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Abstract Based on magnetic field data sampled by the Swarm satellite constellation it is possible for the first
time to determine uniquely F region currents at low latitudes. Initial results are presented from the first
200 days of formation flight (17 April to 5 November 2014). Detailed results have been obtained for
interhemispheric field-aligned currents connecting the solar quiet day magnetic variation (Sg) current systems in
the two hemispheres. We obtain prominent currents from the Southern (winter) Hemisphere to the Northern
around noon. Weaker currents in opposite direction are observed during morning and evening hours.
Furthermore, we could confirm the existence of vertical currents above the dip equator, downward around noon
and upward around sunset. For both current systems we present and discuss longitudinal variations.

1. Introduction

During times of low magnetic activity there exist current vortices in the ionospheric E region on the
dayside, which is termed the solar quiet (Sq) current system [e.g., Campbell, 1989]. In the Northern
Hemisphere the currents flow counterclockwise and in the Southern clockwise around the focus at 30°-35°
magnetic latitude (MLAT) [e.g., Matsushita and Maeda, 1965; Yamazaki et al., 2011]. The intensity of currents
depends to first order on the solar extreme ultraviolet (EUV) radiation and the solar elevation angle
(different between summer and winter hemisphere). The asymmetry in current strength during solstice
seasons leads to a potential difference between the hemispheres [e.g., van Sabben, 1964] and is driving
interhemispheric field-aligned currents (IHFACs) [Fukushima, 1979]. First observational evidence for IHFACs
was provided by Olsen [1997], based on Magsat data and later by Yamashita and lyemori [2002] from @rsted
and ground-based data. Park et al. [2011] made use of 9 years of CHAMP magnetic field measurements
for deriving a climatology of IHFACs. In principle they could confirm the theoretical prediction that IHFACs
flow from the winter to the summer hemisphere around noon and in the opposite direction during
morning hours. Different from the prediction, Park et al. [2011] found summer to winter IHFACs also in the
evening. This notion was particularly clear during the months May to September and outside the South
Atlantic Anomaly. During November to March the effect of nonmigrating tides was somewhat modifying
the IHFACs signature.

Similarly, the characteristics of the F region dynamo currents were also deduced from the 10 year CHAMP
data set [Park et al, 2010a]. The concept of a wind-driven F region dynamo above the dip equator was
introduced by Rishbeth [1971]. Initial observational evidence for the existence of that current system came
from Magsat [e.g., Maeda et al., 1982] and from CHAMP [Liihr and Maus, 2006]. They showed that there is
an upward flowing current above the dip equator around 18:00 local time (LT) and a downward current
around noon. More details of the F region dynamo, including its dependence on season, longitude, and solar
activity, were presented by Park et al. [2010a, 2010b].

A caveat of all these comprehensive studies is that they have been deduced from single-satellite magnetic
field data. This required to make a number of assumptions. In practice, any deflection of the magnetic
east-west component from the main field direction was attributed to either the IHFAC or the F region dynamo,
depending whether it varies symmetrically or antisymmetrically about the dip equator. Any other field source
had to be ignored. Different from that we can determine uniquely radial currents and field-aligned currents
(FACs) from the Swarm pair Swarm-A and Swarm-C, which is flying side by side. It is the first time that these
low-latitude F region currents are sampled without the need for assumptions.
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In the section to follow, we will first introduce the data and

the processing approach. Subsequent sections are devoted to
the observation of IHFACs and F region dynamo currents. In the
discussion section we will compare our findings with earlier
results and try to interpret the observed features.

) 3 2, Data and Processing Approach

ﬁ European Space Agency (ESA)’s Earth observation mission
Swarm was launched on 22 November 2013 into a near-polar
df + orbit. The final constellation of the three-satellite mission was
1 achieved on 17 April 2014. Since then the two satellites Swarm-A
and Swarm-C fly side by side at an altitude of about 470 km.
¢ Swarm-B is cruising somewhat higher at 520 km. The satellites
are equipped with a set of six instruments [see Friis-Christensen
df 4 et al., 2008]. Here we make use of the magnetic field vector data,
4 sampled by the Vector Field Magnetometer (VFM). The vector
data are calibrated against the Absolute Scalar Magnetometer
(ASM), a Helium vapor instrument. This procedure ensures high
accuracy of the independent data sets from the two spacecraft.

