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Abstract—The results are presented of combined measurements by the SWARM spacecraft (SC) and Euro-
pean incoherent scatter radar on Svalbard for two events of simultaneous observations: in the nighttime ion-
osphere during substorm activation on January 9, 2014, and in the daytime ionosphere under quiet conditions
on February 5, 2017. Onboard magnetometers of the SWARM SC provide measurements of field-aligned cur-
rent density over the ionosphere. The radar, which is under the f lyby trajectory at this time, measures the ver-
tical distribution of the electron density (Ne). Experiments have shown that, under disturbed nighttime con-
ditions, at the location of the field-aligned current f lowing from the ionosphere, the plasma density increases
throughout the entire slab of the ionosphere and the change in Ne is in agreement with theoretical estimates.
In the daytime quiet ionosphere, Ne increases only in the F layer, but practically does not change in the
E layer. The differences may be due to the fact that, in the first case, the carriers of the upward directed cur-
rent are represented by the entire energy spectrum of auroral electrons of 1–10 keV, and in the second case
only by the low-energy part.
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INTRODUCTION
Field-aligned electric current (FAC) that f lows

along geomagnetic-field lines B plays a major role in
the transfer of energy between the solar wind, the
magnetosphere, and the ionosphere. Satellite observa-
tions have revealed the global distribution of FAC in
the ionosphere and also made it possible to determine
the mechanisms of FAC generation in the magneto-
sphere. The large-scale FAC system includes region 1
currents, which connect the outer layers of the mag-
netosphere with the high-latitude ionosphere, and
region 2 currents located more equatorially, which
connect the inner magnetosphere with the auroral
ionosphere [1]. The density of large-scale FAC is typ-
ically on the order of 1 μA/m2. However, the current
sheets are inhomogeneous; they contain currents of
small spatial scales, but of high intensity, on the order of
10–100 μA/m2 [2, 3].

FAC carriers are electrons with low mass and high
mobility along B. Upwardly directed (outflowing from
the ionosphere) FAC correspond to the decrease of
electron heat f lux, while FAC flowing into the iono-
sphere are accompanied by outgoing electrons. In the
region of FAC, an increase in the electron density and
a corresponding increase in conductivity occur. In the
region of the inflowing FAC, the decreases. To close
the ionospheric current connecting regions with dif-

ferent conductivities, the electric field at the downward
FAC must be greater than at the upward one. This phe-
nomenon is considered one of the common features of
aurora arcs and has been observed using a combination
of optical methods with radar and satellite measure-
ments (e.g., [4, 5]). In the ionosphere, FAC are closed
due to Pedersen currents, the carriers of which are
mainly ions. Thus, a three-dimensional current sys-
tem arises, and a local change in the plasma density
should occur in the region of the downward and
upward FACs in the ionosphere.

Theoretical estimates of changes in the electron
density (Ne) were made on the basis of solving the
equations for the motion of the ionospheric plasma
and the closure of currents [6–8]. However, over the
years that have passed since the appearance of these
works, experimental confirmation of this effect has
not appeared. This is due to the fact that, in the exper-
iment, it is necessary to have data on simultaneous
measurements of the FAC density and the Ne vertical
profile. Direct measurements of the FAC over the ion-
osphere can only be carried out with the help of low-
orbit spacecraft (SC), and the height distribution of
Ne can only be obtained with the help of an incoher-
ent scatter radar, which is at that time under the f lyby
trajectory. Since in fact there are only two high-lati-
tude incoherent radars—on the Spitsbergen archipel-
491



492 LUKIANOVA
ago and in Alaska—and at present only the SWARM
SCs are in polar orbit, and these two measuring instru-
ments do not conduct coordinated experiments, it is
very difficult to provide the desired combination of
observations. However, using the open database of
European radar measurements ESR and SWARM SC,
it was possible to select several representative events.
The purpose of this work is to study the influence of
the FAC on the electron density profile using com-
bined observations of the spacecraft SWARM and
EISCAT ESR radar (European Incoherent Scatter
Scientific Association—EISCAT Svalbard Radar)
during selected representative events.

