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Abstract The space hurricane is a three-dimensional magnetic vortex structure with strong flow shears
and electron precipitation in the polar cap. This study investigates for the first time how a space hurricane
disturbs the polar thermosphere. During the formation and development of the space hurricane, the directional
reversal of the horizontal neutral wind and the plasma convection will both be relocated from the poleward
auroral oval boundary to the edge of the space hurricane, but the neutral wind responds slower compared to
the plasma convection. Strong flow shears in the space hurricane causes enhanced Joule heating in the polar
cap, which heats the thermosphere and triggers Atmospheric Gravity Waves (AGWs). Statistical results reveal
that significant AGWs mainly are located on the dawnside of the space hurricane, suggesting that the space
hurricane plays a significant role in ion-neutral coupling and generation of polar cap AGWs.

Plain Language Summary The space hurricane is a cyclonic aurora structure over the Earth's polar
cap region under northward interplanetary magnetic field condition. It can transfer large amounts of energy and
plasma into the polar ionosphere during otherwise extremely quiet geomagnetic times. Joule/Frictional heating
due to ion-neutral collisions plays a key role for the energy budget, resulting in non-negligible atmospheric
disturbances, which may impact the orbits of low-altitude satellites through enhanced frictional drag. Using

in situ observations from the Defense Meteorological Satellite Program satellites and the Gravity Field and
Steady-State Ocean Circulation Explorer satellite, we report the first evidence of a disturbed thermosphere
triggered by a space hurricane. The neutral wind shows a slow variation in response to the space hurricane
plasma convection. Significant wave-like thermospheric density and vertical wind disturbances are observed
around the space hurricane. Enhanced Joule heating from flow shears inside the space hurricane may be the
generator. These findings show that the space hurricane plays a significant role for ion-neutral coupling in the
polar cap region.

1. Introduction

The ion-neutral interaction plays a crucial role in ionosphere-thermosphere coupling. During periods of enhanced
geomagnetic activity such as geomagnetic storm and substorm, energy is deposited into the auroral zones via
particle precipitation and enhanced convection. These heat the local ionospheric plasma and couple via collisions
to the neutral constituents of the thermosphere.

In the polar region, the neutral wind typically exhibits a circulation pattern that to the first order looks like the
ionospheric convection. On the dawnside the neutral wind is significantly reduced due to the balance between
the roughly anti-sunward pressure gradient, the ion drag, and the Coriolis force. In the duskside auroral oval the
higher ion density and ion drag driven by electric fields work together with the Coriolis force to overcome the
opposing pressure gradient, which leads to a strong sunward neutral wind (Kiene et al., 2018). Frictional heating
caused by collisions between ions and neutrals, also known as Joule heating, plays an important role in the energy
budget of the upper polar thermosphere (Fujii et al., 1998; Sojka, 2017; Stubbe & Chandra, 1971). Modeling
work shows that after a sudden enhancement of the ion convection, Joule heating increases at all altitudes due
to the enhancement of the difference between the ion convection and neutral wind velocity (Deng et al., 2011).
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These heating processes can lead to the generation of Atmospheric Gravity Waves (AGWs) in the polar thermo-
sphere (Hunsucker, 1982; Millward et al., 1993; Oyama et al., 2001; Shinagawa & Oyama, 2006), which may
cause trans-polar traveling ionospheric disturbances (S.-R. Zhang et al., 2019). Large upward and downward
winds appear in a region poleward of the poleward auroral oval boundary, extending over several degrees in lati-
tude (Price et al., 1995), and several hours in local time (Innis et al., 1999).

Several studies have focused on the ion-neutral momentum coupling, primarily in the auroral oval region.
However, the effects of polar cap aurora on the thermosphere are not well understood and require further investi-
gation. The space hurricane has been reported as a large-scale three-dimensional magnetic vortex structure in the
polar cap (Q.-H. Zhang et al., 2021). The space hurricane has strong circular horizontal plasma flow shears, and
a cyclone-shaped aurora accompanied by strong electron precipitation and intense upward field-aligned currents.
However, it has not yet been determined whether the modified convection pattern and particle deposition in the
polar cap can influence the upper thermosphere. In this work, we present a direct observation of the space hurri-
cane disturbed thermosphere on 15 June 2010 and a statistical study from January 2010 to October 2013.

