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Abstract
In this study we performed a detailed analysis on the scale-size of field-aligned currents (FACs) at auroral latitudes,
using the well-calibrated magnetic data from the non-dedicated magnetic field mission, Gravity Recovery and Climate Experiment Follow-On (GRACE-FO). With two spacecraft following each other, the GRACE-FO provides a good
opportunity to identify the variation of FACs with different scale lengths. The results show that the auroral FACs can
be classified into two groups: the small-scale ones, shorter than some tens of kilometers, dominated by kinetic Alfvén
waves, are quite dynamic; and the large-scale ones, typically larger than 150 km, can be considered as quasi-static
and persist longer than 1 min. The GRACE-FO observations also reveal that the small-scale FACs at the same location
sometimes can persist over 25 s, e.g., around dusk and dawn hours, which is longer than the typical persistent period
(10 s) of kinetic Alfvén waves as earlier reported. The FAC structures show clear magnetic local time dependence, with
higher correlations between the spacecraft around dusk and dawn hours; lower correlations are found around midnight and lowest correlations around noon, implying that the small-scale FACs most frequently appear at the noon
cusp region. Slightly better correlations of FACs between two spacecraft are found during local summer, and such
seasonal dependence is dominated by the correlations of small-scale FACs at noon. However, further analysis shows
that the small-scale FACs at noon have largest occurrence and intensity during local summer, which reveals that when
interpreting the cross-correlation analysis the intensity of FACs needs to be taken into account.
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Graphical Abstract

Introduction
Auroral field-aligned currents (FACs) are one of the
main energy transfer mechanisms between the magnetosphere and ionosphere. The concept of auroral FACs
was first proposed by the Norwegian scientist Kristian
Birkeland in the early twentieth century (Birkeland 1908,
1913), but only 60 years later the existence of such currents was first confirmed from magnetic measurements
of the 1963 38C satellite (Zmuda 1966). Persistent perturbations along the perpendicular direction of the magnetic field at auroral latitudes were observed, and such
magnetic perturbations are believed to be caused by the
auroral FACs. Later, with several-year of magnetic measurements from the TRIAD satellite, Iijima and Potemra
(1976a, b) revealed the typical magnetic local time (MLT)
and magnetic latitude (MLAT) distribution of FACs, that
exhibited as a pair of current sheets with opposite polarity (upward/downward). The poleward and equatorward
FAC sheets are called region 1 (R1) and region 2 (R2)
currents, respectively.
Based on accumulated magnetic measurements from
later Earth’s magnetic field missions, such as MagSat
(e.g., Mobley et al. 1980), Freja (e.g., Lühr et al. 1996),
CHAllenging Minisatellite Payload (CHAMP, e.g., Wang
et al. 2005), and the recent Swarm (e.g., Ritter et al. 2013),
the origin, distribution characteristics and responses
to the solar wind/interplanetary magnetic field (IMF)
changes of FACs have been widely investigated (see also
Milan et al. 2010, 2017; Shi et al. 2010; Ganushkina et al.
2015; Trenchi et al. 2019). The generation of R1 currents
are believed to be related to the processes in the outer
magnetosphere, while the processes in the inner magnetosphere are considered to dominate the generation and
variation of R2 currents. From a global view, the R1/R2
FACs flow into/out of the ionosphere on the dawn side,
and vice versa on the dusk side. The polarity and the MLT