1. SWARM SATELLITES AND INCOHERENT 
SCATTER RADAR ESR

The SWARM mission, consisting of three identical
spacecraft, has been in low polar orbit since 2014. Two
spacecraft, SW-A and SW-C, fly at an altitude of 420 km
parallel to each other at a distance of 0.5°–1.5° in lon-
gitude, with the orbital inclination being 87.4°. The
orbit of the third spacecraft, SW-B, lies in another
meridional plane (an inclination of 88°) at an altitude
of 500 km. Gradually shifting for 7–10 months, satel-
lite trajectories cover all longitudinal sectors of the
globe. All three SWARM SC are equipped with identi-
cal hardware. The main module is a complex for mag-
netic measurements: highly sensitive vector and scalar
magnetometers for determining the magnitude and
direction of the total vector and geomagnetic-field
variations with an accuracy of 0.1 nT and a frequency
of 1 Hz. At high latitudes, a vertically directed current
creates a magnetic field the vector of which lies in the
horizontal plane. If the spacecraft trajectory crosses
the FAC, the onboard magnetometer, in addition to
the main field, measures magnetic variations, from
which the current density is calculated. The FAC den-
sity calculated according to the standard algorithm [9]
is one of the parameters included in the SWARM data-
base. In addition to the magnetometric equipment,
spacecraft are equipped with Langmuir probes for
measuring the density and temperature of the elec-
tronic component of the ionospheric plasma. SWARM
data, structured by daily files, are presented on the
website of the European Space Agency.

Radars of the European scientific system EISCAT
are designed to study the ionosphere by emitting a
radio signal at 500 MHz and receiving a backscatter
signal, which can be used to draw a conclusion about
the physical parameters of the ionosphere, such as the
characteristics of Ne, the temperature of electrons and
ions, the speed of ions on the line of sight in the range
from 90 to 400 km. The northernmost of the radars,
ESR (European incoherent radar), is located on the
Svalbard archipelago (78.2° N, 16° E). It measures the
characteristics of the ionospheric plasma near the
polar-cap boundary. The system consists of two
antennas: one with a diameter of 42 m is fixed and
directed along the local line of the geomagnetic field
(azimuth 184°, inclination angle 82.1°); the second,
with a diameter of 32 m, is fully stearable. Periodically,
a large antenna performs measurements according to
the general CP program (ipy mode). In this mode,
series of altitude profiles of ionospheric parameters
are obtained when sounding along the geomagnetic
field line. To estimate the density and temperature of
electrons, the temperature and velocity of ions within
the line of sight of the beam with a resolution of 1 min
at altitudes of 100–400 km are divided into 32 ranges,
the standard GUISDAP software is used [10]. The
MADRIGAL online database contains observational
data from ESR sessions since 1996.

2. RESULTS OF RADAR 
AND SATELLITE OBSERVATIONS

To search for events of combined satellite measure-
ments of the FAC and radar measurements of the Ne
vertical profile from the SWARM database of f lyby tra-
jectories were selected passing over the ESR location
at a distance of no more than 2° in latitude (~60 km).
The ESR database was then checked for these events
to see if there were 42-m antenna sessions at that time.
In this section, we consider two representative events of
combined measurements, one of which (February 5,
2017) occurred in a magnetically quiet period, and the
second (January 9, 2014) during substorm activation.
Figure 1 shows the values for these 2 days of the local
auroral electrojet index (EI), which is calculated from
the data of the Scandinavian meridional chain of
IMAGE magnetometers.

2.1. Event of February 5, 2017

On this day, the trajectory of the f light of the tan-
dem spacecraft SW-A and SW-C passed near the ESR
location at 1520–1530 UT. SW-C was 4 s ahead of
SW-A and was approximately 1° of longitude closer to
the radar beam. Figure 2 shows a part of the spacecraft
tandem flight trajectory in a rectangle bounded by
geographic coordinates 65°–85° N and 5°–27° E lati-
tude (Fig. 2a), as well as the polar projection of the tra-
jectory in geomagnetic coordinates (Fig. 2b). The
polar projection is superimposed on the pattern of
large-scale FACs obtained from the data of Ampere
(Active Magnetosphere and Planetary Electrodynam-
ics Response Experiment). Within the framework of
the Ampere project, maps of the FAC density distribu-
tion in the high-latitude region with a 10-min resolu-
tion are available through the web portal. The maps
are based on measurements of magnetic-field varia-
tions by engineering magnetometers of the satellite
constellation Iridium Communications, which consists
of more than 70 spacecraft in a circumpolar orbit [11].
It can be seen from Fig. 2b that a large-scale upward
FAC with a density of up to 0.6 μA/m2 is located south
of Svalbard. The SW-A and SW-C SC fly near the
COSMIC RESEARCH  Vol. 61  No. 6  2023
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Fig. 1. EI for February 5, 2017, and January 9, 2014. Vertical dotted lines show the moments of the location of the SWARM SC
above the ESR radar.
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ESR beam approximately at the middle of the minute
15:23 UT, and the zone of the downward FAC enters
at the end of this minute.

