡

⎡

⎢
⎢
⎢
⎢
⎣

ΔX

ΔY

ΔZ

⎤

⎥
⎥
⎥
⎥
⎦
, (2)

where ΔX, ΔY, and ΔZ are the components of the Sq variation represented in GEO coordinates (in nT).

Figure 1. Selected stations around the globe on 1 May 2020, at 15:30 universal time. The magnetic equator and ±60° quasi‐
dipole latitude are shown in red and black lines, respectively. The background color indicates the total magnetic field
intensity from IGRF‐13 model and the night side is shown in a darker color.
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6. A vector represented in the GEO coordinates can be transformed to the local MAG (ΔBMAG; Figure 2, bottom
panel, magenta line) by rotating GEO by the angle of local magnetic declination about its Z‐axis, as shown in
Equation 3:

ΔBMAG ≡

⎡

⎢
⎢
⎢
⎢
⎣

ΔN

ΔE

ΔZ

⎤

⎥
⎥
⎥
⎥
⎦
=

⎡

⎢
⎢
⎢
⎢
⎣

cos D sin D 0

− sin D cos D 0

0 0 1

⎤

⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎣

ΔX

ΔY

ΔZ

⎤

⎥
⎥
⎥
⎥
⎦
, (3)

where ΔN, ΔE, and ΔZ are the components of the Sq variation represented in MAG coordinates (in nT). D is the
local magnetic declination angle obtained with the IGRF‐13 model.

2.1. Spherical Harmonic Analysis

We conducted a SHA on the Sq variation to estimate the global ionospheric current system. The method we used
is based on the approach developed by Suzuki (1978) but with some modifications. Suzuki (1978) performed the

Figure 2. Illustration of the data preprocessing used to obtain the northward component of the solar quiet (Sq) variation in the local magnetic coordinate (ΔN) at
Niemegk (NGK, 52.07°N, 12.68°E) during 1–31 May 2020. The top panel shows the geomagnetic field variation in the north component (X ) from ground‐based
observations (black line) and the CHAOS‐7 model output (red line). The middle panel shows the residual magnetic field (blue line, δX), the magnetic field baseline
during quiet‐time geomagnetic activity (red line), and the residual magnetic field at local midnight when Hp60 < 2o (blue dots). The bottom panel shows the northward
component of the Sq variation in geographic (navy, ΔX ) and local magnetic (magenta, ΔN) coordinates.
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SHA to the Sq data from a non‐uniform and sparse distribution of stations between ±60° in geomagnetic latitude.
Important features of his method for analyzing the geomagnetic Sq field are as follows: (a) exclusion of equatorial
stations, (b) simultaneous use of the three orthogonal components of the geomagnetic field, (c) adoption of a
weight function for each station, and (d) creation of some ghost stations. Below we explain our SHA technique
highlighting the difference from Suzuki (1978).

We start with the creation of ghost station data. Ghost stations are virtual stations deployed in regions of sparse
observations. Suzuki (1978) used eight ghost stations, for which Sq variations were estimated using magnetic data
from other (real) stations. In this study, we created five ghost stations in the nightside low‐latitude region, where
Sq dynamo currents are expected to be negligibly small. Their geographical locations change over time so that
they will always stay in the nightside. This contrasts with the ghost stations used by Suzuki (1978), whose
geographical locations were fixed. One of the five ghost stations are located where the solar zenith angle is 180°
(i.e., the local midnight), and the four other stations are located at ± 30° latitude and longitudes from that point.
We set all the Sq components (i.e., ΔN, ΔE, and ΔZ) to 0 nT at the ghost stations. This assures the presence of Sq
data in the nighttime sector and helps to avoid overfitting in the SHA, which will be described later. Similarly,
ΔN, ΔE, and ΔZ were also set to 0 nT at the magnetic poles.

We performed the averaging of ΔN, ΔE, and ΔZ in each latitude‐longitude grid of 5° × 5° at each UT hour. This is
to avoid the over‐representation of the Sq data from stations in densely‐distributed regions like Europe.

