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The space hurricane is a newly discovered large-scale three-dimensional
magnetic vortex structure that spans the polar ionosphere and magnetosphere.
It has been suggested to open a fast energy transport channel for the solar wind
to invade Earth’s magnetosphere under northward interplanetary magnetic field
(IMF) conditions. It is, therefore, an important phenomenon to understand the
solar wind—magnetosphere—ionosphere coupling process under northward IMF
conditions. In this study, we report the three-dimensional ionospheric plasma
properties of a space hurricane event in the Northern Hemisphere observed
by multiple instruments. Based on the convection velocity observations from
ground-based radars and polar satellites, we confirm that the major modulation
to the polar cap convection called a space hurricane rotates clockwise at
the altitude of the ionosphere. Ground-based incoherent scatter radar and
polar satellite observations reveal four features associated with the space
hurricane: 1) strong plasma flow shears and being embedded in a clockwise
lobe convection cell; 2) a major addition to the total energy deposition in the
ionosphere—thermosphere system by Joule heating; 3) downward ionospheric
electron transport; and 4) multiple ion-temperature enhancements in the
sunward velocity region, likely from the spiral arms of the space hurricane.
These results present, first, the impact of space hurricane on the low-altitude
ionosphere and provide additional insights on the magnetospheric impact on
structuring in the polar ionosphere.
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space hurricane, polar ionosphere, polar cap aurora, particle precipitation, high-latitude
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1 Introduction

Aurora is the result of the interaction between precipitating
particles energized by the solar wind with various atoms in the
upper atmosphere. Most auroras occur in two continuous “aurora
ovals” around each geomagnetic pole. A few auroras can also be

>

seen inside the “polar cap” as spots or arcs that are referred to
as “polar cap arcs” or “polar cap spots” (Hosokawa et al., 2020
Kullen, 2012; Zhu et al., 1997). The polar cap auroras discovered
by spacecraft include transpolar arcs (e.g., Berkey et al., 1976; Fear
and Milan, 2012; A. Kullen et al.,, 2015; Xing et al., 2018; Q.-H.
Zhang et al., 2020; Y. Zhang et al., 2016), 15MLT-polar cap arc
(Han et al., 2020), space hurricane (Q.-H. Zhang et al., 2021), and
high-latitude dayside aurora, (e.g., Cai et al., 2021; H. U. Frey et al.,
2003; Korth et al, 2004). Among these, the space hurricane is
not only a bright cyclone-shaped aurora near the magnetic pole
but also a large-scale magnetic vortex structure that spans the
polar ionosphere and magnetosphere, which opens a strong energy
transport channel from the solar wind to Earth’s magnetosphere
(Q.-H. Zhang et al., 2021). In the Northern Hemisphere, the space
hurricane occurs mainly in summer with a maximum occurrence
rate in the afternoon sector under a northward interplanetary
magnetic field (IMF) dominated by a positive By component
(Lu et al., 2022). The higher occurrence in the Southern hemisphere
is consistent with magnetic reconnection on the sunward edge of
the tail lobe during the northward IME as inferred from satellite
data (Crooker and Rich, 1993; Rich and Hairston, 1994), Super Dual
Auroral Radar Network (SuperDARN) studies (Koustovetal., 2017),
field-aligned current observations (Reistad et al., 2019; 2021), and
a survey of 23 years of polar cap index data (Lockwood, 2023).
It can cause unusual energy injection under the northward IME
and so, the space hurricane is very important for understanding
the magnetosphere-ionosphere-thermosphere coupling under the
northward IME. In addition, some studies have shown that the
injection of energy into the polar ionosphere can cause strong
scintillation and communication anomalies (e.g., Oksavik et al.,
2015; Prikryl et al., 2010; 2014; Wang et al., 2021; Q.-H. Zhang et al.,
2017), suggesting that the space hurricane may also impose space
weather challenges.

Some studies of polar cap auroras have revealed their
formation mechanism and their association with ionospheric flows
(particularly flow shears and vortices) by observing their structure
and plasma characteristics. Frey et al. (2003) found an aurora spot in
the dayside polar cap and named it “HiLDA?” The coincident plasma
observation revealed that the strong precipitation of field-aligned
accelerated electrons causes the aurora, which is related to high-
latitude magnetopause reconnection. Cai et al., (2021), using the
Special Sensor Ultraviolet Spectrographic Imager (SSUSI) onboard
the Defense Meteorological Satellite Program (DMSP) satellite,
analyzed some arc-like aurora (Han et al., 2020) cases in the polar
cap. They found that the arc-like aurora forms in the polar cap when
the clockwise convection cell is not well formed due to the weaker
lobe reconnection under the positive IMF By and Bz ~ 0. Regarding
the space hurricane, also located inside the polar cap, some features
that have been reported from DMSP satellite observations at an
860-km altitude include a circular horizontal plasma flow, a nearly
zero-flow center, and a coincident cyclone-shaped aurora caused by
strong electron precipitation associated with upward field-aligned
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currents (Q.-H. Zhang et al., 2021). However, many features of the
space hurricane at ionospheric altitudes remain unknown.

