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Abstract

Electric currents flowing in the terrestrial ionosphere have conventionally been diagnosed by low-earth-orbit (LEO)
satellites equipped with science-grade magnetometers and long booms on magnetically clean satellites. In recent
years, there are a variety of endeavors to incorporate platform magnetometers, which are initially designed for
navigation purposes, to study ionospheric currents. Because of the suboptimal resolution and significant noise of the
platform magnetometers, however, most of the studies were confined to high-latitude auroral regions, where mag-
netic field deflections from ionospheric currents easily exceed 100 nT. This study aims to demonstrate the possibility
of diagnosing weak low-/mid-latitude ionospheric currents based on platform magnetometers. We use navigation
magnetometer data from two satellites, CryoSat-2 and the Gravity Recovery and Climate Experiment Follow-On
(GRACE-FQ), both of which have been intensively calibrated based on housekeeping data and a high-precision geo-
magnetic field model. Analyses based on 8 years of CryoSat-2 data as well as ~ 1.5 years of GRACE-FO data reproduce
well-known climatology of inter-hemispheric field-aligned currents (IHFACs), as reported by previous satellite missions
dedicated to precise magnetic observations. Also, our results show that C-shaped structures appearing in noontime
IHFAC distributions conform to the shape of the South Atlantic Anomaly. The F-region dynamo currents are only par-
tially identified in the platform magnetometer data, possibly because the currents are weaker than IHFACs in general
and depend significantly on altitude and solar activity. Still, this study evidences noontime F-region dynamo currents
at the highest altitude (717 km) ever reported. We expect that further data accumulation from continuously operating

dynamo currents

missions may reveal the dynamo currents more clearly during the next solar maximum.
Keywords: Platform magnetometers, CryoSat-2, GRACE-FO, Inter-hemispheric field-aligned currents, F-region

Introduction

There exist many different systems of electric currents
in the terrestrial ionosphere. Among them, field-aligned
currents (FACs) in the auroral ionosphere (e.g., Blagau
and Vogt 2019) generate the largest changes in the geo-
magnetic field, whose magnitude can exceed 100 nT
when observed by low-earth-orbit (LEO) satellites. The
second strongest magnetic deviations come from the
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equatorial electrojet (EE]) flowing along the dip equa-
tor in the ionospheric E-layer (Lithr and Maus 2006;
Yamazaki and Maute 2017) and auroral electrojets in the
high-latitude E-layer (Smith et al. 2017), both of which
can generate deflections of the order of 10 nT at LEO
(e.g., Alken et al. 2015, Figure 1).

Also, there are other ionospheric current systems
with weaker magnetic effect than the two mentioned
above. To name a few, we have solar quiet (Sq) cur-
rents flowing in the ionospheric E-layer (Yamazaki and
Maute 2017), inter-hemispheric field-aligned currents
(IHFACs) connecting the two Sq systems in respective
hemispheres (Shinbori et al. 2017; Liihr et al. 2015, 2019),
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gravity-driven horizontal currents (Lithr and Maus 2006;
Maute and Richmond 2017), pressure-driven currents
which counter-balance plasma density inhomogene-
ity (Lithr et al. 2003; Stolle et al. 2006; Alken et al. 2016;
Maute and Richmond 2017; Rodriguez-Zuluaga et al.
2019; Laundal et al. 2019), wind-driven dynamo cur-
rents flowing vertically in the ionospheric F-layer (Lithr
and Maus 2006), horizontal currents across the polar cap
closing net auroral FACs (Lithr and Zhou 2020, and ref-
erences therein), and low-/mid-latitude small-scale FACs
resulting from a divergence of background currents by
ionospheric irregularities (Park et al. 2009; Rodriguez-
Zuluaga et al. 2017; Yin et al. 2019). There also exist
magneto-hydrodynamic (MHD) waves propagating in
the ionosphere and accompanying currents, such as Pc3
(Heilig and Sutcliffe 2016) and Pc1 pulsations (Kim et al.
2018; Gou et al. 2020).

Ground-based magnetic observations have been useful
in studying ionospheric currents for centuries. Still, the
data cannot constrain all the ionospheric current systems
due to ground magnetic field perturbations including
ionospheric currents, FACs, ground-induced currents,
and magnetospheric currents (Fukushima 1976). In situ
measurements are indispensable for proper reconstruc-
tions of ionospheric currents. Though electric current is
simply the net flux of positively and negatively charged
particles, it is hard to estimate electric currents by count-
ing particles onboard artificial satellites, because of dif-
ficulties in instrumentation (e.g., Dunlop et al. 2018, p.
68). As a result, ionospheric current systems have con-
ventionally been diagnosed by combining the Ampere’s
induction law and data from science-grade magnetom-
eters onboard LEO satellites: especially suites equipped
with long booms (to avoid spacecraft bus noise), vector
field magnetometers (to get full 3-dimensional vectors),
and absolute scalar magnetometers (for continuous in-
flight calibration and corrections for sensor axis distor-
tion). Those systems include, since the seminal mission
of Magsat in the 1970s (e.g., Maeda et al. 1982), Orsted
(e.g., Neubert et al. 2001), Satélite de Aplicaciones Cienti-
ficas-C (SAC-C; Colomb and Varotto 2003), Challeng-
ing Minisatellite Payload (CHAMP; Reigber et al. 2005),
and the European Space Agency (ESA)’s Swarm constel-
lation (Friis-Christensen et al. 2006). Related studies on
ionospheric currents using data from these satellites are,
to name a few, Yamashita and Iyemori (2002) for Orsted,
Alken and Maus (2007) for SAC-C, Lihr et al. (2003) for
CHAMP, and Liihr et al. (2015) for Swarm constellation.
A review of scientific studies from satellite-based high-
precision magnetometers is provided in Olsen and Stolle
(2012).