The ΔN and ΔZ components from the stations near the magnetic equator, that is, within ±5° QLAT, were
excluded from further analysis to prevent contamination from the EEJ. Unlike Suzuki (1978), ΔE from the
equatorial stations are kept in our SHA. Ground magnetic signatures of the EEJ can be found in the N and Z
components observed near the magnetic equator (Doumouya et al., 2003; Rastogi, 1989; Rigoti et al., 1999). The
localized geomagnetic perturbations due to the EEJ cannot be resolved by the low‐degree spherical harmonics that
are employed in our SHA for Sq.

The obtained three orthogonal components of the Sq field (ΔN, ΔE, and ΔZ) were used in the SHA. Although,
strictly speaking, N and E are not in the same direction as the magnetic north and east in the quasi‐dipole co-
ordinate system, we ignore the misalignment between the quasi‐dipole and local MAG in the present study.

Also, we truncated the spherical harmonic expansion performed on the Sq variation at the fourth harmonic degree
(N= 4). This degree is known to be sufficient for capturing the global feature of the Sq current system, as reported
by Takeda (2002). The harmonic analysis allowed us to determine the magnetic potential V, as described by
Yamazaki and Maute (2017):

V = RE∑
N

n=1
[(

r
RE
)

n

∑
n

m=0
{ gexmn cos(mϕ) + hexmn sin(mϕ)}Pmn (cos θ)]

+RE∑
N

n=1
[(
RE
r
)

n+1

∑
n

m=0
{ ginmn cos(mϕ) + hinmn sin(mϕ)}Pmn (cos θ)] + C,

(4)

where V denotes the magnetic potential, C denotes an arbitrary constant, r is the sphere shell radius (that is,
r = RE + h), RE is the Earth's radii (=6,371.2 km), and h is the height of the ionospheric current at E region
(=110 km). θ and ϕ are colatitudes and longitudes in quasi‐dipole coordinates, respectively. Pmn (cos θ) is the
quasi‐normalized Legendre polynomials for nth degree and mth order. The so‐called Gauss coefficients gexnm and
hexnm refer to the parts of external origin (in nT) and ginnm and hinnm refer to the parts of internal origin (in nT), both
for nth degree and mth order. From the magnetic potential, the orthogonal components of the Sq field are
determined as (Chapman & Bartels, 1940b; Yamazaki & Maute, 2017):

ΔN = ∑
N

n=1
∑
n

m=0
[
dPmn (cos θ)

dθ
cos(mϕ)] ( gexmn + ginmn )

+ ∑
N

n=1
∑
n

m=0
[
dPmn (cos θ)

dθ
sin(mϕ)] (hexmn + hinmn ),

(5)
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ΔE = ∑
N

n=1
∑
n

m=0
[
m

sin θ
Pmn (cos θ)sin(mϕ)] ( gex

m
n + ginmn )

− ∑
N

n=1
∑
n

m=0
[
m

sin θ
Pmn (cos θ)cos(mϕ)] (hex

m
n + hinmn ),

(6)

ΔZ = ∑
N

n=1
∑
n

m=0
[Pmn (cos θ)cos(mϕ)] [n gex

m
n − (n + 1) ginmn ]

+ ∑
N

n=1
∑
n

m=0
[Pmn (cos θ)sin(mϕ)] [nhex

m
n − (n + 1)hinmn ],

(7)

where ΔN, ΔE, and ΔZ are the Sq field in the local magnetic north, local magnetic east, and downward magnetic
field components (in nT), respectively. The Gauss coefficients were determined based on the least squares fitting
method so that the difference between the Sq variation and Equations 5–7 will be the smallest.

For the present study, only the external part of the equivalent Sq current system is examined. The current function
(in units of amperes) for the external equivalent Sq current system is given as follows (Chapman & Bar-
tels, 1940b; Yamazaki, 2022):

Jex = RE∑
N

n=1
[−

10
4π

2n + 1
n + 1

(
r
RE
)

n

∑
n

m=0
{ gexmn cos(mϕ) + hexmn sin(mϕ)}Pmn (cos θ)], (8)

where Jex is the external part of the equivalent current function.