In this paper, we examine a space hurricane event observed
by the Resolute Bay Incoherent Scatter Radar North (RISR-N),
SuperDARN radars, and DMSP satellites. We obtain the 3D
ionospheric plasma properties of the space hurricane for the
first time and reveal further novel and critical results about this
phenomenon. This work adds to our knowledge and understanding
about the magnetospheric impact on the structure of the polar cap
ionosphere under a northward IME.

2 Data and methodology

In this study, the space hurricane event was observed by multiple
instruments at the same time. The Time History of Events and
Macroscale Interactions during Substorms (THEMIS) B satellite,
located in the lunar orbit and within the solar wind, was used to
determine the IMF conditions during the space hurricane event.
The DMSP satellite crossed the space hurricane twice during the
study period, providing data from an 860-km altitude on the
auroral emissions, plasma characteristics, and location of the space
hurricane. The RISR-N radar conducted multiple scans of the
space hurricane, offering plasma parameters within the 100-400-
km altitude range. Meanwhile, the SuperDARN radar was used to
provide plasma convection data at approximately 350-km altitude
(F-region). The detailed descriptions of these instruments and data
are discussed as follows.

2.1 THEMIS IMF data

In this study, the THEMIS B satellite was used to obtain near-
Earth interplanetary parameters (Angelopoulos, 2008). Consider
the distance of the THEMIS B satellite from the dayside ionosphere
and the average speed of the solar wind. A 15-min delay was
applied to the IMF data recorded by THEMIS B (Liou et al., 1998;
Lockwood et al., 1989; Lockwood, 2022).

2.2 DMSP data

The DMSP spacecraft operates in a Sun-synchronous orbit at
an altitude of 860 km, with an orbital period of approximately
101 min. During the space hurricane event analyzed in this study,
three DMSP satellites (F16, F17, and F18) were active. These
satellites are equipped with four types of instruments that provide
auroral and local plasma observations: the SSUSI, Special Sensor for
Ions, Electrons, and Scintillation (SSIES), Fluxgate Magnetometer
(SSM), and Precipitating Electron and Ion Spectrometer (SSJ/4).
The SSUSI captures horizon-to-horizon auroral images across
five far-ultraviolet wavelengths, and in this study, data from
the Lyman-Birge-Hopfield short (LBHS, 140-150 nm) band were
used. The SSJ/4 instrument monitors precipitating particles within
an energy range of 32eV-30keV, with a temporal resolution
of 1s. The SSIES includes a drift meter, retarding potential
analyzer, and Langmuir probe to measure thermal ion and electron
properties—such as density, temperature, and velocity—also at a

frontiersin.org


https://doi.org/10.3389/fspas.2024.1507824
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Lu et al.

1-s resolution. Lastly, the SSM measures local magnetic fields,
allowing for the estimation of field-aligned currents (FACs)
based on magnetic field gradients along the spacecrafts trajectory
(Hardy et al., 1984; Rich and Hairston, 1994).

2.3 RISR-N data

The RISR-N is a northward-facing, electronically steerable
phased-array antenna located in Resolute Bay, Canada (74.7°N,
265.1°E). It provides direct three-dimensional measurements of the
deep polar cap ionosphere, including parameters such as electron
temperature, electron density, ion temperature, and line-of-sight
velocity, within an altitude range of 100-400 km (Bahcivan et al.,
2010). In this study, the beam pointing direction was determined
on a pulse-to-pulse basis, enabling simultaneous multi-beam
measurements when data were integrated over intervals of seconds
or longer. For the data analyzed in this paper, the radar utilized
11 beams with varying azimuth and elevation angles, with
measurements processed at a 1-min resolution. Among the 11
beams, beam 56954 (an azimuth angle of 26° and elevation angle
of 35°) provided the most comprehensive coverage of the space
hurricane. Additionally, four other beams (beams 65486, 57656,
60617, and 57782) were used to characterize the features of different
regions surrounding the space hurricane simultaneously.