versus MLAT distribution of FACs are closely controlled
by the strength and orientation of IMF (e.g., Anderson
et al. 2008). Under southward IMF condition, the R1/R2
currents appear much clearer as one pair, while under
northward IMF condition, the R1 FACs are sometimes
accompanied at the poleward side by an additional pair of
currents referred as the NBZ (Northward IMF BZ) currents, flowing mainly near the dayside cusp region (e.g.,
Iijima et al. 1984). Further asymmetric features are also
found in the distribution of FACs. For example, the FACs
intensity is on average larger in local summer than in
other seasons, and also larger in the northern hemisphere
than that in the southern hemisphere (Cnossen et al.
2012; Workayehu et al. 2020). In addition, the average
strength of R1 FACs is larger than the average strength
of R2 FACs (e.g., Benkevich et al. 2000; Zhou and Lühr
2017; Laundal et al. 2017; Shi et al. 2019).
However, from rocket (e.g., Primdahl et al. 1984) and
satellite single orbit probes (e.g., Lühr et al. 1994), the
FACs do not simply appear as a pair of R1/R2 current
sheets but contain a wide range of scales from largescale Birkeland currents of thousand kilometers, to scales
down to a few hundred meters. The averaged large-scale
R1/R2 FACs are found with a typical intensity less than
1 μA/m2, while the small-scale currents sometimes show
instantaneous density peaks reaching several hundred
μA/m2. These small and rapidly changing FAC structures
are filamentary rather than sheet-like. Since the intensity
of small-scale FACs is significantly larger than those from
large-scale FACs, it also means that the smaller scale
FACs are an important candidate for transporting energy,
e.g., the heating of local ionosphere and thermosphere
(Lühr et al. 2004). Thus, understanding the general
behavior of small-scale FACs is important for improving the current knowledge of the magnetosphere–ionosphere coupling processes.
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To separate different scales of FACs from single satellite measurements, filters with different cutoff frequencies are commonly used. Ishii et al. (1992) applied such
filters to the observations of DE-2 satellite, and they
found that for small-scale structures of FACs (< 32 km)
the ratio between east–west magnetic field component
and north–south electric field component is close to the
Alfvén wave velocity, while for the larger scale structures
of FACs (> 64 km) the ratio between east–west magnetic
field component and north–south electric field component is close to the value of height-integrated ionospheric
Pederson conductivity. They further suggested that smallscale FACs are dominated by the Alfvén wave, and largescale FACs can be considered as quasi-static. Focusing on
the small-scale FACs with intensity above tens of μA/m2,
Neubert and Christiansen (2003) as well as Rother et al.
(2007) performed comprehensive investigations of FACs
at sub-kilometer size, based on high-resolution magnetic
measurements from the Ørsted and Challenging Minisatellite Payload (CHAMP) satellites, respectively. One
issue related to the small-scale FACs derived from single
satellite is that the temporal and spatial variations cannot
effectively be separated. Only recently it has become possible to solve this problem using simultaneous measurements from multi-satellite constellation. Gjerloev et al.
(2011) analyzed the magnetic field signatures from a flying string-of-pearls constellation, ST5, which flew with
inter-satellite separation gradually increasing from a few
seconds to a few minutes. They found that small-scale
FACs show significant variability over the time of intersatellite separation, while large-scale FACs are stable and
can last for several minutes. Based on observations from
the Swarm constellation, Lühr et al. (2014) found a typical persistent period of the order of 10 s for small-scale
FACs, while large-scale FACs can be regarded stationary for more than 60 s. They also found that for smallscale FACs, the longitudinal extension is on average
four times the latitudinal width on the night side, while
on the dayside the latitudinal and longitudinal scales are
comparable.
The ST5 satellites were in a sun-synchronous orbits,
which covered the morning and evening hours, and
Gjerloev et al. (2011) used only 3 months of data in their
study. Though the MLT of Swarm gradually changes over
time, Lühr et al. (2014) used only one and a half months
of data at the beginning of the mission. At that time, the
three Swarm satellites flew around noon/midnight hours.
Therefore, a picture of the full magnetic local time (MLT)
dependence of small-scale FAC structures is still pending. In this study, we use more than 2 years of magnetic
data from the Gravity Recovery and Climate Experiment Follow-On (GRACE-FO) mission that recovered all
MLT. Different to the ST5 and Swarm constellations, the
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GRACE-FO mission compromise two identical spacecraft, named GF1 and GF2 in the following, and they
fly at the same orbit with GF1 leading GF2 by a distance
of approximately 200 km. Such a stable configuration is
especially suitable to reflect the variation of FACs with
scale length smaller or comparable to the separation of
two spacecraft.

