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Abstract 

The thermospheric wind response to a sudden westward turning of the ion velocity at a high latitude was studied by 
analyzing data obtained with a Fabry–Perot interferometer (FPI; 630 nm), Dynasonde, and Swarm A & C satellites dur‑
ing a conjunction event. The event occurred during a geomagnetically quiet period (Kp = 0 +) through the night, but 
some auroral activity occurred in the north. The collocated FPI and Dynasonde measured the thermospheric wind (U) 
and ionospheric plasma velocity (V), respectively, in the F region at the equatorward trough edge. A notable scien‑
tific message from this study is the possible role of thermospheric wind in the energy dissipation process at F-region 
altitude. The FPI thermospheric wind did not instantly follow a sudden V change due to thermospheric inertia in the 
F region. At a pseudo-breakup during the event, V suddenly changed direction from eastward to westward within 
10 min. U was concurrently accelerated westward, but its development was more gradual than that of V, with U 
remaining eastward for a while after the pseudo-breakup. The delay of U is attributed to the thermospheric inertia. 
During this transition interval, U∙V was negative, which would result in more efficient generation of frictional heating 
than the positive U∙V case. The sign of U∙V, which is related to the relative directions of the neutral wind and plasma 
drift, is important because of its direct impact on ion-neutral energy exchange during collisions. This becomes espe‑
cially important during substorm events, where rapid plasma velocity changes are common. The sign of U∙V may be 
used as an indicator to find the times and locations where thermospheric inertia plays a role in the energy dissipation 
process.
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Introduction
To understand the dynamics of the auroral thermosphere 
at F-region altitudes in the dusk sector, the momentum 
balance in the zonal components of the ionospheric 
plasma flow and thermospheric neutral wind is a decisive 
factor. The westward flow is predominant in the iono-
spheric convection at the dusk side but the global-scale 
pressure gradient between the day and night hemispheres 
in the thermospheric wind field acts as a background 
forcing, which tends to push the air eastward. Ion drag 
likely overcomes the pressure gradient through the par-
ticle collisional process, particularly during periods of 
geomagnetic disturbance (Killeen et  al. 1984; Sakanoi 
et al. 2002). The relative speed between the ionospheric 
and thermospheric flows generates frictional heating, 
which results in equatorward thermospheric winds from 
the auroral latitudes to the lower latitudes. The equa-
torward flow is rotated westward by the Coriolis force, 
in the same direction as the ion drag in the dusk sector. 
Therefore, westward turning of the thermospheric wind 
at F-region altitudes is often observed in the dusk sec-
tor along with commencement of the geomagnetically 
active period (Conde et al. 2001; Cai et al. 2019). At the 
equatorward side of the auroral oval or outside of the 
ionospheric convection, the thermospheric wind may 
still flow eastward due to weaker contributions of the ion 
drag (Dhadly and Conde 2017). However, the eastward 
thermospheric wind can be overturned by a fast plasma 
flow, such as the subauroral polarization stream (SAPS), 
which may appear in the ionospheric trough (e.g., Foster 
and Burke 2002).

The ionospheric trough appears in a meridionally 
narrow but zonally elongated region at the equatorward 

side of the auroral oval, particularly near the dusk solar 
terminator. The latitude tends to shift equatorward, 
synchronizing with expansion of the auroral oval or 
geomagnetic activity. Various conspicuous features 
have been observed in the ionospheric trough with 
optical and radio wave techniques. The SAPS is a nota-
ble feature which appears in the ionospheric trough, 
and was found in ionospheric radar measurements with 
characteristics of westward or sunward high-speed 
plasma flows in the F region in the dusk sector (Foster 
and Vo 2002; Koustov et  al. 2008; Kataoka et  al. 2009; 
Nagano et  al. 2015). The perpendicular electric field 
to drive the westward plasma flow is directed pole-
ward. This is consistent with the direction of the iono-
spheric closure current, which connects the Region 2 
(R2) downward field-aligned current (FAC) to the R1 
upward FAC across the ionospheric trough. The gen-
eration mechanism of the poleward electric field is still 
under debate between the voltage generator mechanism 
(Southwood and Wolf 1978; De Keyser et al. 1998) and 
the current generator mechanism (Karlsson et al. 1998; 
Anderson et al. 2001). Before reports of the SAPS from 
radar measurements, the poleward electric field was 
found in satellite measurements (Smiddy et  al. 1977; 
Maynard 1978; Spiro et al. 1979; Rich et al. 1980). Later 
improvement of the sensor sensitivity enabled meas-
urements of the fine structure in the latitudinal pattern 
of the electric field (Erickson et  al. 2016; Horvath and 
Lovell 2017). Horvath and Lovell (2017) found double-
peak subauroral ion drift (DSAID) in measurements 
performed with the Defense Meteorological Satellite 
Program (DMSP) when it flew across the ionospheric 
trough at an approximately 840-km altitude. They 

Graphical Abstract



Page 3 of 17Oyama et al. Earth, Planets and Space          (2022) 74:154 	

suggested that the associated double-layer R2 FACs 
could be the main driver. Fine structures of the subau-
roral electric field have also been found with ground-
based radars (Makarevich and Bristow 2014).

It is conceivable that high-speed westward ion flows in 
the SAPS region can accelerate the thermosphere west-
ward by particle collisions. Wang et  al. (2011, 2012a, 
b) performed a statistical analysis of measurements 
from DMSP and the Challenging Minisatellite Payload 
(CHAMP) to study the thermospheric wind response to 
the SAPS. The dataset was grouped into two geomagnetic 
activity levels, higher and lower than Kp of 4. The west-
ward wind peaked at approximately the same latitude as 
the SAPS did for both geomagnetic activity levels but the 
wind magnitude in summer was larger than that in win-
ter, which is an opposite tendency to the SAPS seasonal 
dependence. Evolution of the thermospheric response to 
storm-time energy dissipations at high latitudes suggests 
that thermospheric dynamics interrelate with various 
events that are widely distributed longitudinally and lati-
tudinally. To reveal the thermospheric responses to the 
SAPS, it might be best to analyze measurements during 
periods of moderately quiet conditions, but with some 
auroral activity, when it may be possible to distinguish 
thermospheric variations according to their mechanisms 
by minimizing external effects of, for instance, heating 
and ion drag from the high-latitude plasma convection.

