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Abstract Magnetic and electric field observations from the European Space Agency Swarm mission are
used to report the direction of electromagnetic energy flux associated with equatorial plasma depletions.
Contrary to expectations, the observations suggest a general interhemispheric Poynting flux rather than
concurrent flows at both hemispheres toward or away from the equator. Of high interest is a particular
behavior noticed over the region with the largest variation in the magnetic declination. This is a Poynting
flux flowing mainly into the southern magnetic hemisphere about between 60∘W and 30∘E and into the
northern magnetic hemisphere between 110∘W and 60∘W. The abrupt change in the flow direction at 60∘W
is suggested to be caused by an asymmetry between the hemispheres on the ionospheric conductivity,
likely due to the influence of thermospheric winds and the presence of the South Atlantic Anomaly.

1. Introduction

Equatorial plasma depletions (EPDs) are macroinstabilities observed as structures of depleted plasma density
aligned with the magnetic field in the ionosphere F region. They are known to mainly occur at the nighttime
geomagnetic equatorial/low latitudes when the ionosphere is unstable due to the steep density gradient in
the bottomside F region. The physical mechanism responsible for the formation of EPDs was first identified by
Hudson and Kennel [1975] and their propagation into the topside by Woodman and La Hoz [1976]. They were
described as the result of both linear and nonlinear growth phases of a plasma boundary instability under the
influence of the gravitational field, normally referred as Rayleigh-Taylor or interchange instability [Ossakow,
1981; Hysell, 2000; Woodman, 2009].

Regardless of more than 80 years of efforts understanding the physics behind the occurrence of EPDs and their
day-to-day-variability, only a few studies about their electromagnetic features and related Poynting flux from
observations have been conducted. This is understood mainly to the lack of simultaneous measurements of
both electric and magnetic field at EPDs altitudes of about 150 to 1500 km. However, several satellites have
been used to report global observations of EPDs, such as the Atmosphere Explorer [e.g., McClure et al., 1977],
Defense Meteorological Satellite Program [e.g., Huang et al., 2001], San Marco D [e.g., Aggson et al., 1992],
Communication/Navigation Outage Forecasting System (C/NOFS) [e.g., Burke et al., 2012], and Challenging
Minisatellite Payload (CHAMP) [e.g., Stolle et al., 2006] missions.

It is known that EPDs present perturbations in both electric (𝛿E) and magnetic (𝛿B) fields as a result of currents
flowing along and across the depletions. Of importance are magnetic perturbations observed as field fluctu-
ations caused by two types of currents. The first one is attributed to diamagnetic currents (pressure-driven
currents) flowing along isodensity contours across the depletions [e.g., Lühr et al., 2003; Stolle et al., 2006].
They are characterized by an enhancement in the magnetic field strength within the EPDs through a bal-
ance between the magnetic and plasma pressures. The second type of currents corresponds to field-aligned
currents (FACs) flowing within the edges of the depletions [e.g., Park et al., 2009]. They generate transverse
magnetic field perturbations as the ones depicted in Figure 1. By assuming electrostatic conditions, these
FACs have been traditionally related to the divergence of mainly gravity-driven current at F region altitudes
[e.g., Huba et al., 2008; Aveiro and Hysell, 2012; Yokoyama and Stolle, 2016]. A different interpretation stands
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Figure 1. Schematic view of two depleted flux tubes with different FACs
(jFAC) configuration. The FACs-related magnetic signature 𝛿Brad, the
expected eastward polarization electric field 𝛿Ezon, the Poynting flux Spar
and the polarization currents jp are depicted.

on dynamic electromagnetic charac-
teristics assuming FACs as signatures of
Alfvén waves [e.g., Bhattacharyya and
Burke, 2000; Pottelette et al., 2007; Lühr
et al., 2014]. Despite this discrepancy,
it is still assumed in either case that
the FACs flow poleward (equatorward)
on the external edges of the western
(eastern) walls of EPDs, resulting then
in a Poynting flux (Spar) flowing pole-
ward into the E region [e.g., Dao et al.,
2013]. Nevertheless, the observations
reported in this study appear to indi-
cate a new paradigm, consisting of an
interhemispherical Poynting flux pre-
sumably flowing into the hemisphere
with larger ionospheric conductivity.