Data and method
GRACE‑FO mission and the magnetic measurements

The GRACE-FO mission is a successor to the previous
GRACE mission, and the primary objective of both missions is to obtain precise, global, and high-resolution
models for the static and the time variable components
of Earth’s gravity field (Tapley et al. 2004; Landerer et al.
2020). For this purpose, precise measurements of the satellite separation range and range rate are performed. Special attention is paid that the two spacecraft follow each
other on the same orbit, and differences in longitude vary
less than 0.2°. As part of the attitude and orbit control
system, the GRACE-FO mission carries magnetometers
that aim to enhance the satellite’s navigation. Stolle et al.
(2021) performed detailed calibration of the magnetic
measurements from GRACE-FO. They showed that during times of geomagnetically quiet conditions, the mean
magnetic residual to the geomagnetic model CHAOS-7
(Finlay et al. 2020) is around 1 nT with standard deviations below 10 nT, which is remarkably good for a nonscience instrument. They also showed that the derived
auroral FACs compare well in amplitude and statistical behavior with earlier results from other missions. It
confirms that after an appropriate calibration and characterization of artificial magnetic disturbances, the magnetic observations of GRACE-FO are valuable assets to
investigate the natural variability of Earth’s magnetic
field. Details about the calibration and initial validation
of GRACE-FO magnetic data are given in Stolle et al.
(2021).
FACs derived from magnetic measurements of GRACE‑FO

For calculating FACs, we follow the approach described
by Lühr et al. (2014) and Xiong et al. (2020). The calibrated magnetic field vectors from GRACE-FO are first
converted into the geographic north–east‐center (NEC)
reference frame, then contributions from the Earth’s core,
crust, and magnetosphere are removed using predictions
from the CHAOS-7 model (Finlay et al. 2020). By this
procedure, the magnetic contribution originating from
the ionospheric currents is extracted.
According to Ampère’s law, the vertical current component jz is derived from magnetic signatures:
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(1)

where bx and by are the northward and eastward components of magnetic residuals, respectively, and μ0 is the
permeability of free space. By assuming the vertical current sheets are elongated infinitely in the zonal direction,
db
the second term of the right-hand side of Eq. (1), dyx , is
negligible. The radial currents are derived and then transferred to FACs by projection into the direction of the
local magnetic field line:

j|| = −

jz
sin I

(2)

where I is the inclination of the local magnetic field line.
As the magnetic field points approximately in vertical direction at auroral latitudes, the density of FACs is
nearly the same as the intensity of vertical currents.

Results
Figure 1 shows the altitude, local time (LT) coverage
and time lag between GF1 (black) and GF2 (red) when
they fly over the geographic equator. The altitude of the
two spacecraft is about 490 ~ 520 km, with GF2 following directly behind GF1. The thicker and thinner lines
represent the ascending and descending orbits, respectively. The LT coverage of both GF1 and GF2 orbits
slowly progresses, and considering both the ascending
and descending orbits it needs about 161 days to cover
the 24 local time hours, which is comparable with the
LT precession of the GRACE mission (e.g., Xiong et al.
2010). During the period from 1 June 2018 to 31 October 2020, the time lag between GF1 and GF2 varies
between 22 and 29 s. Assuming a velocity of 7.5 km/s

Fig. 1 The (top) altitude, (middle) LT coverage and (bottom) time lag
between GF1 (black) and GF2 (red) when they fly over the geographic
equator. The thicker and thinner lines represent the ascending and
descending orbits, respectively. GF2 is plotted over GF1. The line is,
therefore, black if GF2 data were not available

for GRACE-FO, such a time lag corresponds to a distance of 165–220 km between GF1 and GF2.
The top panel of Fig. 2 shows the time series of FACs
derived from GF1 (black) and GF2 (red) for an event
on 31 October 2019 when they crossed the southern auroral latitudes. The upper panel shows that the
FACs derived from the two GRACE-FO satellites have
very similar variations along their orbits, but with a
time delay of about 24 s. The middle panel shows the
original 1-Hz FAC densities plotted over MLAT. Here
MLAT refers to the Apex latitude calculated by the
model of Emmert et al. (2010). In this example the FAC
signatures compare well to each other both in latitude
and amplitude, with enhanced FAC activity observed
between − 64° and − 83° as well as − 68° and − 84°
MLAT on the dusk and dawn sides, respectively. Outside the auroral latitudes, the FACs from both satellites show amplitudes less than 0.5 μA/m2. This can be
regarded as the noise floor. The bottom panel shows the
large-scale FACs structures, calculated by applying a
low-pass filter with cutoff period of 20 s (corresponding
to about 150 km along orbit). Comparing the middle
and lower panel, it shows that remaining differences in
peak amplitude between GF1 and GF2 FACs are larger
for small-scale structures (less than 150 km, middle