Parameters of the longitudinal electric current
calculated from the measurements of the onboard
magnetometers of the SW-A and SW-C SC are pre-
COSMIC RESEARCH  Vol. 61  No. 6  2023
sented in Fig. 3. To reveal large-scale structures, the
initial 1-Hz values were averaged over 31 points.
Observations of both satellites indicate that a large-
scale downward (considered positive) FAC with a
density of up to 0.8 μA/m2 is located approximately
between 66° and 70° latitude, with the upward (con-
sidered negative) of slightly less density being between
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Fig. 2. (a) Spacecraft f lyby trajectories of SW-A (gray line) and SW-C (black line) at 15:22–15:25 UT on February 5, 2017; geo-
graphical coordinates; the asterisk indicates the location of the ESR radar. (b) FAC ionospheric projection according to Ampere
data (red color is the current f lowing out of the ionosphere, blue color is the current f lowing into the ionosphere), averaged over
the interval 15:20–15:30 UT, and the SC flyby trajectory (black line and minute reference points); local geomagnetic time
(MLT)–geomagnetic longitude coordinates.
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Fig. 3. FAC density according to measurements of SW-A (gray line) and SW-C (black line) SC for February 5, 2017. An arrow
pointing down (up) denotes the FAC inflowing into the ionosphere (outflowing from the ionosphere). Dots on the X axis indicate
minutes when the SW-C SC was close to the ESR.
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Fig. 4. (a) Altitude distribution of Ne at 15:20–15:27 UT on February 5, 2017; (b) Ne vertical profile at 15:23 UT (red line) and
profiles averaged over the three previous and three subsequent minutes (lines with standard deviation).
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73° and 79°. Instantaneous (1 s) FAC values reached
4 μA/m2. The segment of the spacecraft trajectory
closest to the radar is in the zone of the current f lowing
from the ionosphere.

On this day, radar observations were carried out
according to the SR program in the ipy mode from
13:00 to 18:00 UT. Figure 4a shows 1-min Ne vertical
profiles measured from 15:21 to 15:28 UT. It can be seen
that, at 15:23, at heights of the F layer of 250–300 km,
there is a sharp increase in Ne to 1.4 × 1011 m–3. A slight
increase in density is noticeable even lower, in the
range of 170–220 km. The moment of time corre-
sponds exactly to the crossing by the satellites of the
zone of the FAC, which f lows out of the ionosphere.
To quantify the change in Ne, three profiles are distin-
guished in Fig. 4b: a central one at 15:23 UT and ones
averaged over the three previous and three subsequent
minutes. The difference between the central and
neighboring, previous and subsequent, profiles in the
Ne maximum at an altitude of 260 km is, respectively,
2.5 × 1010 and 7 × 1010 m–3. Differences are noticeable
both at high and low altitudes. In the E layer, they are
equal to several tenths of a unit.

It should be noted that the averaging of radar and
satellite data introduces some uncertainty into the
result of their comparison. On the high F layer, the
diameter of the volume observed by the radar is about
2 km and the tilt of the beam shifts the area of illumi-
nation by about 50 km to the south of the antenna
location. In the zonal direction, the radar rotates along
with the Earth at a speed of about 15 km/min and the
beam can gradually leave the area occupied by the
COSMIC RESEARCH  Vol. 61  No. 6  2023
FAC. The integration time of the radar data required
to obtain an acceptable signal-to-noise ratio is 1 min.
The length of the projection of a 1-min segment of the
trajectory of a satellite f lying along the meridian is
about 200 km. It is obvious that the spatially and tem-
porally averaged radar measurements do not necessar-
ily correspond to any of the small-scale forms of FAC
observed from the satellite. However, if the FAC
maintains its main direction (inflowing or outflowing
current) during the minute over which Ne is averaged,
the comparison can be considered quite correct.

