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Abstract Daytime thermospheric winds observed by the balloon-borne instrument HIWIND
(High-altitude Interferometer WIND experiment) during two flights in June 2011 and 2018 from Kiruna
(68°N, 20°E), along with simultaneous European Incoherent SCATter radar ion drift data, are analyzed.
National Center for Atmospheric Research TIEGCM (Thermosphere Ionosphere Electrodynamics General
Circulation Model) simulations for both flights are compared with observations. The observed
thermospheric winds from the two flights have many similarities. HTWIND-observed thermospheric winds
tend to be equatorward during the morning hours before noon and close to zero in the afternoon. In contrast,
TIEGCM predicts poleward winds before noon and near zero in the afternoon. Southward interplanetary
magnetic field B,, occurring as the balloon passed through morning, was associated with greater
equatorward meridional winds. The TIEGCM-simulated zonal winds have large differences with
observations under more active conditions. The second HIWIND flight confirms some important results
from the first flight and further shows thermospheric wind variations under different interplanetary
magnetic field conditions. HTWIND observations in general provide invaluable data for model validation
and highlight deficiencies in current high-latitude simulations.

1. Introduction

In spite of decades of high-latitude polar cap thermospheric wind observations from satellite-borne and
ground-based instruments, there are still many unknowns about ion-neutral coupling processes in the
region. In particular, we lack thermospheric wind observations in the summer, because the long daytime
hours prevent ground-based Fabry Perot interferometers (FPIs) from observing thermospheric winds due
to sunlight scattering. Advances in observation technology, combined with intense community interest in
thermospheric winds and their variability, provide a compelling reason to revisit thermospheric wind
measurements with improved fidelity and sensitivity. Earlier daytime observations of thermospheric winds
were made by satellite instruments such as Dynamics Explorer-2 FPI, High Resolution Doppler Imager, and
WIND Imaging Interferometer (Hays & Science Team, 1992; Killeen et al., 1982; Shepherd et al., 1993).
Satellite-borne accelerometers were also used to derive cross-track winds in the thermosphere (e.g.,
Forster et al., 2008). We note that recent studies have shown that these wind observations may have a
latitudinally dependent bias (Dhadly et al., 2018).

On 14 June 2011, the first balloon-borne FPI, HIWIND (High-altitude Interferometer WIND experiment),
was launched from Kiruna, Sweden (68°N, 20°E). It is an instrument designed to observe thermospheric
winds from balloon altitudes of ~40 km, where the sunlight scattering is only 0.1% of that on the ground.
This enables O 630-nm redline dayglow thermospheric wind observations (Wu et al., 2012). During the
2011 flight, HTWIND revealed unexpected thermospheric wind features at high latitudes. In particular, on
the dayside of the polar cap, the meridional winds were observed to be mostly equatorward, whereas the
National Center for Atmospheric Research (NCAR) TIEGCM (Thermosphere Ionosphere
Electrodynamics General Circulation Model) predicts poleward winds (Moe & Wu, 2014; Wu et al., 2012).
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To explore the cause of observed equatorward thermospheric winds inside the polar cap, cusp heating and
magnetospheric lobe cell convection effects were investigated (Sheng et al., 2015; Zhang et al., 2016). In these
investigations, model simulations were able to reproduce equatorward winds on the dayside of the polar cap,
consistent with HIWIND observations. Sheng et al. (2015) showed that this feature appeared after adding
significant cusp heating in the model to bring the thermospheric wind equatorward. On the other hand,
Zhang et al. (2016) were able to reproduce equatorward dayside winds in the simulations without adding
heating in the cusp by using the CMIT (Coupled Magnetosphere Ionosphere Thermosphere) Model
(Wiltberger et al., 2004). In that study, the positive interplanetary magnetic field (IMF) B, component in
combination with the northward IMF B, condition produced a more compact and stronger magnetosphere
duskside lobe convection cell in the CMIT. This resulted in equatorward dayside wind due to a stronger com-
pact duskside lobe cell. Because the 2011 HIWIND data set was the only one available until recently, there
were great uncertainties related to these studies due to their single case study nature, and it was unclear
whether the thermospheric winds would be different under different IMF and geomagnetic conditions.