This study analyzes the thermospheric and ionospheric 
velocities during a period of geomagnetically quiet con-
ditions with Kp value of 0 + but including a pseudo-
breakup on 20 February 2018. In general, it would be 
acceptable to assume that Kp of 0 + is a level of the quiet 
condition. It is, however, likely that Kp index overlooks 
events occurring at relatively high latitudes. Measure-
ments were made with a Fabry–Perot interferometer 
(FPI; wavelength of 630.0 nm) and the Dynasonde, which 
are collocated at the Tromsø European Incoherent Scat-
ter (EISCAT) radar site (geographic coordinates 69.58°N, 
19.22°E). The FPI and Dynasonde measurements were 
performed in the ionospheric trough that was identi-
fied with the Swarm satellites. An ephemeral red arc was 
found at the ionospheric trough minimum, coinciding 
with pseudo-breakup (Oyama et  al. 2020). This study 
focuses on the responses of the thermospheric wind (U) 
to a sudden westward turning of the ionospheric plasma 
velocity (V) at pseudo-breakup in the F region. There are 
many reports on thermospheric wind variations at high 
latitudes, but this study focuses on evaluation of U∙V in 
the F region to examine the role of thermospheric wind 
in the energy dissipation process at a sudden change in 
the ionospheric ion velocity. This study has successfully 
retrieved the thermospheric wind role by analyzing geo-
magnetically quiet-time data with a pseudo-breakup. 

Previous works for thermospheric wind effects on the 
Joule heating rate have been made mainly on the E-region 
events (Lu et  al. 1995; Thayer, 1998), although some 
studies suggest an important issue on thermospheric 
wind contributions to energy dissipation in the F region 
based on simulation (Billett et  al. 2018; Eyiguler et  al. 
2018) and observations (Oyama et  al. 2009; Kiene et  al. 
2019; Billett et al. 2020). The sign of U∙V was calculated 
in an ion-neutral coupling study (Kiene et al. 2019) and 
applied to evaluation of the thermospheric wind contri-
butions. While larger negative U∙V should decrease the 
Joule heating rate if things go according to a theoretical 
prediction, there are notable number of exceptions in 
measurements. F-region U∙V and its role on the energy 
dissipation process should be investigated more.

Measurements and the background
Fabry–Perot interferometer
The FPI has been operated since January 2009 at the 
Tromsø EISCAT radar site for winter months (mainly 
from the middle of September to the beginning of April). 
The FPI mounts a filter wheel and a sky scanner allow-
ing for sequential measurements by selecting one of the 
optical filters (channels 1–3: 557.7, 630.0, and 732.0 nm, 
respectively) and directions of the line of sight (any azi-
muth and elevation angles). In this study, measurements 
at 630.0  nm were analyzed to study the thermospheric 
wind at the F-region altitude. Light of the airglow and 
aurora comes into the cooled charge-coupled device 
(CCD) camera (1024 × 1024 pixels) through an optical 
filter and etalon with a diameter of 116  nm. More than 
ten fringes can be captured simultaneously at each line-
of-sight image due to the relatively wide field of view (the 
full width at half maximum is approximately 4°). The line-
of-sight speed is derived from individual fringes and then 
averaged for each exposure. The statistical standard devi-
ation in calculating the mean value is taken as the meas-
urement uncertainty. Four cardinal points with a zenith 
angle of 15° and the geographic vertical (i.e., five direc-
tions) were measured sequentially, and the optical filters 
were switched between 557.7 and 630.0 nm every cycle. 
The exposure time at each position was 9 s for the 630.0-
nm measurement, and one cycle with five directions took 
80 s, including the data transfer time from the CCD sen-
sor to the hard disk drive. To increase the signal-to-noise 
ratio, 2-by-2 binning was employed on the CCD image. 
The vector wind measurement at 630.0  nm was made 
every 140 s. The laser fringe measurement was obtained 
every 300 s. The combination of data from the four cardi-
nal positions provides the horizontal components of the 
thermospheric wind velocity (Shiokawa et al. 2003, 2012).

Since this study deals with measurements taken dur-
ing periods of geomagnetically quiet conditions, the 
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measurement uncertainties of the line-of-sight speed 
are likely large for some time intervals due to the rela-
tively low optical emission intensity or signal-to-noise 
ratio. Therefore, a post-analysis with fringe image inte-
gration at each line of sight was applied and success-
fully improved the data quality. In this study, 4 and 20 
fringe image integrations were performed, resulting in 
the time resolutions of the wind vector were 10 and 
50  min, respectively. The figures shown in this study 
illustrate the integrated data.

All‑sky cameras
This study analyzed all-sky images taken at four sta-
tions, Longyearbyen (Norway, geographic coordinates 
78.15°N, 16.03°E), Abisko (Sweden, geographic coor-
dinates 68.36°N, 18.82°E), Kilpisjärvi (Finland, geo-
graphic coordinates 69.05°N, 20.78°E), and Lovozero 
(Russia, geographic coordinates 67.97°N, 35.08°E), to 
capture auroral patterns in a wide area. Because of the 
low geomagnetic activity for this event, a major part 
of the auroral activity was localized at the northern 
edge of individual camera field of views (FOVs) at the 
three stations in Fennoscandia. Since the spatial reso-
lution of the all-sky image tends to be inferior when 
approaching the edge, the auroral features captured by 
the three cameras during the event were almost iden-
tical. Auroral activities seen at Longyearbyen were at 
the southern edge of the FOV. Since aurorae appeared 
slightly closer to Longyearbyen than to the Fennos-
candia sites, the structure was more clearly seen from 
Longyearbyen. Auroral dynamics and morphology were 
studied with images at 557.7  nm rather than those at 
630.0  nm because of higher emission intensity and 
faster response to the particle precipitation that corre-
sponds to the upward FAC pattern. We can expect that 
the forcing on neutral winds relative to the auroral pat-
tern is similarly developed in space and time with con-
centrating around the 557.7-nm emissions originated 
in the E region. Therefore, camera images taken in 
Longyearbyen and Abisko at an optical wavelength of 
557.7 nm were used to make plots in this study.