In recent years, there have been active endeavors to
make use of navigation magnetometers placed on the
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satellite body (‘platform magnetometers’ hereafter) for
diagnosing ionospheric currents. The most famous one
among them is the Active Magnetosphere and Planetary
Electrodynamics Response Experiment (AMPERE) pro-
ject. It is based on the commercial Iridium and Iridium-
NEXT satellite constellations, which consist of several
tens of satellites uniformly distributed around the globe
at an altitude of 780 km. Based on their platform mag-
netometers, the AMPERE project produces global-scale
maps of high-latitude field-aligned currents (FACs)
every 2 min (https://ampere.jhuapl.edu/). However, due
to the suboptimal noise level of the magnetometer out-
puts (>70 nT) (Anderson et al. 2000), the project only
addresses high-latitude FACs (e.g., McGranaghan et al.
2017), which can generate magnetic field deflections of
the order of 100 nT (e.g., Wu et al. 2017) with FAC den-
sity beyond 1000 nA/m? Detailed descriptions on the
current density estimation methods of AMPERE are
given in Anderson et al. (2002, 2014).

The purpose of this study is to demonstrate the abil-
ity of platform magnetometers, e.g., on CryoSat-2 and
Gravity Recovery and Climate Experiment Follow-On
(GRACE-FO), after extensive calibration effort during
post-processing, to diagnose weaker ionospheric cur-
rents flowing at low-/mid-latitude regions, which typi-
cally amounts only to a few nA/m? at LEO: approximately
100 times weaker than typical high-latitude FAC density.
In the following, “Satellites, instruments, and data pro-
cessing methods” section is dedicated to introducing the
satellite missions and to describing their magnetic data
as well as the method of a current estimation out of the
magnetic field data. “Results” section presents the clima-
tology of low-/mid-latitude ionospheric currents recon-
structed by platform magnetometer data. Discussions on
the results will be given in “Discussion” section, and we
draw conclusions in the last section.

Satellites, instruments, and data processing
methods

CryoSat-2 belongs to ESA’s Living Planet Program and
aims to observe the Earth’s ice in Arctic and Antarctic
regions. The satellite was launched into a polar circu-
lar orbit (inclination angle ~92°) at an altitude of about
717 km on 08 April 2010. The local time (LT) of the orbit
precesses slowly with a speed of 12 h every 8 months
(1.5 h per month). It carries three flux-gate magnetome-
ters (FGM) and star trackers (Olsen et al. 2020). Based on
a geomagnetic field model, CHAOS (https://www.space
.dtu.dk/english/research/scientific_data_and_models/
magnetic_field_models), the platform magnetometer
data have been calibrated intensively, details of which are
given in Olsen et al. (2020). The data rate is 0.25 Hz: this
low data rate is not due to data averaging over 4 s, but
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the actual spot reading frequency. All the post-processed
data between 2010 and 2018 are open to the public at the
ESAs web page: https://swarm-diss.eo.esa.int/#swarm
%2F%23CryoSat-2. In this study, we use the combined
and filtered data out of all the three FGM’s (B_NEC as
described in Table 3 of Olsen et al. 2020).

GRACE-FO is a follow-on mission of the GRACE twins
decommissioned in October 2017, and the chief sci-
ence goal is a precise measurement of the Earth’s grav-
ity field. On 22 May 2018, two GRACE-FO satellites
were launched into a polar orbit (inclination angle ~ 89°)
whose altitude is about 490 km. The LT precession rate is
about 2.2 h per month. The satellites carry flux-gate mag-
netometers as a part of the attitude—orbit control system.
Their magnetic field data have been calibrated at Geo-
ForschungsZentrum (GFZ) (Stolle et al., submitted to
Earth Planets and Space). Between the two GRACE-FO
satellites (FO1 and FO2), we opt to use only GRACE-FO1
because of the magnetically cleaner data than those of
GRACE-FO?2. Note that the GRACE-FO altitude is below
that of CryoSat-2 by about 230 km and that little tempo-
ral overlap (only a part of the year 2018) exists between
their data sets used here. The cadence of GRACE-FO
magnetometer data is 1 s.

