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after a substorm onset were examined by analyzing data from a ground-based green line Fabry-Perot
interferometer (FPI; optical wavelength of 557.7 nm) at Tromsø, Norway, and in situ measurements from a
trimethyl aluminum (TMA) trail released from a sounding rocket launched during the Dynamics and
Energetics of the Lower Thermosphere in Aurora 2 (DELTA-2) campaign on 26 January 2009. Soon after the
rocket launch but before disappearance of the TMA trail, a substorm onset occurred. The DELTA-2 TMA
experiment appears to be the ﬁrst case in which the substorm onset occurred during the TMA wind
measurement. It is known that energy dissipation induced by the ionospheric closure current is compacted at
the poleward side of the discrete arc in the ionospheric morning cell. Both FPI and TMA measurements
were made at the poleward side, but the FPI measured winds nearer to the poleward edge of the arc than the
TMA by 110–130 km. The FPI winds at distance of 53–74 km relative to the arc edge showed clear ﬂuctuations
immediately after the substorm onset, but there was no obvious similar ﬂuctuation in the TMA-measured
winds. The difference in the response at the two locations suggests that energy dissipation sufﬁcient to be
detected as the FPI/TMA wind perturbations was conﬁned to the area from the poleward edge of the arc to a
relative distance shorter than 163–203 km but longer than 53–74 km in this event.

Plain Language Summary Lower thermospheric winds at 100–130 km altitude can be signiﬁcantly
modulated by external energy inputs from the magnetosphere in association with auroral activity. Substorm
onset, which coincides with sudden poleward expanding aurora, dissipates kinetic energies of the plasma
into the lower thermosphere. We measured the lower thermospheric winds with two methods during
Dynamics and Energetics of the Lower Thermosphere in Aurora 2 campaign on 26 January 2009 in Norway.
One is ground-based optical technique applying the Doppler shift of the emitting neutral particles, that is,
Fabry-Perot interferometer (FPI). Two is a time-derivative measurement of the trimethyl aluminum (TMA)
trail released from a sounding rocket. This experiment was the ﬁrst success of the TMA measurement
conducted at a substorm onset. The FPI measurement was taken place nearer to the poleward expanding
auroral arc than the TMA measurement by about 100 km. Lower thermospheric winds from the FPI varied
clearly in the magnitude but those from the TMA did not. It is considered that the wind acceleration or the
energy dissipation occurred at least within an area of 53–72 km away from the arc edge but not reaching
163–203 km away from the arc edge.
1. Introduction
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Understanding the ﬂow of energy and mass throughout the magnetosphere-ionosphere-thermosphere
coupled system is a fundamental goal of solar-terrestrial physics. Since substantial energy accumulated in
the substorm growth phase in the magnetospheric tail ﬂows into the polar ionosphere immediately after
the substorm onset, investigating the energy dissipation process at high latitudes around the time of substorm onset can contribute signiﬁcantly to achieving that objective. Sudden commencement of the
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poleward expansion of the auroral arc is one of the typical features in the ﬁrst stage of the substorm expansion phase. Upward ﬁeld-aligned current (FAC) induced by the inverted-V type potential pattern in the acceleration region of the magnetosphere is spatially encompassed by the converging electric ﬁeld, E⊥,
perpendicular to the local magnetic ﬁeld, B, or the arc at ionospheric heights (Aikio et al., 1993; de la
Beaujardiere & Vondrak 1982; de la Beaujardiere et al., 1977, 1981; Marklund, 1984, 2009; Marklund et al.,
1982; Opgenoorth et al., 1990; Oyama et al., 2009). The perpendicular electric ﬁeld accelerates ionospheric
ions in the E⊥ × B direction, which in turn transfers the ion momentum to the neutral particles via collisions.
That is the fundamental mechanism of the Lorentz force. In the case of no horizontal gradient in the conductivity or a gradient parallel to E⊥, the Pedersen current, which is parallel to the electric ﬁeld, is the curl-free
current or the principal ionospheric closure current near but outside of the arc (Wilkinson, Nielsen, & Luhr,
1986). In more general cases of nonzero horizontal gradient in the conductivity, both Pedersen and Hall currents can contribute to the curl-free current. The closure current ﬂowing in the thermosphere, which acts as
the resistive medium for the current, results in an exchange of energy from the kinetic energy of the ionospheric ions to the thermal energy of the thermospheric particles, according to Ohm’s Law. This is the
Joule heating process. While direct heating due to electron precipitation through the recombination process
can also dissipate a small amount of thermal energy, Lorentz force and Joule heating are the two major processes capable of modulating the dynamics of the thermosphere.
