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Abstract Throat auroras have been suggested to be related to indentations on the subsolar
magnetopause. However, the indentation generation process and the resulting ionospheric responses have
remained unknown. An EISCAT Svalbard Radar experiment was designed to run with all‐sky cameras,
which enabled us for the first time to observe the temporal and spatial evolution of flow reversals, Joule
heating, and ion upflows associated with throat aurora. The high‐resolution data enabled us to discriminate
that the flow bursts and Joule heating were concurrent and co‐located, but were always observed on
the west side of the associated throat auroras, reflecting that the upward/downward field‐aligned currents
associated with throat aurora are always to the east/west, respectively. These results are consistent with the
geometry of Southwood (1987) flux transfer event model and provide strong evidence for throat aurora
being associated with magnetopause reconnection events. The results also support a conceptual model of the
throat aurora.

1. Introduction

During a study on dayside diffuse aurora based on optical observations in the green line (557.7 nm), Han
et al. (2015) noticed that, when a convection‐aligned stripy diffuse aurora was contacting with the discrete
aurora oval, a north‐south aligned discrete auroral form was often observed. Because this particular auroral
form was only observed around the ionospheric convection throat region, it was named “throat aurora”
(Han et al., 2015). Later, based on careful examination, Han et al. (2017) pointed out that throat aurora
should be the same phenomenon as the “crewcut” named by Rodriguez et al. (2012), although Rodriguez
et al. (2012) found this auroral form in the red line (630.0 nm) observation and did not mention any relation
between crewcut and diffuse aurora.

Based on the observational facts that throat auroras are caused by precipitation of magnetosheath particles,
Han et al. (2016) suggested that throat auroras should correspond to localized magnetopause deformations.
These deformations are supposed to be dented structures on the subsolar magnetopause. Later, Han et al.
(2018) found one‐to‐one correspondences between throat auroras observed on the ground and magneto-
pause transients observed near the subsolar magnetopause, which have been suggested to be the direct evi-
dence for throat auroras being the ionospheric signature of magnetopause indentations. In addition, it was
found that the spatial scale of the magnetopause indentation can be as large as ~2.0 × 3.0 RE (Earth radius)
after mapping a throat aurora to the geomagnetic equatorial plane, and the occurrence rates are as high as
~50% and ~25% counted by day and by 10 min, respectively (Han et al., 2017). These observational results
have indicated that the throat aurora is an important phenomenon for the dayside solar wind‐magneto-
sphere‐ionosphere coupling.

While considering the generation of throat auroras, Han et al. (2017) noticed that throat auroras were closely
involved with diffuse aurora and their orientations were convection‐aligned. This means that the occurrence
of throat aurora is affected by factors inside the magnetosphere, because both diffuse aurora and convection
are linked to magnetospheric internal phenomena. At the same time, Han et al. (2017) noticed that the
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occurrence rate of throat aurora showed a clear dependence on the interplanetary magnetic field (IMF) cone
angle (arccos[|Bx|/Btotal)]), which suggested that some transient processes outside the magnetosphere, such
as magnetosheath high‐speed jets (Hao et al., 2016; Plaschke et al., 2018), might be a driver for throat auroras
(Han et al., 2017). In order to explain why the generation of throat aurora depends on factors either inside or
outside themagnetosphere, Han (2019) proposed amodel and suggested that throat auroras should be caused
by magnetopause reconnection, which can be affected by factors either inside or outside the magnetosphere.
However, observational evidence for throat aurora being associated with magnetopause reconnection is very
limited. One exception is Chen et al. (2017), who reported that the throat aurora has properties similar to a
polewardmoving auroral form (PMAF), which is regarded as the ionospheric signature of flux transfer event
(FTE) or increased magnetopause reconnection (Fasel, 1995; Lockwood et al., 1993; Sandholt et al., 1986;
Xing et al., 2012) that may propagate all the way across the polar cap (Nishimura et al., 2014).