2.2. Tidal Composition Analysis

We performed Fourier‐wavelet analysis to identify global‐scale wave activity in the equivalent current function.
The Fourier‐wavelet analysis is a spectral method developed by Yamazaki (2023), which provides amplitude
spectra of eastward‐ and westward‐propagating waves with different zonal wavenumbers. The Python code that
we used in this study is available at https://igit.iap‐kborn.de/yamazaki/fourierwavelet. The method involves the
Fast‐Fourier Transform (Frigo & Johnson, 1998) in longitude, followed by the wavelet transform (Torrence &
Compo, 1998) in time. In our case, the input data is a 2‐D matrix of the equivalent current function as a function of
magnetic longitude and time, sampled at the magnetic latitudes of the Sq foci. The amplitude spectra for zonal
wavenumbers 1, 2, and 3 were examined.

3. Results and Discussions
3.1. Features of the Global Equivalent Sq Current System

The external part of the global equivalent Sq current system was determined for each UT hour during 1–31 May
2020 using the SHA. Figure 3 shows contour plots of the equivalent Sq current function at various universal times
on 4May 2020. Each panel shows the map of the global equivalent Sq current function in quasi‐dipole coordinates
at 00:30 UT, 04:30 UT, 08:30 UT, 12:30 UT, 16:30 UT, and 20:30 UT, from top to bottom. The red‐blue color
scale indicates positive (solid line) and negative (dashed lines) values of the current function in kilo‐amperes with
isolines contours every 30 kA. Magnetic stations are marked with black dots, and the magnetic equator is rep-
resented by the red line. The plus‐red and minus‐blue symbols indicate the Sq foci in the Northern and Southern
Hemisphere, respectively, marked with their peak value. The corresponding Hp60 geomagnetic activity index is
shown at the top of each map. This figure illustrates the spatiotemporal variability of the equivalent ionospheric
current intensity, regardless of the low geomagnetic activity level shown in the Hp60 index.

At each UT, the local maximum (in the Northern Hemisphere) and minimum (in the Southern Hemisphere) of the
Sq current function are identified as Sq foci. They correspond to the central position of the Sq current whorl in
the Northern and Southern Hemispheres (e.g., Hasegawa, 1960). Figure 4 depicts the temporal variability of the
following three parameters during 1–31 May 2020: (a) the absolute values of the Sq current function at the Sq
foci, which represent the total amount of Sq currents flowing in each hemisphere, (b) the QLAT of the Sq foci, and
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(c) the longitudinal displacement of the Sq foci from the noon meridian. The
background color corresponds to the hourly geomagnetic activity index Hp60
from 0o to 4o. During 91.67% of the period, the Hp60 index varied between
0o and 2o, indicating a geomagnetically quiet period in May 2020. In
Figure 4, gaps are occasionally seen in the data. This is because Sq foci are
sometimes not detectable, especially during periods of relatively high
geomagnetic activity. The disappearance of Sq foci during high geomagnetic
activity was also noted in previous studies (e.g., Yamazaki et al., 2016).

In Figure 4a, the current intensity is relatively higher in the Northern
Hemisphere than in the Southern Hemisphere, with the mean value and its
corresponding standard deviation of 145 ± 32 and 84 ± 24 kA, respectively.
This observation aligns with previous studies, which consistently note
stronger Sq current intensity in the Northern Hemisphere during May
(Owolabi et al., 2022; Takeda, 2002; Yamazaki, Yumoto, Cardinal,
et al., 2011). Hibberd and Davidson (1988) reported that the Sq current in-
tensities in the Northern and Southern Hemispheres tend to vary similarly.
However, we identified a weak positive correlation (r = 0.33) between the
northern and southern Sq current intensities in our analysis. Day‐to‐day
variability in the Sq current intensity is seen in both hemispheres. Yama-
zaki et al. (2016) numerically demonstrated that the day‐to‐day variability in
the Sq current intensity can be largely attributed to the effect of atmospheric
waves that propagate from the troposphere and stratosphere (below 30 km).