At F region heights, the pressure gradient between the sunlit and dark hemispheres is a predominant force
for controlling the thermospheric wind dynamics (Dickinson et al., 1984; Kohl & King, 1967), resulting in diurnal tides (Kawamura et al., 2000; Witasse et al., 1998). At E region heights, in particular below 110 km, the diurnal tide is weakened due to less in situ solar EUV absorption by the atmosphere, making the semidiurnal
component induced by solar UV absorption by ozone in the stratosphere dominant. Thus, a dominant tidal
component shifts from semidiurnal to diurnal with increasing height in the lower thermosphere at high latitudes (Oyama et al., 2003, and references therein). During geomagnetically quiet periods, tidal winds are
dominant at all thermospheric heights, and the vertical wind is considerably smaller in magnitude than
the horizontal wind because the wind tends to ﬂow on the isobar, which is almost parallel to the terrestrial
surface. Note that “vertical wind” in the context refers to a geographically vertical wind throughout the
text. Histograms of the vertical component of the ion velocity measured with the European Incoherent
Scatter (EISCAT) radar has a single peak at 0 m/s at 99–111 km heights for periods of geomagnetically quiet
condition (Oyama et al., 2005). Since ion motions are well controlled by the collisional process with neutral
particles at these heights for the quiet periods, it is considered that the vertical neutral wind also tends to
have such a small magnitude on average for the quiet periods, although it can frequently ﬂuctuate in association with auroral evolution as mentioned below. Thus, we can use the vertical wind as a proxy of the
energy/momentum inputs from the external environment.
While tidal motions resulting from lower atmospheric forcing and the pressure gradient in the global scale
at F region heights are predominant in the polar thermospheric dynamics as mentioned above, both the
Lorentz force and Joule heating during periods of active aurora can change polar thermospheric dynamics
over various spatiotemporal scales. Many of the earlier FPI and other instrumental observations are summarized by Larsen and Meriwether (2012), and enhancements of the vertical wind may be evidence of
such effects (Ishii et al., 2001, 2004, 1999; Peteherych et al., 1985; Price & Jacka, 1991; Price et al., 1995;
Smith & Hernandez, 1995). Price et al. (1995) found that wind variations tend to appear adjacent to the
arc on the poleward side but inside the arc. The peak neutral upwelling measured with a green line
(557.7 nm) Fabry-Perot interferometer (FPI) was 42 m/s. Since the emission has a peak in the lower E
region, such a large vertical velocity could not be attributed to tidal motions. The authors concluded that
thermal expansion induced by Joule heating was the major force responsible for uplifting the air parcels
rather than the Lorentz force. The conclusion is reasonable because large vertical winds cannot be generated by the Lorentz force that acts in the plane perpendicular to the geomagnetic ﬁeld, which is nearly
vertical at auroral latitudes. A simulation study suggests that the time derivative of the Joule heating rate
is more important than the amount of dissipated energy for generation of the wind ﬂuctuations at E
region heights (Shinagawa & Oyama, 2006). This suggests that the lower thermospheric wind may only
respond weakly to a gradual increase in the Joule heating rate even if the total energy accumulated
through the event is large. However, the wind can respond quickly when the Joule energy dissipation rate
increases suddenly and reaches its peak value within a relatively short time (Aruliah et al., 2005; Kosch
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et al., 2010; Kurihara et al., 2009). The response time may be as short as several minutes based on our
observational experience. This situation can occur in the vicinity of fast-drifting arcs, in particular immediately after a substorm onset. As far as we know, there is no comprehensive theory to help interpret quantitatively such a short response time. The Lorentz force may be able to establish horizontal patterns in the
thermospheric wind ﬁeld resembling the ionospheric plasma convection in a statistical manner, even at E
region heights (Richmond, Lathuillére, & Vennerstoem, 2003). This is consistent with other statistical analyses made of EISCAT radar data, which imply that the effects of the Lorentz force are detectable down to
105 km, but dependent on the geomagnetic activity (Fujii et al., 1998; Oyama et al., 2005). It would require
a time of the order of an hour to establish the horizontal pattern in the thermospheric wind ﬁeld at E
region heights resembling the convection pattern, based on the e-folding time for momentum transfer
from ions to neutrals (Deng et al., 2009). The e-folding time can be shortened inversely proportional to
the electron density, but any response on minute time scales of the type mentioned above cannot be
reproduced well by the Lorentz force alone.