2.2. Event of January 9, 2014
On this day, the passage of satellites over the radar

operating in the SR mode coincided with the peak of
substorm activation, and the trajectory passed through
the premidnight sector of local time. At 20:29 UT,
under disturbed conditions, the FAC structure, espe-
cially the small-scale one, is unstable and can change
rapidly. Figure 5 shows a part of the f light trajectory
of the SWARM SC near the ESR beam (Fig. 5a) and
the polar projection of large-scale FAC along Ampere
(Fig. 5b). At the beginning of the SWARM mission,
before the start of the orbit separation procedure at the
end of winter 2014, all three spacecraft f lew close to
each other. Therefore, graphically, the trajectories
SW-A and SW-C combined in one line. The SW-B
trajectory passes slightly to the east, and this space-
craft is ahead of the tandem by a few seconds. The
averaged pattern of FAC in Figs. 5b shows that, at the
trajectory point at 20:29 UT, the ESR is in the region
of a stratified large-scale upward FAC. At 20:30 UT,
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Fig. 5. (а) Flyby trajectories and minute reference points for SW-A and SW-C (common black line) and SW-B (gray line) Jan-
uary 9, 2014, in geographic coordinates; the asterisk indicates the location of the ESR radar; (b) the ionospheric projection of
the FAC over Ampere (red color is the FAC f lowing out of the ionosphere, blue color is the FAC f lowing into the ionosphere),
averaging over 20:26–20:36 UT and the SC f lyby trajectory (black line); MLT–geomagnetic longitude coordinates.
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the spacecraft cross the outf lowing current zone. As
the Earth rotates and a substorm develops, the posi-
tion of the radar can move back and forth between
regions 1 and 2 with FAC in the opposite direction.
Flying through the nighttime part of the auroral zone,
satellites observe many small-scale structures embed-
ded in large-scale FACs.

Figure 6 shows the current densities averaged over
31 points according to the SW-C and SW-B data.
Three layers of large-scale FACs are observed: the
downward current with a density of up to 2 μA/m2

located approximately between 77° and 79° latitude,
the upward current of comparable density is between
71° and 77°. The radar position closest to the trajec-
tory is in the zone of the current f lowing from the ion-
osphere. The second values of FAC (not shown)
reached 10 μA/m2 or more. Such quantities can be
registered by the SWARM SC over arcs and rays of
auroras during substorms [12].

On January 9, 2014, radar observations were car-
ried out according to the SR program in the ipy mode
throughout the day. Figure 7a shows successive 1-min
vertical Ne profiles measured from 20:21 to 20:38 UT.
At 20:29 UT, during substorm activation, when the
satellite trajectory crosses the layer of the FAC flowing
from the ionosphere, the maximum increase in Ne, up
to 8 × 1011 m–3, is observed at E layer altitudes of 120 km.
An increase in plasma density to 5 × 1011 m–3 is notice-
able in the F layer and over its entire height. Analo-
gously to the previous event, Fig. 7b shows three pro-
files: the central one at 20:29 UT and the profiles aver-
aged over the three previous and three subsequent
minutes (the minute of 20:30 UT was omitted as a
fault). The difference between the central and neigh-
boring Ne profiles at the maximum E layer reaches
approximately 5.5 × 1011 m–3. In the F layer, this dif-
ference is about 2 × 1011 m–3.

3. NUMERICAL EVALUATION
OF THE RELATIONSHIP BETWEEN FAC 

DENSITY AND ELECTRON DENSITY

In the high-latitude ionosphere, FACs are closed
by horizontal Pedersen currents. The carriers of the
FACs are electrons, and the carriers of ionospheric
currents are ions. In the place of the upward FACs,
electrons accumulate, and, under the action of the
electric field that has arisen here, the ions begin to
flow horizontally to this area. On the contrary, the
concentration of the ionospheric plasma should
decrease in the place of the FACs flowing into the ion-
osphere. In [6, 8], a quantitative assessment of this
phenomenon was made based on the analytical solu-
tion of the system of continuity equations for the con-
COSMIC RESEARCH  Vol. 61  No. 6  2023
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Fig. 6. FAC density according to measurements of SW-A (gray line) and SW-C (black line) SC for January 9, 2014. An arrow
pointing down (up) denotes the FAC inflowing into the ionosphere (outflowing from the ionosphere). Dots on the X axis indicate
minutes when the SW-C SC was close to the ESR.
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Fig. 7. (a) Altitude distribution of Ne at 20:21–0:38 UT on January 9, 2014; (b) Ne vertical profile at 20:29 UT (red line) and
profiles averaged over the three previous and three subsequent minutes (lines with standard deviation).
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centration of charged particles and currents and the
equation of motion for ions:
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where Q is the ion-formation rate, α is the recombina-
tion coefficient, N is the concentration of ions (one
grade is taken into account),  is the ion-velocity vec-
tor, Σ is the integral conductivity tensor,  is the hor-
izontal electric-field strength vector, jz is the FAC den-
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Table 1. Parameter values during the events of February 5, 2017, and January 9, 2014

