
1. Introduction
Geomagnetic field and plasma convection on Earth are strongly affected by interplanetary (IP) shocks and solar 
wind dynamic pressure pulses [Pdyn] (e.g., Boudouridis et al., 2007; Yue et al., 2010). After the IP shock hits the 
magnetosphere, the magnetopause moves inward, toward the Earth and the eastward magnetopause current inten-
sifies rapidly as a result of this prompt compression (Araki, 1994). In consequence, the horizontal component 
of the geomagnetic field in low and mid-latitudes typically responds with an abrupt increase due to an enhanced 
eastward magnetopause current. This sudden increase in the horizontal component of the geomagnetic field on 
the dayside is referred to as an sudden impulse (SI) event with a precise onset time (Araki, 1994). In compari-
son with their clear stepwise signatures in the lower latitude regions, SI-associated geomagnetic disturbances at 
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the high latitudes are predominantly caused by more complex physical phenomena. Depending on the ground 
magnetic bipolar signature at auroral latitudes, the geomagnetic perturbation at high latitudes can be decomposed 
into a preliminary impulse (PI) and subsequent main impulse (Araki, 1994).

Early experimental results using Very Low Frequency (VLF) receivers and high-frequency (HF) Doppler sound-
ers in the high-latitude region revealed that SI-associated phase anomalies are observed during the night with 
relatively lower solar and geomagnetic activities (Kikuchi et al., 1986). In addition, the IP shock compression 
enhances the magnetic reconnection process at the dayside magnetopause and nightside magnetotail (Boudouridis 
et al., 2004, 2007, 2008; Zhou et al., 2003). As a result of an external force, plasma bound to magnetic field lines 
circulates with reconnected field lines in the magnetosphere, which speeds up the transmission of energy (Ilie 
et  al.,  2010). Simulation result also reveals an intensification of high-latitude horizontal 𝐴𝐴 ⃖⃖⃗𝑬𝑬 × ⃖⃖⃗𝑩𝑩 plasma drift 
velocity following an IP shock compression (Slinker et al., 1999).

The IP shock interacting with geospace affects the ionosphere via a highly coupled magnetosphere-ionosphere 
system. The ground-based Global Positioning System (GPS) observations suggest that the entire equatorial and 
mid-latitude dayside ionosphere can be uplifted by significantly increasing the electron content (and densities) at 
altitudes greater than 430 km (Tsurutani et al., 2004). Using the ground-based digisonde from the global iono-
spheric radio observatory, Zong et al. (2010) examined two IP shock-associated ionospheric response events. The 
study reported that the ionospheric plasma in the equatorial regions moves up and downward under the southward 
and northward IMF conditions, respectively. In middle and high-latitudes, total electron content (TEC) estimated 
from wide distributed Global Navigation Satellite System (GNSS) receivers showed an enhancement in plasma 
along the dawn and dusk sectors of the auroral oval (Jin et al., 2016). Coordinated observations from the global 
GNSS receiver network reveal a prompt and intense ionospheric TEC in response to the IP shock. In addition, 
GPS receiver data at the Canadian High Arctic Ionospheric Network shows an enhancement in TEC observations 
following compression of the magnetosphere in response to a sudden increase in solar wind dynamic pressure 
(Jayachandran et al., 2011). A study by Jayachandran et al. (2011) suggested that PI shock-driven TEC enhance-
ment is attributed to the F-region increased electron density due to particle precipitation. TEC provides quantita-
tive estimates of the ionospheric volume electron content associated with the IP shock impingement, it is unable 
to depict the ionospheric electrodynamics and convection. In this study, we aim to show the transient response 
of ionospheric electrodynamics following an IP shock near the polar cusp and auroral ionosphere. In addition, 
we also present the vertical and horizontal plasma convection in response to an external IP shock and infer their 
drivers. The scientific merit of the study lies in the fact that it provides insight into the magnetosphere-ionosphere 
system and its response to external perturbed solar wind plasma forcing during an increase in Pdyn.

In this study, we primarily examine the effects of the IP shock on the polar cusp ionosphere. Specifically, we 
observe the three-dimensional motion of the polar ionosphere and its spatiotemporal evolution in response to the 
IP shock event using Super Dual Auroral Radar Network (SuperDARN) radars and a digisonde located at the 
ZHO station in Antarctica. The location of ZHO digisonde makes it optimal to observe the dynamics of the cusp 
ionosphere near magnetic noon. Convection maps and ionograms obtained from the SuperDARN radars and the 
ionosonde, respectively, are analyzed to understand the dynamics of polar ionospheric plasma motion following 
the IP shock and their drivers.