2.4 SuperDARN data

SuperDARN is a network of over 30 high-frequency (HF)
radars that monitor plasma flow variations in the mid- and
high-latitude ionosphere in both hemispheres. These radars
operate at frequencies between 8 and 20 MHz, transmitting HF
signals that are backscattered by magnetic field-aligned density
irregularities in the F-region ionosphere and received back at
the radar sites (Greenwald et al., 1985). The movement of these
irregularities corresponds to the background ionospheric plasma
flow (Villain et al., 1985), enabling the estimation of the flow’s line-
of-sight component via the Doppler shift of the returned signal.
The SuperDARN radars transmit in narrow beams approximately
3.25° wide and typically sample 70-150 range gates, each 45 km in
size, along the beams. They scan 16-24 beam directions within a
1 or 2-min cycle, covering an azimuthal area of roughly 52°-78°
(Nishitani et al., 2019). This study used estimates of ionospheric
plasma flow velocity derived from line-of-sight Doppler velocity
measurements of plasma flow from SuperDARN (Ruohoniemi and
Baker, 1998). The fitted 2-min convection data were used to describe
the convection conditions near the space hurricane.

2.5 Calculation of Joule heating

Joule heating is a critical process in space weather studies,
representing the dissipation of energy due to the interaction
of ionospheric currents with the neutral atmosphere. In the
ionosphere, electric fields are typically generated by interactions
between the solar wind and Earth’s magnetosphere, driving plasma
convection and currents in high-latitude regions. The collisions
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between ions and neutral particles dissipate this current energy as
Joule heating, resulting in a temperature increase in the surrounding
plasma and neutral atmosphere. In this study, we utilize data
provided by RISR-N, combined with modeling approaches, to
calculate Joule heating within the radar’s coverage area. The specific
calculation methods are outlined as follows.

A statistic work (Lamarche et al., 2021) had revealed that the
neutral wind (U) near RISR-N mainly points toward the magnetic
pole, and the speed is very low (<100 m/s) compared with the
~1,000 m/s negative Vo (pointing to the radar) and the <500 m/s
positive Vo (away from the radar) in Figure 4D. Therefore, ignoring
the electric field caused by neutral wind, the Joule heating rate (q;)
can be expressed as (Fujii et al., 1999; Kurihara et al., 2009) (Equation
1)

q;= 0y(Evyp + UXB)? = 0,Ey,” = 0,(VX BY, 1)
where V is the plasma velocity vectors and B is the geomagnetic
field derived from the International Geomagnetic Reference Field
(IGRF) model. The direction of B is mainly perpendicular to the
ground in the polar cap, so the vertical velocity can be ignored
when calculating V'x B, and V can be approximately replaced by
the V,, calculated from Vo observed by RISR-N. Although some
studies used the local 3D ion drift velocities estimated from Vo
of multiple beams to calculate the Joule heating rate (Heinselman
and Nicolls, 2008; Kurihara, J., et al., 2009), these methods are
not appropriate for obtaining 3D ion drift velocities near a space
hurricane. These methods require that the ion drift velocities within
alarge region will not undergo significant changes, and Vo measured
by different beams should be the components for the same velocity
vector. However, this assumption is not valid near a space hurricane
that has strong flow shears and different velocities near different
gates. Therefore, we cannot obtain the 3D jon-drift velocities near
a space hurricane from RISR-N and can approximate it with V.

o, is the Pedersen conductivity, which can be expressed as
(Brekke and Hall, 1988) (Equation 2)

(

where Ne is the electron density; e is the electron charge; Q, =

N,e
%=

Qeven inin

+
2 2 2 2
Q, +v,, Q +v,

(2)

eB/m, and Q; = eB/m; are the electron and ion gyrofrequencies,
respectively; and v,, and v;, are the electron-neutral and ion-
neutral collision frequencies, respectively. Among them, Ne is
obtained from the observation of RISR-N and (), is a constant.
Q
NO™) in the ionosphere. v,, and v;, is considered to be mainly

is mainly composed of three main ions (Of, O,", and

contributed by the collisions between electrons and these three
ions (O, O,%, and NO*) with the three main neutral components
(O, O,, and N,). According to the theoretical formula in the
Thermosphere-Ionosphere Electrodynamics General Circulation
Model (TIE-GCM), calculating these parameters requires the
electron temperature (Te), ion temperature (Ti), neutral component
temperature (Tn), and densities of the ion components and neutral
components. In this paper, Ti and Te are derived from the RISR-N
observation, the densities of ion components are derived from the
International Reference Ionosphere (IRI) model, and the densities
of neutral components are derived from the MSIS-E-00 model.
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3 Observations

3.1 Space hurricane event on 7 June 2013
in the Northern Hemisphere

Figure 1 shows a space hurricane event observed by the
DMSP/SSUSI in the Northern Hemisphere and the associated IMF
conditions provided by the THEMIS B satellite on 7 June 2013.
The times given in Figures 1 A-F are the center times of the DMSP
transpolar orbit, which can also be roughly considered the time
when the DMSP/SSUSI observed the space hurricane (Lu et al,
2022). Among them, Figures 1B-E show the aurora structures along
the space hurricane. The yellow star is the position of RISR-N, and
the mauve line represents the pointing direction of beam 56954.
In Figures 1A,E, the gray line with black dots shows the associated
DMSP trajectory. In Figure 1F, beams 65486, 60617, 57782, and
57656 are denoted by cyan, blue, gray, and red lines, respectively.