Vertical current density is estimated from the mag-
netic field data according to the Ampere’s law: the curl of
B-field is proportional to local current density. As single-
spacecraft observations are one-dimensional along the
track, which makes the Ampere’s law an ill-posed prob-
lem, we assume that ionospheric currents form infinite
planes with negligible temporal variations over two adja-
cent B-field measurements used for current density esti-
mation (4 s for CryoSat-2 and 1 s for GRACE-FO). Note
that the vertical current density was estimated based on
the assumption that the planar current sheet is perpen-
dicular to the orbit plane (Ritter and Lithr 2013). After
making corrections for core, lithospheric, and magneto-
spheric fields using a geomagnetic field model, the verti-
cal current density can be estimated from the along-track
difference of the ionospheric magnetic field, which will be
used in climatological studies in the following sections.
Detailed descriptions of the current density estimation
are given in Ritter and Lithr (2013, section 3. Determina-
tion of the Single-Satellite Solution).

In the following statistics, we divide 1 year into three
Lloyd seasons. Combined equinox consists of March,
April, September, and October. June (December) solstice
is composed of May, June, July, and August (November,
December, January, and February). These definitions fol-
low the conventions adopted by Liihr et al. (2019). Fig-
ure 1 presents data coverage as a function of MLT and
day-of-year: (a) CryoSat-2, and (b) GRACE-FO. Sea-
sonal boundaries are annotated on the right. Ideally, the
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two-dimensional spaces in Fig. 1 should be uniformly
red so that there would be no aliasing between MLT and
seasonal variations. However, actual data coverage can
hardly achieve such an ideal level because of spacecraft
orbit characteristics and limited operation time inter-
val. The half-precession periods, during which a satellite
can observe the whole 24-h MLT range, is 8 months for
CryoSat-2 and about 5.5 months for GRACE-FO. Within
a season defined above (4 months), GRACE-FO can-
not visit all the MLT sectors (24 h) and misses a part of
them while CryoSat-2 can diagnose just a half (12 h in
MLT). Despite these limitations, defining a season to be
8-month long is unreasonable, and following the con-
ventions in previous studies makes a direct comparison
easier. That is why we define a season as described above.

For data binning, we first apply a low-pass filter (win-
dow size ~20 s) to the original time series of vertical
current density, as recommended by Olsen et al. (2020):
5-point Savitzky—Golay filter for CryoSat-2 and 21-point
one for GRACE-FO. Though the CryoSat-2 data used in
this study are already filtered (Olsen et al. 2020), we apply
the Savitzky—Golay filter to both CryoSat-2 and GRACE-
FO for straightforward comparison. The smoothed ver-
tical current density is bin-averaged as a function of
magnetic latitude (MLAT; vertical axis) and magnetic
local time (MLT; horizontal axis) in Fig. 2. The MLAT
and MLT are defined in the quasi-dipole coordinate sys-
tem (Richmond 1995; Laundal and Richmond 2017). The
bin size is 1° in MLAT and 0.2 h in MLT. All the data
points irrespective of geomagnetic activity are included
in the statistics. The current density, of which either the
magnitude or adjacent difference exceeds 500 nA/m? are
deemed artifacts and are excluded. Also, a whole daily file
is neglected if the adjacent difference of vertical current
density ever exceeds 500,000 nA/m? or a daily average of
vertical current density deviates significantly from zero,
beyond # 10 nA/m?

Results

IHFACs

Figure 2 shows vertical current density representing
IHFACs (i.e., hemispherically anti-symmetric compo-
nent). The solar and geomagnetic activity was generally
low during the CryoSat-2 observation periods. The mean
and standard deviation of the F,,; index from 01 January
2011 to 31 December 2018 were 108 £42 solar flux unit
(sfu), and only a few magnetic storms occurred with K|,
values above 4. Red and blue colors correspond to verti-
cally upward (and presumably field-aligned) and down-
ward (and also field-aligned) directions, respectively. In
brief, we may construe that IHFACs in Fig. 2 flow from
the red area to the blue area between conjugate points
(i.e., points with the same |MLAT| but in the opposite
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Fig. 1 Data coverage as a function of MLT and day-of-year for a CryoSat-2 and b GRACE-FO. Borders for different seasons are given as annotations
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Fig. 2 Hemispherically anti-symmetric components of vertical current density (i.e.,, IHFACs) from CryoSat-2 as a function of MLT (abscissa) and MLAT
(ordinate). From top to bottom, respective panels represent combined equinoxes, June solstice, and December solstice. The ‘MAG4! in the figure
title signifies a combined solution of B-field from the three magnetometers onboard CryoSat-2

hemispheres). Note that Fig. 2 represents ‘vertical’ cur-
rent density in the zenith direction, and that we did not
multiply them with an obliquity factor. Such a factor
reflects nonzero angles between background magnetic
field and zenith (i.e., quantitative relationship between
field-aligned and vertical currents) and is convention-
ally used at high latitudes. However, mapping of verti-
cal currents to the main magnetic field direction is not
meaningful for regions with low magnetic inclination
around the equator (e.g., Ritter and Lithr 2013). A 3-by-3
two-dimensional median filter has been applied to the
bin-averages for visual clarity. White squares represent
six regimes defined by three MLT regions (dawn/noon/
dusk) and two MLAT ranges (low-/mid-latitudes) follow-
ing Park et al. (2020). The squares do not delineate strict
geophysical borders, but are shown just to guide readers’
eyes and to facilitate discussions.