2. Data and Methods
2.1. GOCE Data

Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) is a thermospheric satellite in a near-circular
dusk—dawn orbit at an inclination of 96.7°, with an orbital period of ~101 min. It has a time resolution of 10 s
and an average speed of ~8 km/s (Quang et al., 2018). Six Onboard-accelerometers allow for the observation
of cross-track neutral wind data which includes zonal, meridional and vertical components, and neutral density.
Consequently, in the polar region, measured neutral wind is mainly sunward-antisunward.

To investigate the influence of space hurricanes on neutral winds, the fluctuation of vertical wind and neutral
density is calculated using a 12-points Savitzky-Golay filter to investigate the potential AGWs (S.-R. Zhang
et al., 2017, 2019). The algorithm uses a convolution process with least squares fitting of successive subsets of
windows of a given length.

2.2. DMSP Data

The Defense Meteorological Satellite Program (DMSP) satellites are in a polar dusk-dawn orbit at an altitude
of ~860 km, with an orbital period of ~110 min. For this study, we utilized (a) the ion velocity, density, and
temperature at a time resolution of 4 s, (b) the energy flux of ions and electron precipitation at a time resolution
of 1 s in the energy range of 30 eV to 30 keV (Hardy et al., 1984) and (c) the magnetic field fluctuation at a
time resolution of 1 s (Rich & Hairston et al., 1994) from DMSP F16 observations. The Special Sensor Ultravi-
olet Spectrographic Imagers (SSUSI) carried by DMSP provides cross-track scanned images of the 2-D aurora
pattern. In this paper, N, Lyman-Birge-Hopfield short band (140.0-150.0 nm) is used for visualizing the structure
of space hurricane.

3. Observation and Discussion
3.1. Ion Convection and Horizontal Neutral Wind

In this study, we focus on four DMSP F16 and GOCE polar tracks in the northern polar cap, which are indi-
cated in Figures 1a and 1b by four red dash lines corresponding to Figures 1c—1f. Figures 1a and 1b provide an
overview of a B, dominated interplanetary magnetic field (IMF), under a quiet geomagnetic condition, with a
substorm occurfing. Detailed IMF, solar wind and geomagnetic indices are shown in Figure S1 in Supporting
Information S1. Figures 1c—1f present the evolution of space hurricane, via a series of DMSP (black line) and
GOCE (black dots, and colored dots indicating vertical wind speed) observation. The ion convection velocity
from DMSP (horizontal cross-track ion velocity) and horizontal neutral wind from GOCE (horizontal cross-track
neutral wind) are also plotted in magenta and green, respectively. The magenta and green stars represent the
reversal position of ion convection velocity and horizontal neutral wind. The observation times of DMSP and
GOCE are shown in magenta and green text, respectively. The DMSP and GOCE orbits are nearly parallel in the
dusk sector, with time differences of just a few minutes to less than 30 min.
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Figure 1. (a-b) Overview of interplanetary magnetic field and geomagnetic conditions during 12:00-19:00 UT on 15 June
2010. (c—f) A series of Defense Meteorological Satellite Program (DMSP) (black line) and Gravity Field and Steady-State
Ocean Circulation Explorer (GOCE) (dots colored by red, white and blue) transits of the polar region. The ion convection
velocity and horizontal neutral wind is also plotted in magenta and green colors, perpendicular to the DMSP and GOCE
tracks, respectively. The magenta and green stars represent the cross-track velocity reversal boundaries near the aurora.
The colored GOCE track includes the vertical neutral wind, where upward/downward is positive/negative. The black arrow
identifies the space hurricane.

Figure 1c shows the appearance of a high latitude auroral spot under fluctuating, positive IMF B, and dominant
IMF By (Carter et al., 2020; Milan et al., 2000). The DMSP ion convection velocity reversed multiple times,
suggesting convection vortices with reverse flows (Burch et al., 1980; Rich & Hairston, 1994; Vennerstrgm
et al., 2002). The horizontal neutral wind was sunward in the duskside auroral oval and antisunward in the polar
cap region. Both the neutral wind and the ion convection reversed at the poleward edge of duskside auroral oval.

After nearly two hours of stable and strongly positive B, with northward IMF, a typical space hurricane with
rotation-arms formed above 80° Magnetic Latitude in CGM coordinate (MLAT) and near 15 Magnetic Local
Time in CGM coordinate (MLT) (Figure 1d, and clear SSUSI images are shown in Figure S7 in Supporting
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Information S1). In the region of the space hurricane, the anti-sunward neutral wind was significantly weaker
than before. Also, the reversal of both the ion convection and neutral wind migrated poleward from the auroral
oval boundary (~78 MLAT) to the close vicinity of the space hurricane. However, the reversal of the neutral wind
did not keep up with ions, as expected since the space hurricane modified the neutral wind through ion drag, but
the neutral response was a slow process.