A SWC The vertical current density estimates are derived by applying
Ampeére’s ring integral:
Figure 1. Sketch of the four measurement 1
points and the integration passes for calcu- j= é; Bdl
lating the average current density flowing U A

through the encircled area. where A is the area encircled by the contour, B the magnetic field

caused by the current, d/ the line element along the integration
path, and ug the permeability of free space. In practice we use four readings forming the corners of a
quadrangle. As illustrated in Figure 1, there are two readings taken along the track, separated by 5 s, of both
satellites. When considering the orbital velocity of 7.6 km/s this corresponds to a distance of 38 km. The
cross-track separation between the two satellites amounts to 1.4° in longitude. For calculating the average
vertical current density, j,, within the encircled area we use a discrete form

. 1

j,= m [(Bxﬂ =+ BX:Z) dl1 =+ (BYzz + ByB)dIZ — (Ber =+ BXM)dI_?, — (B}’m + By”) dl4}
where B, and B, are the horizontal components aligned with the track and with the lines connecting the
satellites, respectively; d are the line elements between the corners, and A = "/,(dh + dh)(dl5 + dl,).

Swarm, mid latitude, 17 Apr - 5 Nov 2014
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Figure 2. Local time dependence of the interhemispheric field-aligned current, average over the study period. Positive
values represent currents flowing northward.
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Figure 3. Local time versus longitude distribution of interhemispheric field-aligned currents. Positive values represent
currents flowing northward.

In order to obtain the magnetic effect caused by the currents, the core field, crustal field, and large-scale
magnetospheric field has to be subtracted from the original readings. Furthermore, the field residuals are
low-pass filtered with a 3 dB cutoff period of 205, to avoid the effect of spatial aliasing. For estimating
field-aligned currents (FACs) from the vertical current readings we have to consider the magnetic inclination, /
oz

= Sin

We make use of this relation only for inclinations larger than 30°, not in the vicinity of the dip equator, in order
to avoid too small numbers in the denominator. Further details of FAC calculation are given by Ritter et al.[2013].

3. The Interhemispheric Field-Aligned Currents

For the characterization of the IHFACs we made use of the dual-satellite FAC estimates as outlined in the
previous section. The data interval used lasts from 17 April to 5 November 2014. It thus covers the June
solstice and September equinox
Swarm, radial currents, 17 Apr - 5 Nov 2014 seasons. For quantifying the IHFAC

24 intensity we calculated the average FAC
22 density flowing in or out of the E region
over the range of 20°-40° MLAT from
20 the two hemispheres. This range safely
18 includes the Sq focus latitude. In this way
16 we obtain a single IHFAC value from
= 14 each satellite passage over the equator.
: 12 Figure 2 shows the IHFAC variation
E' 10 with local time. Most prominent is the
positive peak around noon reaching
8 current densities of 13 nA/m?. Positive
6 values represent currents flowing
4 from the Southern to the Northern
2 Hemisphere. Opposite currents,
however much weaker, are observed
915 -10 -5 0 5 10 15 during the morning and evening hours.
MLat [o] Such a current configuration is largely

consistent with the prediction of

Figure 4. Local time versus magnetic latitude distribution of vertical F  Fukushima [1994, Figure 17] for June
region currents. Positive values represent upward flowing currents. solstice conditions, except for the
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Figure 5. Magnetic latitude versus longitude distribution of vertical F region current (top) from noon sector and (bottom)
from evening sector. Positive values represent upward flowing currents.

current direction in the evening sector. Somewhat unexpected is the northbound IHFAC around 03 magnetic
local time (MLT). It does not seem to be related to the Sq system, and its interpretation is therefore considered
to be beyond the scope of this study.

In Figure 3 we show how the IHFACs vary over longitude. Data have been sorted into 24 overlapping 2 h local
time bins and into 12 overlapping 60° longitude bins. Clearly outstanding is again the positive current around
noon. Also, the negative currents during morning and evening hours are well visible. Quite remarkable is
the fading of the noontime IHFAC in the longitude range 300°E-350°E. Obviously, the potential difference
between the hemispheres is reduced in this sector. Also worth noting, IHFACs peak at local times before noon
in the sector 200°E-300°E geographic longitude (GLon). The weak northward current around 03 MLT shows
no longitude variations.