Each panel in Fig. 2 corresponds to a season: (top)
combined equinox, (middle) June solstice, and (bottom)
December solstice. Following a convention in previous
studies (e.g., Yamashita and Iyemori 2002; Park et al
2011, 2020), we decompose the bin-averaged vertical cur-
rent density in the MLAT-MLT space into the following
two categories. Hemispherically anti-symmetric com-
ponents (e.g., upward in the northern hemisphere and
downward in the south at the conjugate locations) repre-
sent IHFACs while symmetric parts (e.g., upward in both
hemispheres at the conjugate locations; mirror images
across the dip equator) correspond to F-region dynamo
currents. The former and the latter will be presented and
discussed separately below.

First, we describe current distributions at low latitudes
(JMLAT|<35°) in Fig. 2. Near noon the low-latitude cur-
rents during combined equinoxes (Fig. 2a) and June
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solstice (Fig. 2b) are from the Southern Hemisphere (SH)
to the Northern Hemisphere (NH) while the direction is
reversed around dusk. On the morningside (06—09 MLT),
(1) currents during June solstice, albeit weak, have the
same polarity as that of dusk, and (2) equinoctial currents
have the opposite polarity. In December solstice (bottom
panel), the low-latitude currents are weak and exhibit
intricate patterns, but we can see well-organized SH-to-
NH currents in the morning (06—09 MLT). For all the
three seasons nightside (21 MLT ~ 06 MLT via midnight),
low-latitude currents are weak. Second, we address cur-
rent distributions at mid-latitudes (JMLAT|>35°) in
Fig. 2. During combined equinoxes and June solstice
the current polarity changes across +35° MLAT so that
there appear distinct current systems equatorward and
poleward of the border. In December solstice the most
notable features are strong NH-to-SH currents near dusk
at [MLAT|>35°. All these features conform to previous
Swarm observations using science-grade magnetometers,
which were reported by Liihr et al. (2015, 2019) and Park
et al. (2020). Furthermore, the absolute levels of current
density, which are several nA/m?, also agree well with
earlier studies such as Liihr et al. (2019).

Note that during the combined equinoxes (Fig. 2a)
IHFACs at low-latitudes (|]MLAT|< 35°) are much weaker
during 12-15 MLT than 9-12 MLT. Similar prenoon-—
postnoon asymmetry can also be seen during June sol-
stice (Fig. 2b), but it is not as drastic as in Fig. 2a. This
apparent equinox—June discrepancy was not seen in
recent Swarm observations (e.g., Lithr et al. 2019; Fig-
ure 5; Park et al. 2020; Figure 3). We attribute the dis-
crepancy to the uneven data coverage of CryoSat-2 in the
MLT-season space (i.e., to the MLT-season aliasing). In
Fig. 1a, data coverage for 12-15 MLT during combined
equinoxes are significantly biased towards December
solstices, which can make the equinoctial IHFACs in
this MLT sector more December-like weak currents, as
shown in Fig. 2c.

Figure 3 is the same as Fig. 2, but from GRACE-FO
data. The solar and geomagnetic activity is low for the
GRACE-FO data used here. The F,;, index from 01 June
2018 to 28 November 2019 was 70+ 3 sfu, and only one
significant storm occurred during the period (in August
2018 with a K, value up to 7+ for a short term). The basic
patterns we identified earlier in Fig. 2 can also be seen in
Fig. 3, albeit slightly noisier. Note that white areas repre-
sent data gaps, which show that the data coverage is not
as complete as that of CryoSat-2 due to the short mis-
sion lifetime (less than two years). Still, the consistency
between combined equinoxes (panel a) and June solstice
(panel b) is reasonably good. Low-latitude current direc-
tions during those seasons are northward near noon
and southward at dusk, while current polarity changes
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near+35° MLAT, as expected from previous studies.
During December solstice, the current patterns are less
well organized than during the other seasons, which is
also in general agreement with Fig. 2.

F-region dynamo currents

In Fig. 4 obtained from CryoSat-2 data, we present the
‘hemispherically symmetric’ component of vertical cur-
rents, which is deemed as F-region dynamo currents. It is
generally accepted that zonal winds blowing in the ther-
mosphere drive vertical currents around the dip equa-
tor (e.g., Rishbeth 1971a, b). Many satellites (e.g., Olsen
1997; Lithr and Maus 2006; Liihr et al. 2015) gave obser-
vational evidence for this current system. We focus on
near-equatorial regions (|MLAT|<10°% inside the white
squares), for which most of the previous papers reported
F-region dynamo currents (e.g., Olsen 1997, Plate 2; Liihr
et al. 2015, Figure 4). Note in Fig. 4, the vertical currents
near the equator are not aligned with but mostly perpen-
dicular to background magnetic field. As in Fig. 2, white
squares are given to guide readers’ eyes. The left and right
squares, respectively, represent dayside, where downward
equatorial currents are expected, and evening, where
equatorial currents are known to flow upward (e.g., Lithr
and Maus 2006; Figure 1; Lithr et al. 2015; Figure 4).