Recently, we have obtained another set of daytime thermospheric wind data from the June 2018 HIWIND
flight, which affords us an opportunity to examine the daytime thermospheric winds in the polar cap under
different IMF conditions. In this paper, we execute a one-to-one comparison of the 2011 and 2018 data sets to
see how the thermospheric winds differ under different geomagnetic conditions. In addition to the HTWIND
thermospheric wind observations, we also have colocated simultaneous EISCAT (European Incoherent
SCATter) radar ion drift observations from Kiruna during the two flights. Furthermore, we also show
TIEGCM simulations for both flights to see how model predictions perform under different geophysical con-
ditions. We present observational data and simulations in the next section, which is followed by discussion
of the results. Finally, we summarize our findings.

2. HIWIND and EISCAT Observations and TIEGCM Simulations
2.1. HIWIND Thermospheric Wind Observations

Wau et al. (2012) described the HIWIND instrument. It is a similar instrument to the Resolute FPI (Wu et al.,
2004). HIWIND is enclosed in a pressure vessel, which maintains 1-atm pressure. It has a 10-cm aperture
etalon with 2-cm gap and 80% reflectivity. The etalon chamber is sealed and maintains temperature stability
of 0.1 °C with a heater and a temperature controller. The pressure inside the chamber is monitored. The
instrument has a rotating mirror, which can point the instrument to four orthogonal directions with 40° ele-
vation angle through four portholes. The integration time is 1 min. The zero-wind values are obtained by
averaging observations from opposite viewing directions for each measurement cycle. The zero-wind values
contain the instrument drift and vertical wind contribution. In this way, we do not assume the vertical wind
equal to zero, because the vertical wind contribution to the measurement along with the instrument drift all
removed once the zero-wind value is subtracted from the observations. However, it is assumed that the wind
is uniform within the four measurement points roughly 500 km apart, which we also do for ground-
based FPIs.

The HIWIND gondola is controlled by a National Aeronautics and Space Administration (NASA)-provided
rotator, which compensates the balloon rotation during the flights and maintains the lock toward the Sun
with stability better than +1°, which can introduce about 4-m/s error for thermospheric wind of 200 m/s.
The balloon speed and heading are measured by a GPS compass and recorded in the FPI data header. The
balloon speed (~15 m/s) is removed during the data processing. The meridional and zonal winds are
obtained by decomposing data from different orthogonal viewing directions of HTIWIND based on the orien-
tation of the gondola. The wind measurement errors mostly range from 15 to 30 m/s. The errors are intensity
and background dependent.

The two balloon flights in June 2011 and 2018 (herein referred to as F2011 and F2018) started from Kiruna,
Sweden, then drifted westward with stratospheric winds ranging from 10 to 15 m/s. Balloons usually take
roughly 4 days to reach northern Canada. For F2011, we have data during the first 2 days before a power
system failure stopped the observation. Therefore, although more data are available from F2018 following
the first 2 days, no data from F2011 are available for comparison in that later period. Because of this limita-
tion in the F2011 data set, we therefore compare only the first 2 days of the two flights in this initial study.
The first 2 days for F2011 are 14 June, day of year (DOY) 165, and 15 June (DOY 166) 2011 (herein referred as
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2011165 and 2011166), whereas those for F2018 are 25 June (DOY 176)
and 26 June (DOY 177) 2018 (herein, we refer them as 2018176 and
2018177). The balloon flight paths are plotted in Figure 1. The balloon
paths of the two flights are similar, and the HTIWIND balloon moved faster
during F2011. Each day is marked by a different color. For reference, the
values of the 10.7-cm wavelength (F10.7) solar output proxy index for
2011165, 2011166, 2018176, and 2018177 are 102.5, 104.8, 75.2, and 73.4
solar flux units (sfu), respectively, where 1 sfu = 1002 W-m2Hz L

2.2. Kiruna/Tromse EISCAT Ion Drift Observations

To obtain simultaneous ion drift data, we operated the EISCAT ultrahigh
frequency incoherent scatter radar at Tromse during both flights. The
EISCAT radar was running a relatively narrow three-position scan, to
enable ion drift estimates at altitudes in the E and F regions. The mode
averages 5-min vector values over an area of about 50-km diameter in
the F region and half that in the E region, to the west and south of the
radar location in Tromse, Norway. The basic range resolution is 3 km,
the F region drift data are averaged from 160 to 350 km. In addition to
the drifts, the basic incoherent scatter parameters, such as electron den-
sity, electron and ion temperatures were extracted along the individual

beam directions.