Figure 1G shows a stable northward IMF condition with a strong
positive By component and a negative Bx component from 16:30
to 20:00 UT. This long-duration IMF situation is suitable for lobe
reconnection to develop, in particular for the summer (northern)
hemisphere studied here (Frey et al., 2019). Figure 1B shows the
space hurricane as a bright auroral spot on the morning side in the
LBHS band. Subsequently, the IMF By and Bz abruptly changed at
18:35 UT from being approximately equal (clock angle ~45°) to an
orientation with By > Bz (clock angle ~70°) and stabilized for the
next hour. During this period, the DMSP/SSUSI images revealed
that the space hurricane had moved toward the dusk side at 19:03
UTand 19:27 UT (Figures 1C,D). After another IMF change at 19:35
UT, the space hurricane moved closer to noon (Figure 1D). In short,
observations from DMSP/SSUSI show that the space hurricane
moved toward the dusk side with an increase in the IMF clock
angle. By the end of the period, after the IMF By component turned
negative, the DMSP/SSUSI image (Figure 1F) showed a transpolar
arc rather than the bright spot of a space hurricane.

Figure 2 shows the in situ plasma observation along the
trajectories of the two DMSP satellites shown in Figures 1A, E,
respectively. Both trajectories showed the typical particle features
of the space hurricane, including strong circular horizontal
plasma flow with shears and zero-flow center (Figure 2D), strong
electron precipitation (Figure 2E) associated with intense upward
magnetic field-aligned currents (Figure 2C), and clear electron
inverted-V acceleration (Figure 2E). The characteristics shown
in this figure are the same as those of the space hurricane
reported by Q. H. Zhang et al. (2021).

Compared to the auroral morphology of the space hurricane
event reported by Q. H. Zhang et al. (2021), the space hurricane
in this paper exhibited neither a cyclonic-like structure nor obvious
spiral arms. However, as observed from the location of the aurora
and IMF condition and the plasma observations by the DMSP
satellites (Figures 1AE) passing through these structures, those
aurora structures have the same characteristics as the typical
space hurricane reported by Q. H. Zhang et al. (2021), which
shows that they are undoubtedly space hurricanes. In addition, our
previous work (Lu et al., 2022) identified 329 space hurricane events
in the Northern Hemisphere from the long-term optical observation
onboard DMSP F16 from 2005 to 2016. Among those events, only
a few had the clear cyclone-like aurora. Therefore, it can be said
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that the cyclonic auroral structure with spiral arms is not necessary
for defining a space hurricane event as they are vulnerable to IMF
changes and limited by DMSP/SSUSI spatial resolution.

3.2 lonospheric convection properties
around the space hurricane

Figure 3 shows the coordinated observations of the DMSP
satellite and ground-based radars at 19:51 UT. The measured
convection velocity is overlaid on the auroral observation taken
from the DMSP F16/SSUSI. The red vectors represent the cross-
track horizontal ion flows measured by the DMSP F16 satellite
at an altitude of 860 km. The green vectors represent the fitted
2-min convection velocity measured by SuperDARN, which
correspond to an altitude of approximately 350 km, typical of the F-
region in the ionosphere (Ruohoniemi, J. M., & Baker, K. B., 1998).
The mauve vectors represent the horizontal plasma velocity (V)
calculated from the line-of-sight velocity (Vo) measured by 11
beams of RISR-N at an altitude of 350 km. As the horizontal velocity
near a space hurricane is much greater than the vertical velocity (as
shown in Figure 5), it can be assumed that Vo measured by each
beam of RISR-N (elevation angle: 0) is only contributed by the local
horizontal plasma velocity (Equation 3):

V) = Vol cos(6). (3)

The mauve vectors on the dusk side of the space hurricane are
mainly toward the radar, and the mauve vectors on its morning side
are away from radar. This result is consistent with the cross-track
horizontal ion flows from the DMSP satellite (red vectors), which
measured a sunward Vy on its dusk side and anti-sunward Vy on its
dawn side. These two observations indicate that the space hurricane
has a clockwise flow not only at an altitude of 860 km (DMSP)
but also at altitudes of 350-400 km (RISR-N). In addition, the
SuperDARN convection velocity (green vectors) further supports
the observation that the space hurricane is surrounded by circular
convection and embedded within the clockwise lobe convection cell.