By using different satellites, investiga-
tions about electromagnetic features
of EPDs have been conducted using
either electric or magnetic field obser-
vations [e.g., Aggson et al., 1992; Park
et al., 2009; Burke et al., 2012]. In the

present study, the direction of the EPDs-related electromagnetic energy flux is reported using simultaneous
magnetic and electric field measurements recorded on board the Swarm satellites. Two recent studies by Park
et al. [2016] and Park et al. [2017] report observations of the source and Poynting flux direction associated
with medium-scale traveling ionospheric disturbances and Alfvén waves at high latitudes, respectively, both
by using Swarm measurements. So far, there has been no study addressing from observations the Poynting
flux related to equatorial plasma depletions.

2. Electric and Magnetic Field Data

Swarm is the latest mission of the European Space Agency (ESA) to deeply explore the Earth’s magnetic field
and its temporal evolution. It provides in situ simultaneous high-resolution measurements of magnetic and
ion drift (electric fields), plasma density, and both electron and ion temperatures. The constellation consists
of three satellites (Alpha, Bravo, and Charlie) placed on near-polar (87.5∘ inclination) orbits and flying with a
speed of about 7.5 km/s. At the beginning of the mission after its launch on 22 November 2013, the three
satellites orbited together at an altitude of about 500 km. Later on 15 April 2014, the satellites reached their
final constellation. So far, Swarm Bravo orbits with a somewhat higher inclination at an altitude of ∼ 520 km.
Swarm Alpha and Charlie fly side by side with a separation in longitude of ∼1.5∘ at a height of ∼ 460 km.

The instruments on board Swarm are identical for the three satellites. These are an Absolute Scalar Magne-
tometer (ASM) and a Vector Field Magnetometer (VSM) recording the total magnetic field at 1 Hz and the three
magnetic components at 50 Hz, respectively [Tøffner-Clausen et al., 2016]. A combination of both the ASM
and VSM data results in highly accurate vector magnetic field data at a rate of 1 Hz. Two Langmuir probes (LP)
provide electron density and electron temperature, and a Thermal Ion Imager (TII) provides ion drift velocity
(electric field) and ion temperature [Knudsen et al., 2017]. The LP and TII data appear completely regular at
2 Hz rate. Because both electron density and electric field are not synchronized with the magnetic field data,
the first two are decimated to a rate of 1 Hz. An initial release of Swarm electric field data has been made avail-
able for the period between April and September 2014 for Swarm, Alpha, and Bravo. Within this period the
data coverage is not continuous and is subjected to large offsets. Then, only data with TII quality flag < 30 are
considered, following the recommendation of Knudsen et al. [2015]. Additionally, few days available in March
2015 are also included.

Finally, since the magnetic and electric field data are given in North-East-Centre coordinates, the vectors
are rotated into the magnetic-field-aligned coordinate system. In this frame the parallel (par) component is
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Figure 2. Electromagnetic signatures of EPDs as observed by Swarm Alpha. From top to bottom, the electron density
(Ne) and its residual (𝛿Ne), the parallel and radial magnetic field components (𝛿Bpar, 𝛿Brad), the zonal polarization
electric field (𝛿Ezon), and the Poynting flux (Spar). (a) Pass over the northern magnetic hemisphere. (b) Pass over the
southern magnetic hemisphere. The 𝛿Ne threshold (−0.3 × 105cm−3) is depicted in red.

aligned with the mean ambient magnetic field, the zonal component (zon) is perpendicular to the magnetic
meridian pointing eastward, and the radial (rad) component completes the triad pointing outward to higher
L shells.

3. EPDs-Related Poynting Flux Estimation

The method to detect EPDs is based on electron density (Ne) and magnetic field data, similar to the method
implemented by Park et al. [2013]. Briefly, the detection is restricted to overpasses of Swarm between±30∘ dip
latitude and from 18 to 04 magnetic local time (MLT). As a first step, the electron density data are subjected
to a high-pass filter in order to withdraw the background values. The resulting residual 𝛿Ne is considered if
almost continuous values ≤ −0.3×105cm−3 are present (see Figures 2a and 2b, second panel). Subsequently,
in order to guarantee that such depletions correspond to EPDs, the plasma density must be correlated with the
magnetic field strength and transverse components within the depletion. Hereof, the magnetic field contribu-
tions from the core, lithosphere, and magnetosphere are subtracted from the magnetic field measurements
by using the geomagnetic field model CHAOS6 [Finlay et al., 2016]. The resulting values are residuals assumed
to be of ionospheric origin (𝛿Bpar, 𝛿Bzon, and 𝛿Brad).