Overall, the currents are weaker than the anti-symmet-
ric counterpart shown in Fig. 2. The equatorial downward
currents (blue color) at 12—-15 MLT during combined
equinoxes (panel a) and December solstice (panel c),
which are annotated by red arrows, may reflect true
F-region dynamo currents. However, in the pre-noon
sector (08—12 MLT), there appear weak upward currents
at the equator (reddish color). This does not conform to
previous studies on the F-region dynamo currents (Liithr
and Maus 2006; Park et al. 2010; Liihr et al. 2015), all of
which reported downward equatorial currents during
daytime and upward equatorial currents at dusk. Hence,
it is highly probable that the equatorial currents in Fig. 3,
although partly exhibiting F-region dynamo current
systems, are affected by instrument noise and artificial
signals from the satellite body. Comparable levels of dis-
turbance during the day and at night (after 21 MLT) fur-
ther support this hypothesis because F-region dynamo
currents are much weaker during the nighttime than dur-
ing daytime (Liihr et al. 2015, Figure 4).

Figure 5 is the same as Fig. 4, but represents GRACE-
FO data. We can still identify equatorial downward
currents (blue color) at 12-15 MLT during combined
equinoxes (panel a) and December solstice (panel c),
which are annotated by red arrows. These are consist-
ent with the CryoSat-2 observations and may reflect
the F-region dynamo currents. However, signals in
Fig. 5 are even noisier than in Fig. 4, nightside currents
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Fig. 3 The same as Fig. 2, but from GRACE-FO1

are comparable to dayside ones, and pre-noon currents
are still upward contrary to expectations from previous
studies for similar altitudes (Lithr et al. 2015, Figure 4).
Hence, we construe that the F-region dynamo current
signatures may partially exist in the GRACE-FO data, but
are significantly affected by noise and/or artefacts.

Discussion

IHFACs: reproducing science-grade magnetometer
observations

The platform magnetometer data used in this study
can reproduce low-/mid-latitude IHFAC climatology
reported previously by science-grade magnetometers.
Specifically, we have demonstrated in “Results” sec-
tion that platform magnetometer data of CryoSat-2
and GRACE-FO successfully reproduce IHFAC clima-
tology as reported previously. Statistical distributions
of the vertical currents at CryoSat-2 and GRACE-FO

altitudes generally agree with previous Swarm and
CHAMP studies. The agreement at different altitudes
is as expected because IHFACs are, by definition, a
field-aligned (then nearly altitude-independent) sys-
tem from one hemisphere to the other. As an exercise,
we have also plotted the IHFACs in the Apex latitude
vs. MLT space, where the Apex latitude is defined by a
field-aligned mapping of data points down to 110 km
irrespective of the actual observation altitudes (Rich-
mond 1995). The results for CryoSat-2 and GRACE-
FO are shown in Figs. 6 and 7, respectively. We can see
that Apex latitudes of peak IHFACs at different satel-
lite data (at different altitudes) generally agree with
each other, which supports that the detected signals
are due to IHFACs (i.e., a current system aligned with
the background magnetic field). GRACE-FO results
in Fig. 7 exhibit less clear distributions than in Fig. 6,
possibly because of the less amount of data (only about



Park et al. Earth, Planets and Space (2020) 72:162 Page 8 of 18
Cryosat-2 (MAG4: 2011-01-01~2018-12-31)
T T T T T
4
10 HEelY B
3 sk . .
S 3
E O 7
<
=
= 5|1 |
10 B
E | jE—
T T
Y JUN 1P
’5 58 = N’E
g g
= O0f - Ho =
< 8¢
— tE
= 5F g D
-10 1K
b |
T T
10 DEC _
-2
3 5§ . l
gi 0
& 3
-
= 5+ J
-10 =
n ! ! \ 1 I \ -4

0 3 6 9 12
MLT (hours)
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1.5 years) and higher noise level, as we will discuss later
in this section.

Encouraged by the promising results from CryoSat-2
(Fig. 2) and its long-term (>8 years, much longer than
the <2 years of GRACE-FO) data accumulation, we have
further subdivided CryoSat-2 data according to magnetic
longitude (MLON) so that the data can be binned in the
MLAT-MLT-MLON-season space. The MLON bin size
is 5°. Then, we reassemble the vertical current data into
separate global maps for three seasons and three MLT
sectors: dawn (06—09 MLT), noon (10-14 MLT), and
dusk (15-21 MLT). After hemispheric decomposition
as described in “Results” section, hemispherically anti-
symmetric components (i.e., IHFAC) are presented in the
nine subpanels in Fig. 8. Note also that a 3-by-3 median
filter is applied to all the panels to enhance visual clarity.
Each row corresponds to a season: combined equinoxes,
June solstice, and December solstice from top to bottom,

respectively. Each column from left to right represents an
MLT sector: dawn, noon, and dusk in that order.