4, Radial Currents Over the Dip Equator

In the vicinity of the equator no field-aligned currents have been estimated due to the small inclination.
Figure 4 shows therefore the evolution of the radial current component over the day within the latitude
range +15° MLAT. Positive values represent upward currents. At latitudes higher than +7° MLAT we recognize
the features of the IHFACs appearing with opposite signs in the two hemispheres. There are the intense
IHFACs around noon, the reverse currents around 07 and 16 MLT, and the weak postmidnight FACs.

Of particular interest for this section are the radial currents in close vicinity to the dip equator, which are
attributed to the action of the F region dynamo. As expected, we find downward currents with peak densities
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of 3nA/m? around noon and upward currents of comparable strength around 18 MLT. The polarity change
around 15 MLT can be attributed to the switch of the zonal wind from westward to eastward at that time
[e.g. Liu et al., 2006]. The latitudinal width of the dynamo current is quite narrow, amounting to about +2.5°
around noon and £5° at 18 MLT.

The longitudinal distribution of the low-latitude radial currents is presented in Figure 5. In Figure 5 (top) we
show the current intensity from the time sector around noon. As expected we find upward currents in the
Southern Hemisphere. However, the downward currents in the Northern Hemisphere are interrupted by a weak
but significant upward current in the latitude range 5°~10° MLAT and around the 300°E GLon sector. This current
feature reduces the IHFAC intensity and is probably the reason for the minimum in noontime IHFAC evident
in Figure 3. The downward F region dynamo current is stronger in the longitude sector 0°E-210°E than in the
other part.

Figure 5 (bottom) shows the latitude versus longitude distribution from the evening sector. At that time all
low-latitude current is flowing upward. Due to the small current density scale range the plot appears rather
scattered. For the F region dynamo current, only the £5° MLAT range is of interest. We can see that the
dynamo currents at evening are strongest in the longitude range 150°E-300°E GLon. In the next section we
try to provide explanations for the observation.

5. Discussion

Initial results about F region currents derived with the Swarm constellation over the period 17 April to 5
November 2014 have been presented. It became evident that interhemispheric field-aligned and F region
dynamo currents have to be interpreted simultaneously in order to fully understand the observations.

IHFACs are about 4 times stronger than the F region dynamo currents. Therefore, it makes sense to interpret
them first. In general, our observations confirm the theoretical expectation of a major current flow from
winter to the summer hemisphere. For detailed inspections our Figure 3 can be compared with Figures 5
(top) and 6 (top) in Park et al. [2011]. These authors found that IHFAC characteristics are much the same
during the months May through September. However, they have used another convention for current
direction, negative values represent currents from south to north. In general, the results of both studies agree
well. We obtain around noon mean current densities of about 13 nA/m?. When assuming that these flow over
a latitude range of 2000 km, we obtain a sheet current density of 26 mA/m. This is somewhat higher than
the value (about 20 mA/m) reported by Park et al. [2011]. It is interesting to note that the weak IHFAC around
330°E GLon is related by Park et al. [2011] to the South Atlantic Anomaly. Also, the shift of the current

peak to earlier local times in the sector 200°E-300°E GLon can be found in their study. Both these features are
more prominent in Park et al. [2011] probably due to their much longer data interval.

Quite unexpected is the appearance of an upward current in the northern low-latitude hemisphere
around the 270°E-330°E longitude range (see Figure 5, top). Corresponding to that we find a significant
weakening of the upward current in the Southern Hemisphere. Our preferred interpretation is that these current
features are related to the South Atlantic anomaly (SAA). In this region of the weak geomagnetic
field the Sqg current system is expected to be enhanced. Studies of Takeda [1996] suggested that a
weak B field shifts the dynamo altitude upward where the plasma density and wind speed are higher.
As a consequence of that summer-like Sq conditions are expected in the SAA region even during local
winter. Thus, in this longitude sector the potential difference to the Northern Hemisphere is reduced
or even reversed locally.

Our observations provide also a detailed picture of the F region dynamo currents. A schematic illustration of
the complete current system, including vertical currents above the dip equator and meridional currents
connecting them to the E regions in the two hemispheres, is given in Liihr and Maus [2006, Figure 2]. As
expected, we find downward currents around noon and upward around sunset. The typical current density of
3nA/m? is quite low but well recovered with Swarm. The vertical current sheet is rather narrow, only +2.5°
in latitude around noon and about twice of that in the evening sector. This means that the dynamo is efficient
only in the close vicinity of horizontal magnetic field lines. Any deviation from that is obviously shorted out
by FACs connecting to the E region. Along this line of argument we may also explain the somewhat wider
vertical current sheet in the evening, when the E layer conductivity is reduced. When assuming a triangular

LUHR ET AL.