Accordingly, the EPD events considered in this study are those that present linear correlation between 𝛿Ne and
both the 𝛿Bpar and 𝛿Brad with correlation coefficients (cc) ≤ −0.6 and |cc| ≥ 0.6, respectively. These magnetic
perturbations are attributed to the diamagnetic and field-aligned currents effect.

With respect to the electric field, the background values are removed using a high-pass filter, resulting then
in the components 𝛿Ezon and 𝛿Erad, corresponding to the electric field fluctuation across the depletion and
which direction is relative to the background electric field.

The Poynting flux derived is the one parallel to the main magnetic field,

Spar =
𝛿E⊥ × 𝛿B⊥

𝜇0
=

(𝛿Erad + 𝛿Ezon) × (𝛿Brad + 𝛿Bzon)
𝜇0

. (1)
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Figure 3. EPD events displayed by season and set by the polarization of the FACs-related magnetic signature 𝛿Brad
(dots). (a) March equinox, (b) September equinox, (c) June solstice, and (d) December solstice. The sudden change in
the FACs direction is indicated by the dashed red line. The longitudinal variation of the occurrence of EPD events is
qualitatively shown by histograms at the bottom of each panel.

To compute the Spar, the electric and magnetic field components (𝛿Ezon, 𝛿Brad and 𝛿Erad, 𝛿Bzon) must be well

correlated (|cc| ≥ 0.6). In order to strengthen the conclusions of this study, and since the set of electric field

data is limited and subjected to offsets, the Spar is computed only with one pair of 𝛿E⊥ and 𝛿B⊥ if the other

pair of components is not well correlated, otherwise, both pairs are used in the computation. This approach

is acceptable since the aim of this study is the analysis of the Spar direction, not its magnitude. Additionally,

to avoid nongeophysical signals mainly from the electric field data, a cross check is done to guarantee agree-

ment between both the electric and magnetic field data. This is done by inferring the tilt of the depletion

separately with 𝛿E⊥ and 𝛿B⊥, which must result in agreement to be considered. The EPDs tilt can be inferred

via the sign of the linear correlation between the two components of either 𝛿E⊥ or 𝛿B⊥. This cross check is

carried out only for EPDs that present well correlation between the two pairs of 𝛿E⊥ and 𝛿B⊥ components.

Finally, to deduce the Spar direction, the mean is calculated over the EPD interval determined by the thresh-

old in 𝛿Ne and highlighted with gray bands as shown in Figure 2. Thus, a positive value corresponds to a Spar

flowing northward.
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Figure 4. Pass of Swarm Alpha. (from top to bottom) The electron
density (Ne) and the path of the satellite in quasi-dipole longitude
(QD longitude), the parallel and radial magnetic field components
(𝛿Bpar, 𝛿Brad), the zonal polarization electric field (𝛿Ezon) and the
Poynting flux (Spar).

4. Observations and Discussion

Figure 2 shows two passes of Swarm
over the northern and southern mag-
netic hemispheres. They both present
EPD events with clear electromagnetic
signatures. Of great interest is the west-
ward electric field 𝛿Ezon registered within
the depletions in Figure 2a. This westward
𝛿Ezon measured across EPDs is associated
with downward plasma convection and is
commonly observed on satellites, such as
the San Marco D [e.g., Laakso et al., 1994],
AE-E [e.g., Singh et al., 1999], DE-2 [e.g.,
Palmroth et al., 2000], and C/NOFS [e.g.,
Haaser et al., 2012; Burke et al., 2012], and
by radars [e.g., Rao et al., 1997; Fukao et al.,
2004; Saito et al., 2008; Patra et al., 2014].
By definition, the zonal polarization elec-
tric field within a depletion is expected to
be eastward since it is built to keep the
continuity of the gravity-driven current
j = nM(g×B)∕B2, being n and M the local