Moreover, we found a positive trend of 1.3 kA/day in the northern Sq current
intensity and a negative trend of − 1.0 kA/day in the southern Sq current
intensity during May 2020. These observed trends in intensities align with the
well‐documented seasonal variations of the Sq currents. Prior studies have
consistently shown that the northern Sq currents tends to increase while the
southern Sq current intensity tends to decrease from the March equinox to the
June solstice (e.g., Owolabi et al., 2022; Yamazaki, Yumoto, Cardinal,
et al., 2011).

Upon comparing the geomagnetic activity with the Sq current intensity, we
observed a tendency for the strength of the Sq current to decrease following
enhanced geomagnetic activity (i.e., Hp60 is between 2o and 4o) in both the
Northern and Southern Hemispheres. This reduction is evident on days 1, 4–6,
10–11, 19, 22, 25, and 31. To investigate this characteristic, we analyzed the
correlation between the hourly Sq current intensities and Hp60. The monthly‐
mean UT variation of the Sq current intensity was determined and removed
from the time series of the Sq current intensity in each hemisphere. The re-
sidual Sq current intensities were compared with Hp60 considering time lags.
The results revealed the absence of correlation at zero lag, while a weak but
statistically significant negative correlation (r ≃ − 0.2, p < 0.05) emerged

Figure 3.

Figure 3. Contour plots of the external part of the global equivalent solar quiet (Sq)
currents system intensity on 4 May 2020, at 00:30 universal time (UT), 04:30 UT,
08:30 UT, 12:30 UT, 18:30 UT, and 20:30 UT, from top to bottom panels,
respectively. The vertical and horizontal axes correspond to the latitude and
longitude in quasi‐dipole coordinates, respectively. The red‐blue color scale
indicates positive (solid line) and negative (dashed lines) values of the current
function in kilo‐amperes with isolines contours every 30 kA. The black dots indicate
the magnetic station and the red line is the magnetic equator. The plus‐red and
minus‐blue symbols indicate the Sq foci in the Northern and Southern Hemisphere,
respectively, marked with their peak value. The corresponding Hp60 geomagnetic
activity index is shown at the top of each map.
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when the Sq current intensities were lagged behind Hp60 by 3–6 hr. This means that there is a time delay of
several hours for the Sq current intensity to respond to enhanced geomagnetic activity. The negative response of
Sq current intensities to Hp60 is likely due to the disturbance dynamo effect (Blanc & Richmond, 1980), which
was also reported in previous observational studies (Le Huy & Amory‐Mazaudier, 2008; Yamazaki, Yumoto,
Uozumi, & Cardinal, 2011).

In Figure 4b, the mean value of the Sq focus latitude and its corresponding standard deviation in the Northern
Hemisphere is 31° ± 5° QLAT, while in the Southern Hemisphere, it is − 33° ± 7° QLAT. This aligns with
findings by Campbell and Schiffmacher (1985), Campbell and Schiffmacher (1988), who reported that the Sq
focus latitude ranges from 30° to 42.5° magnetic latitude in the Northern Hemisphere and − 35.0° to − 22.5°
magnetic latitude in the Southern Hemisphere inMay. Previous studies have shown an equatorward shift of the Sq
foci with increasing Sq current intensities (Kane, 1974; Takeda, 1999). We noted a poleward shift of the southern
Sq focus by approximately 10° starting from day 19, coinciding with a reduction in the strength of the southern Sq
current intensity. The previous study by Stening et al. (2005) reported a poleward shift of the Sq foci with
increasing strength of the EEJ. However, the EEJ is not evaluated in this study. The day‐to‐day relationship
between the Sq focus latitude and Sq intensity is not clear in our data. Additionally, we observed a shift of the Sq
foci toward the equator (pole) with increasing (decreasing) geomagnetic activity in both the Northern and
Southern Hemispheres. Nevertheless, further studies may be conducted to investigate the physical mechanism of
the systematic scattering of the Sq foci with geomagnetic activity.