©2015. American Geophysical Union. All Rights Reserved. 3073



@AG U Geophysical Research Letters

10.1002/2015GL063662

Acknowledgments

The European Space Agency (ESA) is
acknowledged for providing the Swarm
data and for financially supporting the
work described in this paper. The data
used here are the Swarm Level-1b
MAGNET data freely accessible at
https://earth.esa.int/web/guest/swarm/
data-access. In case of interest in
higher-level products, please contact
the corresponding author.

The Editor thanks Joseph Huba and
W. Jeffrey Hughes for their assistance in
evaluating this paper.

latitude profile of current density we obtain sheet current densities of about T mA/m for both time sectors.
This can be compared with the values reported by Park et al. [2010a]. When considering the mean solar
flux of our data period, Fy7= 140 solar flux unit, we read from their Figure 6 annual averages of 2 mA/m
and 1.3 mA/m for the noon and evening time sectors, respectively. Our lower numbers can be explained
by the fact that we have sampled mainly June solstice conditions when F region dynamo currents are
weakest [see Park et al., 2010a, Figure 3].

From Figure 5 it is obvious that the noontime dynamo currents are stronger at longitudes 0°E-210°E. This is
the longitude range where the dip equator is located in the Northern Hemisphere. Here we can expect
enhanced conductivity due to summer conditions. In the evening radial currents are strongest in the sector
150°E-300°E GLon. This is the range over which the dip equator changes from the Northern to the Southern
Hemisphere. Here the magnetic field and L shells are declined toward east. Thus, the footprints in the E layer of
the F region dynamo are well aligned to the summertime evening terminator. This causes a stronger zonal
gradient of the flux tube-integrated conductivity. It has been shown by Park et al. [2010b] that the strength of F
region currents is proportional to the zonal gradient of the flux tube conductance.

From Figure 5 it is obvious that the noontime dynamo currents are stronger at longitudes 150°E-330°E, and
the evening currents are weakest in that sector. Zonal winds from CHAMP provide no suitable explanation
for that longitudinal variation. Park and Liihr [2013] showed that E region dynamics has a strong influence on
the F region currents. We may well see the response of a tidal effect at E layer altitude.

6. Summary

F region currents at low latitudes have for the first time been deduced from dual-satellite observation using
the Swarm constellation. Here we present initial results from the first half year of formation flight. Our data
confirm, in general, for the interhemispheric field-aligned currents (IHFAC) and the F region dynamo
currents the expected and previously reported characteristics during June solstice and September equinox
seasons. The new approach, however, provides more significant results and more details. Important
findings are the following:

1. Sizable field-aligned currents, but about 100 times smaller than auroral FACs, are flowing from the
Southern (winter) Hemisphere into the Northern around noontime. Weaker currents with directions
opposite to noon are observed during morning and evening hours. This is largely consistent with the
predicted picture for June solstice, except for the current direction during evening hours.

2. IHFAGs in all three local time sectors show intensity variations with longitude. Quite prominent is the
weakening of the noontime IHFAC around 330°E GLon. We suggest also a relation to the South Atlantic
anomaly. In the low magnetic field region Sq currents are expected to be stronger. Thus, the potential
difference to the Northern Hemisphere at summer conditions is reduced.

3. Right above the dip equator weak vertical F region dynamo currents are flowing, downward around
noon, and upward at about 18 MLT. These currents are confined to a narrow latitude range, £2.5°
around noon and +5° at 18 MLT.

4. The dynamo current intensity also exhibits longitudinal variations. During noontime the vertical currents
are enhanced over the longitude range 0°E-210°E, where the dip equator lies in the Northern (summer)
Hemisphere. Radial currents in the evening sector are strongest over the longitude range 150°E-300°E.
Here the eastward declined flux tubes are well aligned with the summertime evening terminator. This
results in a strong zonal gradient of the flux tube-integrated conductivity.

These initial data from dual-satellite analysis have provided promising results. Longer series of data over
years, however, are needed to determine special features of these F region currents including seasonal and
solar flux dependences, their modulation by atmospheric tides and meteorological phenomena.
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