Previous studies have shown that magnetopause reconnection can cause a series of ionospheric responses
that can be identified by radars (Davis & Lockwood, 1997; Moen et al., 2008; Oksavik et al., 2004).
Southwood (1987) put forward a model that predicts the field‐aligned currents (FACs) and local ionospheric
flow patterns due to a FTE. In order to better characterize the ionospheric signatures of throat aurora, we
designed an experiment for the EISCAT Svalbard radar (ESR) in combination with all‐sky cameras. The
experiment enabled us for the first time to present a close phenomenological relationship between the iono-
spheric response and the throat aurora. The results are indispensable for a systematic understanding of
throat aurora and the magnetosphere‐ionosphere coupling in the dayside cusp region.

2. Experiment Design

The Yellow River Station (YRS; 78.9°N) at Ny‐Alesund, Svalbard, is one of a few stations with a long time
series of optical auroral observations on the dayside during the boreal winters in the northern hemisphere.
Three all‐sky cameras equipped with band‐pass filters at 557.7, 630.0, and 427.8 nm, respectively, have been
continuously operated since 2003 at YRS (Hu et al., 2009), and the throat aurora was first defined based on
the auroral observations at YRS (Han et al., 2015).

The ESR is located at Longyearbyen, Svalbard, which is ~100 km south of YRS. The ESR has two antennas, a
32‐m fully steerable parabolic dish antenna and a 42‐m fixed parabolic antenna aligned along the direction of
the local geomagnetic field. With the two antennas, ideally, we expect to detect the ionospheric flows around
throat aurora with the 32‐m radar by fast azimuth scans, and at the same time to monitor the ionospheric
parameters at a fixed point around the poleward part of the throat aurora with the 42‐m radar at higher time
resolution. This idea is shown in Figure 1a.While designing the scanmode for the 32‐mantenna, the key goal
was to have the ESR beam intersect a throat aurora. From our past experience and knowledge, throat auroras
often occur overhead YRSwith an equatorward extension of ~2–3° in geomagnetic latitude.We therefore ran
the 32‐mantenna at a fixed elevation of 70°, with azimuth changing between 127° and 247° (which translates
to ±60° centered onmagnetic south for the ESR site) at a slow speed of 0.625 deg/s, as illustrated in Figure 1a.
It is not common to operate the ESR in a scan mode at such a high‐elevation angle due to the small field of
view. However, it is highly desirable for our purpose, because we gain higher spatial resolution in the close
vicinity of the throat aurora. Figure 1b illustrates the predictions of mesoscale FACs and ionospheric flow
pattern due to a reconnection pulse at the magnetopause according to the model of Southwood (1987). Our
experiment aims to test if the throat aurora shows similar characteristics to this model.

Observations were made from 27 to 30 November in 2017. On each day, the ESR ran from 07:00 to 12:00 UT,
which is ~10:00–15:00 magnetic local time. Most of the experiment time was cloudy. However, on 27
November 2017, the sky became clear from 08:10 to 09:30 UT. Fortunately, typical throat auroras appeared
during this short time interval that are exactly at the predicted location as illustrated in Figure 1a. This pro-
vided us with an unprecedented opportunity to characterize the ionospheric signatures of throat aurorae.

3. Coordinated Observations

Figure 2 shows a summary of the 32‐m radar observation on 27 November 2017. From top to bottom, the
panels show IMF Bx, By, and Bz components; solar wind density (Np) and solar wind dynamic pressure
(Pdyn); and the ESR basic plasma parameters of electron concentration (Ne), electron temperature (Te), ion
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Figure 1. (a) Illustration of the observational geometry and experiment mode for EISCAT Svalbard Radar, with the steer-
able 32‐m antenna at 70° elevation in a fast azimuth scan, and the fixed 42‐m antenna pointing toward magnetic
zenith. (b) Prediction of reconnection signatures in the ionosphere (currents, flow, and aurora) according to the
Southwood (1987) model.

