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Abstract
The average winds in the thermosphere during geomagnetically quiet times are important because they provide a
baseline wind in the upper atmosphere, but they remain insufficiently understood at high latitudes. This paper reports
the first direct ground-based wind measurements of the quiet-time thermospheric wind pattern at Tromsø in Norway
using 2009–2015 data from a Fabry–Perot interferometer. We analyzed red-line wind measurements (630.0 nm; alti‑
tude: 200–300 km). On average, the zonal wind shows a decrease of eastward wind compared with diurnal tidal wind
before midnight. A maximum speed of 100 m/s occurs at both the dusk and dawn sides. The meridional wind has
a diurnal tide structure with a minimum value of − 130 m/s around midnight. We also found occasional large wind
deviations (> 100 m/s) from the averages, even during geomagnetically quiet times. We suggest that these large wind
deviations are caused by the plasma convection associated with weak substorm activities with auroral electrojet (AE)
index values of less than 100 nT that occurred at local times different from that at Tromsø.
Keywords: Fabry–Perot interferometer, Average wind, Thermosphere
Introduction
At high latitudes, the neutral wind in the thermosphere
can be affected strongly by energy inputs from the magnetosphere during geomagnetically active times. Various
important mechanisms can drive high-latitude winds,
such as tides, plasma convections, and Joule heating.
Both ground-based and in situ wind measurements are
used widely to study how the neutral wind in the thermosphere responds to geomagnetic activities such as auroras
and/or different substorm phases (e.g., Price and Jacka
1991; Price et al. 1995; Conde and Smith 1998; Conde
et al. 2018; Kosch et al. 2010; Xu et al. 2019; Ritter et al.
2010; Oyama et al. 2016). Besides these studies focused
on winds during disturbed times, others have investigated the high-latitude wind pattern and how it depends
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on various factors such as solar and geomagnetic conditions (e.g., Aruliah et al. 1991; Lathuillère et al. 1997).
The average winds during geomagnetically quiet times
are important because they provide a baseline wind in
the upper atmosphere. At high latitudes, the quiet-time
wind pattern can be influenced by geomagnetic activity,
although previous studies have used the Kp or Ap index
to define the globally quiet condition. At the F-region
height, previous studies have shown the quiet-time
wind patterns at high latitudes (e.g., Witasse et al. 1998;
Emmert et al. 2006a, b). Aruliah et al. (1999) investigated
the Kp dependence of thermospheric winds at Kiruna in
Sweden using a Fabry–Perot interferometer (FPI) via the
630 nm airglow/auroral emission. However, they used
only the north and west scans of the FPI, measurements
that were quite different from those made in the present study; the details are discussed in the section entitled “Comparison with F-region wind at Kiruna.” Dhadly
et al. (2017) focused on the seasonal dependence of the
quiet-time winds in the northern high latitudes using
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measurements from both FPIs and multiple satellites.
However, the quiet-time thermospheric winds at Tromsø
are yet to be investigated using ground-based FPI. The
high-latitude thermospheric wind can be affected by
localized geomagnetic activities such as particle precipitation and ion drag (e.g., Batten and Rees 1990; Oyama
et al. 2009). Such a study at the European Incoherent Scatter (EISCAT) radar site at Tromsø is necessary
and constructive for future studies of thermospheric
dynamics, because the wind pattern during geomagnetically weak and quiet times provides a baseline for thermospheric dynamics without geomagnetic disturbances.
In the present study, we report the first direct measurements of the quiet-time average winds in the thermosphere at Tromsø in Norway using an FPI via the 630 nm
emission. We also report a few events that exhibited large
deviations (> 100 m/s) from the average winds in the
thermosphere even during geomagnetically quiet times,
and we discuss their possible causes.