Figure 1. Balloon flight paths during the first 2 days of the two flights. The
2011 flight is shown in dark blue (14 June 2011, 2011165) and light blue (15  2.3. TIEGCM Simulations

June 2011, 2011166). The 2018 flight is shown in red (25 June 2018, 2018176)
and green (26 June 2018 2018177). The stratospheric winds during the 2011

The TIEGCM is a first-principles model of the coupled thermosphere and

flight were slightly faster than those during the 2018 flight. ionosphere system (Richmond et al., 1992). The model solves the three-

dimensional momentum, energy, and continuity equations of both the

neutral and ionized gasses. The model also incorporates a self-consistent
solution of the midlatitude and low-latitude dynamo. At its lower boundary (97 km), the model is driven
by tidal forcing climatology from the Global Scale Wave Model (Hagan & Forbes, 2002, 2003). At high lati-
tudes, we use the Weimer ion convection model (Weimer, 2005). In this study, we use the 1.25° X 1.25° high-
resolution version of the TIEGCM (Dang et al., 2018). One-fourth scale height vertical grid is used. The high-
resolution model allows us to track the model simulations along the balloon flight path better. The upper
boundary of the model is at about 500-km altitude and solar activity dependent.

2.4. Observations on 2011165 and 2018176

The wind data for the first day of the two flights are plotted in Figure 2. The IMF data for the days are shown
in Figure 3. IMF B, had a brief southward excursion around 8 UT (9 LT) on 2011165 (marked by the first
arrow). IMF B, was mostly northward during the first half of 2018176 and turned southward after 1030
UT (marked by the second arrow). The meridional winds (positive poleward) from the two flights resemble
each other, even though the data are 7 years apart, under different solar extreme ultraviolet conditions, and
not on the same day of the year. We note a brief equatorward deviation of the meridional winds from 8 UT
(~9 LT) to 11 UT on 2011165 (marked by the first arrow). This deviation is likely associated with the sub-
storm activity due to the aforementioned short southward period of the IMF B, component (Figure 3).
The meridional winds of the two data sets had large differences, when the HTIWIND balloon likely crossed
the auroral oval after 20 UT (~21 LT). The meridional ion drift data from EISCAT also showed large differ-
ences between two flights around the same time. Overall, the 2018176 meridional winds show the tendency
be mostly poleward with a speed of ~30 m/s from 8 to 18 UT (~9 to 19 LT), whereas the 2011165 data were
mostly near zero from 11 UT to 18 UT. We should note that the daytime winds are in the rough order of mea-
surement uncertainty. However, the tendency is consistent with multiple data points even with sizable
error bars.

In contrast, the zonal wind (positive eastward) data of the two flights differ from each other at multiple
points. Before 6 UT (~7 LT), both 2011165 and 2018176 data changed from near zero to more than 100
m/s in the westward direction. From 6 to 12 UT, the two data sets were nearly identical. At 1230 UT, the
zonal ion drifts on 2018176 shifted westward and pulled the zonal neutral wind with it. On 2011165, the

WU ET AL.

6175



Journal of Geophysical Research: Space Physics 10.1029/2019JA026776

HIWIND 2018176 Meridional Wind

2000 T ‘ 400 200 T T 400
125 EISCAT Dl"lft‘ 250 125 —1250
50 100 100
@ 251 0F 50 @ -50
£ E
< -100+ 200 o -200
3 3
& 175+ 350 2 -350
-250 - 500 ] -500
IMF Bz turned
-325 <4— TIEGCM Wind ] 650 -325 - negative —--650
4000 L s 1-800 4000 . . . . . e e L. .. ]-800
00:00 06:00 12:00 18:00 00:00 00:00 06:00 12:00 18:00 00:00
UT (hr) UT (hr)
Zonal Wind Zonal Wind
200 ‘ ‘ 400 200 ‘ w400
140 IMF Bz turned @ 280
80 negative 1160
20 lmN oA 40
Q Q)
E -40 w0 g
- -100 200 ©
[ [0}
2 -160 320 &
%) %)
-220 - E -440
-280 - ik % —-560
-340 - /’\ <680 340 +-680
-400 s s 4 -800 -4001 : ‘ s -800
00:00 06:00 12:00 18:00 00:00 00:00 06:00 12:00 18:00 00:00
UT (hr) UT (hr)