Figure 4. Time series of the (a) the absolute value of the solar quiet (Sq) current intensity, (b) the absolute value of Sq foci
QLAT, and (c) the longitudinal distance between the noon meridian and Sq foci, both in the Northern (red circle) and
Southern (blue circle) Hemispheres during 1–31 May 2020. The background color corresponds to the hourly geomagnetic
activity index Hp60 from 0o to 4o.
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The longitudinal distance between the noon meridian and Sq foci is depicted in the bottom panel (Figure 4c). As
shown in this panel, the northern Sq focus is shifted to the morning sector and the southern Sq focus is shifted to
the afternoon sector at all UTs, which is also seen in Figure 3. On average, the northern Sq focus is located
approximately 30° west of the southern Sq focus. In other words, the northern Sq focus appears earlier than the
southern Sq focus by approximately 2 hours in local time. The results are consistent with findings from previous
climatological studies (e.g., Campbell & Schiffmacher, 1985, 1988; Liu et al., 2024; Yamazaki, Yumoto, Car-
dinal, et al., 2011). However, our investigation explores novel aspects of the global Sq external current function in
a continuous quiet days, capturing the day‐to‐day and longitudinal variation of both the northern and southern Sq
current whorls at different UT times.

Longitudinal (and hence UT) variation of the Sq current system can result from various causes. One important
factor is the longitudinal variation of the main geomagnetic field intensity. Since ionospheric conductivities
depend on the intensity of the main geomagnetic field, the longitudinal variation of the main geomagnetic field
leads to the longitudinal variation of Sq currents (Stening, 1971). Another factor to be considered is non‐migrating
tides. Unlike migrating tides, neutral wind perturbations due to non‐migrating tides vary with longitude at a fixed
local time. This can lead to the longitudinal variation in the U × B electromotive force and thus Sq currents.
Previous studies based on global satellite magnetic measurements found some hint of non‐migrating tidal effects
on the Sq current system (e.g., Chulliat et al., 2016; Pedatella et al., 2011).

Figure 5 displays the Sq current intensities at 31°N QLAT (top panel) and 33°S QLAT (bottom panel) as a
function of magnetic longitude and time duringMay 2020. These latitudes correspond to the monthly mean values
of the Sq focus latitudes. The contours indicated as black solid and dashed lines are the Sq current intensity of
60 kA and − 60 kA, respectively. The gray shading corresponds to the time when Sq foci are not determined. In the
Northern Hemisphere, the Sq current intensity at the magnetic latitude of the Sq focus position exhibits consistent
variations. The Sq current intensity in the Southern Hemisphere exhibits more pronounced UT (day‐to‐day and
hour‐to‐hour) and longitude variabilities.

3.2. The Tidal Variability in the Sq Current Intensity

The Fourier‐wavelet analysis (Yamazaki, 2023) was performed on the longitude‐time data of the Sq current
intensities presented in Figure 5. Figure 6 shows the amplitude spectra for the westward‐propagating components
with zonal wavenumbers 1, 2, and 3 (W1, W2, and W3, respectively) at the northern (left panels) and southern

Figure 5. The contour plots of the solar quiet (Sq) current system intensity as a function of quasi‐dipole longitude and each
universal time hour on 1–31 May 2020 in the Northern (31°N QLAT, top panel) and Southern (33°S QLAT, bottom panel)
Hemispheres. The black solid and dashed lines indicate the Sq intensity of 60 and − 60 kA, respectively. The gray shading
corresponds to the time when Sq foci are not determined.
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(right panels) Sq foci. The W1 component with the period of 24 hr corresponds to the migrating diurnal tide
(hereafter DW1). Similarly, the W2 andW3 components with the periods of 12 and 8 hr correspond, respectively,
to the migrating semidiurnal tide (SW2) and migrating terdiurnal tide (TW3).

In both hemispheres, the amplitudes of DW1, SW2, and TW3 are above the 95% confidence level. In the Northern
Hemisphere, the mean amplitude and its corresponding standard deviation of DW1, SW2, and TW3 are
52.7 ± 9.2, 26.6 ± 4.7, and 9.3 ± 1.9 kA, respectively. In the Southern Hemisphere, they are 16.7 ± 6.4,
14.7 ± 4.7, and 7.1 ± 1.9 kA. The larger amplitude in the Northern Hemisphere can be attributed to the higher
ionospheric conductivities. Besides, it is possible that there is north‐south asymmetry in tidal forcing. For
instance, Zhang and Shepherd (2005) analyzed the monthly behavior of the diurnal tide in the thermospheric wind
from 1992 to 1996 for latitudes between 40°S and 40°N. They noted that the monthly diurnal tide is consistently
higher in the Northern Hemisphere than in the Southern Hemisphere during equinoxes between altitudes of 100
and 110 km, aligning with our findings.