However, it is important to note the potential sources of
error in these observations. The SuperDARN convection velocities
are derived from line-of-sight Doppler shifts, which require
assumptions about the uniformity of plasma flows and may
introduce uncertainties in the regions of complex flow patterns,
such as the space hurricane. Similarly, the DMSP satellite measures
ion drift in the cross-track direction, and its interpretation relies
on local magnetic field models, which may not fully account
for small-scale field distortions. Furthermore, differences in the
spatial and temporal resolution between the instruments can
introduce discrepancies when comparing measurements across
multiple altitudes. Despite these potential limitations, there will not
be fundamental differences in the measured velocity directions. The
overall agreement between the datasets strengthens the validity of
the observed clockwise circulation structure.

3.3 Plasma properties of the space
hurricane from the RISR-N radar beam

The RISR-N experimental mode consists of 11 beams transmitting
tri-frequency long pulses (LPs), yielding 10-km range resolution,
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FIGURE 1
(A—F) Space hurricane event observed by the DMSP/SSUSI in the Northern Hemisphere on 7 June 2013. The yellow star denotes the position of RISR-N,

and the mauve line represents the pointing direction of beam 56954. In (A, E), the gray line with black dots shows the associated DMSP trajectory. In
(F), beams 65486, 60617, 57782 and 57656 are shown as cyan, blue, gray, and red lines, respectively. (G) IMF components in geocentric solar
magnetosphere (GSM) coordinates provided by the THEMIS B satellite (lagged 15 min).
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FIGURE 2

In situ plasma and current conditions for the orbit of DMSP satellites shown in Figures 1A,E, respectively. (A) Electron and ion temperature; (B) electron
and ion number density; (C) calculated field-aligned current; (D) cross-track horizontal and vertical ion flow; (E) precipitating electron energy flux; and
(F) precipitating ion energy flux. Data given in (A, B, D) are measured by the SSIES; data in panel (C) are calculated from the magnetic field
measurement of the special sensor microwave (SSM); and data in panels €-(F) are measured by the Special Sensor for Precipitating Particles (S5J4)
instrument. The red dotted line marks the time when the satellite passed the center of the space hurricane. The characteristics shown in this figure are
the same as those of the space hurricane reported by Zhang et al. (2021).
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which was designed for F-region convection measurements. As shown
in Supplementary Movie S1, RISR-N has a good coverage of the space
hurricane during its evolution. To investigate its ionospheric plasma
properties, we select one beam of RISR-N and show its time-series
diagram from 15:30 UT to 21:30 UT in Figures 4A-D. Panels from
top to bottom are electron density (Ne), electron temperature (Te),
ion temperature (Ti), and line-of-sight velocity (Vo). In addition,
we estimated the Joule heating rate of this beam (Figure 4E) based
on the observation and models (details given in Section 2.5). The
altitude/mapped magnetic latitude are shown to the left/right of each
panel. Theazimuth angle and elevation angle for beam 56954 are shown
inthetitle. The directions of this beam (beam 56954) at six SSUSI image
times (the center times of each transpolar orbit) are shown in Figure 1.
Those six times are marked as six mauve dashed lines in Figure 4.
The black dashed line in Figures 4C-E marks the enhancement of Ti,
Vo, and gj, respectively.

In Figure 4, a velocity (d) reversal occurs at approximately
17:00 UT with Ti (c) enhancement in 250-400-km altitudes,
which is accompanied by an Ne (a) decrease in the F-region
and increase in the lower altitude (150-210 km). Based on the
DMSP observation (Figure 2) and the relative position of beam
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56954 at 17:22 UT (Figure 1A), we suggest that the plasma features
at approximately 17:00 UT may correspond to the early stage of
the space hurricane. At that time, the high-latitude lobe magnetic
reconnection has just occurred and forms the upward FAC, which
accelerates electron precipitation along open magnetic field lines to
the ionosphere. The strong electron acceleration lowers the peak
electron density of the ionosphere to below 200 km and may lead to
ion heating (200-400 km) at this time. Perhaps due to the particle
precipitation having just begun with relatively low precipitation
energy flux (Figure 2), the auroras seen from the SSUSI are not so
obvious at this time.

During 17:00~19:00 UT, the plasma properties shown in
Figures 4A-D include the following: 1) Ne has a small peak below
200 kmj; 2) Vo is always toward the radar; 3) the Ti enhancement
at a lower altitude (160-180 km) is higher than that in the F-
region; and 4) the Ti enhancement corresponds one by one to
Vo toward the radar (sunward flow), shown as black dashed lines
in Figures 4C-E. The small Ne peak below 200 km (~20% higher
than the Ne before 17 UT) may be caused by the weaker particle
precipitation near its spiral arms compared to the center. The
negative Vo is because the beam had been on the dusk side of the
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FIGURE 3
Example of aurora and convection velocity observations during the space hurricane event at approximately 19:51 UT on 7 June 2013. The red vectors

represent the cross-track horizontal ion flows (Vy) measured by the DMSP F16 satellite. The mauve vectors represent the horizontal plasma velocity
calculated from the line-of-sight velocity (Vo) measured by 11 beams of RISR-N at an altitude of 350 km. The green vectors represent the convection
velocities measured by SuperDARN. The grayscale background is the same DMSP/SSUSI image as Figure 1E.