Instruments and data sets
The FPI used in this study is located in Tromsø, Norway, where the local time (LT) is 1 h ahead of universal
time (UT) and the magnetic local time (MLT) is ~ 2.5 h
ahead of UT. The FPI scans the sky in the five directions
of north, west, south, east, and zenith as one set of vector wind measurements. In each direction, the 630.0 nm
and 557.7 nm emissions are observed in sequence. The
elevation angle of the sky scan is 45°, and the field of view
(FOV) in each direction is 5° in full angle. The wind data
have a time resolution of ~ 13 min. Detailed information
about this FPI can be found in Shiokawa et al. (2012).
For the present average wind study, we checked all
the wind data collected during 2009–2015 from the
red-line emission (wavelength: 630.0 nm). The emission altitude of the 630 nm airglow is 200–300 km in the
thermosphere, and therefore the FPI-derived winds are
weighted values through the 630 nm emission profile. In
the selected wind measurements that satisfied the quiet
conditions, most of the data were obtained in the winter,
as summarized in Table 1. For most dates, both zonal and
meridional wind measurements were available.
The all-sky auroral images used in the present study
were obtained by a collocated all-sky camera provided by
the National Institute of Polar Research (NIPR) of Japan.
This camera has an FOV of 180° with a fisheye lens. The
magnetometer data were obtained from the International
Monitor for Auroral Geomagnetic Effects (IMAGE)
magnetometer network. We used the magnetograms
obtained at the Tromsø and Bear Island (BJN) stations,
which are located at almost the same geographic longitude of ~ 19°E. The Tromsø site is located at a geographic
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Table 1 List of wind data used in this study
Year

Dates with measurements

2009

1.23–1.25, 1.28, 1.29, 2.17, 2.18, 11.10, 11.11,
11.13, 11.14, 11.17–11.20, 11.24, 11.27,
12.6–12.8, 12.25

2010

2.18, 3.2

2011

2.23, 2.24, 11.19

2012

9.28, 11.23, 12.23

2013

–

2014

1.19, 11.13

2015

–

(geomagnetic) latitude of 69.58°N (66.73°N), while the
BJN site is located at 74.50°N (71.45°N).

Method
We applied strict criteria to define geomagnetically quiet
times. We began by choosing the interval of FPI operation under clear-sky conditions (status “s” and “p”), identified using the hourly status from a collocated all-sky
airglow imager of the Optical Mesosphere Thermosphere
Imagers (OMTIs, http://stdb2.isee.nagoya-u.ac.jp/omti/)
(Shiokawa et al. 2009). Then, for step 1, we used Kp ≤ 1+
to ensure globally quiet conditions both at the time of the
wind measurement and 3–6 h before the wind measurement because neutral gas can take that long to recover
after being influenced by geomagnetic activity at high
latitude (Aruliah et al. 1999).
For step 2, we ensured locally quiet conditions at
Tromsø. We defined baseline X-component values at
Tromsø at each time sector for each year, as shown in
Table 2. Each baseline value was chosen from the first
clear quiet day of that year as determined by visual
inspection, presented as 1-h averages. If no value was
available for a given year, then we used the corresponding value from the previous year. We defined a non-quiet
interval as being when the absolute difference between
the X-component value and the baseline exceeded 50 nT.
An isolated substorm event was defined as a continuous
series of non-quiet intervals that lasted for more than 1 h,
and the first (last) non-quiet interval was defined as the
start (end) of the isolated substorm event. As shown in
Fig. 1, we excluded any wind measurements made either
during or up to 3 h after these substorm events.
For step 3, we checked the all-sky images at Tromsø
and excluded any measurements made when auroral activities were penetrating the FPI scanning region.
Quiet-time periods were defined as those that satisfied the criteria in steps 1–3. After further excluding
some measurements with suspicious cloud influences as
identified by the all-sky auroral camera, the qualifying
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Table 2 Baseline values of X component of magnetometer data at Tromsø
Year

Dusk (14-20 UT)

Midnight (20-2 UT)

Dawn (2-8 UT)

Date
of the chosen
value

2009

10,910.4

10,901.2

10,886.4

26 Jan 2009

2010

10,903.2

10,902.6

10,903.0

8 Feb 2010
27 Jan 2011

2011

10,893.9

10,888.7

10,890.9

2012

10,893.9a

10,888.7a

10,890.9a

–

2013

10,847.3

10,846.4

10,850.1

4 Oct 2013

2014

10,852.4

2015

10,852.4

10,850.1a

10,849.9
a

a

10,849.9

a

10,850.1

13 Feb 2014
–

Unit: nT
We used the same corresponding value in the previous year

X-component
at TRO (nT)

a

11000
10900
10800
10700
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Fig. 1 Definition of locally quiet time at Tromsø

quiet-time measurements were used to calculate the
average winds.
Finally, for step 4, we used these qualifying measurements to calculate the initial 30-min-average winds
(the thick gray curves in Fig. 2c, d) from the red-line
(630 nm) emission. Despite being selected as measurements made during geomagnetically quiet times, some
exceptional wind measurements exhibited large deviations from the initial average winds, as marked by the
red asterisks in Fig. 2c, d. The deviations were more
than 100 m/s from the initial averages, which may have
been caused by geomagnetic activities not identified
in steps 1–4. We therefore removed these exceptional
wind measurements with large deviations of more
than 100 m/s from the initial averages in the qualifying measurements. The remaining data were used to recalculate the final quiet-time average winds as shown
by the blue and green curves in Fig. 2a, b, respectively.
The same blue and green curves are present in Fig. 2c,
d, respectively, but they mostly overlap with the initial averages shown as the gray curves. We discuss
the possible causes of the aforementioned exceptional
measurements in “Events with large deviations from
averages, and related discussion”.