February 5, 2017 January 9, 2014

Geomagnetic conditions Quiet Substorm
MLT of spacecraft f lying over the radar beam ∼16:30 ∼21:30

Measured upward FAC density, μA/m2 MAX value at 30-s averaging (1-s extremum)
0.8 (7.5) 1.8 (12.2)

Assessment type Theory Measurements Theory Measurements

E layer ∆N, m–3 2 × 1011 0.4 × 1010 4.5 × 1011 5.8 × 1011

F layer ∆N, m–3 4 × 1010 4 × 1010 4.5 × 1011 2.3 × 1011
sity, e is the charge of the ion,  is the magnetic-
induction vector, m is the mass of the ion, and  is the
frequency of ion collisions.

The Pedersen conductivity is defined as

(2)

(3)

where ω is the gyrofrequency and z is height. Based on
the given change in the values of ν and ω with height,
one can calculate the values of function f(z). It reaches
its maximum (f = 0.5) in the E layer on z = 130 km and
decreases to 0.01 per z = 100 and 300 km. The theoret-
ical estimate of the deviation of altitude profile Ne
from the undisturbed profile Ne0 in taking into
account the effect of the FAC for the conditions of the
E layer is reduced to the expression

(4)
and that for the conditions of the F layer to the expres-
sion

(5)
Satellite and radar measurements for the above

events give the values of both quantities: ∆N and jz,
which makes it possible to compare the results of mea-
surements and theoretical estimates. A summary of the
parameter values measured during satellite f lybys over
the radar sounding area on February 5, 2017, and Jan-
uary 9, 2014, and the parameter values calculated
using relations (4) and (5) is given in Table 1. Note that
the values of ∆N calculated for the heights of actually
observed maxima of E and F layers located at ∼120 and
250 km, respectively. The fact that, according to for-
mula (3), the maximum value of f is at an altitude of
130 km, suggests that the maximum E layer is here.
However, according to radar observations, the maxi-
mum E layer is located 10–20 km lower. Therefore,
the value f = 0.5 should be applied sooner to the height
of the observed maximum, and not to the height of
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130 km. We also note once again that, in the first
event, conjugate measurements were carried out in
quiet geomagnetic conditions and the f lyby trajectory
over the radar was in the afternoon sector of local time.
In the second event, the f light over the radar hit the
substorm activation peak and the trajectory passed
through the premidnight sector. These significantly
different conditions determined the observed large
differences in the intensity of the FAC and in the mag-
nitude and nature of the change in Ne.

Comparison of the measured and calculated ∆N
values at the maximum E and F layers shows fairly
good agreement, at least in order of magnitude, for the
event of January 9, 2014, in the nighttime ionosphere
under conditions of substorm activation. For the event
of February 5, 2017, when measurements were made
in the post-noon sector, in the F layer, the measured
and calculated values of ∆N match with great accu-
racy. However, in the E layer, the values of ∆N differ
by more than an order of magnitude. The observed
values turn out to be much smaller than those pre-
dicted by the theory. This discrepancy, presumably, is
due to the fact that, during the quiet period, the FAC
directed from the ionosphere are carried by the low-
est-energy electron fluxes with an energy of no more
than a few kiloelectronvolts. Fluxes of precipitating
particles significantly depend on the level of geomag-
netic activity. The main contribution to ionization in
the auroral zone is made by electrons with energies of
1–10 keV. Electrons with energies of 1 keV are
absorbed in the F layer, and electrons with an energy
of 10 keV are absorbed in the E layer. In the disturbed
nighttime ionosphere, carriers of the upwardly
directed FAC are represented by the entire energy
spectrum, and in the daytime quiet ionosphere, only
by its low-energy part. These features are not taken
into account in (2)–(3).