It is not surprising to find migrating tidal components (DW1, SW2, and TW3) in the Sq current system since
ionospheric conductivities in the E‐region are strongly controlled by solar radiation. During day, ionospheric
conductivities increase, while they decrease at night, leading to migrating tidal variations in Sq currents. How-
ever, the northern and southern Sq current intensities show very weak correlation (i.e., r= 0.05 for DW1, r= 0.17
for SW2, and r= 0.33 for TW3). The difference in the temporal variabilities of DW1, SW2, and TW3 between the
Northern and Southern Hemispheres cannot be explained by changes in solar radiation, which would affect
northern and southern Sq current intensities in the same manner. It is likely that neutral winds are responsible for
different temporal variations of DW1, SW2, and TW3 between the two hemispheres. Day‐to‐day variations of
tides at E‐region heights are not correlated between the Northern and Southern Hemispheres (e.g., Yamazaki
et al., 2014).

While exploring the Fourier‐wavelet spectral amplitude of the northern Sq current intensity across different wave
numbers, we did not find any significant trend (≤0.1 kA/day) during May 2020, despite a positive trend observed
in the northern Sq current intensity in Figure 4a. In contrast, our analysis of the southern Sq current intensity
revealed a negative trend of − 0.66 kA/day (or a reduction of 20.5 kA) for DW1, − 0.45 kA/day (or a reduction of

Figure 6. Fourier‐wavelet spectra for the solar quiet (Sq) current intensity at the Sq focus latitudes in the Northern Hemisphere (a, c, e) and Southern Hemisphere (b, d, f)
during 1–31 May 2020, for the westward‐propagating components with zonal wavenumbers 1, 2, and 3 (W1, W2, and W3, respectively). Magenta lines correspond to
the amplitude at the 95% confidence level. The gray shading indicates the time when Sq foci were noted determined. The time‐averaged amplitude (blue line) is also
shown next to each panel.
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13.9 kA) for SW2, and − 0.15 kA (or a reduction of 4.6 kA) for TW3. This may be related to the negative trend in
the southern Sq current intensity affecting the amplitude reduction observed in DW1, SW2, and TW3
components.

Figure 7 is the same as Figure 6 but for the eastward‐propagating components with zonal wavenumbers 1, 2,
and 3 (E1, E2, and E3, respectively). For the E1 component, the mean amplitude and its corresponding standard
deviation is 5.7 ± 2.0 kA at the period of 24 hr (DE1) in the Northern Hemisphere and 3.8 ± 1.4 kA at 12 hr
(SE1) in the Southern Hemisphere. For the E2 component, the mean amplitude and its corresponding standard
deviation are 2.8 ± 1.3 and 1.7 ± 0.6 kA in the Northern and Southern Hemispheres, respectively. Both are at
the period of 12 hr (SE2). For the E3 component, the mean amplitude and its corresponding standard deviation
are 2.0 ± 0.6 and 1.1 ± 0.5 kA in the Northern and Southern Hemispheres, respectively. They are not
necessarily related to tides, as their wave periods are not at 24, 12, or 8 hr. The tidal amplitudes in E1, E2, and
E3 are generally greater in the Northern Hemisphere than in the Southern Hemisphere, reflecting the higher
ionospheric conductivities in the Northern Hemisphere. No eastward‐propagating tidal components exceed the
95% confidence threshold.

Furthermore, our investigation revealed strong day‐to‐day variability in the amplitude of non‐migrating tidal
components identified in Sq current intensities in both hemispheres. Earlier studies revealed day‐to‐day vari-
ability of both migrating and non‐migrating tides in the dynamo region (e.g., Akmaev et al., 2008; Forbes
et al., 2019; Pedatella et al., 2012).