plasma density and the mass of its constituent ion species, respectively. As suggested by Laakso et al. [1994],
downward plasma convection associated with westward 𝛿Ezon across depletions can occur likely by either a
change in the background electric field from eastward to westward or by responding to slow or negative verti-
cal neutral winds when the ion-neutral collision frequency is fairly large. Based on the altitude of about 500 km
at which Swarm records their measurements, it seems improbable to find large ion-neutral collision frequen-
cies at heights above the F peak. A different explanation based on measurements gathered by C/NOFS is sug-
gested by Burke et al. [2012]. The authors propose that such kind of observations corresponds to the local part
of the perturbed interface that experiences the downward drift due to the westward 𝛿Ezon (see their Figure 12),
and that in turn, they should not be considered as EPDs. However, not having a complete picture of the deple-
tion makes the interpretation challenging, since they can also be attributed to fossil bubbles as suggested
by different authors [e.g. Aggson et al., 1992; Krall et al., 2010, and references therein]. Standing on the obser-
vations presented in this study, it seems that the change of sign of the background electric field is the most
likely cause of westward polarization electric field within EPDs, as it will be shown later in this section.

The direction of the FACs flowing along the walls of EPDs is determined solely by the direction of 𝛿Brad (see
Figure 1). In Figure 3 the detected EPDs are characterized by the direction of FACs and presented for the two
equinoxes and solstices. The color of the dots is related to the direction of the FACs as the ones depicted in
Figure 1. In the bottom of each of the four panels, a histogram shows the quantity of EPD events. Each bin
corresponds to 15∘ in geographic longitude, and the color (yellow and grey) is in accordance with the color
of the dots. The histograms do not present explicitly the number of EPDs, they are scaled for each panel and
are shown to qualitatively highlight the longitudinal variation of the occurrence of EPDs. The data used cor-
respond to measurements of the three Swarm satellites during 2014 and 2015. In general, the EPDs are well
distributed along the globe and suggest a seasonal-spatial variation in agreement with previous climatolog-
ical studies [e.g., Xiong et al., 2010, and references therein]. An interesting observation is the general flow of
FACs from local summer to winter during both June and December solstices (see Figures 3c and 3d). Even more
exciting is the sudden change in the FACs direction at about 60∘W during March and September equinoxes,
and December solstice (see Figures 3a, 3b, and 3d, vertical red line). This interhemispheric flow of FACs differs
from the general assumption of FACs flowing poleward on western walls and equatorward on eastern walls
of EPDs.

It is proposed that a likely cause for such interhemispheric flow could be a dissimilarity in the Pedersen
conductivity between both magnetic hemispheres. As it is known, the electric currents flow through all pos-
sible paths but more current will flow through the lower resistance path. Thus, in a general way, it might
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Figure 5. EPDs as observed by the polarization of the FACs-related magnetic signature 𝛿Brad (dots) and the direction of
the Poynting flux Spar (arrows). Set by (a) eastward polarization electric field 𝛿Ezon and (b) westward polarization electric
field 𝛿Ezon. (c) EPD events in Figures 5a and 5b as a function of magnetic local time and longitude.

be expected, for instance, that FACs in the vicinities of the South Atlantic Anomaly where a larger Pedersen
conductivity is present, tend to flow mainly into the southern magnetic hemisphere. Furthermore, summer-
to-winter transequatorial winds in the thermosphere are expected to enhance conductivity in the winter
hemisphere [Maruyama, 1988, Figures 7d and 8d] in agreement with the observations presented dur-
ing both June and December solstices (see Figures 3c and 3d). During March and September equinoxes
(Figures 3a and 3b), the sudden change in the FACs direction at about 60∘W, and in turn, of the Poynting
flux direction is of great interest. This could be interpreted as due to the contribution of zonal winds to
the field-aligned wind component in the presence of large magnetic declination angles. Generally, zonal
winds in the nighttime thermosphere blow eastward, irrespective of season [e.g., Drob et al., 2015, Figure 4].
When combined with the eastward tilt of the geomagnetic field between about 180∘W and 70∘W, the east-
ward wind in the geographic frame can contribute to field-aligned plasma transport from the Southern
Hemisphere to the Northern Hemisphere. According to Maruyama [1988], the northward transport should
lead to enhanced ionospheric conductivity in the northern magnetic hemisphere. Besides, when combined
with the westward tilt of the geomagnetic field between about 70∘W and 20∘W, the eastward wind can con-
tribute to the already larger conductivity in the southern magnetic hemisphere by increasing the plasma
transport from the Northern Hemisphere to the Southern Hemisphere.