The IMF B, component decreased at 15:20 UT and turned to negative until 15:50 UT and returned to 10 nT.
During this period, DMSP F18 observed a fading of the space hurricane (Figure S2 in Supporting Informa-
tion S1). As the Aurora Electrojet index (AE) index increased to 375 nT at 16:20 UT, Figure le shows that the
auroral oval expanded poleward due to the associated substorm. A high-intensity auroral form lit up above 80°
MLAT at 15 MLT and appeared to be related to the auroral oval. The ion drift remained sunward, which may be a
result of both stable lobe B, lobe reconnection in the northern hemisphere and expansion of the sunward convec-
tion in the auroral oval associated with the substorm. The neutral wind reversal moved further poleward to ~84
MLAT, almost identical to the reversal location of the ion drift.

About 1.5 hr later at 1802—-1819 UT, the IMF turned to southward and the AE recovered to about 100 nT. Figure 1f
shows that no discrete aurora observed in the polar cap region, Meanwhile the ion drift and the neutral wind in the
polar cap both returned to anti-sunward. Thus, the flow reversals of both the ion drift and neutral wind migrated
from about 84 MLAT back to the poleward edge of the auroral oval (~82 MLAT).

The horizontal neutral wind measured by GOCE and the ion velocity, electron and ion energy flux measured by
DMSP are shown in Figure 2. The green/magenta dotted lines represent the reversal boundary of the horizon-
tal neutral wind/ion convection velocity (V), respectively. The gray shaded region in Figure 2b illustrates the
location of the space hurricane, which corresponds to the characteristic electron energy flux of 1 keV. Figure 2a
includes that before the space hurricane appeared in the polar cap, the ion flow was sunward in the duskside auro-
ral oval. As the satellite was moving dawnward, a cusp-ion-step like structure (Lockwood et al., 2001) associated
with sunward ion flow was surrounded by anti-sunward ion flows, which may be caused by lobe reconnection
under positive IMF Bz. The neutral wind was ~100 m/s sunward in the duskside auroral oval and was about
200-350 m/s antisunward throughout the dawnside. Both neutral wind and ion convection reversed at the pole-
ward edge of the auroral oval at about 78° MLAT (Ma et al., 2018).

As seen in Figure 2b, within the space hurricane, located in the dusk side of the polar cap, the electron energy flux
showed an inverted-V feature that was associated with the sunward-to-antisunward ion flow from the dusk side
to the dawn side of the space hurricane (Q.-H. Zhang et al., 2021). The ion flow remained sunward in the dusk
side auroral oval and the inverted-V feature, reversing to anti-sunward at 85.5° MLAT, 13:59 MLT and increasing
to ~800 m/s as moving more dawnward. The neutral wind flow showed similar trend with the ion flow, with the
wind being ~100 m/s sunward in the duskside auroral oval and strongly anti-sunward (~500 m/s) on the dawn-
side. The reversal boundary of neutral wind was shifted from 78° MLAT, 16:29 MLT to 8§1.5° MLAT, 16:46 MLT
compared to Figure 2a. This indicates the ion flow changes caused by the space hurricane modified the neutral
wind by ion drag, but the response of the dense neutrals was slower than for the ions due to their denser density
and thermal pressure gradient dependence (Billett et al., 2020).

The time period of DMSP F18 observation in Figure S2 in Supporting Information S1 was between Figures 2b
and 2c, which shows that ion drift remained sunward in the equatorward side of space hurricane. And later
Figures 1e and 2¢ show that the enhanced duskside auroral oval was associated with strong sunward ion convec-
tion flow, likely due to the auroral substorm (AE = 375 nT) and strong positive IMF B, during 15:50-16:20
UT. Due to the continuous ion drag, the sunward neutral wind region expanded poleward and the reversal
latitude reached 84.1° MLAT, 17:42 MLT near the ion drift reversal (84.7° MLAT 17:08 MLT) in the polar
cap region.