Figure 8 presents global spectra (i.e., time‐averaged spectra) for the Sq current intensities at the Northern and
Southern Sq focus latitudes during 1–31 May 2020. In both hemispheres, the migrating tidal components (DW1,
SW2, and TW3) are identified as dominant features with their amplitudes exceeding the 95% confidence level.
Apart from migrating tidal components, some non‐migrating tidal components are also visible. The eastward‐
propagating diurnal and semidiurnal tides with zonal wavenumber 1 (i.e., DE1 and SE1) are the largest non‐
migrating tidal components. Although previous studies found DE1 and SE1 in the lower thermosphere (e.g.,
Forbes et al., 2008; Oberheide et al., 2006), their amplitudes are relatively small compared with other non‐
migrating tides. Also, studies on tidal effects on the EEJ (Lühr & Manoj, 2013; Soares et al., 2022) did not
find strong signatures of DE1 and SE1 in the EEJ. The mechanism for generating DE1 and SE1 in Sq currents is
unclear.

Figure 7. Same as Figure 6, except for the eastward‐propagating wave component.
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4. Concluding Remarks
In this study, we conducted a SHA on the solar quiet daily variation of the geomagnetic field to derive the
external equivalent Sq current system for each UT hour throughout 1–31 May 2020. Our focus was on
examining the spatial and temporal characteristics of the Sq currents and the tidal variations in these currents in
both the Northern and Southern Hemispheres. The key findings and highlights of the analysis are summarized
as follows:

1. Sq currents are stronger in the Northern Hemisphere. The mean value of the Sq current intensity and its
corresponding standard deviation are 145± 32 kA in the Northern Hemisphere and 84± 24 kA in the Southern
Hemisphere. The stronger Sq currents in the Northern Hemisphere can be attributed to higher ionospheric
conductivities during May, and are consistent with previous reports.

2. The Sq focus magnetic latitude position shows strong day‐to‐day variability. The mean value of the Sq focus
latitude and its corresponding standard deviation are 31° ± 5° QLAT in the Northern Hemisphere and
− 33° ± 7° QLAT in the Southern Hemisphere.

3. Spatial (longitudinal) and temporal (hour‐to‐hour and day‐to‐day) variations of the Sq current intensity are
identified. The variations are not correlated between the Northern and Southern Hemispheres.

4. The wave analysis of the Sq current intensity reveals that migrating tidal components (DW1, SW2, and TW3)
are predominant in both hemispheres. Their variations are not correlated between the Northern and Southern
Hemispheres, indicating the contributions not only from global processes like the solar radiation effect on
ionospheric conductivities but also from local wind‐dynamo effects.

5. Non‐migrating tidal components have also been found in Sq current intensities, among which eastward‐
propagating components with zonal wavenumber 1 (DE1 and SE1) are the strongest. The mechanism for
the DE1 and SE1 components of Sq remains to be identified.

6. In conclusion, our analysis contributes to a better understanding of the spatiotemporal variability in the global
ionospheric current system, emphasizing the presence of both migrating and non‐migrating tidal wave
components.

Data Availability Statement
The ground‐based geomagnetic field data are available in SuperMAG (https://supermag.jhuapl.edu/), INTER-
MAGNET (https://intermagnet.github.io/), Embrace MagNet (https://www2.inpe.br/climaespacial/portal/pt/),
and LISN/IGP (http://lisn.igp.gob.pe/jdata/database/). The code for running the IGRF‐13 model is available at

Figure 8. The contour plots illustrating the Fourier‐wavelet spectra of time‐averaged amplitude for the solar quiet (Sq) current
intensities on 1–31 May 2020 over 31°N (left panel) and 33°S (right panel) quasi‐dipole latitudes. The wavenumber >0
corresponds to the westward‐propagating component and the wavenumber <0 is the eastward‐propagating component. The
black contour lines correspond to amplitude spectra above the 95% confidence for a red noise background.
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NOAA (https://www.ngdc.noaa.gov/IAGA/vmod/igrf.html). The code for running the CHAOS‐7 model is
available at DTU Space (http://www.spacecenter.dk/files/magnetic‐models/CHAOS‐7/). The hourly geomag-
netic activity index Hp60 is available at GFZ Potsdam (https://kp.gfz‐potsdam.de/hp30‐hp60).
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