Overall, Fig. 8 exhibits well-organized patterns, most
of which are in reasonably good agreement with pre-
vious Swarm observations (Park et al. 2020, Figure 1)
despite the different precession rates (i.e., different
degrees of season-MLT aliasing) of Swarm and Cryo-
Sat-2: see Fig. la. As for dependence of IHFACs on
longitudes, Park et al. (2020) emphasized a few nota-
ble features in the Swarm global maps near local noon,
which are relevant to the middle column in our Fig. 8
highlighted by a red rectangle. During combined equi-
noxes and June solstice, noontime low-latitude IHFACs
in Swarm data showed wavenumber-4 or -5 patterns
along the zonal direction, which is also manifest in our
Fig. 8e and partly for the equinoctial data in Fig. 8d:
see the bead-like structures around the equator anno-
tated by vertical arrows. Also, Swarm encountered a
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Fig. 5 The same as Fig. 4, but from GRACE-FO1

clear ‘C’-shaped pattern in the noontime maps, which
traversed from the North Atlantic to South America
during combined equinoxes and June solstice. Cryo-
Sat-2 data also exhibit this ‘C-shaped’ pattern near
the white dashed curves in Fig. 8d, e. The C-shape in
the SH is nearly collocated with the South Atlantic
Anomaly, which is annotated with solid white curves
(magnetic field magnitude of 23,000 nT and 26,000
nT). While some previous studies reported peculiar
behavior of IHFACs around the SAA (e.g., Park et al.
2011; Liihr et al. 2019), they basically focused on low-
latitude (|MLAT|<35°) IHFACs. Our Fig. 8 shows the
first evidence that not only low-latitude (|[MLAT < 35°)
IHFACs but also mid-latitude ones (|MLAT]|>35°)
reflect the shape of the SAA for noontime during com-
bined equinoxes and June solstice. This C-shape may be
partly explained in terms of enhanced conductance in
the SAA and concomitant summer-like Sq currents, as

discussed extensively in Lithr et al. (2019). For exam-
ple, low-latitude IHFACs during noontime June sol-
stice generally flow from the winter to the summer
hemisphere (i.e., from the SH to the NH). On the other
hand, IHFACs around the SAA flow from the NH to the
SH, possibly due to the weak background magnetic field
and locally enhanced ionospheric conductivities, which
result in a locally persistent summer-like condition in
the SH. As equinoctial IHFAC patterns largely follow
those of June solstice, we can also expect that equinoc-
tial noontime IHFACs have a C-shape near the SAA.
Note that similar, albeit less conspicuous, signatures
can be seen for December noon IHFACs (Fig. 8f). How-
ever, the above-mentioned theory (‘locally summer-like
Sq’) cannot explain why such C-shapes are hardly iden-
tifiable at other MLTs. Near dawn and dusk, the NH
and SH E-regions may experience significantly different
insolation depending on seasons and longitudes. This
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Fig. 6 The same as Fig. 2, but the vertical axis represents apex latitudes mapped along background magnetic field lines down to 110 km

can add complexity to the MLON-MLAT distribution
of IHFACs at dawn and dusk. We also speculate that
IHFAC distributions can be controlled by an involved
interplay between the SAA-induced high conductance
and atmospheric tidal effects in the wind, but a dedi-
cated future study is necessary to verify it.

During December solstice, noontime low-latitude
IHFACs in Park et al. (2020, Figure 1f) exhibit wave-
number-1 structure, with the polarity changing above
the Atlantic and Western Pacific Oceans. Figure 8f also
reproduces this feature, as highlighted by horizontal
bidirectional arrows. December dusk-side IHFACs in
Fig. 8i have strongest southward currents in the mid-
latitude Pacific region, which also agrees with Swarm
observations (Park et al. 2020, Figure 1i). The consistency
between CryoSat-2 (Figs. 2 and 8) and Swarm (Park et al.
2020) confirms the ability of platform magnetometers,
after proper post-processing, to investigate low-/mid-lat-
itude ionospheric currents.

Figure 9 is the same as Fig. 8, but for GRACE-FO1.
The locations of the horizontal/vertical arrows and
C-shaped curves for annotation are the same as in
Fig. 8 for the purpose of a direct comparison. Although
the data are noisier than in Fig. 8 and containing data
gaps (white area), we can still identify the salient fea-
tures we highlighted in Fig. 8: see the regions inside
the red rectangle (near-noon MLT). Wavenumber-4
or -5 structures in the zonal direction can be seen in
the noontime low-latitude currents during combined
equinoxes and June solstice (panels d and e) as well as
C-shaped structures passing South America and the
Atlantic Ocean. On the other hand, the wavenumber-1
structure becomes manifest for noontime December
solstice at low latitudes (panel f). All these features
agree with those in Fig. 8 and previous reports such as
Liihr et al. (2019) and Park et al. (2020).
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F-region dynamo currents