2. Instrumentation and Data Set
Data from the WIND satellite, located upstream of the dayside magnetopause (Lepping et al., 1995), provides 
information about the solar wind plasma conditions. Using the geomagnetic SYM-H index, we can describe the 
associated global geomagnetic variations caused by external solar wind forcing.

The ionospheric drift motion over ZHO was obtained from digital ionosonde (digisonde) observations. Figure 1 
presents the location of the ZHO station (geographic coordinate: 69.4°S, 76.4°E). The digisonde at ZHO is 
a vertical radar that uses HF (3–30 MHz) radio waves to remote sense the ionospheric plasma density struc-
tures, irregularities (Reinisch et al., 2009), and vertical apparent motion of the plasma. ZHO digisonde uses the 
near-vertical sounding technique to measure backscatter echoes from the ionospheric plasma density structures. 
In addition, a digisonde measures the Doppler frequency shifts to measure the line-of-sight (LoS) Doppler veloc-
ity for individual echoes. With the help of the elevation look angle of the system, virtual height models, and least 
square fitting, we can decompose the observed LoS Doppler velocity to its vertical and horizontal components 
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(e.g., Chen et al., 2022). ZHO digisonde currently operates with the following parameter set frequency range of 
0.5–9.5 MHz and has height, Doppler, and temporal resolutions of 2.5 km, 0.1302 Hz, and 5 min (Liu et al., 1997). 
A full scan of vertical sounding can be displayed as ionograms and skymaps. Assuming the ionosphere height of 
the radio wave from the digisonde is 300 km, the Skymap area scanned by the digisonde extends from ∼73.5° to 
∼76.5° magnetic latitude (MLAT) (Liu & Zhu, 1999). The ionogram and skymap provide insight into the local-
ized variations in ionospheric plasma structures. ZHO is situated right beneath of the auroral oval on the dayside 
sector, and close to the poleward boundary of the oval or in polar cap region on the nightside sector, as illustrated 
in Figure 1. Therefore, digisonde observations allow us to study the dynamics of the cusp ionosphere in response 
to changes in the solar wind.

To characterize ionospheric horizontal convection in response to the IP shock impingement, we analyzed the 
fitacf-level LoS observations from SuperDARN ZHO and McMurdo (MCM) HF radars. In addition, we have 
used map-level SuperDARN convection summary maps, generated using observations from multiple radars, to 
examine the ionospheric plasma dynamics. SuperDARN is an international collaboration of HF radars and oper-
ates between 8 and 20 MHz, distributed mainly from mid-to high-latitude to probe the upper atmosphere and 
ionosphere (Chisham et al., 2007; Greenwald et al., 1995; Nishitani et al., 2019). SuperDARN ZHO radar consists 
of two radar channels, which can transmit and receive signals independently but share the same hardware system 
(Hu et al., 2013; Liu et al., 2012). The Fields-of-View (FoV) of the SuperDARN radar located at MCM station is 
oriented such that the geomagnetic pole lies in the middle of the radar FoV (Bristow et al., 2011). FoVs of both 
SuperDARN HF radars is presented in Figure 1. We can see that the orientation of the MCM radar provides a 
substantial overlap with the FoV of the ZHO radar. The dashed line in the FoV of ZHO and MCM radars indicates 
beam 7 and beam 4 of the radars, respectively. SuperDARN backscattered Doppler echoes, which are primarily 

Figure 1. The field-of-view of the Super Dual Auroral Radar Network radars is located at the ZHO and McMurdo (MCM) 
stations in the southern hemisphere. Concentric circles indicate magnetic latitude (in intervals of 10°), and radial lines 
indicate magnetic local time (at intervals of 3 hr). The beams 7 and 4 of the ZHO radar and the MCM radar are plotted, 
respectively, to illustrate the spatial extent of radar look direction near noon. The blue plus (+) sign on the ZHO station 
represents the digisonde.

 21699402, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030565 by T
est, W

iley O
nline L

ibrary on [26/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

LIU ET AL.

10.1029/2022JA030565

4 of 14

backscatter from field-aligned plasma irregularities (Lester et al., 2004), are used to derive backscatter power, 
LoS Doppler velocity, and spectral width parameters. In particular, such conjunctive observations by these three 
remote sensing instruments obtain the transient ionosphere response to the external solar wind forcing. Besides 
these two radars, we have used data from five other SuperDARN radars to build the summary convection maps to 
analyze switching in horizontal convection velocity following the SI impingement.