Fig. 2 Profile of FACs derived from GF1 (black) and GF2 (red) for an
event on 31 October 2019 when the mission crossed the southern
auroral latitudes. The upper panel shows the time series, while the
lower two panels show the variations over MLAT, of (middle) the
original 1-Hz resolution and (bottom) low-pass filtered (cutoff period
of 20 s) data
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panel), but the peaks of large-scale structures (lower
panel) follow each other well.
To get a more quantitative picture of the temporal
variability of small-scale FACs, we performed crosscorrelation analyses of the FACs time series for each
high-latitude orbital crossing (|MLAT|> 50°) from two
spacecraft. The derived maximum correlation coefficients (Rmax) are recorded for further statistics. Note
that lower Rmax means the FACs contain dynamic
small-scale structures with scale lengths shorter than
the distance of the two spacecraft. However, sometimes the GF1 and GF2 satellites did not observe clear
FAC currents at high latitudes. Possible reasons could
be that either the GRACE-FO satellites did not reach
the auroral latitudes, or the FAC signatures are so weak
that the GRACE-FO onboard magnetometers are not
sensitive enough to reflect the weak currents. Two such
examples are shown in Fig. 3a, b. In these two events,
the Rmax between GF1 and GF2 are quite low (less than
0.2), but it does not mean that the small-scale FAC
structures are dynamic, as argued above. Therefore, we
excluded such events from the statistical analysis.

Fig. 3 Two examples of FACs with very low current intensity
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To identify events with no or very weak FAC signatures, the maxima of the absolute FAC intensity from
GF1 and GF2 are identified for each high-latitude
orbital crossing, and then their mean value, |FAC| , is
recorded. Figure 4 shows the distribution of Rmax over
|FAC| for the two hemispheres. We find the majority of
Rmax being low (< 0.5) for low amplitude of |FAC| , e.g.,
1 μA/m2. Therefore, these events are disregarded from
the statistics. The excluded events correspond to 3.9
and 16.1% of the total number of events in the northern
and southern hemispheres, respectively.
Figure 5 presents the seasonal distribution of Rmax as
expressed by the day of year (DOY) in the two hemispheres. Rmax derived from each high-latitude orbital
crossing is presented as grey dots, and the median values in each DOY bin (width of 1 day) are shown as blue
circles, that vary between 0.6 and 0.7. In the northern
hemisphere the median values of Rmax are slightly larger
during June solstice months, while an opposite dependence is found in the southern hemisphere, though not
as prominent as that in the northern hemisphere. In

Fig. 4 Distribution of Rmax on |FAC| . The vertical dashed lines
represent the applied threshold of 1 μA/m2
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Fig. 5 Seasonal dependence of the Rmax. The grey dots represent the
correlation derived from each high-latitude orbital crossing, and the
blue circles represent the median values in each DOY bin

other words, the Rmax is larger during local summer for
both hemispheres.
Figure 6 further presents the MLT distribution of Rmax
in the two hemispheres, and the median values of Rmax
in each MLT bin (width of 1 h) are shown similarly as
blue circles. A clear feature seen here is that Rmax show
larger values around dawn and dusk hours, slightly lower
values around midnight, and the lowest value is found
around noon. This feature applies to both hemispheres.
For a more specified impression of the small-scale FAC
structures at different MLT, Fig. 7 presents four individual examples of FACs profiles of GF1 and GF2 for noon,
midnight, dusk and dawn hours. The correlations at noon
and midnight are low, thus small-scale FAC variations,
shorter than spacecraft separation distance, are important. The correlations at dawn and dusk are higher, thus
FACs appear persistent at scale lengths larger than the
spacecraft separation distance.
Figure 8 shows the dependence of Rmax over magnetic activity, separately for different MLT sectors. Here
we used the solar wind merging electric field, Em, to
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Fig. 6 Similar to Fig. 5, but for the distribution of Rmax on MLT