Figure 2. IMF conditions and a summary plot of the EISCAT Svalbard Radar 32‐m antenna observations on 27 November
2017. The panels from top to bottom are IMF Bx, By, Bz; solar wind density (Np) and solar wind dynamic pressure (Pdyn);
and electron concentration (Ne), electron temperature (Te), ion temperature (Ti), and line‐of‐sight velocity of ions (Vi),
respectively. The shaded region indicates the time period when a detailed comparison between optical and radar obser-
vations is given.
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temperature (Ti), and line‐of‐sight velocity of ions (Vi), respectively. The positive value of Vi means flow
away from the radar for both the 32‐ and 42‐m radars. In Figure 2, clear periodic variations, especially in
Vi, were observed from 08:36 to 10:50 UT. The flow reversals observed at ~08:36–08:42 UT, as indicated by
the shaded region, were coinciding in time with coordinated auroral observations, and a detailed compari-
son between optical and radar observations is shown in Figure 3.

Figure 3 shows the ESR 32‐m radar observations of the Vi, Ti, and Te during two successive scans from
08:35:47 to 08:42:11 UT together with simultaneous auroral images. The detailed description is given in
the figure caption. As we can see in Figure 3, the auroras changed their shape very quickly during these
scans. Under such conditions, it is the unique experimental design that enables us to make a detailed causal
analysis between the optical and radar observations as follows:

1. Local flow pattern associated with throat aurora

In Figure 2, two short time periods of negative Viwere observed at ~08:36 and ~08:41 UT, as indicated by the
two black arrows, which correspond to the labels “a” and “i” in Figure 3, respectively. Because the ESR was
very close to magnetic noon, the negative Vi values around labels “a” and “i” reflect bursts of antisunward
(poleward) flow. Compared with the auroral observation, these antisunward flow bursts were associated
with the throat auroras as indicated in images (a) and (i), respectively. We should note that the throat aurora
in image (i) first appeared in image (h). It moved poleward and became weak in image (i), which is a typical
characteristic of PMAF.

A clear negative Vi value was also observed along beam “d” at ~400 km as marked by the yellow triangle.
This corresponds to the F region and is associated with a throat aurora structure as indicated in image (d).

Figure 3. Two EISCAT Svalbard Radar 32‐m antenna scans of Vi, Ti, and Te from 08:35:47 to 08:42:11 UT on 27 December 2007 are compared to auroral observa-
tions. The radar and optical observations for the clockwise/counterclockwise scan are shown in the left/right two columns, respectively. The purple pentagons
indicate the location of the ESR site. The fan‐shaped grids show the coverage of the 32‐m radar beam in the altitude range of 150–550 km. The letters "a"–"j" shown
in bottom of the fan‐shaped grid indicate the approximate directions of the radar beam at the time of the auroral images (a)–(j). The capture time of each
auroral image is given in the top left corner on the image, and the throat auroras are indicated in yellow text. Yellow triangles inside the two Vi panels indicate
antisunward flow bursts and are overlaid with the auroral images for easier comparison. Red circles in the Ti observations indicate some Joule heating events
associated with the antisunward flow bursts, which are overlaid with the aurora images for easier comparison. In the Vi observations we infer mesoscale flow cells
that are highlighted by black dashed circles with arrows.
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Besides the negative Vi values, we also observed a clear positive Vi at beam “c,” which was located between
the two negative Vi values of “a” and “d.” We thus argue that these observations correspond to small‐scale
twin‐vortex flow cells that are associated with the throat auroras, as indicated by the black dashed circles
on the Vi observations in Figure 3.

2. Relative location between antisunward flow bursts and throat aurora

The observed Ti enhancements are caused by Joule heating (St.‐Maurice & Hanson, 1982). For the Vi and Ti
observations in Figure 3 we marked some antisunward flow bursts and Ti enhancements (Joule heating) by
yellow triangles and red circles, respectively. These locations are overlaid on the auroral images. The anti-
sunward flow bursts were almost coincident with the Ti enhancements (Joule heating), but were always
observed at the western edge (toward dawn) of the corresponding throat auroras, indicating that the antisun-
ward flow bursts give enhanced Joule heating along the western side of the throat auroras that are associated
with an upward field‐aligned current sheet. Furthermore, as indicated by the black dashed circles on
Figure 3, we can see that the throat auroras (upward FACs) are located in the middle of the clockwise flow
cells; while the middle of the counterclockwise flow cells correspond to downward FACs (absence of aur-
ora). These findings are well consistent with the predicted geometry in the Southwood (1987) model (see
Figure 1b).