The earlier work cited above supports the idea that the lower thermospheric wind at high latitudes can deviate signiﬁcantly from the tidal ﬂows during active geomagnetic conditions, and that both Joule heating and
Lorentz forcing contribute to the deviations. However, many details related to the phenomena still remain as
open questions, in particular, a quantitative understanding of the horizontal distributions of the wind variations in the vicinity of an auroral arc. The study described here focuses on developing a better understanding
of the horizontal patterns of the lower thermospheric wind deviations around the arc observed in the event.
There are a number of earlier publications that describe the horizontal variations of ionospheric parameters
in and near arcs because the essential ionospheric parameters, such as the electron density and the electric
ﬁeld, can be measured remotely with incoherent scatter radars and HF radars from the ground. Also, some
satellites, such as Cluster and FAST, directly measure the FAC and the perpendicular electric ﬁeld while crossing the auroral-particle acceleration region in the magnetosphere (Marklund, 2009; Oyama et al., 2009, and
references therein). Ground-based imaging of the thermospheric wind at F region heights have been also
reported using an all-sky type of the Fabry-Perot interferometer (Anderson et al., 2012a, 2012b, 2012c;
Conde et al., 2001; Conde & Smith, 1998). The lower thermospheric signatures, by contrast, have been measured rarely due to the difﬁculty of making such measurements. Ishii et al. (2004) reported thermospheric
wind measurements made with two spatially separated FPIs deployed at almost same geomagnetic latitude
(65.6°N and 66.2°N) in Alaska. Green line temporal wind variations from the two FPIs had a high degree of
correlation, despite being about 300 km apart zonally. This suggests that the wind acceleration process or
kinetic energy conversion from ions to neutrals tends to be stretched along the L shell, at least, at E region
heights. This pattern is acceptable particularly for the system nearby the zonally elongated arc. However,
we have not yet known the perpendicular pattern to the arc. In some occasions, the arc has a sharp edge
of the emission intensity along with E⊥ enhancements outside of the arc and depressions in the arc (Aikio
et al., 2002; Oyama et al., 2009). While this pattern must be attributed to the inverted-V potential pattern,
we should also take into account the relative distance to the arc with regard to the kinetic energy conversion
in the lower thermosphere.
This study analyzes simultaneous wind measurements at two locations separated by a distance of
~100 km. One measurement is from an FPI (557.7 nm) located at the Tromsø European Incoherent
Scatter (EISCAT) radar site in Norway (69.6°N, 19.2°E in geographic coordinates and 66.7°N, 102.2°E in geomagnetic coordinates). The other is from a trimethyl aluminum (TMA) trail released from a sounding rocket
launched during the Dynamics and Energetics of the Lower Thermosphere in Aurora 2 (DELTA-2) campaign. The rocket was launched from the Andøya Rocket Range in Norway at 00:15 UT on 26 January
2009. The areas covered by the two wind measurements were inside of the ﬁeld of view of the all-sky
camera at Tromsø. Furthermore, a substorm onset took place during the TMA wind measurement. The
FPI and TMA measurements were made at about 100 and 200 km, respectively, from the poleward edge
of the auroral arc associated with the substorm onset. A couple of distant measurements might be too
sparse to resolve the horizontal pattern of the wind, but this study will show a difference between the
wind perturbations at the two locations that are not due to differences in the measurement method.
Section 2 describes the instruments operated for the DELTA-2 campaign. Section 3 presents observation
results comparing the two wind measurements together with discussion. The summary and conclusions
will be presented in section 4.
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2. Instruments

The DELTA-2 campaign was conducted in January 2009 in the northern
Norway. Various optical instruments and radars were operated to obtain
Azimuth
Elevation
simultaneous measurements of ionospheric and thermospheric paraSouthwest (SW)
226.7°
61.6°
meters. The scientiﬁc objective was to improve our understanding of
South (S)
193.5°
64.0°
the energy dissipation process associated with the substorm onset.
Field aligned (B//)
185.8°
77.4°
One of the unique aspects of this campaign was the height-resolved
Vertical (Z)
NA
90.0°
in situ measurement of the thermospheric wind with the TMA technique
Note. The azimuth angle is measured clockwise from north (e.g., 90° is
(Larsen, 2013). The rocket launch window was set for the period from 14
east). NA, not applicable.
to 28 January 2009, and a Japanese S-310-39 rocket was launched from
the Andøya Rocket Range at 00:15 UT on 26 January 2009 at azimuth
and elevation angles of 0° and 77.5°, respectively. Soon after the launch but before the TMA trail dissipated,
a substorm onset took place at 00:22 UT. The DELTA-2 TMA experiment might be the ﬁrst case in which the
substorm onset occurred during the TMA wind measurement. A puffed TMA trail was released starting at
190 s after the launch on the downleg porting of the trajectory with an alternating 2 s on/2 s off for the duration of the release. Images of the trail obtained with ground-based cameras at Tromsø (Norway) and Abisco
(Sweden) were to determine the positions of points along the trail as a function of time and altitudes.