The camera at Longyearbyen is mounted with a 
low-cost Watec monochromatic sensor with a 557.7-
nm optical bandpass filter and an all-sky lens (Ogawa 
et  al. 2020). The exposure time was 1  s. The camera at 
Abisko and Kilpisjärvi belongs to the Magnetometers 
Ionospheric Radars All-sky Cameras Large Experiment 
(MIRACLE) camera network (Sangalli et  al. 2011). The 
camera is equipped with an electron multiplying CCD 
(EMCCD) sensor. The exposure time of the 557.7-nm 
image was 0.8  s. The camera at Lovozero has been run 

under collaboration with the Multiscale Aurora Imaging 
Network (MAIN) camera system operated by Polar Geo-
physical Institute (PGI) (Kozelov et al. 2012). The camera 
is equipped with a CCD camera at three optical wave-
lengths (427.8, 557.7, and 630.0 nm).

Dynasonde
Dynasondes have been used to estimate the ion veloc-
ity in the ionosphere by measuring the time series of the 
phase shift of the echo backscattered from various direc-
tions and altitudes. For the EISCAT Tromsø Dynasonde, 
the echoes returned from the virtual ranges of 300–
500 km at frequencies of 2.8–8 MHz were used to esti-
mate the ion velocity with the VFIT technique (Wright 
and Pitteway 1994). Dynasonde sounding was performed 
every 3 min. Sedgemore et al. (1996, 1998) compared the 
Dynasonde-measured ion velocity with the F-region ion 
velocity measured with the EISCAT ultrahigh frequency 
(UHF) tristatic method. Their event studies presented 
good agreement in a sudden change in the zonal compo-
nent associated with the Harang discontinuity. This study 
focuses on a sudden zonal velocity change at a pseudo-
breakup, which is a similar situation to that examined in 
previous works.

IL/IU index derived from the IMAGE magnetometers
The International Monitor for Auroral Geomagnetic 
Effects (IMAGE) magnetometers (https://​space.​fmi.​
fi/​image) were grouped into three areas by latitude 
(58.26–66.90°N, 68.02–71.09°N, and 74.50–78.92°N) 
in this study. Since two key instruments of this study, 
the FPI and Dynasonde, are located in Tromsø, Norway 
(69.58°N), the three latitudinal segments were named, 
from north to south, the “poleward side of Tromsø,” “near 
Tromsø,” and “equatorward side of Tromsø.” The regional 
AU and AL indices were estimated from measurements 
obtained in the individual segments (hereinafter written 
as IU and IL, respectively, which have been applied by, for 
example, Kauristie et  al. (1996), Kallio et  al. (2000) and 
Tanskanen et al. (2001)). This method has the advantage 
of identifying ionospheric current variations that may 
occur at higher latitudes during periods of geomagneti-
cally quiet conditions, even if global AU and AL indices 
do not show notable signatures due to the large horizon-
tal distance between the current density peak and the 
adopted magnetometer sites. Since this study focuses 
on an event appearing during a geomagnetically quiet 
period as presented in "Background of the solar wind and 
geomagnetic activity" section, IU and IL are more appro-
priate than AU and AL to identify ionospheric current 
activity.

https://space.fmi.fi/image
https://space.fmi.fi/image
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Swarm
This study analyzed measurements of the electron den-
sity and electron temperature, which were derived from 
Langmuir probes (LPs) onboard the Swarm A and C 
satellites, and the field-aligned current, which was com-
puted from individual magnetic field sensors. The ion 
velocity from the two thermal ion imager (TII) sen-
sors, which are mounted on the Swarm A satellite and 
viewed in the horizontal and vertical planes, was also 
analyzed. Swarm A and C flew at a 435-km altitude dur-
ing the event in this study. The LPs originally provided 
the electron density and temperature with a 2-Hz reso-
lution, but the mean values with a 1-Hz resolution were 
analyzed in this study (Lomidze et  al. 2018). The Level 
2 field-aligned current (FAC) data products used in this 
study were estimated from the Swarm vector field mag-
netometer (VFM) data as described by Ritter et al. (2013) 
and are available from the data server (swarm-diss.eo.esa.
int). Although the Swarm A and C constellation is capa-
ble of estimating the FAC with the dual-satellite method, 
this study used values derived from the single satellite 
method, that is, the FACs were separately calculated 
from each spacecraft. Using the ion velocity measured 
from the TII horizontal and vertical sensors and the mag-
netic field measurements, the electric field perpendicu-
lar to the magnetic field was derived from the relation 
of E = -−V × B. The TII sensors provide high-resolution 
ion distribution function images with a 16-Hz resolution, 
but the 2-Hz resolution data after onboard and further 
calibration processes on the ground were analyzed in this 
study (Knudsen et al. 2017).

Background of the solar wind and geomagnetic activity
The event in this study was analyzed to investigate an 
ephemeral red arc that appeared coinciding with a 
pseudo-breakup at geomagnetic latitudes of 71–72°N 
(Oyama et al. 2020). Figure 2 in Oyama et al. (2020) pre-
sents time series of the solar wind speed and density, 
plasmapause latitude, and geomagnetic indices. There-
fore, this section does not repeat the details and pro-
vides an overall summary but important points for this 
study. After successive moderately low level of the solar 
wind speed for the first half of February 2018, high-speed 
solar wind streams (HSS) periodically reached the earth 
three times with peaks on 19, 23, and 27 February. The 
SYM-H index turned negative soon after the first HSS 
arrival, although only down to approximately −  20 nT. 
This might not be counted as a geomagnetic storm. How-
ever, the Kp index increased synchronously with indi-
vidual HSS arrivals. The event in this study was observed 
between the first and second HSS arrivals. For the event, 
the solar wind speed was approximately 400  km/s, 
slightly before reaching the minimum value after the first 

HSS. The Kp index was 0 + , and the plasmapause recov-
ered from 56° to 63° geomagnetic latitude, which was still 
a slightly lower latitude than the quiet level of 65°. This 
event might be categorized in geomagnetically quiet con-
ditions based on the Kp index value, but it is reasonable 
to propose that the magnetosphere still retained some 
energy to cause auroral activities as observed in northern 
Scandinavia for the event in this study.