3. Ion upflow associated with throat aurora

Figure 4 shows the Ne, Te, Ti, and Vi observed by the ESR 42m, which is fixed toward geomagnetic zenith.
The two vertical dashed lines indicate the start and end time of the scans shown in Figure 3. From ~08:39

Figure 4. TheNe, Te, Ti, andVi observed by the EISCAT Svalbard Radar 42‐mantenna, which is fixed and pointing toward
the geomagnetic zenith. The two vertical dashed lines indicate the start and end time for the observations shown in
Figure 3.
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to ~08:42 UT clear increases are observed in all these parameters. The high positive Vi values at high altitude
here reflect ion upflow. Compared with the auroral observations in Figure 3, strong throat auroras were
observed from 08:38:10 to 08:42:00 UT and the ESR 42m was directed at the poleward part of the throat aur-
oras. The combined observations in Figures 3 and 4 suggest that the throat auroras were associated with
ion upflows.

4. Discussion

The observational results above have the following implications:

1). Throat aurora being associated with magnetopause reconnection.

Throat aurora has been suggested to be caused by magnetopause reconnection (Han, 2019; Han et al., 2017),
but observational evidence is not well established. FTEs near the magnetopause have been generally
accepted as signatures of reconnection (Russell & Elphic, 1979). Southwood (1987) put forward a model to
predict FTE signatures in the ionosphere, including (1) the fast moving newly opened flux, (2) an
upward/downward pair of FACs on the flanks of the newly opened flux, and (3) the twin flow cells driven
by the FACs. Some studies have searched for these signatures. For example, PMAFs (Fasel, 1995;
Lockwood et al., 1993 ; Sandholt et al., 1986) and ionospheric flow bursts (e.g., Moen et al., 2008; Oksavik
et al., 2004; Provan et al., 1998) have been suggested as signatures of FTEs. These studies were dominated
by the IMF By and Bz components (i.e., Bx was small), but the current paper focuses on a different situation
where IMF was dominated by the Bx and By components (i.e., Bz was small).

First, in Figure 3 the throat auroras in images (h) and (i) are the same feature, which moved poleward like a
PMAF. In literature, PMAFs are interpreted as the ionospheric signatures of FTE (Lockwood et al., 1993;
Sandholt et al., 1986). This can be regarded as the first evidence for throat aurora being associated with day-
side magnetopause reconnection presented in this paper.

Second, as depicted in the Vi observations in Figure 3, we observed small‐scale twin flow cells that were asso-
ciated with the throat auroras. Such flow cells are similar in shape and size with the model prediction of
Southwood (1987) of the ionospheric response due to a newly opened magnetic flux tube. In Figure 3 the
antisunward flow bursts were co‐located with the Ti enhancements, and were always observed west (dawn-
ward) of the corresponding throat auroras. The Southwood (1987) model suggests that a pair of
upward/dawnward FACs on the flanks of the newly opened flux tube drive the twin flow cells. The exterior
flow serves to move the adjacent flux out of the way of the central tube as it moves. On the flanks, the flux
actually moves antiparallel to the central flow and the central flow is antisunward. Because optical electron
auroras are associated with the upward FACs, we can regard the throat aurora as one of the flanks of the
newly opened flux tube. The antisunward flow bursts can be regarded as the central flow. We can also infer
that the middle of the counterclockwise flow cells should be coincident with the downward FACs. Thus, we
argue that the displacements between throat aurora and flow bursts observed in this paper are consistent
with the Southwood (1987) model as illustrated in Figure 1b and thus directly links throat aurora to expected
reconnection signatures.

We should make one important note. In previous studies of PMAFs and FTE signatures (e.g., Moen et al.,
2008; Oksavik et al., 2004) for small Bx (large By and Bz) the flow channels were elongated in the magnetic
east‐west direction and parallel to the aurora oval. In our work, for small Bz (and large By and Bx), the throat
aurora flow bursts were aligned in the magnetic north‐south direction and perpendicular to the aurora oval.