Quiet‑time average winds
Figure 2a, b shows the quiet-time average winds in the
thermosphere in the zonal and meridional directions,
respectively. The half-length of an error bar corresponds
to the standard deviation of all the winds used to calculate the average in that bin. As shown in Fig. 2c, d, there
were 5–20 wind measurements in each 30-min bin to
calculate the average winds. We also plotted in yellow the quiet-time average winds at Kiruna in Sweden
(67.87°N, 20.43°E in geographic coordinates) as obtained
from Aruliah et al. (1999) and in red the average winds
at Tromsø as obtained from the Horizontal Wind Model
(HWM) (Drob et al. 2015).
Considering the diurnal tide, the zonal wind in Fig. 2a
should be eastward before 2–3 UT and westward after
2–3 UT (e.g., Kohl and King 1967). However, we found
that the zonal wind exhibits a decrease of eastward wind
before midnight, with a minimum at 21–22 UT. After
22 UT, the wind recovers eastward and then decreases
again after midnight. The zero crossing of the zonal wind
after midnight occurs at ~ 3 UT. The maximum speed is
~ 100 m/s at both the dusk and dawn sides. The meridional wind in Fig. 2b shows an equatorward wind with a
minimum value (− 130 m/s) around midnight, which is
a typical signature of a diurnal tide in the thermosphere.
Discussion of quiet‑time average winds
Comparison with model and satellite winds

For the HWM14-derived winds in Fig. 2, we first calculated the model-based local winds corresponding to
all the time segments used for our quiet-time average
winds. We chose the simultaneous Ap index as the input
of HWM14 and then calculated the averages in the same
way as for the actual observations. Again, the half-length
of an error bar corresponds to the standard deviation of
all the winds used to calculate the average in that bin. In
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Fig. 2 Nightside quiet-time average wind in thermosphere (200–300 km) at Tromsø. The data were averaged in 0.5 h bins. a, b Quiet-time average
zonal and meridional winds. In quiet times, the HWM14-derived average wind at Tromsø and average wind at Kiruna of Aruliah et al. (1999) are
also shown. c, d Qualifying measurements satisfying both globally and locally quiet conditions, from which initial average wind (gray) is calculated.
Red asterisks indicate those measurements with large deviations (> 100 m/s) from initial average winds, which were removed in calculating the
final quiet-time averages. Note that we artificially shifted the HWM wind to a few minutes later to avoid overlapping error bars, although they were
calculated using the same time bins as those for the quiet-time averages

the model, the thermosphere height was 250 km. Note
that the HWM winds have been shifted artificially to
a few minutes later in Fig. 2 to avoid overlapping error
bars, although they were calculated using the same time
bins as those used for the quiet-time average winds.
In Fig. 2b, the diurnal tide structure of the HWM14
meridional wind is consistent with actual observations,
although the model predicts lower speeds near midnight.
In Fig. 2a, HWM14 fails to predict the observed decrease
of eastward wind before midnight. These results suggest
that some improvements are required for the HWM to
demonstrate the quiet-time winds at high latitudes.
The Gravity Field and Steady-State Ocean Circulation
Explorer (GOCE) satellite provides direct wind measurements at both dawn and dusk sectors at an altitude
of ~ 250 km. As shown in Fig. 8 of Dhadly et al. (2017),

the quiet-time average cross-track wind in December
Solstice at 65–70°N geomagnetic latitudes has a MLT
coverage at ~ 6:30–9:00 and ~ 16:00–18:30, which correspond to ~ 4:00–6:30 UT and ~ 13:30–16:00 UT, respectively, at Tromsø. The average cross-track wind of GOCE
at ~ 6:30 MLT is westward in geomagnetic coordinates
with an amplitude of ~ 100 m/s, which is similar to the
zonal wind at 4:00 UT in the present study in geographic
coordinates.
Comparison with F‑region wind at Kiruna