Observations
Figure 1 presents the overall features of the ground-based 
measurement on the night of the event on 20 February 
2018. The IU and IL indices, which are shown in Fig. 1a, b 
respectively, reveal that the magnitude of the ionospheric 
current was relatively small through the night. The IU 
and IL indices at the poleward side of Tromsø (blue) 
showed the largest magnitude in the three zones. This 
is consistent with the auroral pattern, which is displayed 
in the two keograms made from the all-sky cameras in 
Longyearbyen (Fig. 1c) and Abisko (Fig. 1d). The auroral 
activity was mainly concentrated at 75°–77°N through 
the night but moved closer to Longyearbyen before 
dawn. The Kp index was 0 to 1 throughout the night, as 
labeled in Fig.  1a, and was 0 + at 18–21 UT during the 
event in this study. From these ionospheric and auroral 
measurements, the geomagnetic activity can be classified 
at a low level, but a pseudo-breakup occurred at 18:35 
UT in association with the development of the west-
ward ionospheric current and brightening of the aurora. 
Slightly after the pseudo-breakup, an ephemeral red arc 
appeared at the equatorward side of the auroral arcs and 
its location was exactly at the ionospheric trough mini-
mum (Oyama et al. 2020).

Figure  1e, f presents temporal variations in the FPI-
measured zonal and meridional winds (solid circles 
with ± 1σ, hatched gray), respectively, in Tromsø, Nor-
way. For reference, thermospheric winds at a 250-km 
height from the horizontal wind model (HWM) are over-
laid by the green line (Hedin et  al. 1996). The HWM-
modeled wind reasonably captures the measurements, 
particularly for the meridional component. For the zonal 
component, there are discrepancies in the measurement 
for the first several hours and around midnight. Of par-
ticular interest is the gradual westward acceleration of 
the wind seen at approximately 18 UT. The acceleration 
seems to begin before the commencement of auroral 
brightening and negative bay development in the IU and 
IL indices. This is an important point in this study, and 
was examined carefully using wind data with a higher 
time resolution, as presented in Fig. 3.

For the time period of interest in this study, the Tromsø 
Dynasonde received tolerable signals to estimate the 
horizontal ion velocity in the F region. The majority of 
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the echo reflection was located within a horizontal dis-
tance of 50 km from the zenith, although a fraction was 
expanded northward by approximately 200 km. The FPI 
wind from the four oblique directions at a 15° zenith 
angle was derived assuming a uniform wind pattern 

within 67  km from the zenith at 250-km altitude. It is 
therefore considered that the Dynasonde measured the 
ion velocity in approximately the same volume as the 
FPI. Figure  2c, d presents time series of the zonal and 
meridional components, respectively, of the ion velocity 

Fig. 1  Measurements on 2018 February 20–21 of a, b IU and IL indices made of IMAGE magnetometers segmented into three areas (poleward 
(blue; 74.50–78.92°N), near (orange; 68.02–71.09°N) and equatorward (purple; 58.26–66.90°N) side of Tromsø (69.58°N)), c, d keograms made using 
the all-sky camera (558 nm) at Longyearbyen and Abisko, respectively, and e, f zonal and meridional components (positive eastward and northward, 
respectively) of the thermospheric wind velocity measured with the FPI at Tromsø (630 nm). Post-integration of 20 FPI fringe images, corresponding 
to a 50 min time resolution of the wind vector (black solid circles), was applied to the original images taken every 2.5 min. The error bars for each 
wind component (± 1σ) are shown in shading. HWM winds at 250-km altitude are overlaid (green curves). The Kp index every 3 h is marked in (a)
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with ± 1σ error. Figure  2a, b presents IU and IL indi-
ces, which are identical to the values shown in Fig.  1a, 
b respectively, but for time period of 17–21 UT. Slightly 
after 18:30 UT, synchronizing with the development of 
the negative bay in the IU and IL indices at the poleward 
side of Tromsø (blue), there was a strong turning of the 
plasma westward and a more gradual turning northward 
within 10 min.

Figure  3d presents a comparison between the FPI-
measured wind (4 fringe image integration or 10-min 
time resolution) and the Dynasonde-measured ion veloc-
ity. The IU and IL indices (Fig. 3a, b) are identical to those 
in Fig. 2a, b, respectively. The keogram shown in Fig. 3c 

was made from the same dataset as for Fig. 1c but focuses 
on the event time and latitudes with the auroral activity. 
The measurement uncertainty with ± 1σ is indicated by a 
vertical bar at individual measurements for the ion veloc-
ity (orange in Fig.  3d). For the neutral wind, the mean 
measurement uncertainty for the time period is pre-
sented on the left-hand side of Fig. 3d. The neutral wind 
measurement uncertainty is moderately large even after 
the four fringe image integrations because of the low 
emission intensity, as expected from Fig.  1d (see meas-
urements at the Tromsø latitude or approximately 70°N). 
However, the derived wind values show a trend of west-
ward acceleration from 18:15 to 19:00 UT, which was also 