space hurricane during this period. Figures 1A-C show that during ~ time-series diagram of the other four typical beams are shown in
this period, the space hurricane moved from dawn to dusk through  Figure 5. The directions of those beams are shown in Figure 1F.
beam 56954. Consequently, beam 56954 should have swept through Panels (al)-(d1) show the observation of the vertical beam
the spiral arms of the space hurricane. Thus, the fluctuations in  (beam 65486). It can be seen that the vertical velocity near the
Vo are plausibly associated with the passage of spiral arms (not  RISR-N did not exceed 100 m/s during the duration of the space
discernable in the SSUSI images) through the radar field of view. hurricane. The maximum vertical velocity (~75 m/s) occurs near
Based on the estimated Joule heating rate given in Figure 4E,  20:00 UT when the auroral structure of a space hurricane covers
it can be seen that the strong Ti enhancement at low altitudes is ~ RISR-N (Figure 1E), indicating that the space hurricane can cause
caused by Joule heating. Although the peak altitude of Joule heating  ion upflow. In addition, compared to the ~1,000 m/s Vo measured by
(~150 km) is slightly lower than the peak altitude of Ti enhancement =~ beam 56954 with an elevation angle of 35° (Figure 4D), the vertical
(~175 km), we suggest that this may be due to the underestimation  velocity is small, which indicates that Vo is mainly contributed by
of conductivity in the calculation process, as discussed in Discussion.  thelocal horizontal plasma velocity. Panels (a2)-(d2) show the result
In addition, strong Joule heating only occurs during the negative Vo of beam 60617, which has the same azimuth angle and a larger
periods, which may be because the negative velocity is greater than  elevation angle than beam 56954. The same azimuth angle means
the positive velocity, and the Joule heating rate is very sensitive to it observed the same MLT of the space hurricane, while a larger
the magnitude of ion drift velocity as it is proportional to the square ~ elevation angle means its observations were obtained at a higher
of velocity. altitude but slightly farther from the space hurricane. Therefore, the
After 19:00 UT, the space hurricane was no longer intersected  ion temperature enhancement is only observed at the higher altitude,
by the beam (Figures 1C-E). Therefore, the four plasma parameters ~ which is much closer to the space hurricane. Panels (a3)-(d3) and
measured by RISR-N did not show any anomalies during this period. (a4)-(d4) show the results for two beams with the same elevation
Until 19:51 UT, the space hurricane was just below the scanning  angle/altitude as beam 56954 but different azimuth angles/MLT
range of beam 56954 (Figure 1E). The properties from 20:00 to 20:30 ~ values, which means that they observed different locations of the
UT were also similar to those in the previous period (17:00~19:00  space hurricane at the same altitude and time. During the duration
UT). The shorter duration of the Ti enhancement during this period  of the space hurricane (Supplementary Movie S1), the direction of
was because the space hurricane disappeared when the suitable IMF ~ beam 57782 deviates toward the dusk side, which coincides with
conditions changed around 20:30 UT. the direction of the clockwise convection cell around the space
As mentioned before, RISR-N has 11 beams in this observation hurricane. Therefore, a large Vo can be observed. On the other hand,
experiment. These beams have seven different azimuth angles,  the direction of beam 57656 deviates toward the dawn side. It is
among which the beams pointing toward the North Pole have  much closer to the space hurricane (convection cell center) than
five different elevation angles. Figure 4 only shows the temporal ~ beams 57782 and 56,954 when the space hurricane is on the dawn
observation results of beam 56954, which points toward the North  side of the radar (before Figure 1C). Therefore, we initially observed
Pole with a 35° elevation angle. To examine the characteristics of  a small Vo. However, when the space hurricane moves to the dusk
different regions in the evolution process of the space hurricane, the side (after Figure 1C), the Vo of beam 57656 is further from the space
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FIGURE 4

Observed plasma parameters and the calculated Joule heating rate from RISR-N beam 56954 during the space hurricane. Panels from top to bottom
are electron density (Ne), electron temperature (Te), ion temperature (Ti), line-of-sight velocity (Vo), and calculated Joule heating rate (gj). The
altitude/mapped magnetic latitude are shown to the left/right of each panel. The azimuth angle and elevation angle for beam 56954 are shown in the
title. The six mauve dashed lines mark the six SSUSI image times shown in Figure 1. The black dashed line in (C—E) marks the enhancement of Ti, Vo,

and qj, respectively.

hurricane and the magnitude of Vo is much higher than that of other
beams. Except for Vo, other plasma properties like Ne (a) and Ti
(c) from different beams are very similar to each other: Ne always
has a small peak below 200 km, and the Ti enhancement always
corresponds to large Vo.