In Fig. 2a, b, we also show as the yellow curves the
quiet-time average winds with Kp ≤ 2− obtained from
a 630 nm FPI at Kiruna in Sweden as obtained from
Figure 1 of Aruliah et al. (1999). They averaged 42 ± 15
wind measurements in each 15-min bin. For the zonal
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wind, both Tromsø and Kiruna exhibit an obvious
decrease of eastward wind before midnight, something
that Aruliah et al. (1999) suggested could be caused by
westward plasma convection. At the F-region height,
even though the effect from tidal components other
than the diurnal tide is minor, the ion drag effect is
more effective than at E-region height (e.g., Mayr
and Harris 1978; Richmond et al. 2003). Therefore,
we speculate that this decrease of eastward wind at
Tromsø is most likely related to the westward plasma
convection at the dusk side as well, which is expected
from the usual two-cell convection pattern (e.g., Heppner and Maynard 1987; Thomas and Shepherd 2018).
Note that this decrease of eastward wind is slightly
larger and earlier (before 20 UT) at Kiruna. This westward increase ceases and starts to increase eastward
at ~ 20 UT at Kiruna and at ~ 22 UT at Tromsø. We
therefore explore the possible reasons for this 2 h time
difference. Aruliah et al. (1999) used north and west
FPI scans at an elevation angle of 30°. If we assume
that the thermospheric wind measurements in the
present paper were obtained right above Tromsø at an
altitude of 250 km, then the spatial differences in wind
measurements between the present paper and Aruliah
et al. (1999) are ~ 400 km and ~ 250 km for the zonal
and meridional directions, respectively. At the zonal
wind measurement point at Kiruna, the MLT is ~ 2.3 h
ahead of UT and the geomagnetic latitude is ~ 65.20°N,
both of which are close to the corresponding values at
Tromsø (2.5 h, 66.64°N). Consequently, the timing difference of the westward increase and subsequent eastward increase in the zonal wind in Fig. 2a are unlikely
to have been caused by the location difference.
Before midnight, the convection direction of ionospheric plasma changes abruptly from westward into
eastward near the Harang discontinuity at the equatorward side of the auroral zone (e.g., Heppner and
Maynard 1987; Erickson et al. 1991; Koskinen and
Pulkkinen 1995), and the Harang discontinuity may be
the cause of the decrease and subsequent increase of
eastward wind in Fig. 2a. Aruliah et al. (1999) showed
that the eastward turning of convection at the Harang
discontinuity occurs at earlier MLT with increasing geomagnetic activities. In Fig. 2a, the zonal wind
of Aruliah et al. (1999) was obtained with Kp ≤ 2−,
whereas our result at Tromsø was obtained with
Kp ≤ 1+. This difference in geomagnetic activity may
be the cause of the timing difference of the decrease of
eastward wind in Fig. 2a between Aruliah et al. (1999)
and the present study. At dawn side, the different
threshold of Kp index may also contribute to the different zonal winds between two stations.
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Events with large deviations from averages
and related discussion
In the thermosphere, we found five nights during which
there were large deviations (> 100 m/s) from quiet-time
averages, as shown in Fig. 2c, d. For two of them (events
with large deviations in zonal winds before 20 UT), we
show the entire measurement over the corresponding
night in Fig. 3a, b (event R1) and Fig. 3f, g (event R2).
In Fig. 3a, b, f, g, the blue rectangle at the top of the
panel indicates the quiet-time period as defined in
“Method” the red rectangle indicates the interval in
which there is large deviation from the average winds,
and the light blue curve indicates the quiet-time average
winds shown in Fig. 2a, b. Figure 3c–e, h–j shows the X
component of the magnetometer data, the auroral electrojet (AE) and amplitude lower (AL) indices, and the By
and Bz components of the interplanetary magnetic field
(IMF) in geocentric solar magnetospheric (GSM) coordinates. For events R1 and R2, the large deviations in zonal
winds lasted for 0.5–1 h, while the meridional winds
showed good consistency with the averages. Note the
presence of substorm activity right after the event time
in Fig. 3a, b; the aurora identified by the all-sky images
expanded southward into the FPI scanning region at the
same time. It was cloudy before 19 UT and after 22 UT
as shown by the gray rectangles in Fig. 3f, g, and measurements made during these time periods were excluded
when calculating the quiet-time average winds.
Before and during events R1 and R2, weak auroral
activities were identified at the northern edge of the allsky images at Tromsø. However, from the magnetometer
data no substorm could be identified at BJN. Because the
measurements and the average in the meridional direction are consistent, it is unlikely that the Joule heating on
the thermosphere in the north of Tromsø caused these
large zonal wind deviations. The AE and AL indices show
some substorm activities with amplitudes of less than
~ 100 nT on a global scale, although we have Kp ≤ 1+ for
both events. These substorms probably occurred elsewhere at different local times from that at Tromsø.
At high latitudes, the ion drag in the F-region is
more effective than that in the E region (e.g., Mayr
and Harris 1978; Richmond et al. 2003). Considering
the general plasma convection pattern (e.g., Weimer
1995), westward convection is expected above Tromsø
associated with these AE and AL activities before and
during events R1 and R2. Therefore, we suggest that
the plasma convection associated with substorms that
occurred at different local times caused a westward
drive to the thermosphere above Tromsø in these
two events, although the ion motion may have been
dominated by neutral wind at high latitudes under the
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Fig. 3 Two thermospheric wind measurements (events R1 and R2) during quiet times, whose zonal wind showed large deviation (> 100 m/s) from
quiet-time average. a, f Zonal wind. b, g Meridional wind. c, h X component of magnetometer data at Tromsø and Bear Island. d, i AE and AL indices.
e, j IMF By and Bz in GSM coordinates. The blue rectangle indicates the quiet-time period, namely Kp ≤ 1+ for 3–6 h before, with no substorm or
auroral activity being identified above Tromsø. The red rectangle indicates the interval of the deviated measurements. The light blue curve indicates
the quiet-time average wind, and the dark-gray rectangles indicate times of cloud