Figure 2. Observations and simulations for the first day of the 2018 (left) and 2011 (right) flights. The meridional (upper)
and zonal (lower) components of thermospheric winds from HIWIND (pink dots), ion drifts from EISCAT radar (green),
and TIEGCM-simulated winds (dark blue). The ion drift scale is on the right in meters per second, which is double the
scale for the neutral winds. The wind errors for HIWIND observations range from 15 to 30 m/s. EISCAT = European
Incoherent SCATter; HIWIND = High-altitude Interferometer WIND experiment; IMF = interplanetary magnetic field;
TIEGCM = Thermosphere Ionosphere Electrodynamics General Circulation Model.

zonal ion drift stayed mostly zero until 17 UT, then it started to turn westward and dragged the neutral winds
along. The differences in the zonal winds are most likely related to the difference in the onset time of the
westward ion drifts, as well as the drift speeds. On 2018176, IMF B, was negative since 1030 UT (marked
by the second arrow) and remained so to the end of the day. On 2011165, IMF B, was mostly positive
during the latter half the day. The effect of IMF B, on the zonal wind via the ion drifts was strong with a
large westward acceleration, probably a reflection of a strong daytime ion-neutral interaction. Note that
the ion drifts in the meridional direction were small and close to each other for these 2 days, so the ion
drag effects on the meridional winds were small and did not produce large differences between the
meridional winds of 2011165 and 2018176. Therefore, the changes of the zonal winds due to ion drag
were different from those of the meridional winds. It is also possible that in the afternoon sector, the
zonal direction was in line with the antisunward direction and changes in antisunward convection due to
IMF B, variations affect the zonal wind more.

2.5. TIEGCM Simulations for 2011165 and 2018176

The TIEGCM simulations are known to produce more poleward meridional winds on the dayside of the
polar cap for 2011165 (Sheng et al., 2015; Wu et al., 2012; Zhang et al., 2016). We plot the TIEGCM simula-
tions for 2011165 in Figure 2 for ease of comparison. A negative IMF By tends to make the two ion convection
cells about equal size. A positive IMF By, on the other hand, leads to a larger duskside convection cell (e.g.,
Weimer, 2005). Consequently, the converging zone of the two cells, where the poleward ion drift enhances,
tends to be shifted toward dawn by a positive IMF By and more or less stays in the middle close to the noon
under negative IMF By, conditions. Because during 2018176, IMF B, was negative, we may have had the con-
vergence zone located close to noon, leading to stronger poleward winds as shown by HIWIND meridional
wind observations. We note however that this is only one possibility for IMF By influence. In general,
TIEGCM simulations of 2011165 and 2018176 periods do not always agree with the data. The TIEGCM-
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Figure 3. IMF conditions for the first day of the two flights. The IMF By, and B, components and solar wind speed for
2011165 (dashed) and 2018176 (solid) are plotted. Two southward turning of IMF B, are marked by two arrows. The
first for F2011 and the second for F2018. GSM = geocentric solar magnetospheric; IMF = interplanetary magnetic field.

simulated meridional winds for 2011165 are poleward with a speed between 0 and 50 m/s from 10 to 15 UT.
On the other hand, for 2018176, model and data compared reasonably well between 10 and 20 UT, although
there are discrepancies in the temporal variations. Beyond IMF By, we look at the IMF B, component.

On 2011165, IMF B, was positive but for 2018176 IMF B, was negative after 9 UT (10 LT). A positive IMF B,
on 2011165 should produce weak antisunward (poleward) convection. Yet the TITEGCM predicted stronger
poleward winds for 2011165. This shows the difficulty the TIEGCM is facing on the dayside polar cap due to
its use of empirical ion convection patterns rather than actual convection on the day in question. Some
model observation discrepancies are common for both 2011165 and 2018176. For example, before 9 UT
(~10 LT), the simulations for both 2011165 and 2018176 are poleward, whereas the HIWIND observations
were equatorward.
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Figure 4. Same as Figure 2 but for the second day of the two flights 2011166 and 2018177. HIWIND = High-altitude
Interferometer WIND experiment; IMF = interplanetary magnetic field.