The platform magnetometer data could only partially
identify the F-region dynamo currents, at least in its
traditional sense as reported by previous studies (e.g.,
Lihr and Maus 2006). In Figs. 4, 5 we can see down-
ward equatorial currents at 12-15 MLT during com-
bined equinoxes and December solstice, as reported in
previous studies. However, in other MLT sectors we fail
to extract conventionally known signatures of F-region
dynamo currents, such as downward currents before
noon and clear upward currents near dusk. Accord-
ing to previous studies, the F-region dynamo currents
are generally weaker than IHFACs (e.g., Lithr et al
2015, Figure 4), which can be one reason why the sig-
natures cannot pop out clearly in Figs. 4, 5. Also, the
dynamo currents depend significantly on solar activity
and altitude: they decrease with increasing altitudes in
the F-region (Maute and Richmond 2016, Figure 9) and
with decreasing solar activity (Maute and Richmond

2016, Figure 7). Considering higher altitudes of Cryo-
Sat-2 (717 km) and GRACE-FO (490 km) than those
of CHAMP (<450 km) and Swarm-A/C (<470 km), it
would be natural for the former satellites to encounter
weaker currents (possibly below the detection limit of
platform magnetometers) of the F-region dynamo than
the latter. Also, both CryoSat-2 and GRACE-FO oper-
ate within Solar Cycle 24, which is known to be weaker
than previous cycles: the two satellites cannot record as
strong signatures of the F-region dynamo currents as
CHAMP did during the last solar cycle (e.g., Lithr and
Maus 2006). Especially, GRACE-FO has been operat-
ing right around the current solar minimum. We expect
that further data accumulation in the future may reveal
the dynamo currents more clearly because the next
solar maximum is coming in a few years, and satellite
altitudes will be reduced by continuous atmospheric
drag.
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Relationship with currents driven by gravity and pressure
gradients

The vertical currents analyzed in this study are deemed
(1) IHFACs at off-equatorial latitudes and (2) F-region
dynamo currents near the equator. While the low-/mid-
latitude F-region ionosphere also hosts currents driven
by gravity and plasma pressure gradient (e.g., Alken et al.
2016; Maute and Richmond 2017), we do not expect
that they have strong effects on our analyses. First, the
gravity and pressure gradient currents are mainly in the
zonal direction while we focus on vertical currents. Sec-
ond, these two zonal currents tend to cancel above the
F-region peak altitude (e.g., Maute and Richmond 2017,
Abstract): that is, where GRACE-FO and CryoSat-2 are
located. Third, the periods examined here are mainly
during low solar flux, when the ionosphere is in general
more tenuous and gravity and pressure gradient currents
are weaker than during high solar flux. Fourth, verti-
cal field-aligned currents feeding the two zonal currents

are, according to Maute and Richmond (2017 Figure 1),
hemispherically symmetric at off-equatorial latitudes and
nearly zero at the equator. These current directions are
different from those of IHFACs (hemispherically anti-
symmetric off the equator) and F-region dynamo cur-
rents (nonzero at the equator) addressed in this study.

Estimating noise levels of platform magnetometer data

It would give useful technical information to check the
overall fluctuation levels of the vertical current density
from platform magnetometer data. Figure 10 has the
same structure as Fig. 2, but the color represents abso-
lute values of the ‘adjacent difference’ (or first-order time
derivative) of unfiltered vertical current density. We use
‘unfiltered’ data to highlight fluctuation levels in the raw
data. Also, instead of the combined data out of all the
three FGMs onboard CryoSat-2, we use the single FGM1
in this section, which is representative of all the three
magnetometers (Olsen et al. 2020). We first calculate the
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Fig. 9 The same as Fig. 8, but for GRACE-FO1. The locations of the horizontal/vertical arrows and C-shaped curves for annotation are the same as in

adjacent difference in the time series of vertical current
density: j(t+dt) —j(t), where j is unfiltered vertical cur-
rent density, ¢ is time, and dt is temporal resolution of
the data (4 s for CryoSat-2). Then, its absolute magnitude
([j(t4de)-j(2)|) is bin-averaged as a function of MLAT,
MLT, and season. The results can give an idea as to how
intense the data fluctuations (presumably due to noise
of platform magnetometers) are. In Fig. 10, the overall
fluctuation levels of CryoSat-2 data are confined to a nar-
row range between 150 nA/m? and 180 nA/m?. The fluc-
tuation levels exhibit little dependence on the season, are
slightly stronger at [MLAT|<35° than at |MLAT|>35°,
and have shallow minima near 00 and 12 MLT. These
features are different from distributions of geophysi-
cal current fluctuations, as reported by earlier studies.
According to Aoyama et al. (2017, Figures 1-2) and Yin
et al. (2019, Figure 9-10), both of which were based on
science-grade magnetometer data onboard Swarm, geo-
physical magnetic fluctuations (and concomitant current

fluctuations) significantly depend on season and MLT.
Hence, it is reasonable to conclude that the fluctuations
in Fig. 10 mostly originate from instrumental noise and
artificial disturbances. The adjacent difference (150—180
nA/m?) much larger than average IHFAC magnitudes (a
few nA/m?) suggests that long-term accumulation of the
CryoSat-2 magnetic data (e.g., > 8 years as in this study) is
necessary for getting well-organized IHFAC distributions
as shown in Fig. 2. A large amount of data can reduce the
standard error of the mean, which decreases with the
square root of the bin population.