Cameras were also deployed at the launch site, but clouds at the launch location prevented the trail from
being imaged. The change in the trail position with time provided the height-resolved wind vector proﬁle
in the altitude range from 86 to 132 km during the interval from 00:19 to 00:27 UT. The intermittent release
of TMA was designed for deriving the vertical wind. However, the interval was too short to identify the interstice to be used for deriving the vertical wind.
The FPI at the Tromsø EISCAT radar site measured the line-of-sight thermospheric wind speeds along ﬁve
directions, including the four cardinal directions with a zenith angle of 15° and along the zenith. The
557.7 nm optical ﬁlter was selected during the DELTA-2 campaign for measuring the lower thermospheric
wind. More than 10 fringes obtained through a 116 mm etalon can be captured simultaneously in one
CCD image (1,024 × 1,024 pixels) due to the relatively wide ﬁeld of view of the instrument (the full width
at half maximum is about 5°). The Doppler shift or the line-of-sight velocity is calculated from individual
fringes then averaged for the overall image. The statistical standard deviation derived from the averaging
process is taken as the measurement uncertainty and is displayed as error in the subsequent plots. Each
sequence, including the laser fringe calibration measurement, required 2 min 45 s. The combination of data
from the four cardinal positions provides the horizontal components of the neutral wind velocity (see the
methodology developed by Shiokawa et al., 2003).
An all-sky camera (ASC) collocated with the FPI is capable of measuring at six optical wavelengths, namely,
557.7, 630.0, OH band (720–1000 nm), 589.3, 572.5, and 732.0 nm. For the night of 26 January 2009, the
ASC was operated with the 557.7 nm optical ﬁlter. The resulting images and meridional keograms were used
to analyze the auroral pattern.
The EISCAT UHF radar was operated with the antenna position sequence summarized in Table 1. The time
interval between successive antenna positions was about 90 s, and the duration of one complete sequence
was 6 min. The pulse scheme used was “beata,” which is the 64 subcycle alternating codes employed by the
EISCAT radars with 32 bits and 20 μs baud length or about 3 km range resolution. The EISCAT radar measures
the electron density, the ion and electron temperatures, and the line-of-sight ion drift.

3. Observation Results and Discussion
Figure 1 shows temporal variations of the optical and radar measurements from 21 UT on 25 January to 04 UT
on 26 January 2009. The ﬁve panels include the meridional keogram made from the all-sky camera collocated
with the FPI and the EISCAT radar (Figure 1a), the emission intensity measured with the photometer ﬁxed to
look along the geomagnetic ﬁeld line through an optical ﬁlter of 557.7 nm (Figure 1b), the northward component of the geomagnetic ﬁeld (Bx) from ﬁve magnetometers in northern Scandinavia from 66.90° to
70.54°N (Figure 1c), EISCAT-measured electron density from 90 to 400 km altitude (Figure 1d, and the FPImeasured winds (positive northward, eastward, and upward in black, blue, and red, respectively) with each
measurement uncertainty (±1σ) (Figure 1e). Horizontal dashed lines in the keogram (Figure 1a) are drawn
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Figure 1. Ionospheric and thermospheric measurements of the event from 21 to 04 UT in 25–26 January 2009. (a) Keogram
made of the all-sky camera (557.7 nm), (b) 557.7 nm emission intensity from the photometer looking at the geomagnetic
zenith, (c) northward component of the geomagnetic ﬁeld at SOR, TRO, KIL, KIR, and PEL, (d) electron density measured
with the EISCAT UHF radar at 90–400 km, and (e) FPI-measured wind with a 557.7 nm optical ﬁlter (eastward, northward, and
upward components are drawn in blue, black, and red, respectively). Error bars of each wind component are drawn in
corresponding shaded colors. Horizontal dashed lines in the keogram (Figure 1a) are drawn at latitudes of individual
magnetometer sites adopted in Figure 1c.