In order to support the fact that the direction of the FACs is different than expected, Figure 4 shows an exam-
ple of Swarm Alpha passing across two depletions ±5∘ away from the dip Equator. In the top of the figure (in
red) the path of the satellite is depicted in quasi-dipole coordinates together with the electron density. It is
noticed that both depletions are roughly in the same magnetic meridian, suggesting the possibility of being
the same depleted flux tube. When looking at the 𝛿Brad (third panel) both depletions present positive fluctu-
ations, implying then an interhemispheric FACs flow. Likewise, the Spar in the bottom of the figure describes
also an interhemispheric Poynting flux. Because of the relevance of these findings, a more detailed analysis
on the climatology of FACs is warranted and will be addressed in another study.
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In Figure 5 the direction of the Poynting flux is shown for some selected EPDs based on the availability of
electric field data. The EPDs are displayed in two panels depending on the 𝛿Ezon polarization, eastward in
Figure 5a and westward in Figure 5b. The direction of the FACs is also depicted with yellow and gray dots as in
Figure 3. Since most of the Spar observations reported in this study are centered around June, a larger number
of EPDs over Africa is noticed. Of the total number of events with Spar computed, 71% correspond to EPDs with
eastward 𝛿Ezon and 29% with westward 𝛿Ezon. In Figure 5c, both the EPDs in Figures 5a and 5b are displayed as
a function of longitude and magnetic local time. The EPDs with eastward and westward 𝛿Ezon are in black and
color, respectively. In general, it is noticed that the EPDs between about 60∘W to 60∘E mainly occur later in the
evening compared to the EPDs in other longitudes. This characteristic was also noticed by Stolle et al. [2008]
using data from the CHAMP and ROCSAT-1 satellites. In the study, the authors report high agreement between
the vertical plasma drift and the occurrence rate of depletions. In their Figure 6, it is shown that during June
solstice the pre-reversal enhancement peak velocity occurs later in the evening between about 45∘W and
45∘E, in accordance with other studies [e.g., Fejer et al., 2008, Figure 4]. In particular, it is noticed that EPDs with
westward 𝛿Ezon occur generally after 22:00 MLT, with the premidnight EPDs presenting larger amplitudes than
the few postmidnight ones. However, one must be aware of the bias of this distribution by the disrupted and
limited set of data. In contrast, westward 𝛿Ezon across depletions was also reported by Haaser et al. [2012] using
measurements gathered by C/NOFS. The authors account for depletions of this kind to occur throughout the
night, and in some cases to have the same occurrence rate than depletions with eastward 𝛿Ezon (see their
Figure 6). Therefore, it can be said that depletions with westward 𝛿Ezon are commonly observed throughout
the night with a higher occurrence rate later in the evening (after ∼22:00 LT) when the ambient electric field
has become westward.

5. Summary and Conclusions

This study reports observations of the Poynting flux direction associated with equatorial plasma depletions as
derived from the Swarm constellation. By using simultaneous measurements of electric and magnetic fields,
the EPDs-related Poynting flux is estimated for a limited set of data. Furthermore, the direction of the related
FACs is derived by their associated magnetic field perturbations. The main findings and conclusions could be
summarized as follows.

1. The EPDs-related FACs present interhemispheric flows rather than poleward and equatorward flows at each
hemisphere on the western and eastern EPD walls, respectively.

2. In turn, a general interhemispherical Poynting flux is deduced to be mainly from summer to winter during
solstice. During equinox, a preference for northward Poynting flux from about 110∘W to 60∘W (positive
magnetic declination) and southward from 60∘W to 30∘E (negative magnetic declination) is observed.

3. The sudden change in the flow of both Poynting flux and FACs at about 60∘W can be interpreted as the
influence of thermospheric zonal winds in the presence of large magnetic declination angles. This occurs by
affecting the field-aligned transport of plasma, which in consequence yields to a hemispheric asymmetry
of the ionospheric conductivity. Furthermore, the South Atlantic Anomaly may also enhance ionospheric
conductivity in the Southern Hemisphere to the east of 60∘W.

4. Among the total number of EPDs with Poynting flux reported, 71% present eastward polarization electric
field 𝛿Ezon and 29% westward 𝛿Ezon across the depletions. To support these observations, a further analysis
should be carried out when more calibrated electric field data are available from the Swarm mission.

Certainly, an extended data set is warranted in order to investigate further spatial and temporal variations of
the EPDs-related electromagnetic features. Moreover, comparison with simulations and ground-based mea-
surements are essential for a better understanding of individual features of EPDs, such as the tilt, that is
expected to influence the magnitude of magnetic deflections perpendicular to the ambient magnetic field.
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