represent the magnetic activity. Xiong et al. (2014) found
that the location of the auroral oval equatorward boundary shows nearly linear dependence on the intensity of
Em, being an expression of geomagnetic activity. For more
details about how to derive Em from the solar wind and
IMF parameters, the readers are referred to Newell et al.
(2007) and Xiong et al. (2014). Less events of low Rmax
appear for larger Em; however, the median values (blue
circles) do not show prominent dependence on Em, and
this feature applies for both hemispheres (the results for
the southern hemisphere are not shown). This result suggests that the small-scale FAC structures do not strongly
depend on magnetic activity.
The last question we want to address is the persistence of FAC structures depending on their scale
lengths. Figure 9 (top) presents one example of the
original FACs data at 1-Hz resolution, and the panels
below reflect low-pass filtered time series at different
cutoff periods for the same event. The original 1-Hz
data show rather strong FACs reaching current densities beyond 9 μA/m2, and the smallest scale-size being
resolved is about 15 km (considering the Nyquist sampling theorem and the spacecraft velocity of 7.5 km/s).
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Fig. 7 Four individual examples of the FACs profiles from GF1 and GF2, representing the situations around a noon, b midnight, c dusk and d dawn
hours

Here, Rmax is 0.42. The amplitudes decrease for increasing scale lengths and their correlation between the two
spacecraft increases. After applying a filter with cutoff
periods of 10 s, corresponding to scale-lengths larger
than 75 km, FACs seem persistent with a correlation of
Rmax = 0.96. At such scale-length, FACs start to reflect
the basic R1/R2 pattern as reported by Iijima and
Potemra (1976a).
The example shown in Fig. 9 represents the midnight
case. To get a more quantitative picture of the temporal
variability of small-scale FAC structures at different MLT
hours, Fig. 10 shows the distribution of Rmax as a function of MLT and filter lengths, separately for three different seasons and two hemispheres. The three seasons
are defined as: December solstice (November to February), equinoxes (March, April, September, October), and
June solstice (May to August). For each subpanel, the
first vertical column represents correlation results from
the original 1-Hz FACs time series, and all the other values are from low-pass filtered data with cutoff periods as
listed in the abscissae. The original 1-Hz recordings show
correlations below 0.6 at noon and slightly higher values
(about 0.75) are observed at dawn and dusk. After applying filters with cutoff period larger than 10 s, correlations
are significantly improved (Rmax > 0.9) at all local times,

implying small-scale FAC structures have been smoothed
out.
The correlations between two spacecraft are generally higher in the northern hemisphere than that in the
southern hemisphere, which can also be seen from Figs. 5
and 6. For the seasonal difference, an interesting feature
shown in Fig. 10 is that the correlations during local summer are higher than that during local winter, most prominent for the noon hours.

Discussion
In this study we provide a detailed survey on the scalesize of auroral FACs. Though it is possible, by applying
filters to the FACs time series from single satellite measurements, to separate the structures of different scale
sizes, temporal and spatial variations cannot be distinguished in this way. In addition, the obtained structures
are interpreted as FAC spatial variations along the satellite orbit. The GRACE-FO mission, with one spacecraft
following the other on the same orbit, provides a good
opportunity to derive observations at the same position
but at two different times (about 25 s separated), thus the
temporal variations of the magnetic field, which is misinterpreted as FAC, especially for small-scale ones, can
be determined. We want to note that the GRACE-FO
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Fig. 8 Distribution of Rmax on magnetic activity (represented by the solar wind merging electric field, Em), separately for different MLT sectors. Here
we only present the results in the northern hemisphere, as it is similar in the southern hemisphere