After 18:00 UT (Figure 2d), as the space hurricane faded and the substorm ended, the anti-sunward convection
decreased and turned sunward inside the polar cap, and the neutral wind showed a similar trend. Thus, both
the ion convection reversal and the neutral wind reversal moved back to the poleward edge of the auroral oval
(82.0° MLAT 18:29 MLT, and 81.6° MLAT, 18:34 MLT, respectively). It is also worth noting that, the neutral
wind velocity within the duskside polar cap, which was less than 100 m/s, remained much weaker than that in
Figure 2a. This slow recovery indicates that the effects of space hurricane on the thermosphere linger for some
time due to the long time constant for the neutrals to respond to a change in convection.
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Figure 2. Each panel correspond to Figures 1c—1f. The Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) orbit time and magnetic latitude is shown
at the top. The Defense Meteorological Satellite Program (DMSP) orbit time, Magnetic Latitude in CGM coordinate and Magnetic Local Time in CGM coordinate is
shown at the bottom. The green dotted lines represent the GOCE neutral wind reversal projected onto the DMSP measurements. The magenta dotted lines represent the
DMSP V| reversal projected onto the GOCE measurement. The space hurricane is shown as a gray shadow in panel (b). Each panel from top to bottom is: (1) GOCE
horizontal wind, (2) DMSP cross-track and vertical ion velocity, (3) DMSP electron energy flux, (4) DMSP ion energy flux. The location of the ion and neutral wind
reversals are indicated by magenta and green, respectively.

3.2. Atmospheric Gravity Waves

In Figure 1d, a fluctuation of vertical wind was also observed in the dawnside region of space hurricane as shown
by on colored GOCE track. This fluctuation of vertical neutral wind in the polar region may be related to Atmos-
phere gravity waves (AGWs; Fedorenko, 2010). The raw data in Figure S3 in Supporting Information S1 shows
that an obvious disturbance of neutral vertical wind and neutral density appeared on the dawn side of the space
hurricane. To identify the AGWs from a slowly varying large-scale background, a 12 data points (corresponding
to ~960 km along track) moving window low-pass Savitzky-Golay filter is applied on vertical wind and neutral
density (Quang et al., 2018).
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Figure 3. Each panel correspond to Figures 2a-2d. Gravity Field and Steady-State Ocean Circulation Explorer (GOCE)
measured vertical wind (m/s) and fractional neutral density fluctuation (%) are plotted in red and blue, respectively. Bottom of
every panel is the duskside, and the top is dawnside. GOCE satellite track direction is shown in panel (a) by black arrow, and
is the same for other three panels. The space hurricane region is shown in shadow region in panel (b).

To identify the AGWs from a slowly varying large-scale background, a 12 data points (corresponding to ~960 km
along track) moving window low-pass Savitzky-Golay filter is applied on vertical wind and neutral density to
obtain the background signals (Quang et al., 2018). Then the filtering signals are obtained by subtracting the
background signals from the original signals. The filtering result is shown in Figure 3: the detrended vertical wind
(m/s) and fractional neutral density (%) fluctuation is plotted in red and blue, respectively.

The bottom of each panel is the duskside, and the top is dawnside. The GOCE satellite track direction is shown
by a black arrow in Figure 3a. The space hurricane region is shown by the gray shaded region in Figure 3b by
finding the closest position to both the dawn and dusk boundaries of the space hurricane along the GOCE orbit.

Figure 3a shows the polar region vertical wind and neutral density fluctuation in the polar cap region during quiet
time (prior to the space hurricane). The vertical wind fluctuation was less than 20 m/s in magnitude, and the
fractional neutral density fluctuation was around 5%. In Figure 3b, significant AGWs appeared in the dawnside of
the space hurricane with a peak vertical wind fluctuation of 101 m/s and peak fractional change in neutral density
of 41%, which were significant signals of AGWs (Innis & Conde, 2001, 2002). The observed wavelength of the
space hurricane induced AGWs was about 600 km. However, the real wavelength was hard to estimate because
the satellite may not travel in the same direction as the wavefront. Figure 3c shows that the fluctuation weakened
(18% in density), and appeared at the auroral oval latitude, and this may be associated with the substorm (Innis
& Conde, 2001, 2002). And it stayed there and seemed to influence more lower latitude as shown in Figure 3d.

Joule heating is a possible mechanism to generate AGWs (Hunsucker, 1982; Oyama & Watkins, 2012). Thus, we
express the Joule heating rate as (Fujii et al., 1998; Thayer et al., 1995)
J-E' =0,(E) (1)

E =U-V)XB 2)
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where o, is Pedersen conductivity, U is the neutral wind velocity, V is the ion velocity, and E” is the electric field
in the reference frame of the neutral. Thus, Joule heating is clearly proportional to the square of the electric field
E’ in the neutral reference frame. In this study, the horizontal neutral wind U and ion velocity V were measured
by GOCE and DMSP, and we also projected the DMSP ion velocity down to the GOCE altitude along magnetic
field lines. Due to the nearly identical DMSP and GOCE orbit in both space and time, we conducted a qualitative
analysis of the electric field along the satellite. The results shown in Figure S4 in Supporting Information S1
suggest there was an enhancement of Joule heating (indicated by E") accompanying AGWs in the vicinity of the
space hurricane. This Joule heating caused by the strong flow shear between ions and neutrals may heat the ther-
mosphere and further destroy the local thermosphere balance between gravity and buoyancy to generate AGWs
(Deng et al., 2008, 2011; Guo et al., 2018).