In addition, the relative ionospheric opacity meter, or riometer, offers a routine ground-based method for monitor-
ing moderately energetic particle precipitation (Little & Leinbach, 1959). We also use the ionospheric absorption 
measurement from a riometer at Yellow River station in Northern Hemisphere Svalbard, which is magnetically 
conjugate to the ZHO. To verify the geomagnetic response to the approaching IP shock prompt compression to 
the magnetosphere, observations by five fluxgate magnetometers distributed from high latitude to low latitude 
were examined.

3. Observational Results
This section discusses the observations obtained from the digisonde and SuperDARN radars on 16 June 2012. As 
a first step, we present IMF and solar wind conditions from the WIND satellite as well as information about their 
effects on the geospace from ground-based magnetometers located from the equator to southern high latitudes. 
Additionally, we present the ionospheric vertical plasma motion as observed by the ZHO digisonde, as well as 
a change in the horizontal LoS Doppler velocity as observed by the SuperDARN ZHO and MCM radars during 
the PI of the SI. Finally, we present the global scale plasma convection summary maps to demonstrate the global 
scale ionospheric plasma motion in response to the IP shock.

3.1. The IP Shock and the Associated Geomagnetic Disturbance

IMF and solar wind plasma parameters between 08:00 and 10:00 UT, measured by the WIND satellite, located 
between the Sun and Earth at (227RE, −99RE, 20RE) in GSM coordinate system, are presented in Figure 2a. The 
temporal resolutions of the IMF and solar wind plasma data are 16-s and 64-s, respectively. The top three panels 
in Figure 2a display the total IMF Bt, Bx (in black) and By (in red), and Bz components in the GSM coordinate, 
respectively. Before 09:02 UT, the IMF was relatively stable, which resulted in a relatively stable interplanetary 
(IP) environment. IMF Bx remains steady, weak, and anti-sunward for the entire period before 09:02 UT. IMF By 
indicates a sudden and rapid increase and then becomes positive at 09:02 UT and afterward. In addition, IMF Bz 
shows a relatively small increase in magnitude following a sudden fluctuation around zero. These sharp fluctu-
ations in IMF By and Bz components resulted in a sudden increase of Bt, as shown in the top panel of Figure 2a.

In Figure 2a, the bottom three panels present parameters of the solar wind plasma, including number density Nsw, 
solar wind velocity Vsw, and dynamic pressure Pdyn, for the same time interval as the IMF parameters. In addition, 
the solar wind plasma parameters were also stable before 09:02 UT with a relatively low Nsw (4/cc) and a nearly 
constant plasma speed of 300 km/s. The WIND satellite, however, recorded a noteworthy change in Nsw from 
4/cc to 11/cc and in Vsw from 300 to 400 km/s at ∼09:02 UT. As a result of the variations in these two plasma 
parameters, solar wind Pdyn increased immediately from 0.5 to 3 nPa, as shown by the vertical red dashed line in 
Figure 2a. These are characteristic features of a fast-forward IP shock approaching the geospace.

In Figure  2b, the six panels from top to bottom depict the horizontal components of the geomagnetic field 
recorded by five different ground-based magnetometers and the SYM-H index between the time interval of 
09:30–10:30 UT, that is, during the IP shock passage. Magnetometers are listed according to their magnetic lati-
tude in descending order. The associated MLAT and MLT (magnetic local time) information for each magneto-
meter observatory is provided in panels of Figure 2b. Note that the geomagnetic field data has a one-minute 
temporal resolution. The SYM-H index in the bottom panel shows that the approaching IP shock arrived at the 
dayside magnetopause at ∼09:56 UT, which indicates that the IP shock propagated almost 54 min to reach near 
Earth's space from the location of the WIND at 09:02 UT. As a result of the intensified eastward flow of magne-
topause current following an IP shock, a typical SI was triggered as indicated by the sudden enhancement of the 
SYM-H index. It can be seen that the vertical dashed line indicates SI onset. From the analysis of the SYM-H 
index variations, we found that the SI magnitude shifted from ∼8 to ∼35 nT (depicting a sudden rise of about 
27 nT) following the IP shock. As the SYM-H reached its maximum at ∼10:01 UT, it dropped slightly, followed 
by a moderate decline, and remained steady at 27 nT during the period under consideration.
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Figure 2. (a-1–6) IMF and solar wind plasma conditions between 08:00 and 10:00 UT on 16 June 2012. From top to 
bottom panels present IMF total Bt, Bx and By, Bz, number density Nsw, velocity Vsw, and dynamic pressure Pdyn in the GSM 
coordinate. (b-1–5) Geomagnetic field variations observed by ground-based magnetometers distributed from high latitude 
to low latitude [ZHO, Mawson (MAW), Port-aux Francias (PAF), Hermanus (HER), Addis Ababa (AAE)], and (b-6) 
Geomagnetic SYM-H index. The vertical dashed lines in panels (a) and (b) indicate the interplanetary shock and the sudden 
impulse onset, respectively.
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As described above, the impact of the IP shock on Earth's space causes a global electromagnetic response in 
Earth's geomagnetic fields and plasma environment. Magnetometer observations presented in Figure 2b demon-
strate the presence of geomagnetic perturbations in the horizontal components of the magnetic field following 
SI onset. The measurements of the geomagnetic field obtained from low latitude magnetometers in the southern 
hemisphere, such as the AAE and HER stations, show an apparent stepwise increase in the horizontal component. 
Observations made simultaneously by magnetometers located at high latitudes revealed rapid oscillations. PAF 
observations at the subauroral latitude demonstrate a positive pulse preceding SI onset, followed by a negative 
pulse. In contrast, observations made from magnetometers situated at auroral latitudes indicate complex fluctu-
ations in the geomagnetic field. There was a slight decline in field strength measured at the two magnetometers 
(ZHO and MAW), followed by a sudden increase near the magnetic noon.