1-Hz FAC data resolve structures as fine as about 15 km,
and as shown in Figs. 9 and 10, the correlations between
FACs from GF1 and GF2 improve significantly only when
applying filter with cutoff period of 10 s or longer. This
result implies that for “small-scale” FACs with horizontal scale lengths between 15 and 150 km the assumption
of stationary, required for single-satellite FAC estimates
(e.g., Lühr et al. 2014), is violated. To avoid such complications, the dual-spacecraft Swarm Level-2 FAC product
applies a low-pass filter of 20 s cutoff period to the magnetic field data before FAC estimates (Ritter et al. 2013).
In general, the results confirm previous findings that
the small-scale FACs, are dominated by the kinetic
Alfvén waves and are quite dynamic. Conversely, the
large-scale FACs can be considered as quasi-static and
persisting longer than 1 min (Gjerloev et al. 2011; Lühr
et al. 2014). A prominent feature is that the correlations
of FACs between GF1 and GF2 is highest around dusk
and early night, a little less around dawn hours, and even
lower around midnight and lowest around noon. This
typical MLT dependence suggests that compared to the
dusk and dawn hours, the small-scale FACs appear more
frequently at noon and midnight, where they are related
to the cusp and substorm activities, respectively (Neubert
and Christiansen 2003). Though Lühr et al. (2014) found

that the size-dependent variability at noon is comparable
to the midnight hours, much longer data set shows that
the correlations are slightly lower at noon hours. This
result supports the findings by Gjerloev et al. (2011) that
differences exist in FAC characteristics on the dayside
and on the nightside, in terms of dynamics of the current
systems.
A similar MLT dependence of the small-scale FACs
was presented by Neubert and Christiansen (2003). They
reported that small-scale FAC densities reaching 1000
μA/m2 are distributed throughout the auroral oval, but
were most intense in the cusp and pre-noon cusp regions
(see their Fig. 5). They further explained that such intense
small-scale FACs are the result of magnetic reconnection processes connected to the cusp. However, Neubert
and Christiansen (2003) only considered the intensity
of small-scale FACs, while the correlation parameter,
Rmax, used in this study depends on both intensity and
scale size. A more instructive comparison is the result
presented in Fig. 8 (right panel) of Rother et al. (2007),
that shows the occurrence rate of small-scale FACs.
There, most small-scale events were observed in the cusp
around noon, and a second peak of occurrence at midnight hours. As a result, two minima of occurrence were
observed around 0500 and 1900 MLT, which correspond
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Fig. 9 One example of (top) the original FACs data at 1-Hz resolution, and (rest panels) the low-pass filtered time series at different cutoff periods

well with better correlations around these two local time
sectors in the GRACE-FO data (Fig. 6). We want to note
that the “small-scale” structures resolved by Neubert and
Christiansen (2003) as well as Rother et al. (2007) were
both at sub-kilometer scale, while the “small-scale” structures resolved by GRAC-FO in this study are at some tens
of kilometers. This implies that the kinetic Alfvén waves
dominated the FACs from sub-kilometer to some tens of
kilometers. Although Ishii et al. (1992) showed that a cutoff exists for the kinetic Alfvén waves at periods between
4 and 10 s depending on the ionospheric conductivity,
and Lühr et al. (2014) found that the small-scale FACs
have a typical persistent period of less than 10 s, the

examples shown in Fig. 7 reveal that the small-scale FAC
structures at the same location sometimes can persist for
more than 25 s, especially in the dawn or dusk sectors.
The seasonal dependence of correlations appears
unexpected compared to earlier findings. Rother et al.
(2007) found that small-scale FACs with high amplitude appear more frequently in local summer and light
condition. Neubert and Christiansen (2003) also found
that the amplitude of small-scale FACs is much larger in
light condition. Figure 5 shows slightly higher Rmax during local summer and the seasonal dependence of Rmax
is dominated by low correlations of small-scale FACs
around noon hours (Fig. 10). We note, that the Rmax of the
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Fig. 10 Distribution of Rmax as a function of MLT and filter lengths, separately for three seasons and two hemispheres

cross-correlation analysis is not separated by the intensity of FACs. It is known that the highly variable smallscale currents have larger amplitudes, and as shown in
Fig. 4, for larger |FAC| , there are much less events that
show low Rmax, implying the current intensity somehow plays a role in affecting the correlations between
GRACE-FO two satellites. Rother et al. (2007) also found
that the small-scale FACs are generally accompanying
large-scale FAC sheet, and the larger scale FACs have
larger intensity during local summer (see also Laundal