at the latitudes of the individual magnetometer sites in Figure 1c. Because of the spatiotemporal variations in
the ionosphere, some vertical stripe patterns in the time/altitude diagram are evident in Figure 1d due to the
EISCAT UHF radar antenna dwell time in the four directions listed in Table 1. There are typical signatures
attributable to the substorm activity in Figures 1a to 1d. The intermittent equatorward drift of arcs seen at
the poleward edge of the keogram from 21:30 to 23:30 UT is a typical feature of the aurora during the
substorm growth phase. The Bx values (Figure 1c) at SOR, TRO, and KIL (may be also at KIR and PEL) show
continuous negative deviations from the individual offset levels due to the development of the westward
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ionospheric current. While increases of the E region electron density are hardly seen in the measurement
before 21:30 UT (Figure 1d), weak but clear enhancements can be seen from 21:30 to 22:30 UT, coinciding
with the appearance of the arcs at 70.5°N and further north. At 22:30 UT, the equatorward side of the faint
aurora expands equatorward reaching the Tromsø zenith in connection with an obvious increase of the emission intensity along the magnetic ﬁeld line (Figure 1b) and the electron density in the both E and F regions
(Figure 1d). These increases are evidence of the auroral electron precipitation at a few tens of keV energy and
lower. For about 30 min after 22:30 UT, a portion of the faint arc, in particular the most equatorward part of the
auroral structure (intensity less than 10 kR around 69–70°N), is gradually displaced equatorward in connection
with several sporadic enhancements of the emission intensity and other auroral activity near the northern
boundary of the observing region. The equatorward drift of the arc stops at 00 UT, and the arc stays around
68.5°N by 00:22 UT but seems to ﬂuctuate in location as one can see a relatively broad distribution in the keogram between 67.8° and 68.5°N with intermittent decreases in the emission intensity. From 00:00 to 00:22 UT,
the electron density at all the heights shown here is depressed to a relatively low level less than 2 × 1011 m 3.
At 00:22 UT, the auroral and ionospheric conditions are drastically shifted in the substorm phase from the
growth to the expansion. The auroral emission intensity, magnitude of the negative Bx deviation, and the
EISCAT-measured electron density are characterized by sudden increases in association with the substorm
onset. The response of the ionosphere is a manifestation of the spontaneous development of the
magnetosphere-ionosphere current circuit. The ion temperature in the E and F regions is enhanced immediately before the electron density increase (not shown here). Since the Tromsø site is located at the poleward
side of the poleward expanding aurora, as shown in the keogram at the time of the substorm onset, the time
delay suggests that the Joule heating process develops outside the poleward edge of the onset aurora due to
the ionospheric closure current (Oyama et al., 2014). The maximum emission intensity from the photometer
(Figure 1b) at 00:22 UT seems to be larger than that from the all-sky camera (Figure 1a), although both measurements were made at the same optical wavelength (557.7 nm). This is because the ﬁeld of view and the
time resolution of the photometer are considerably narrower and shorter, respectively, than those of the
all-sky camera.
Auroral emission enhancements last for about 30 min and are predominantly at the equatorward side of the
Tromsø site by about 01 UT (see Figure 1a). The electron density during this interval obviously increases at
heights from 90 to 300 km without any notable decreases between these altitudes, although one may imply
a weak drop around 170 km. Some features frequently seen at the substorm recovery phase appear after 01
UT; for example, faint patterns representing the diffuse aurora with decreases in the emission intensity, gradual decreases in the negative bay Bx magnitude, and split of the ionized layer into F and E regions, i.e., C form
(Oyama et al., 2014). In summary, the ionospheric/magnetospheric phenomena presented in Figures 1a–1d
can be recognized as typical responses expected for the substorm activity.
Lower thermospheric winds shown in Figure 1e are characterized by two types of temporal variation. One is
the relatively long-term trend, which is clearly seen in the horizontal components. For the time interval
shown in Figure 1, the ﬂow is in a northwestward direction at ﬁrst, then gradually rotates anticlockwise to
southeastward by about 2 UT. The wind direction rotates by approximately 150–180° over 5 h. The wind
speed is moderately small on average from 3 to 4 UT probably because of measurements of airglow from
the mesosphere. The trend from 21 to 03 UT can be regarded as a part of the semidiurnal tidal wind, which
is typically seen in the lower thermosphere at all latitudes. The other is the shorter timescale variation overlaid
on the tidal trend. These ﬂuctuations seem to take place coincident with the auroral activity. As mentioned in
section 1, ﬂuctuations in the vertical wind have been used as an indicator of the polar lower thermospheric
response to the auroral-related energy inputs. For this event, major vertical-wind ﬂuctuations can be seen at
about 23:30, 00:30, 01:30, and 02:30 UT. In this study, we focus on the event at 00:30 UT because it is concurrent with the TMA measurement made with the DELTA-2 rocket. The latter two events had pulsating auroral
patches (Oyama et al., 2010, 2016).