While model-data comparison for the meridional winds for 2011165 looks worse than that for 2018176, the
comparison for zonal winds reaches an opposite conclusion. The TTEGCM simulations of the zonal winds for
2011165 mostly follow the observed zonal winds, except at the beginning and end of the day, when HIWIND
was very close to the auroral oval. Being close to the auroral oval is problematic for the TTEGCM simulations,
because the model uses not only an empirical ion convection model but also an empirical auroral oval
model, which does not always represent the real auroral oval well. The electric field near the auroral oval
is highly variable and difficult to model. In the case of 2018176, the observed zonal winds turned westward
after 12 UT, because IMF B, turned southward a little earlier. The TIEGCM-simulated westward zonal
winds are much weaker than those of the HIWIND observations after 15 UT.

2.6. Observations on 2011166 and 2018177

The HIWIND data for 2011166 and 2018177 are displayed in Figure 4 and IMF parameters in Figure 5. In this
case, we show the data in local time for better comparison, since the balloon paths for the two flights have
larger differences in the second day than in the first day, as shown in Figure 1. By plotting them in local time,
we align the data to emphasize local time variations. Note that LT roughly equals UT — 2 for 2011166 and UT
— 1 for 2018177, because the HTWIND balloon speed was lower during F2018. Only F2018 has ion drift data.
Furthermore, given the larger distance between the balloon and the EISCAT radar site after flying 1 day, the
EISCAT and HIWIND were no longer colocated. Overall, the meridional winds of 2011166 and 2018177 are
not very different from each other. The 2018177 data also have more temporal variations, which is not sur-
prising given that the IMF on 2018177 had stronger variations compared to that on 2011165.

There was an equatorward excursion around 10 LT on 2018177 in the meridional winds (marked by the first
arrow) similar to that around the same time in 2011165, which is likely related to the IMF B, southward per-
iod (marked by the first arrow) in Figure 5. The zonal winds on 2018177 were mostly eastward until 5 LT and
turned westward quickly. The 2018177 zonal winds had stronger temporal variations than those of the
2011166. Some of which are likely related to the IMF variations in both By and B, (Figure 5). We marked
the time of another southward turning in IMF B, at ~13 UT and the possible response in the zonal wind
(~12 LT) with the second arrow in Figures 4 and 5.
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Figure 5. Same as Figure 3 but for the second day of the two flights. Two southward turnings of IMF B, in the F2018 flight
are marked by two arrows. GSM = geocentric solar magnetospheric; IMF = interplanetary magnetic field.

The 2018177 ion drift was strongly eastward and later close to zero after 6 LT. The zonal ion drift changed
from strongly eastward to close zero simultaneously as the neutral wind turned westward. We do not see
the ion drifts turning westward before 9 LT, probably because EISCAT radar at this time was far east of
the HIWIND balloon and its observations were no longer representative of the local ion drifts for
HIWIND. However, the EISCAT observations near Kiruna do indicate that the ion drifts were turning
toward westward after 10 LT.

2.7. TIEGCM Simulations for 2011166 and 2018177

The TIEGCM modeled winds are sampled along the balloon path during F2011 and F2018 and plotted in
Figure 4. The simulated meridional winds on 2011166 and 2018177 are very similar. There are large
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model versus observation discrepancies in meridional winds for both 2011166 and 2018177 between 6 and 12
LT. The model predicts poleward winds, whereas the observed winds were mostly equatorward. IMF B, had
more negative periods in 2018177. Consequently, 2018177 was geomagnetically more active. The TTEGCM-
simulated meridional winds gradually converge to the observed winds after 12 LT. The simulated zonal
winds match the observation better in 2011166. The observed westward zonal winds in 2018177 were stron-
ger than those in 2011165 between 12 and 18 LT, whereas the simulated zonal winds were opposite, with
larger westward speeds in 2011166.