Fig. 2  a, b The same as in a, b of Fig. 1 but from 17 to 21 UT on 2018 February 20. c, d The zonal and meridional components of the ion velocity 
measured with the Tromsø Dynasonde from 17 to 21 UT on 2018 February 20 (positive eastward and northward, respectively). The measurement 
uncertainty (± 1σ) is illustrated by vertical bars
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Fig. 3  Time series of a IU, b IL, c keogram made of the all-sky camera at Longyearbyen (but from 72 to 77.5°N) and d zonal component of the 
FPI-measured neutral wind (black dots) and ion velocity from the Dynasonde (orange dots) at Tromsø from 17 to 21 UT on 2018 February 20. 
Post-integration of 4 FPI fringe images was applied, corresponding to a 10-min time resolution. The mean error of the neutral wind for the selected 
four hours is illustrated by a black vertical bar. Individual errors of the ion velocity are marked by orange vertical bars. The green curve represents 
the HWM zonal wind at 250-km altitude. The time of the Swarm pass over Scandinavia is marked by a vertical light blue bar, which is drawn from 
18:40:18 to 18:42:08 UT, corresponding to the shifted geographical latitude from 67 to 74°N (see Fig. 4c). The time interval from 18:15 to 19:31 UT is 
separated into three groups, highlighted in purple, yellow, and light blue. These colors are also applied in Fig. 6 to highlight individual time intervals
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observed in Fig. 1e made of the 20 fringe image integra-
tion and smaller measurement uncertainties. Therefore, 
we discuss the wind variations referring to the results 
from the 4 fringe image integrations. In comparing these 
measurements, the time interval from 18:15 to 19:31 UT 
was grouped into three periods, as highlighted by colored 
bars (purple: 18:15–18:35 UT; yellow: 18:35–18:54 UT; 
light blue: 18:54–19:31 UT). These three time segments 
were defined based on the magnetic field and auroral 
signatures, which are presented in Fig.  3a–c. The time 
interval of 18:15–18:35 UT (purple) corresponds to the 
last 20 min of the growth phase as characterized by posi-
tive IU values at the poleward side and near the Tromsø 
area, together with a moderately stable appearance of the 
aurora at 74–75°N, which is the most equatorward lati-
tude before the pseudo-breakup at 18:35 UT. The time 
interval of 18:35–18:54 UT (yellow) corresponds to the 
first 19  min of the expansion phase, in which develop-
ment of the eastward and westward ionospheric cur-
rents occurred near the Tromsø area and the poleward 
side, respectively, coinciding with a sudden brightening 
seen in the keogram. The time interval of 18:54–19:31 
UT (light blue) is the later part of the expansion phase, 
including the poleward drift of the bright aurora. The 
time interval of the Swarm A and C spacecraft flying over 

northern Scandinavia is highlighted by a vertical narrow 
light blue bar, which is examined in Fig. 4.

For the time interval of 18:15–18:35 UT (purple), zonal 
components of the ion velocity and neutral wind are 
positive (eastward), except for a single ion velocity meas-
urement of -102 m/s at 18:24 UT. This remarkable nega-
tive value coincides with a conspicuous brightening seen 
in the keogram, although the ion velocity measurement 
was obtained a few hundred kilometers equatorward 
from the auroral brightening. Although it was difficult 
to discern the precise horizontal pattern of the aurora 
in the original all-sky image because of the limitation of 
the spatial resolution near the edge of the camera FOV, 
a few bright blobs drifted westward. This feature is simi-
lar to auroral beads, which can occur immediately before 
substorm onset (Sakaguchi et  al. 2009; Hosokawa et  al. 
2013). The upward FAC flowing out from the bright 
blobs might be associated with the poleward electric 
field or the ionospheric closure current at the equator-
ward side, which could drift the ionospheric ions to the 
E × B direction or westward in the F region. The neutral 
wind was accelerated eastward before 18:15 UT, but the 
acceleration paused concurrent with the spontaneous 
auroral brightening and the sudden westward turning of 
the ion velocity at 18:24 UT. Then, the wind acceleration 

Fig. 4  a Electron density and temperature (cold and warm hues, respectively) measured with the Swarm A (lighter color) and Swarm C (darker 
color) satellites. b FAC and eastward ion velocity (cold and warm hues, respectively; positive downward and eastward, respectively) measured with 
the Swarm A (lighter color) and C (darker color) satellites. The latitude at the Swarm measurement is shifted by 0.39–0.28° (dependent on latitudes 
at 67–74°N) poleward while being mapped down along the magnetic field line from the operation altitude of 435 km to the assumed 630-nm 
emission height of 250 km. c Swarm A trajectory on the map with time stamp. Locations of the shifted geographical latitudes of 67°and 74°are 
marked as references
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shifted westward, although the zonal ion velocity turned 
eastward following a fleeting mitigation moment of auro-
ral activity. These trends suggest that the force acting on 
the thermosphere at Tromsø latitudes turned westward 
at 18:24 UT rather than ceasing. The westward accelera-
tion of the wind lasted until the end of the time segment 
highlighted by yellow, although the first several meas-
urements of the ion velocity are eastward. For the last 
12 min of the second part (i.e., from 18:42 to 18:54 UT), 
the ion velocity was westward, but the neutral wind was 
still eastward. This means that the thermospheric neu-
tral and ionospheric plasma flows were approximately 
antiparallel, which is an important observational result 
in this study. As highlighted by a narrow vertical light 
blue bar, the Swarm satellites passed over the Tromsø–
Longyearbyen line (see Fig. 4c) at an exact moment that 
the plasma flow turned from eastward to westward. The 
zonal ion velocity may be in a period of the transition, as 
two Dynasonde measurements were at a sharp edge of 
the time segments prevailing with positive and negative 
measurements. Furthermore, the Swarm pass was also 
right on the time of auroral brightening at 73–76°N (see 
Fig. 3c). For the third part highlighted by light blue (18:54 
to 19:31 UT), the ion velocity remained westward with a 
moderately stable magnitude of approximately from -200 
to -300  m/s, and the neutral wind direction also stayed 
westward.

Latitudinal profiles of measurements from the Swarm 
A and C spacecraft are presented in Fig. 4. Latitudes of 
the Swarm measurements at a 435-km altitude were 
shifted by mapping individual satellite locations down 
to 250 km along the magnetic field. Values of the meas-
urement have not been modified in the mapping pro-
cedure. The electron density, shown in Fig.  4a in bluish 
hue, presents a sharp depression centered at 71°N, along 
with a peak electron temperature reaching 15,000  K. 
These contrastive features are often seen in the iono-
spheric trough, and an ephemeral red arc was found at 
the latitude of the trough minimum during this event 
(Oyama et  al. 2020). The overall profiles of the electron 
density and temperature are almost identical between 
the Swarm A and C measurements. However, looking at 
the fine structures, some discrepancies between the two 
measurements are apparent, for example, in the electron 
density at the trough minimum (i.e., higher values from 
Swarm A than Swarm C), which might be attributed to 
measurements during the period of the ionospheric 
transition, as mentioned above. We can assume that the 
overall pattern represents ionospheric spatial structures 
rather than temporal variations but likely encompasses 
temporal variations in the fine structure. At latitudes 
higher than 73°N, there is a bump in the electron density, 
which is attributed to auroral precipitation with softer 