At the moment, we do not have a good explana-
tion for the low fluctuation levels at mid-latitudes
(JMLAT|>35°) and near the noon—midnight meridian.
We speculate that oblique incidence of sunlight on the
left or right side of the satellite may disturb the meas-
urement, but further analyses in the future are war-
ranted to verify this conjecture.
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Fig. 10 The same as Fig. 2, but presenting fluctuation levels of vertical current density, which are calculated by absolute magnitude of the adjacent

Figure 11 is the same as Fig. 10, but for GRACE-
FO1. The fluctuation levels are generally stronger than
those of CryoSat-2. The stronger fluctuations cannot
be attributed solely to the difference in sampling rates
(4 s for Cryosat-2 and 1 s for GRACE-FO) because both
are spot reading values (that is, neither has been time-
averaged to get a smoother signal). The distribution of
fluctuation levels in the MLAT-MLT space is compli-
cated and does not conform to previous studies such
as Nakanishi et al. (2014, Figure 5) and Aoyama et al.
(2017). For example, Aoyama et al. (2017, Figures 2 and
4) report a clear local minimum of fluctuation inten-
sity near the equator and no preference for the summer
hemisphere during December solstice. Neither of the
features can be seen in our Fig. 11, which suggests that
Fig. 11 is also significantly affected by instrument noise
and artificial disturbances from the satellite body.

Figure 12 compares fluctuation levels of vertical cur-
rent density between (a) Swarm, (b) CryoSat-2 (FGM
1 data), and (c) GRACE-FO for an example day on 01
June 2018. For CryoSat-2 and GRACE-FO, black and
red dots represent unfiltered and filtered data (with
~20-s low-pass filters; see “Satellites, Instruments, and
Data Processing Methods” section), respectively. As for
Swarm, we just present unfiltered data. Figure 12 shows
that the unfiltered platform magnetometer data (black
dots: CryoSat-2 and GRACE-FO) exhibit stronger scat-
ter than the science-grade magnetometer data onboard
Swarm. However, even Swarm data exhibit significant
scatter, which we assume geophysical, in comparison to
the averaged IHFAC strength of several nA/m?. Platform
magnetometer data after filtering (red dots) have signifi-
cantly reduced fluctuation levels, which become nearly
comparable to that of Swarm data. Though the fluctua-
tion levels are still larger than several tens of nA/m? in
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both the Swarm and filtered platform magnetometer
data, long-term accumulation of those data can repro-
duce the climatology of IHFACs (of the order of one nA/
m?), as we have demonstrated throughout this paper. We
also checked the standard error of the mean for Figs. 2,
3, and found that the errors are generally smaller than
the magnitude of IHFACs (figures not shown). Note that
such low-amplitude currents in platform magnetic field
data may depend on the chosen stability of calibration
parameters. However, it is an encouraging result that
well-known geophysical signals such as IHFACs clearly
emerge after data stacking.

Summary and conclusion

In this study, we have demonstrated that platform mag-
netometer data can be used for diagnosing low-/mid-
latitude current systems. CryoSat-2 and GRACE-FO
data, after careful post-processing against an empiri-
cal magnetic field model, can reproduce well-known

climatology of IHFACs as reported earlier by science-
grade magnetometers onboard LEO satellites. As a new
finding, the results show that C-shaped structures in
noontime IHFAC distributions conform to the shape of
the South Atlantic Anomaly.

Though the data sets only partially identify the
F-region dynamo currents, it is not entirely due to
the inherent limitations of platform magnetometers.
Rather, it may result from low solar activity in the cur-
rent solar cycle (especially in recent solar-minimum
years) and high satellite altitudes, all of which may
weaken the dynamo currents. We expect that the
F-region dynamo currents may be extracted better in
the future when the solar activity rises during Solar
Cycle 25, and satellite altitude decreases due to con-
tinuous atmospheric drag. As a new scientific achieve-
ment, this study evidences noontime F-region dynamo
currents at the highest altitudes (717 km) ever reported.
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We have also investigated fluctuation intensity in ver-
tical current density as a function of MLAT, MLT, and
season. As the fluctuations exhibit patterns utterly dif-
ferent from previous reports based on science-grade
magnetometers, we deem those fluctuations largely
resulting from artificial magnetic noise.

Besides, platform magnetometers onboard other sat-
ellites, such as the Gravity field and Ocean Circulation
Explorer (GOCE) and decommissioned GRACE, may
provide more information on ionospheric currents

under various observation conditions once they are
properly calibrated.
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