As shown in Figure 1, a sudden increase in the emission intensity took place at 00:22 UT in association with
the poleward expansion of brighter parts of the aurora. Figure 2 was made to provide a closer look at the
measurements near that time. Figure 2 (ﬁrst and second panels) shows temporal variations of the EISCATmeasured E region electron density at 110 km altitude as representative values and the FPI-measured vertical
wind from 00 to 01 UT (positive upward). The electron densities for the four antenna directions are plotted
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Figure 2. (ﬁrst and second panels) The EISCAT-measured electron density measured at 110 km height and the FPImeasured upward wind speed (557.7 nm) from 00 to 01 UT in 26 January 2009. The EISCAT radar was sequentially
directed at four positions as presented in the interpolated graph. (third and fourth panels) The horizontal pattern of the
emission intensity measured with an all-sky camera (557.7 nm) from 00:22 to 00:30 UT. The time interval of the auroral
images is marked in Figure 2 (ﬁrst and second panels) with horizontal yellow thick bars. Red and black crosses in Figure 2
(third and fourth panels) are marked at positions measured with the EISCAT radar and the FPI, respectively.

with different markers for each beam direction, which are identical to those shown in the inset graph
presented above Figure 2 (third and fourth panels). The measurement uncertainties (±1σ) are overlaid at
each measurement of the electron density and the vertical wind. Figure 2 (third and fourth panels) shows
the horizontal patterns of the aurora green line all-sky camera images from 00:22 to 00:30 UT. The
directions toward the top and right are north and east, respectively, in the ﬁgure. The time interval during
which the auroral images are captured is marked by thick horizontal bars in Figure 2 (ﬁrst and second
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panels). Near the center of each color panel, measurement directions of
the FPI and the EISCAT radar are marked by black and red crosses,
respectively. Since these marks almost overlap each other in this horizontal scale, we can assume that the two instrument measurements correspond to almost the same area. An emission height of 110 km has
been adopted for mapping the images in geographical coordinates,
but there is no signiﬁcant horizontal displacement if the height is shifted
by as much as 20 km higher or lower. A white spot seen in Figure 2 (ﬁrst
and second panels) (00:22 and 00:23 UT, respectively) is the emission
from the TMA trail.
While a sudden brightening in the ﬁeld of view of the all-sky camera
begins at 00:22 UT, the EISCAT radar and the FPI are still measuring
outside on the poleward side of the main part of the aurora as late as
00:27 UT. However, as indicated by the image at 00:27 UT, the EISCAT
south (S) and southwest (SW) beams may have touched the poleward
edge of the brighter zone of the aurora, resulting in earlier enhancements of the electron density at these two positions than measurements
in the other two directions, as found in Figure 2 (ﬁrst panel). From
00:28 to 01:00 UT, the electron density at 110 km height remains at an
elevated value of 3–5 × 1011 m 3. We conclude that from 00:22 to
00:27 UT, the FPI and the EISCAT radar measured mainly the region outside of the arc on the poleward side. After 00:28 UT the measurements
were within the arc.
The vertical wind (Figure 2, second panel) has a notable positive
(upward) 15 m/s peak at 00:24 UT and a negative (downward)
10 m/s peak at 00:31 UT. Of particular interest is a time discrepancy
of enhancements between the electron density and the vertical-wind
Figure 3. Mean height proﬁle of the TMA-measured wind for 00:19 to 00:27
UT from 88 to 132 km ((top) northward and (bottom) eastward). The meamagnitude. The wind perturbations appear a few minutes before the
surement error at each height (±1σ) is overlaid by horizontal solid line. A
electron density increase, i.e., beyond the poleward edge of the auroral
mean value of the FPI-measured wind is calculated for the same time interval
arc in this case. Similar conﬁgurations have been reported in several earas made by the TMA, and marked on the panels by dashed blue lines.
lier papers in the literatures (Ishii et al., 2001; Price et al., 1995). The cause
is related to the ionospheric closure current in the vicinity of the arc. The
convergence electric ﬁeld, which can be linked to the inverted-V type potential structure in the acceleration
region for generating the auroral electrons, tends to increase on the poleward side of the arc in the morning
cell of the ionospheric convection pattern. We checked the ionospheric potential plot map made from Super
Dual Auroral Radar Network radar data to verify this geometry, although the map is not shown here. The electric ﬁeld drives a Pedersen current, which contributes directly to the Joule energy dissipation, and the associated perpendicular electric ﬁeld also enhances the Lorentz force. These processes thus result in the wind
perturbations poleward of the poleward boundary of the auroral arc. For generating vertical-wind ﬂuctuations, thermal energy deposition due to the Joule heating process is more important than the Lorentz force,
which acts in the plane perpendicular to the magnetic ﬁeld.