3. Discussion

By comparing the observations from the two balloon flights, we show thermospheric winds observed
approximately at the same location and same season but under different geomagnetic and solar extreme
ultraviolet radiation conditions. It is striking that there are many similarities between the two data sets even
though they are 7 years apart. The differences in the thermospheric winds seen in the data sets examined
are likely related to the solar wind and IMF conditions. Compared to the nighttime thermospheric winds,
the daytime thermospheric winds seem to have more similar patterns. This is reasonable considering
that the daytime thermosphere, with higher density and larger ion drag, is less mobile than the
nighttime thermosphere. During the nighttime, the thermospheric winds are less constrained, leading to
higher variability.

In some ways, however, our view of the thermospheric winds may be biased by the fact that past thermo-
spheric wind observations occurred primarily at night due to ground-based instrumental limitations. Most
of our daytime thermospheric observations were made by satellites, which do not repeat themselves at the
same location and same local time at high latitudes compared to ground-based observations. In general, day-
time observations of HTWIND, occurring at nearly the same local times and same locations, make compar-
isons of winds under different conditions easier, and indeed this platform's capabilities allow the direct
observation that daytime thermospheric winds seem to be less variable than the nighttime winds.

The TIEGCM simulations provide some clues to the relationship of thermospheric wind variation to IMF con-
ditions. However, model-data differences remain significant. In particular, dayside meridional winds from the
simulations still have the tendency to be more poleward than the observations, mostly before noon. (The
agreement in the afternoon is better.) The simulated zonal winds have large differences with the observations
during geomagnetically active periods for both 2018176 and 2018177. Model-observation discrepancy in mer-
idional winds may be related to cusp heating. Specifically, satellite thermospheric density observations have
shown a density bulge near the cusp, which may be related to cusp heating (e.g., Deng et al., 2013; Moe & Wu,
2014; Zhang et al., 2015). Such a density bulge may change the local pressure gradient to produce equatorward
wind at the latitudes sampled by HIWIND. Results of these comparisons also indicate that there remains a
need to drive the TIEGCM directly with magnetospheric inputs like CMIT to see how different lobe cell con-
figuration may impact the thermospheric winds. In particular, Zhang et al. (2016) showed that the Weimer
convection model gives a very large duskside convection cell under large positive IMF B, conditions.
Consequently, the return flow on the duskside is not strong enough to overcome the pressure gradient across
the sunlight terminator to force an equatorward flow on the dayside. In the case of CMIT simulation the dusk-
side convection cell is much smaller and stronger. As a result, the return flow of the duskside cell pushes the
neutrals equatorward on the dayside (Figure 3a in Zhang et al., 2016).

Further analysis of HIWIND data is planned. In particular, since the HIWIND 2018 flight occurred very
recently, we do not have more sophisticated model runs from the CMIT yet, which require more computa-
tional time. We look forward to direct magnetospheric ion convection-driven model simulations for the two
HIWIND flights under different IMF conditions. We anticipate that the results of these comparisons will be
very significant for not only model validation but for better understanding of high-latitude ion neutral cou-
pling and ion convection morphology.

4. Summary

We compare the HTWIND observations from F2011 and F2018 with the primary goal of examining effects of
solar wind and IMF conditions on the polar cap thermospheric winds during the summer season. Our find-
ings can be summarized as
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1. The observed thermospheric winds from the two flights have many similarities.
HIWIND-observed thermospheric winds tend to be equatorward during the morning hours before noon
and close to zero in the afternoon. By contrast, TTEGCM runs predict poleward winds before noon and
near zero in the afternoon.

3. Occurrence of southward IMF B, conditions as the balloon passes through the morning appears to lead to
more equatorward meridional winds.

4. TIEGCM-simulated zonal winds have large differences with observations under more active conditions.

Overall, the second HIWIND flight confirms some important results from the first flight and shows thermo-
spheric wind variations under different IMF conditions. More importantly, we have demonstrated that the
HIWIND instrument provides invaluable data for model validation and in particular can highlight deficien-
cies in current high-latitude simulations. Two flights are certainly not sufficient to tackle all unknowns
related to high-latitude ion-neutral coupling, which are critically important to space weather and aeronomy
in general. Due to this need, we plan to pursue additional HTWIND flights in the future.
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