condition of weak electric field (e.g., Fujii et al. 1998).
Thus, even if small substorm activity with AE < 100 nT
occurs at different local times, the zonal wind can
deviate by more than 100 m/s at Tromsø.
We also checked the plasma data from the Super
Dual Auroral Radar Network (SuperDARN) and EISCAT radar, as well as the global convection map from
the SuperDARN radar and a data assimilation model
(Ruohoniemi and Baker 1998). However, we could find
no useful convection data for events R1 and R2. The
convection pattern provided by the SuperDARN convection model showed a very small convection area at
high latitudes (> 70°N in geomagnetic latitude), and
Tromsø was outside that area. However, there may
have been some westward convection at Tromsø that

was too weak to be seen in the SuperDARN convection
model.

Conclusions
Using an FPI at Tromsø in Norway, we focused on the
high-latitude nightside thermospheric winds during geomagnetically quiet times. The wind data were collected
from red-line emission (630.0 nm, altitude: 200–300 km)
during 2009–2015. This is the first time that direct wind
measurements from an FPI have been used to obtain the
quiet-time average winds in the thermosphere at Tromsø.
We also reported two events that exhibited large deviations (> 100 m/s) from the quiet-time average winds in
the thermosphere. The main results of this paper are
summarized as follows.
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1. The average zonal wind at Tromsø exhibits a decrease
of eastward wind from the diurnal tide before midnight, with a minimum value centered at 21–22 UT.
This can be related to the westward plasma convection at the dusk side. After 22 UT, the zonal wind
recovers eastward and then turns westward after
midnight. The maximum speed of the zonal wind is
~ 100 m/s at both the dusk and dawn sides. The average meridional wind is an equatorward wind with a
minimum value (− 130 m/s) around midnight, which
is a typical signature of a diurnal tide in the thermosphere. The wind pattern observed at Tromsø is generally similar to that at Kiruna as found previously by
Aruliah et al. (1999), although the decrease of eastward wind at Tromsø before midnight occurs 2 h
later than that at Kiruna.
2. At Tromsø, HWM14 predicts a meridional wind with
smaller amplitude and fails to predict the eastward
wind decrease in the zonal wind before midnight.
This suggests that some improvements are necessary
for the HWM to demonstrate the quiet-time winds at
high latitudes.
3. For events with large deviations from the quiet-time
average winds at Tromsø, we speculate that the westward increases of zonal wind (> 100 m/s) in the thermosphere before midnight are caused by the plasma
convection associated with weak substorm activities that occur at local times different from that at
Tromsø. This fact indicates that even if small substorm activity with AE < ~ 100 nT occurs at different
local times, the zonal wind can deviate by more than
100 m/s at Tromsø.
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