Furthermore, the data provide a new insight into the location of the energy dissipation region by taking into
account differences in the relative distance to the arc, as presented in Figure 2 (third and fourth panels). The
distance from the area sampled by the FPI to the poleward edge of the arc is 53–74 km during the interval
from 00:22 to 00:24 UT. The TMA trail can be identiﬁed in the images at 00:22 and 00:23 UT, and perhaps also
at 00:24 UT. The distance from the trail to the poleward edge of the arc is 163–203 km. The FPI measurement
is closer to the poleward edge of the arc than the TMA measurement by 110–130 km. Individual features of
the wind from each instrument will be compared by reference to the relative distance between each measurement and between the measurements and the arc.
Figure 3 shows the height proﬁle of the wind derived from the TMA measurement in the interval from 00:19
to 00:27 UT between 86 and 132 km altitude (positive northward and eastward). Horizontal bars at individual
altitudes are the measurement uncertainty (±1σ). With increasing altitude up to 106 km, the wind rotates
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Figure 4. (a and b) Height proﬁles of the TMA-measured wind (northward and eastward, respectively) at 00:19–00:27 UT
from 86 to 132 km. Measurements every minute are marked by solid/open circles, and the mean proﬁle is drawn by a
thin line. (c and d) Height proﬁles of the difference between two consecutive measurements of northward and eastward
components, respectively.

clockwise from northward to southeastward, then remains southward from 106 to 118 km. Above 118 km, the
wind rotation pattern is opposite, from southward to southeastward. A large vertical shear occurs in the
winds between 98 and 106 km and is particularly evident in the meridional component. We attribute
the shift of the wind rotational pattern between 106 and 118 km to the mode change in the tidal wind
gradually from semidiurnal to diurnal one (Oyama et al., 2003). The large shear in the horizontal wind is
a typical signature, which can be seen at all latitudes (Larsen, 2002). The height proﬁle is therefore
considered to be characterized by typical features of the tidal wind.
The FPI wind direction is in the southeastward direction throughout the time interval of the TMA measurement (see Figure 1e). In general, there is uncertainty about the height of the peak emission intensity
measured with the FPI, especially in active auroral conditions. In this case the FPI wind measurement can
be compared with the TMA wind proﬁle to estimate the height region for the FPI measurement. Since the
height proﬁle shown in Figure 3 corresponds to data obtained from 00:19 to 00:27 UT, as mentioned above,
the FPI-measured winds are also averaged for the same time interval. Comparison with the mean value
marked in Figure 3 suggests that the FPI measured the winds around 106 km or at 120 km altitude. There
is thus still uncertainty about the height range for the FPI wind estimate, but an important point is that the
large height gradient seen at 98–106 km does not appear to cause a signiﬁcant instrumental artifact due
to emission height changes.
Figures 4a and 4b show the height proﬁle of the wind derived from the TMA measurement every minute from
00:19 to 00:27 UT at 86–132 km altitude (positive northward or eastward, respectively). Each proﬁle is shifted
horizontally by 100 m/s to avoid overlap and are marked sequentially by two different kinds of circles. The
mean height proﬁles (same as Figure 3) are shown as thin curves and overlaid in Figures 4a and 4b. As seen
in the auroral images of Figure 2, before 00:24 UT the TMA trail is outside any region with aurora, so the trail
can be clearly seen in the images. Note that the all-sky camera images presented in Figure 2 were not used for
estimating the wind velocity. After 00:26 UT, a bright auroral spot appears nearby the TMA trail, and the
bright emission makes it difﬁcult to identify the TMA trail in the auroral images used for deriving the wind
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velocity. This is the reason why the wind proﬁles are not plotted above about 120 km after 00:25 UT.
Conversely, it shows the fact about bottom of the emission height at 120 km. This may be evidence that altitude of the peak auroral emission intensity is closer to 120 km than 106 km, at least, after the bright auroral
spot appears, i.e., after 00:26 UT. The emission-weighted center altitude of the FPI measurement is therefore
probably also around 120 km after that time. This supports the conclusion that the vertical gradient in the
thermospheric wind produced minimal instrumental artifacts in this case.