3.2. Cusp Ionosphere Vertical Motion and Associated Plasma Convection

In this subsection, we discuss the impact of IP shock on the polar ionosphere observed by ZHO digisonde and 
SuperDARN HF radars. In Figure 3, we depict the time evolution of the ionospheric vertical drifts, electron 
density profiles, and the evolution of the E layer ionization as observed by the ZHO digisonde. Figures 3a–3c 
present skymaps before, during, and after the IP shock reaches the geospace. Panels show Doppler frequency 
shifts, which depict plasma drift motions, observed using ZHO digisonde and color-coded by the color bar on 
the right. Specifically, blue and red represent motion toward (blueshift) and away (redshift) from the digisonde, 
respectively. Based on the zenith and azimuth look angle we extracted vertical (Vz) plasma drift velocity compo-
nents in m/s. These estimates and associated uncertainties are provided in each panel. Figures 3d–3f present 
ionospheric electron density profiles in the form of an ionogram. The left, middle and right panels display the 
density profiles before, seconds after, and minutes after the IP shock arrival, respectively. The scaled parameters, 
namely, plasma frequency of the F1-layer (foF1), plasma frequency of the F2-layer (foF2), plasma frequency of 
the E layer, and height of the E layer are provided. These parameters are also labeled by vertical and horizontal 
lines in each panel. Figure 3g presents the time evolution of scaled parameters, namely, foEs (in red) and h′Es (in 
blue), from the ionograms. The SI onset time is marked by the vertical black dashed line.

Following the impingement of the fast-forward IP shock, the vertical plasma drift velocity, presented in 
Figures 3a–3c, shows a rapid change in direction and magnitude. Before the IP shock arrival skymap shows 
(Figure  3a) a relatively quiet background with nearly zero average Doppler frequency shifts, representing a 
mean zero vertical velocity. Seconds after the shock arrival we see sudden enhancement in vertical Doppler 
motion reaching an average velocity of ∼246 m/s, depicting a sudden apparent downward movement of the iono-
sphere (Figure 3b). Figure 3c presents a depression in vertical Doppler motion reaching an average velocity of 
∼−154 m/s, depicting a sudden apparent upward motion of the ionosphere that lasts less than 3-min (scan time 
of the Digisonde). However, Digisonde observed a mixture of upward and downward Doppler frequency shifts 
appearing in the off-zenith area in its field of view, suggesting a change in ionospheric propagation condition that 
is beyond the scope of this study. In conjunction, the ionograms presented in the middle row provide reasoning 
behind the sudden downward motion in response to the IP shock. Figure 3d presents the plasma density profile 
with auto-scaling parameters as follows: foF1 = 2.7 MHz and foF2 = 5.7 MHz. Figure 3e presents the density 
profile 2-min after the impingement that shows a presence of Es-layer with foEs = 3.8 MHz and a reduction 
in backscatter echoes. Figure 3f shows the density profile 5 min after the impingement, where we can see the 
persistent Es-layer with foEs = 3.8 MHz and the reappearance of backscatter echoes. Finally, the time-series plot 
presented in Figure 3g shows an existing Es-layer around 130 km with an effective plasma frequency of 2.5 MHz, 
before the impingement. Following the IP shock, we see a strong Es-layer with foEs = 3.8 MHz at relatively lower 
altitudes ∼110 km.