electrons than the auroral electrons represented in the 
keogram (Fig.  3c). The FPI and Dynasonde measure-
ments in Tromsø were made around latitudes centered 
at 69.6°N, which is located at the edge of the equator-
ward side slope of the trough. The zonal component of 
the ion velocity measured with Swarm A (Fig. 4b; orange) 
has two negative peaks in the trough region at 70.65° and 
70.90° shifted geographic latitude. These zonal plasma 
flow patterns with double peaks may be DSAID (Hor-
vath & Lovell, 2017) in the case of spatial patterns rather 
than temporal variations, but they would be hard to dis-
tinguish because the measurement was obtained during 
rapid ionospheric development. These peaks are located 
on the equatorward side slope of the trough. On the pole-
ward side slope and beyond, the westward flow expands 
to the auroral region. Of particular interest is an eastward 
counter flow, which was found at the trough minimum at 
71°. This is in contrast to the SAPS or plasma flows gen-
erated by the poleward polarization electric field linking 
the R1 and R2 FACs. The eastward flow in the trough 
was also found in a narrow region at approximately 70.2° 
shifted geographic latitude. The FAC estimated from the 
Swarm A and C magnetic field measurements (Fig.  4b; 
blue hue) tends to be dominantly downward at the trough 
latitude, but has many small-scale structures. There is a 
large downward FAC peak (at 70.4° shifted geographic 
latitude) at the equatorward side of the trough minimum, 
reaching 2–3 μA/m2. At latitudes between the FAC peak 
and the trough minimum, the FAC magnitude is moder-
ately small in positive or downward directions, and the 
structured plasma flows are localized in this region. At 
the poleward side from the trough minimum to the auro-
ral region starting at approximately 73°, the dominant 
FAC direction shifts from downward to upward with 
increasing latitudes, and the westward ion flow peaks 
near latitudes where the FAC direction reverses.

Discussion
In this study, the ionosphere and thermosphere around 
the ionospheric trough at dusk were measured from 
the ground and space during a geomagnetically quiet 
period of Kp = 0 + . The Dynasonde and FPI collocated in 
Tromsø, Norway measured the equator side edge of the 
ionospheric trough and presented temporal evolutions 
of the ionospheric and thermospheric dynamics, respec-
tively, at the F-region altitude. Coinciding with a pseudo-
breakup at 18:35 UT on 20 February 2018, there was a 
strong turning of the plasma westward and a more grad-
ual turning northward within 10 min, changing the zonal 
direction several times. The FPI-measured wind accel-
erated westward in response to the plasma flow change 
but with slower development than the ion velocity, with 
the thermospheric wind remaining eastward for a while 
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after the pseudo-breakup. The most likely mechanism of 
the change in the wind direction is ion drag, which trans-
fers momentum from ionospheric ions to thermospheric 
neutral particles through collisions. Ion drag is a slow 
process of momentum transfer, as described by the 
e-folding time, which has been adopted to represent the 
time constant of momentum transfer (Baron and Wand 
1983; Deng et al. 2009). The thermospheric wind cannot 
instantly follow a sudden change in the ion velocity due 
to thermospheric inertia, which may cause approximately 
opposite flows between ions and neutral particles for 
a while immediately after the ion velocity change. This 
situation can occur at the substorm onset when the mag-
netospheric electric field suddenly rotates from poleward 
to equatorward. The sporadic westward turning of the 
ion velocity at 18:24 UT (see Fig. 3d) is a good example 
to examine the development of thermospheric dynamics 
during a sudden ionospheric change.

This section compares the ion velocity and neutral 
wind vectors to examine the role of thermospheric wind 
in the energy dissipation process. Most of the time, the 
electromagnetic energy flux of magnetospheric origin 
flows into the ionosphere, resulting in conversion to ther-
mal and kinetic energies through the Joule heating pro-
cess and the Lorentz force, respectively. The conversion is 
localized in a moderately narrow altitude region of 100–
300  km compared with, for example, the auroral elec-
tron acceleration region (Imajo et al. 2021 and references 
therein), which is a transition region from a collision-
dominant region in the ionosphere to a collision-free 
region in the magnetosphere. This study investigated the 
transition region near the border of the collision-free 
region. The energy transfer process from the ionosphere 
to the thermosphere at high latitudes has been studied by 
applying the following equation:

where E′ = E + U×B is the electric field as measured in 
a reference frame moving with the neutral wind, and E, 
U, J, and B are vectors of the electric field, neutral wind, 
ionospheric current density, and magnetic field, respec-
tively (Brekke and Rino, 1978; Thayer et  al. 1995; Fujii 
et  al. 1998; Aikio et  al. 2012). The source region where 
energy is transferred from plasma to the electromagnetic 
field is generally in the magnetosphere, resulting in a 
negative J∙E. Since the energy should be dissipated in the 
sink region or the high-latitude ionosphere, the energy is 
transferred from the electromagnetic field to the iono-
spheric plasma with positive J∙E. Assuming that σH/σP (σP 
and σH are the Pedersen and Hall conductivities, respec-
tively) is much smaller than 1 in the F region (see Fig. 4 of 
Richmond and Thayer, 2000) and that the electric field is 
perpendicular to B, J∙E can be written as