There is a close resemblance between individual wind proﬁles and the mean proﬁle overall. However, some
proﬁles show dissimilar structure, for example, at 120 km at 00:21 UT. The deviations from the mean proﬁle
are evident in Figures 4a and 4b, but a different way of characterizing the deviations is to calculate differences
in each wind component between consecutive measurements, i.e., to plot the component acceleration as a
function of altitude. The results are shown in panels Figures 4c and 4d. Positive deviations can be regarded as
northward and eastward acceleration, respectively.
As mentioned above, the FPI appears to have measured winds around 120 km altitude. Taking into account
the measurement uncertainty (2σ = 40 and 20 m/s for the northward and eastward components, respectively,
at 120 km; see Figure 3), there are two events to be noted in the third and ﬁfth height proﬁles from the left of
Figures 4c and 4d. The third height proﬁle, which represents measurements at 00:21 and 00:22 UT, indicates a
southeastward or southward acceleration at 120 km. A wavelike trend can be seen in the original height proﬁles at 00:21 UT above 116 km in the both components. The vertical wavelength is 10 km or longer, and this
value can be consistent with an atmospheric gravity wave (AGW). However, similar trends cannot be found in
the height proﬁles taken at 1 min before and after 00:21 UT. The oscillation period of the AGW should be
longer than the Brunt-Väisälä period (5–6 min at these altitudes). It is thus unlikely that AGWs suddenly
appear and disappear within a minute. While a sudden deceleration of the wind might be able to highlight
the AGW hidden within the background ﬂow that is faster than the AGW phase speed (refer to the wind ﬁltering effect), such a deceleration cannot be recognized in the TMA-measured wind. Since there is no notable
auroral activity at 00:21 UT around the TMA trail, it is unrealistic to think that the wind acceleration is due to
auroral energy inputs.
Another notable event seen in the ﬁfth height proﬁle of Figures 4c and 4d coincides with the poleward drift of
the brightening arc seen at 00:23 and 00:24 UT (see Figure 2, third and fourth panels). The wind deviation may
imply northwestward acceleration, but only at 122 km. The acceleration is not found below or above this
height. Since it is unlikely that the impact of the Joule energy dissipations and the Lorentz force will be limited to a 2 km thin layer, it is difﬁcult to assess the reliability of this deviation. However, we can conclude that
the sudden appearance of the auroral arc at 00:22 UT (see Figure 2, third and fourth panels) does not produce
immediate impacts on the winds in the TMA measurement region or at distance of 203 km of the arc since
there are no clear deviations in the winds between 110 and 126 km altitudes, except as discussed above.

4. Summary and Conclusions
We have presented observations of the lower thermospheric wind response to a substorm onset that took
place in northern Scandinavia at 00:22 UT on 26 January 2009. The wind was simultaneously measured from
the ground with the green line FPI located at the Tromsø, Norway, and in situ with the TMA technique on
board a rocket launched from Andøya, Norway. Both measurements were made outside the arc on the
poleward side. The distances from each measured area to the poleward edge of the arc were 53–72 km
and 163–203 km for the FPI and the TMA, respectively. The event occurred in the morning cell of the ionospheric convection, in which the closure current tends to develop on the poleward side of the arc. This event
provided a unique opportunity to study wind variations at two spatially separated locations located near but
outside the arc. Comparison with the height-resolved TMA wind has allowed us to estimate the centroid
height of the emission-weighted green line emission, which was determined to be at 120 km height for
the FPI wind measurement.
The FPI vertical wind suddenly increased the magnitude between 00:22 and 00:25 UT (see Figure 1e and
Figure 2, ﬁrst panel). It is thus concluded that ﬂuctuations of the lower thermospheric dynamics in the FPImeasured area (or 53–72 km away from the arc edge) at 120 km altitude began immediately after the substorm onset in association with the arc activation at 00:22 UT or within 3 min from the onset. However, those
in the TMA measurements conducted at 163–203 km away from the arc edge at 120 km altitude had no
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obvious ﬂuctuations for the time interval of 3 min. The discrepancy between the FPI and TMA winds must be
attributed to the distance from the source region to generate the wind acceleration. For this event, it is
considered that the initial acceleration occurred at least within an area of 53–72 km away from the arc edge
but not reaching 163–203 km away from the arc edge. This 110–130 km discrepancy resulted in a critical difference of the lower thermospheric response. The wind ﬂuctuations might have reached the TMA-measured
area later, but it cannot be clearly mentioned because of no wind data above 120 km altitude after 00:25 UT
as shown in Figures 4a and 4b.
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