3.4 3D ionospheric plasma properties of
the space hurricane

Figure 6 shows the 3D plasma parameters of the space hurricane
near the three specific altitudes (150 km, 250 km, and 350 km)
measured by 11 beams of RISR-N. Linear interpolation was
performed on the gate data on each beam. The 11 beams can
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be divided into three groups corresponding to the azimuth angle:
the left three beams (G1), mid five beams (G2), and right three
beams (G3). The two-dimensional top view is shown in a small
window in the top-right of each panel, which includes the complete
measurement results at altitudes of 100-400 km, and only one of
the five beams in G2 is shown to prevent overlap. The different
azimuth angles and elevation angles enable the beams to measure
the plasma properties of different regions near the space hurricane
at the same time.

At 18:12 UT, Figures 6A,C show that the beams of G2 and G3
are on the right side of the main auroral structure of the space
hurricane and near a possible spiral arm (marked by a red arrow in
Figure 6C). In the low-altitude region (within the red dashed box),
Ti significantly increased, which corresponds to the large negative
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Observed plasma parameters from the other four beams of RISR-N during the space hurricane. (al-d1) Observation results of the vertical beam.
(a2-d2) Results of a beam with the same azimuth angle but a different elevation angle from beam 56954. (a3—d3) and panels (a4—d4) show the results
of two beams with different azimuth angles but the same elevation angle as beam 56954. Panels from top to bottom are electron density (Ne), electron
temperature (Te), ion temperature (Ti), and line-of-sight velocity (Vo). The altitude/mapped magnetic latitude are shown to the left/right of each panel.
The azimuth angle and elevation angle for each beam are shown in the title.

Vo (>1,000 m/s). This may indicate that Joule heating can be caused
by intense electric fields that drive the F-region ion drift at the spiral
arm and also the intense currents in the E-region. This result is also
consistent with the observation shown in Figure 4E. In addition, due
to the beams of G1 being directly above the space hurricane at this
time, these beams show lower flow, which cannot effectively cause
Joule heating and Ti enhancement.
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At 19:51 UT, Figures 6B,D show that G1 is located on the left
of the space hurricane, G2 is directly above it, and G3 is located on
its right. In Figure 6D, G1 and G3 measured an opposite Vo (red
and cyan, respectively), while G2 measured an ~0 velocity (yellow),
which can reflect the strong circular horizontal flow around the
space hurricane, consistent with the results given in Figure 3. In
addition, compared to the larger velocity (~1,000 m/s) measured
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FIGURE 6
3D plasma parameters from 11 beams of RISR-N overlaid on two space hurricane images: (A, B) measured Ti at the two space hurricane times; (C, D)
measured Vo. In each panel, the altitudes of the three gray planes are 150 km, 250 km, and 350 km, respectively. The thin dashed lines represent the
complete coverage range of the 11 beams, and only the gates within a 10-km range near each gray plane display their measurement results. The 11
beams can be divided into three groups (G1, G2, and G3) corresponding to the azimuth angle. The two-dimensional top view of each panel is shown in
a small window in the top right, which include the complete measurement results at altitudes of 100-400 km, and only one of the five beams in G2
pointing toward magnetic north is shown to prevent overlap. The red thin arrow in (C) points out a possible spiral arm of the space hurricane.

by the beams of G2 and G3 at 18:12 UT, the velocity (<500 m/s)
measured by G1-G3 at 19:51 UT is much smaller, which may be
due to their closer position to the main auroral structure of the
space hurricane (also the center of the convective cell). Therefore,
no Ti enhancements are shown in Figure 6B due to insufficient
heating. After 19:51 UT, the space hurricane moved to the dawn
side due to the changing IMF clock angle, so RISR-N can again
detect the strong flow shear of the space hurricane shown in
Supplementary Movie S1 and Figure 4.

4 Discussion

of
the space hurricane in the ionosphere. The results agree

In this paper, we provide new observed features
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well with the high-latitude lobe reconnection mechanism
proposed by Q. H. Zhang et al. (2021) with the following
implications.

4.1 The space hurricane is embedded in a
clockwise lobe convection cell

A statistical study has shown that the space hurricane in the
Northern Hemisphere mainly occurs under the conditions of the
northward IMF dominated by a positive By component (Lu et al.,
2022), which significantly affects the ionospheric convection pattern
in the polar cap. Under a northward IMF condition with a small
IMF By component, the two lobe cells inside the polar cap showing
sunward flow are roughly of the same size (spatially and in voltage)
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and symmetrical due to lobe convection (Lockwood and Moen,
1999). However, as |By| increases, one grows and the other shrinks
due to the tension force on the newly reconnected field lines.
Therefore, for most By values, the polar cap has a three-cell pattern
with only one “stirring” circulation flow cell (growing lobe cell)
(Huang et al., 2000; Lockwood, 2023). In addition, due to the
dipole tilt effect, this circulation seems to occur only in the polar
cap of the summer hemisphere, which is more conducive to the
lobe reconnection (Crooker and Rich, 1993; Koustov et al., 2017;
Lockwood, 2023). For the IMF conditions shown in Figure 1G, the
large positive By component makes the clockwise lobe cell fill the
whole polar cap and dominate the flow in the Northern Hemisphere.
The SuperDARN convection velocity (Figure 3) shows that the space
hurricane is surrounded by clockwise convection, which shows that
the space hurricane is embedded in a clockwise circulation cell.