(1)J · E=J · E′
+U · (J · B),

The first term of the right-hand side is always positive, 
but the sign of the second term is dependent on U∙V. 
Since J∙E represents electromagnetic work, magneto-
sphere-originated energy is dissipated for Joule heating 
and Lorentz force in the ionosphere. The thermospheric 
wind flows after the ionospheric ion velocity, and in most 
cases, the thermospheric wind is approximately parallel 
to the ionospheric ion velocity at the F-region altitude, 
particularly at the dusk side (Richmond et al. 2003; Xiong 
et  al. 2015; Dhadly et  al. 2018). It is thus expected that 
U∙V in the F region remains positive most of the time. 
However, in the case where V suddenly changes direction, 
neutral particles, which are unbounded by the magnetic 
field, do not instantly follow ionospheric plasma drifts 
due to thermospheric inertia. The slow thermospheric 
response fosters the velocity difference between V and 
U, resulting in a Joule heating energy temporarily larger 
than that supplied from the magnetosphere. This situa-
tion may occur when the electric field of the magneto-
spheric origin suddenly decreases or spatiotemporally 
changes its direction. The relative speed between V and 
U would decrease with time through gradual momentum 
transfer between ions and neutrals if a constant ion drag 
is in effect. The time constant, which relates to the e-fold-
ing time, may be several tens of minutes and dependent 
on altitude or the neutral and ionized particle densities. 
For the transition time, U∙V may remain negative, which 
increases the Joule heating rate in addition to the mag-
netospheric energy input. From Eq. (2), J∙E is larger than 
σPE2 when U∙V is negative. Thermospheric wind effects 
on the Joule heating rate have been studied at mainly 
E-region altitudes with examining a term of U∙(E×B) (Lu 
et al. 1995; Thayer, 1998). Since ions in the E region move 
off E×B direction due to collisions with neutral particles, 
U∙(E×B) is not identical with U∙V. Therefore, knowledge 
about the thermospheric wind effect at E-region altitudes 
cannot be simply applied to the F-region altitudes. The 
sign of U∙V was calculated in an ion-neutral coupling 
study (Kiene et al. 2018, 2019) and was evaluated to study 
the roles of the thermosphere in the energy dissipation 
process. However, due to paucity of measurements, U∙V 
in the F region has not been well studied yet.

A diagram of Fig.  5 may be helpful to capture an 
abstract principle on larger Joule heating for the nega-
tive U∙V case than positive one. In this theoretical argu-
ment, we set four assumptions to focus on E direction 
change: 1) no change in |E|, 2) ionospheric conductivity 
is uniform in space and time, 3) the background magnetic 
field B0 is downward and 4) |E| >|U × B0|. One may com-
plain to the assumption #1 because the magnetospheric 
energy input may increase during period of the negative 

(2)J · E= σ PE
2
−σ PB

2U · V.
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U∙V. However, in order to focus on thermospheric wind 
contributions, Fig. 5 ignores the magnitude change. The 
assumption #4 is mostly acceptable at high latitudes for 
periods with auroral activities. On a horizontal plane in 
the F region, let us assume counter-clockwise rotating V 
and U for the positive U∙V case (panel a). Since the Ped-
ersen term of the current is dominant in the F region, the 
currents driven by E and U shall be divergent and con-
vergent, respectively, resulting in clockwise and coun-
ter-clockwise magnetic field disturbances, respectively. 
Therefore, the Poynting flux related to E, S1, is downward, 
and that related to U, S2, is upward. Since |S1| is larger 
than |S2| according to the assumption #4, the net Poynt-
ing flux, S, is downward and its magnitude is smaller 
than |S1| by |S2|. For the negative U∙V case (panel b), E 
reverses, resulting in clockwise V but U may still remain 
anti-clockwise due to the thermospheric inertia. Through 
the same procedure as the positive U∙V case, both S1 and 
S2 are downward. The net Poynting flux, S, is downward 
and its magnitude is larger than |S1| by |S2|. In summary, 
the net Poynting flux is downward for both cases, but the 
magnitude, |S|, is larger for the negative U∙V case than 
the positive case despite no changes in the electric field 
magnitude and the ionospheric conductivity.

The sign of U∙V for the selected three time intervals 
presented in Fig.  3 is interpreted in Fig.  6. Figure  6 
illustrates the approximate magnitude and direction 

of V and U, representing measurements for individual 
time intervals. For the last 20  min before the pseudo-
breakup (highlighted by a purple rectangle) and for the 
last 37  min of the expansion phase (highlighted by a 
light blue rectangle), the sign of U∙V is positive because 
the neutral wind U and ion velocity V are approximately 
parallel. It is thus considered that the electromagnetic 
energy of magnetosphere origin was converted to Joule 
heating and Lorentz force. It is noted that there can be 
exceptions, such as the event with a sporadic westward 
turning of the ion velocity at 18:24 UT (see Fig.  3d), 
which should provide negative U∙V. On the other 
hand, for the time interval between the two, which is 
highlighted by a yellow rectangle in Fig.  6, the sign of 
U∙V is negative because the vectors are approximately 
antiparallel. This happens during the expansion phase 
but not immediately after pseudo-breakup. Since a 
negative sign was found during the period of a sudden 
direction change in the ion velocity from eastward to 
westward coinciding with pseudo-breakup, the ther-
mospheric wind could not follow the sudden change 
due to inertia. According to discussion with Fig.  5, it 
is considered that larger Joule heating energy is gen-
erated additionally from the magnetospheric energy 
inputs. The particle collision also causes deceleration 
of V. The thermospheric wind effect is attributed to an 

Fig. 5  A conceptual diagram of direction of the Poynting flux for the case of a positive and b negative U∙V 
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irresistible force of the thermosphere rather than due 
to energy balance in the magnetosphere-ionosphere 
coupled system in a similar manner to the flywheel 
effect, which is triggered by a sudden termination of 
the current flow between the magnetosphere and the 
ionosphere after developing a plasma-convection-like 
pattern in the thermospheric wind (Richmond, 1995).

Measurements in this study were obtained at the 
F-region altitude, and there is no measurement in the E 
region. Since the altitude region for converting the elec-
tromagnetic energy flux of magnetospheric origin to the 
thermal and kinetic energies in the ionosphere is dis-
tributed down to the E region, this study cannot reveal 
the complete thermospheric role in the energy conver-
sion process. However, it may be a challenging analy-
sis to derive the Poynting flux from conjugated Swarm 
measurements. The direction of the energy flow can 
be examined by the Poynting flux (Thayer et  al. 1995; 
Mishin et al. 2003; Streltsov and Mishin 2003; Pfaff 2012; 
Vanhamäki et  al. 2012; Rodriguez-Zuluaga et  al. 2017). 
Measurements with the Swarm A spacecraft were con-
ducted along the approximate Tromsø-Longyearbyen 
line from 18:40:18 to 18:42:08 UT, as shown in Fig.  4c. 
This is remarkably close to the beginning of the period 
with negative U∙V, as shown in Fig. 3c. The Poynting flux 
was calculated from measurements of the magnetic field 
and the ion velocity with Swarm A. Perturbations of the 
magnetic field, ∆B, were derived by subtracting values 
calculated with the CHAMP, Ørsted, and SAC-C model 
of Earth’s magnetic field (CHAOS-7) (Finlay et al. 2020). 
The electric field, E, was derived from measurements of 
the ion velocity from the horizontal (H) and vertical (V) 
sensors of TIIs and the magnetic field. Technically speak-
ing, two kinds of the electric field vector can be obtained 
depending on which of the along-track measurements 

is applied. Then the Poynting flux was obtained from 
E × ∆B/µ0, where µ0 is the permeability of free space. 
Figure  7a–c presents the latitudinal profiles, which are 
the same as those shown in Fig.  4a, b but for Swarm A 
measurements. The calculated Poynting flux (positive 
downward) is shown in Fig. 7d. Error values with ± 3σ are 
indicated in red (blue) for the results with the along-track 
measurements from the H (V) sensor. In this study, we 
accepted the sign of the Poynting flux to indicate energy 
flow direction only when both values derived from the H 
and V sensors have the same sign, taking into account an 
error of ± 3σ.