Davis and Lockwood (1997) predicted that, for a field‐aligned operation of the ESR, reconnection pulses will
be seen as enhancements in the electron concentration and temperature. Moen et al. (2004) and Skjaeveland
et al. (2011) showed that the PMAFs were associated with enhancements of Te and Ti. In Figure 4, the obser-
vations from ~08:39 to ~08:42 UT show that clear enhancements of Te and Tiwere observed associated with a
throat aurora. This provides further evidence for the throat aurora being associated with reconnection.

2). Agreement with a conceptual model of throat aurora

Observations show that the occurrence of throat aurora depends on factors either inside or outside the mag-
netosphere (Han et al., 2017). In order to explain these observational results, Han (2019) proposed a concep-
tual model of throat aurora, which suggests that an ionospheric polarization electric field in the dusk‐to‐
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dawn (east‐to‐west) direction plays a key role for the generation of throat aurora. Using a full particle simu-
lation, Tu et al. (2008) suggested that the usual E × B motion for single particle does not apply when the
mutual interaction (Coulomb force) between the ion and electron is considered. If an external electric field
is applied to a magnetized plasma, the ions and electrons will be separated to build a plasma sheath that
tends to shield the externally applied electric field (Tu et al., 2008). If the dusk‐to‐dawn electric field does
exist during the generation process of throat aurora, as proposed by Han (2019), the ions and electrons
involved will be spatially separated, with electrons to the east and ions to the west. It leads to the upward
and downward FACs that are always located east and west of the newly opened flux tube, just as observed
in the current paper. The relative location of the upward and downward FACs therefore supports the Han
(2019) model and is an important observational property of throat aurora.

3). First observation of the ionospheric responses of throat aurora

Although it has been confirmed that throat auroras correspond to magnetopause indentations (Han et al.,
2016, 2018) and have high occurrence rate (Han et al., 2017), many observational details of throat auroras
are still unclear.

Joule heating is one of the three important energy inputs into the Earth's ionosphere, along with extreme
ultraviolet radiation and particle precipitation (McHarg et al., 2005). The local Joule heating rate is essen-
tially decided by the intrinsic electric field. For the throat auroras, the small‐scale flow cells as indicated in
Figure 3 were suggested to be associated with small‐scale electric fields in the ionosphere (Southwood, 1987).
The contributions to Joule heating of small‐scale electric field in the ionosphere can be more than a factor of
2 greater than the mean field contribution regardless of geomagnetic conditions, and at times even larger
(Hurd & Larsen, 2016). Therefore, we believe that the local Joule heating effects in Figures 3 and 4 were
linked to small‐scale electric fields, which demonstrates that throat auroras could play an important role
for thermospheric heating in the cusp (Lühr et al., 2004).

We also observed clear ion upflow associated with the throat aurora in Figure 4. The Joule heating and soft
particle precipitation have been suggested as energy sources driving both ion upflow and neutral upwelling
in the topside ionosphere (Lühr et al., 2004; Moen et al., 2004; Ogawa et al., 2003; Skjaeveland et al., 2011;
Strangeway et al., 2005; Yau et al., 1985). Ogawa et al. (2003) found that soft particle precipitation triggers
ion upflow in the open field line regions of the high‐latitude dayside ionosphere. Moen et al. (2004) found
one‐to‐one correspondences between upflows and PMAFs. Throat auroras are caused by soft particle preci-
pitation from the magnetosheath (Han et al., 2016) and display properties similar to PMAF (Chen et al.,
2017). So it is not surprising to observe ion upflows associated with throat aurora as shown in Figure 4.

The current study focuses on revealing the observational characteristics of the ionospheric response asso-
ciated with throat aurora, so we will not discuss the generation mechanisms any further. However, these
observational results are themselves indispensable for a systematic understanding of throat aurora.

5. Conclusions

A unique experiment for the ESR for the first time documented a close phenomenological relationship
between ionospheric variations and throat aurora. These results provide clear evidence that throat aurora
is associated with expected signatures of magnetopause reconnection events. In addition, our results are con-
sistent with the throat aurora model of Han (2019). These results are indispensable for fully understanding
the generation processes of magnetopause indentations and their resultant ionospheric responses.
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