4. DISCUSSION

Both events considered above are related to the
effect of FAC flowing from the ionosphere and the
corresponding local increase in the plasma density. In
the case of downward currents, one can expect a local
COSMIC RESEARCH  Vol. 61  No. 6  2023
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decrease in Ne, caused by electrons going up. How-
ever, this effect is less pronounced, and no events
were found in the ESR database in which it would be
possible to reliably identify the decrease in Ne asso-
ciated with the downward FAC. This may be due to
the fact that the ionosphere cannot provide an
upward f low of electrons (i.e., FAC directed down-
ward) greater than that created by external ioniza-
tion. A field-aligned electric field may appear, and
protons of magnetospheric origin may act as current
carriers. The relationship between downward FAC
and ion precipitation is not very well studied, since
the energy f lux of electrons is almost ten times
greater than the energy f lux of ions (mostly protons),
and protons are not the dominant source of energy in
the high-latitude region. Previous observations have
shown that, as a rule, there is an imbalance between
the pair of oppositely directed FAC of regions 1 and 2
on both the dawn and dusk sides. So, on the dusk
side, the total upward current of region 1 is greater
than the downward current of region 2 (e.g., [13]).
Estimation of the effect of the downward FAC on the
change in the Ne vertical profile with decreasing ion-
ospheric plasma density requires additional studies
using combined radar and satellite observations.

Special radar experiments were carried out mainly
in combination with optical ones [14]. However, only
direct measurements of the FAC make it possible to
estimate the ratio between the FAC density and the
local change in Ne. An indirect indicator of Ne varia-
tions there may be a change in ionospheric conductiv-
ity. In [15], the relationship between the FAC and the
integrated conductivity at auroral latitudes was stud-
ied. Simultaneous measurements of FAC from space
were carried out using the system of Ampere satellites
and measurements of ionospheric conductivity using
the Poker Flat Incoherent Scatter Radar (PFISR),
which is the second incoherent scatter radar, after
ESR, and is located in Alaska. The results of the cor-
relation analysis showed that there is a closer relation-
ship between the conductivity and the upward FAC as
compared to the FAC f lowing into the ionosphere.
The correlation increases during the night hours and
decreases during the noon/dawn MLT hours. This
feature may be the result of variations in the average
energy of the particle population on the field lines of
the auroral geomagnetic field. Electrons with ener-
gies less than 1 keV do not contribute significantly to
the increase in conductivity, because they produce
only a small amount of ionization below 200 km. For
auroral particles associated with the FAC and having
average energies less than 1 keV, no increase in con-
ductivity was observed, even if the f luxes of precipi-
tating particles increased. Statistical relationships
between FAC and ionospheric conductivity from
Ampere and PFISR data indicate the same effects
identified and quantified using combined SWARM
and ESR observations.
COSMIC RESEARCH  Vol. 61  No. 6  2023
CONCLUSIONS
The results of combined measurements of the

SWARM spacecraft and the European incoherent
scatter radar ESR in Svalbard are analyzed. Vector
magnetometers onboard the SWARM spacecraft pro-
vide measurements of field-aligned current density
over the ionosphere. The radar, which is under the
flyby trajectory at this time, measures the vertical dis-
tribution of electron density Ne.

Two representative events of simultaneous obser-
vations, one in the nighttime ionosphere during sub-
storm activation and the second in the daytime iono-
sphere under quiet conditions, showed that the
plasma density increases in the place of the field-
aligned current f lowing from the ionosphere. How-
ever, height profile Ne varies in different ways. In the
nighttime ionosphere, under disturbed conditions, at
the site of the field-aligned current f lowing from the
ionosphere (1.8 μA/m2), the plasma density increases
in both the E layer (up 6 × 1011 m–3) and the F layer
(∼3 × 1011 m–3). The change in Ne in magnitude is in
agreement with the theoretical estimates made on the
basis of the solution of the continuity equations. In the
daytime quiet ionosphere with a upward current
(0.8 μA/m2), Ne increases only in the F layer (on ∼4 ×
1010 m–3), but practically does not change in the
E layer. The differences can be due to the fact that, in
the first case, the carriers of the upward directed cur-
rent are represented by the entire energy spectrum of
auroral electrons of 1–10 keV, and, in the second case,
only by the low-energy part.
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