3.3. Statistical Results

We also find a series of other AGWs events accompanying space hurricane using GOCE observations. Several
identical cases (May-19, 2010; 16 June 2010; 15 July 2011 and 15 July 2013) are shown in S5. Furthermore,
we conduct a statistics study in Northern Hemisphere from January 2010 to October 2013, to prove the AGWs
around space hurricane is not occasional. Lu et al. (2022) provide the criteria to select space hurricanes from
SSUSI data and a list of events. The space hurricane events during the statistics periods are selected from their
list. Moving standard deviation of vertical wind 6(W,) is used to extract polar thermosphere AGWs activity (Innis
& Conde, 2001; Visser et al., 2019). To calculate the 6(W_), we also conduct a 12 points moving window along
the GOCE track. Considering the similar DMSP F16 and GOCE track in spatial and temporal scale, we identify
the DMSP tracks which observed space hurricane, and then search for GOCE tracks having polar transit time
no more than 30 min away from DMSP F16, to find the GOCE track with space hurricane. There are 1,367,946
data points along the selected spacecraft trajectories, 13,135 of these being associated with space hurricanes (146
space hurricane events). The SYM-H and AE mean values of those samples associated with space hurricane are
about —5.2 and 151.6 nT, shown in Figure S6 in Supporting Information S1. This indicates that most space hurri-
canes occur during quiet magnetic periods.

Figure 4 shows MLT-MLAT maps of sample distribution and 6(W), binned in 0.25 hr MLT and 2° MLAT. The
sample distributions with and without space hurricane are roughly the same. The without space hurricane o(W,)
statistical result, Figure 4c, shows that AGWs are more active inside the polar cap than at lower latitudes, consist-
ent with previous studies (Visser et al., 2019). The topology center positions of 146 space hurricane events are
plotted in Figure 4d by black dots, which are mainly distributed within the noon and duskside polar cap. It is nota-
ble that when space hurricane happens, 6(W,) is significantly increased (maximizes 37 m/s) above 80 MLAT in
the prenoon and noon sector, compared to that without space hurricane (maximizes 17 m/s). The AGWs activity
enhanced region almost covers the space hurricane position (black dots in Figure 4d) and extends to the dawnside
sector. This confirms that the AGWs may be caused by space hurricane and propagate to dawnside coinciding
well with the event presented in details in this paper.

4. Conclusions

Using a combination of DMSP F16 and GOCE observations, we investigate the impact of the space hurricane
disturbances on the polar upper thermosphere. For the first time, we identify such impact in the neutral wind. The
space hurricane can weaken the intensity of and even reverse the direction of the horizontal neutral wind due to
the continuous ion-neutral interaction via collisions in the polar cap. Significant AGWs are observed in the dawn-
side region of the space hurricane. The fluctuation of vertical wind can be up to 101 m/s in the region poleward of
space hurricane, with an in-phase 41% neutral density fractional fluctuation. This indicates that space hurricane
is an effective source of polar cap gravity waves and comparable with that of substorms (18% fractional density
fluctuation observed). The statistics of 4-year GOCE neutral vertical wind observations also indicate that the
appearance of the space hurricane will significantly enhance polar cap AGWs activity. Our results argue that the
space hurricane can have important impact on the coupling of the ionosphere and the thermosphere.
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Figure 4. Magnetic Latitude-Magnetic Local Time coordinate (MLT-MLAT) maps of sample distribution (top) and o(W,) (bottom), binned in 0.25 hr MLT and 2°
MLAT. The left column shows the Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) tracks without space hurricane from January 2010 to October
2013. And the right column presents the GOCE tracks with space hurricane. The labels on the left and right side of color bar correspond to without and with space
hurricane, respectively. There are 146 space hurricane events observed by Defense Meteorological Satellite Program F16, which center locations indicated by black dots
in panel (d).

Data Availability Statement
Data is available at Xiu et al. (2023).
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