et al. 2017). From this point of view, the larger amplitude
of small-scale FACs seem to balance the influence of the
greater number of small-scale FACs events appearing in
local summer on the resulted Rmax. To further investigate
this assumption, we performed a test on the small-scale
FACs. For each high-latitude orbital crossing, we first
applied a high-pass filter with 20 s cutoff period to the
original 1-Hz FAC data series to isolate the small-scale
FACs. Then low-pass filters with different cutoff periods
(5, 10, 15, …, 60 s) are applied to the small-scale FACs.
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The root-mean-square (RMS), which is a measure of the
fluctuation amplitude of FACs around its mean value
and thus relates to the intensity of small-scale FACs, is
calculated for each 60 s piece of FAC data series. Finally,
the maximum RMS of each orbital crossing is recorded.
Figure 11 shows the median values of maximum RMS
for different local time and hemispheres, and the data
have been divided into three seasons. Here, the RMS of
small-scale FACs have largest value at noon during local

Fig. 11 Similar as Fig. 10, but for the RMS of small-scale FACs
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summer, which agrees well with the largest small-scale
FACs intensity at cusp during local summer as reported
by Rother et al. (2007) as well Neubert and Christiansen
(2003). Figure 11 shows an RMS reduced by an order of
magnitude for filter lengths above 20 s, because the variations of small-scale FACs with periods above 20 s have
been suppressed by the filters. This result also reveals
that the intensity of FACs needs to be taken into account
when interpreting the Rmax of cross-correlation analysis.
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Variation characteristics of the small-scale magnetic activity are more complicated. Rother et al. (2007)
showed that the intensity of small-scale FACs increase
with large Kp index, and the location of small-scale FACs
extends to higher/lower latitude around noon/midnight
hours, due to the expansion of the auroral oval. In addition, Neubert and Christiansen (2003) mentioned an
enhanced occurrence rate of small-scale FACs on the
nightside under magnetically active periods. However,
such a dependence on magnetic activity cannot be recognized in the GRACE-FO results. Neither the value of
Rmax reduces nor more events with lower Rmax are seen
during more active periods for the midnight hours. We
speculate that no prominent magnetic dependence is
found for the small-scale FACs analysis, because the
considered data period from June 2018 to October 2020
coincides with the solar minimum, which does not contain many events of high magnetic activity. Further
studies are needed, covering both solar maximum and
minimum, for addressing the magnetic activity dependence of small-scale FACs.

Summary
Using the well-calibrated magnetic data from the nondedicated magnetic field mission of GRACE-FO, we performed a statistical analysis of the small-scale FACs at
auroral latitudes. The main findings are summarized as
below:
1. Auroral FACs derived from GRACE-FO are consistent with the results derived from previous magnetic
missions. Small-scale FACs of horizontal sizes on the
order of tens of kilometers, dominated by the kinetic
Alfvén waves, vary significantly within 25 s when
observed at the same location, while the large-scale
FACs (> 150 km) can be considered as quasi-static
and are persistent for longer than 1 min.
2. With two spacecraft following each other on the
same orbit, the GRACE-FO reveals that the FACs
structures with scale sizes of some tens of kilometers
sometimes persistent longer than 25 s, e.g., around
dusk and dawn, which is longer than the typical persistent period (10 s) of kinetic Alfvén waves as earlier reported. This result also means that short scale
lengths are less frequent during dusk and dawn.
3. The FACs show relatively better correlations at dusk
and dawn hours, while lower correlations around
midnight and lowest correlations around noon, implying that the small-scale FACs most frequently appear
at the noon cusp and midnight substorm regions.
4. Slightly better correlations of FACs between two
spacecraft are found during local summer, and such
seasonal dependence is dominated by the correlations
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of small-scale FACs at noon. However, the small-scale
FACs at noon also have largest occurrence and intensity during local summer, which reveals that when
interpreting the cross-correlation analysis of FACs the
intensity of FACs needs to be taken into account.
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