4.2 Joule heating effect caused by the
space hurricane

To investigate the relationship between Ti enhancements and
convection velocity shown in Figures 4, 5, we estimated the Joule
heating rate from the convective electric field (Ey ) using the RISR-
N observations. As described in Data and Methodology, empirical
models were used to obtain certain unobserved parameters, such as
neutral and ion composition. These empirically derived parameters
were used solely to construct a background polar cap condition and
do not take into account the effects of neutral components, electron
precipitation, and strong convective shear during a space hurricane,
so using these parameters result in an error in the peak altitude
of the Joule heating rate. For example, the electron precipitation
should cause an increase in the local Pedersen conductivity, but the
conductivity calculated by empirical models remained unchanged.
Therefore, the underestimated Pedersen conductivity at and above
the altitude of precipitating electrons leads to the underestimation
of the peak altitude of the Joule heating rate.

Although the use of empirical formulas may introduce some
bias, the results given in Figure 4E still provide a basis for inferring
that 1) the Ti enhancement in the lower altitude is mainly caused
by Joule heating due to the large g, at low altitude and the large
Eyyp from the convection velocity and 2) the Ti enhancement at

high altitude is only partly contributed by Joule heating since o,

p
sharply decreases with altitude (Brekke et al., 1991; Nishimura et al.,
2021) but may be contributed by the upward transport of lower-

altitude heating (Huang et al., 2012).

4.3 Characteristics of the spiral arms of the
space hurricane

Figure 4 shows that the Ti enhancement corresponds one by one
to the sunward Vo from 17:00 to 19:00 UT. Unfortunately, due to the
low temporal resolution of DMSP/SSUSI auroral observations, the
Ti enhancement structures observed by RISR-N cannot be matched
accurately with the aurora structure of the space hurricane. Here,
we provide a possible explanation for these structures. We suggest
that the multiple flow shears are features when the radar beam
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sweeps over the spiral arms of the space hurricane. Each spiral arm
is surrounded by the large flows to form a local Joule heating region.

We suspect that these structures correspond to the spiral
arms because of their regularity. Each Ti enhancement occurs
every 10~20 min and lasts approximately 5~15 min, which may
correspond to multiple spiral arms or multiple radar sweeps across
the same spiral arm. Similar to the model proposed by Southwood
(1987), the auroral enhancement of a spiral arm may correspond
to an upward FAC region resulting from the flow shear across the
arm (L. R. Lyons, 1980; Lyons, L. 1981; Lyons, L. R. 1981). It is
the superposition of the clockwise flow near the spiral arm and
the local sunward flow caused by the main structure of the space
hurricane that lead the radar beam to detect a large sunward flow
and Joule heating, as shown in Figures 4A,C. Similar spiral arm
structures with flow shears have been found in previous studies.
Ma et al. (2021) observed the spiral arms of the westward traveling
surge and indicated that there was a strong flow shear around
the arm. The auroral spiral is also a prominent vortex structure
with spiral structures in optical data (e.g., Davis and Hallinan,
1976; Hu et al., 2013; Lyatsky et al., 2001), and it has been found
that the power is provided by two oppositely rotating plasma
flow vortices (Keiling et al., 2009).

5 Conclusion

In this paper, we obtained the 3D plasma features of a space
hurricane at ionospheric altitudes (100-400 km) for the first time.
Based on the plasma velocity observations by three independent
instruments, we found that the space hurricane is surrounded
with strong circular horizontal plasma flows and embedded in the
afternoon lobe convection cell. Based on the plasma measurements
from RISR-N, we found that the space hurricane was associated
with strong flow shears, downward ionospheric electron transport,
and Ti enhancement. Finally, we estimated the Joule heating rate
based on the model and observation results and suggest that the
multiple Ti enhancements corresponding to the large flow is caused
by Joule heating adjacent to the space hurricane’s spiral arms,
which is an important addition to the total energy deposition in
the ionosphere-thermosphere system. These results reveal, for the
first time, the characteristics of space hurricanes at low ionospheric
altitude, which is of great significance for understanding the
magnetospheric ionospheric coupling system under northward IMF
conditions.
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