The Poynting flux at latitude of Tromsø or 69.6° was 
smaller than 6σ, and it was difficult to determine the sign 
according to the definition mentioned above. The simul-
taneous FPI-Dynasonde measurement presented nega-
tive U∙V in the F region, which suggests increase in Joule 
heating. If this were the case for the whole thermosphere 
at 100–300-km altitude, some amount of the wind-
generated energy might flow out to the magnetosphere. 
However, measurements analyzed in this study were con-
ducted at limited altitudes in the F region, and there is no 
measurement at other altitudes. Since U and V can vary 
with heights (Larsen, 2002; Sect. 7.2 of Brekke, 2013), we 
cannot evaluate energy flow direction from U∙V in the F 
region alone.

In the ionospheric trough and subauroral region, that 
is, at latitudes from 70° to 73°, the dominant direction of 
the Poynting flux is downward with westward ion veloc-
ity (see Fig. 7c, d). On the other hand, a salient finding is 
the negative or upward Poynting flux at latitudes of 71°, 
which corresponds to the trough minimum (Fig. 7a) and 
collocates with the localized eastward flow (Fig. 7c). The 
eastward plasma flow is surrounded by westward flows at 
both the equatorward and poleward sides. The eastward 

Fig. 6  Schematic drawing of the ion velocity (orange) and neutral wind (black) vectors for the three time intervals selected in Fig. 3 (purple: 
18:15–18:35 UT; yellow: 18:42–18:54 UT; light blue: 18:54–19:31 UT)
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plasma flow at the trough minimum has been observed 
in measurements during previous and successive Swarm 
passes over northern Europe (see EPS Additional file 1); 
it is thus not regarded as a coincidence and may imply 
a spatial structure rather than temporal variations. Since 
there was no thermospheric wind measurement at the 

trough minimum for this event, it is just an estimation 
but the thermospheric wind can likely flow westward in 
the SAPS region, as demonstrated by Wang et al. (2011, 
2012a, b). Since the eastward plasma flow region at the 
trough minimum is much narrower in latitude than 
the latitudinal width of the westward plasma flows, it 

Fig. 7  Swarm A measurements of the a electron density and temperature (same as Fig. 4a), b field-aligned current (FAC; positive downward; same 
as Fig. 4b) and c ion velocity (positive eastward; same as Fig. 4b). d Poynting flux derived from Swarm A measurements of the ion velocity and 
magnetic field (positive downward) with error values of ± 3σ. Calculations were made applying the along-track ion velocity from the horizontal (H; 
red) and vertical (V; blue) sensors, filtered by a 3-point moving average. The horizontal axes of all the panels were shifted in the same way as in Fig. 4
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is reasonably acceptable to assume that an eastward 
counterstream of the thermospheric wind could not be 
well developed by the eastward plasma flows due to the 
thermospheric inertia. The thermospheric wind barely 
follows the fine structures instantaneously in the iono-
spheric dynamics. Molecular viscosity is predominant 
at F-region altitudes, at which the molecular viscosity 
coefficient is considerably larger than the eddy diffusion 
coefficient. A larger molecular viscosity leads to a uni-
form distribution of the momentum. This trend becomes 
stronger with altitude because the molecular viscosity 
coefficient is inversely proportional to the neutral den-
sity. If this is the case, U∙V may have been negative at the 
trough minimum in the F region, resulting in larger Joule 
heating than the surrounding areas.

Conclusions
This study focused on the event on 20 February 2018 and 
analyzed ionospheric and thermospheric measurements 
obtained with ground-based and spaceborne instru-
ments in the northern Scandinavian area (65–80°N). 
During the event, geomagnetic activity was considerably 
low (Kp = 0 +), but there was some auroral activity at the 
higher latitudes (73–77°N), and the ionospheric trough 
appeared at latitudes of 70–72°N. The meridional dis-
tance between the aurora and the ionospheric trough was 
approximately 200–600  km. Of particular interest was 
the ion-neutral particle interaction, which was deduced 
from the westward acceleration of the thermospheric 
wind at the equatorward edge of the ionospheric trough, 
coinciding with a sudden westward turning of the ion 
velocity at a pseudo-breakup. The simultaneous FPI–
Dynasonde measurement revealed negative U∙V in the 
F region for a period immediately after pseudo-breakup 
with opposite directions of U and V. Theoretical exami-
nation suggested larger Joule heating for the case of nega-
tive U∙V than positive U∙V. Poynting flux from a Swarm 
flyover during the event supported this hypothesis. The 
sign of U∙V may be used as an indicator to determine the 
time and location where thermospheric inertia plays a 
role in the energy dissipation process.
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Additional file 1. Measurements from successive Swarm passes over 
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the zonal component of the ion velocity at the trough minimum during 
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located at 67.6–67.9°N, which is highlighted by a vertical bar in magenta. 
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been well developed, but eastward plasma flows can be identified at the 
trough minimum along with westward flows. d, e show measurements 
from the successive pass from 20:12 to 20:17 UT. A trough minimum, high‑
lighted by a magenta bar, was found at 68.6°N, and the eastward plasma 
flow was localized sharply at the trough minimum in the predominant 
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nasa.gov/pub/data/. Package of the CHAOS-7 model code was downloaded 
from http://​www.​space​center.​dk/​files/​magne​tic-​models/​CHAOS-7.
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