IP shock drives magnetohydrodynamic waves that transform the magnetosphere into a new compressed 
steady-state configuration to balance with the increased solar wind pressure. A sudden change in the magnetic 
field geometry associated with SI results in perturbed VLF chorus wave activity, which could give rise to this 
enhanced energetic electron precipitation along the magnetic field lines (Gail et al., 1990; Zhou et al., 2015). 
To validate the HF absorption following the SI onset we present the number echoes from the SuperDARN ZHO 
radar and HF absorption observations from the Yellow River station in Svalbard, which is magnetically conjugate 
to the ZHO station, in Figure 4. The red vertical lines in panels represent the SI onset time (09:56 UT). We see 
a sudden dip in the number of backscatter echoes and a jump in riometer HF absorption following the SI onset. 
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Figure 3.
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The observations suggest an enhancement in ionospheric HF absorption phenomena (Chakraborty et al., 2018; 
Chakraborty, 2021; Chakraborty, Bake, et al., 2021; Fiori et al., 2018) driven by energetic particle precipitation 
following the SI onset. We observe an early response in SuperDARN with respect to the riometer and show a 
delay before reaching a maximum drop in backscatter count. Primarily the delay can be attributed to ionospheric 
sluggishness, which is an inertial property of the ionosphere that manifests as a lag of the ionospheric response 
to a solar driver (Chapter 4 of Chakraborty, 2021). Previous studies have shown that as SuperDARN operates 
at much lower frequencies and traverses twice (four) times through the ionosphere, it is more sensitive to HF 
absorption than the riometer (Chakraborty et al., 2018; Fiori et al., 2018).

Ionospheric horizontal plasma motion (convection maps) was obtained from SuperDARN radar observations. 
As described above, we first present the observations from SuperDARN ZHO and MCM radars, which show the 
evolution of the LoS Doppler measurements throughout this IP shock passage by the magnetosphere. During the 
SI disturbance, ZHO radar has the advantage of monitoring longitudinal plasma flow around the convection  throat 
region between 12 and 14 MLT (centered around 12 MLT) near the dayside cusp region at the convection bound-
ary, while MCM radar provides the approximate latitudinal sunward and antisunward flow observational results. 
Figure 5 shows the range-time-intensity (RTI) plots of the LoS Doppler velocity from representative beams of 
these two radars mentioned in the upper-left of each panel. The LoS Doppler velocity in the panels of Figure 5 is 

Figure 3. (a–c) Skymaps showing Doppler frequency shift associated with the vertical and horizontal plasma drift motion, observed by the ZHO digisonde at 09:48, 
09:56, and 10:03 UT. Frequency shifts due to plasma drift motions toward or away from the digisonde are color-coded by blue or red, respectively. Mean vertical (Vz) 
Doppler velocities are provided in each panel with associated standard error. (d–f) Ionograms showing electron density profile at 09:52, 09:58, and 10:00 UT, overhead 
ZHO station. The scaled profile is also shown in each panel by red dotted markers. Scaled parameters, foF2, foF1, foEs, and h′Es are marked by vertical red, magenta, 
blue, and horizontal dark blue lines, respectively, and their values are provided in each panel. (g) Variations of sporadic E layer's frequency (foEs in red) and associated 
height (h′Es in blue) with respect to sudden impulse (SI) onset. The SI onset time (∼9:56 UT) corresponds to the middle panels of the top two rows and is marked by the 
vertical black line in panel (g).

Figure 4. (a) Super Dual Auroral Radar Network backscatter echo counts from ZHO radar. (b) Ionospheric high-frequency 
absorption data was observed using Yellow River Riometer data located at Svalbard. Vertical red lines in panels (a) and (b) 
represent sudden impulse onset at 09:56 UT.
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color-coded by the color bar on the right, indicating the plasma flow toward (blueshift) and away (redshift) from 
the radar station, respectively.

We see a sudden change in LoS Doppler velocity magnitudes and directions in both radars. Before the IP shock 
arrival denoted by the vertical dashed line, ZHO radar observed a strong LoS plasma motion toward the ZHO 
station reaching over 800 m/s, suggesting a typical westward return flow toward the convection throat region 
near magnetic local noon (12 MLT). However, after the impingement induced by the fast forward IP shock, LoS 
Doppler velocity immediately switched its direction from westward to eastward. Note that this flow reversal lasts 
about ∼6 min, from 9:56 to 10:02 UT, following a ∼4 min of pre-reversal/pre-SI onset flow pattern. Finally, the 
convection flow became eastward and remained for the rest of the plot period. LoS ionospheric plasma flow 
velocity measured by the SuperDARN MCM radar also shows a similar flow reversal. Just after the SI onset, 
meridional plasma flow, specifically irregularities from far range gates, changes its direction from antisunward 
flow to sunward flow for a brief period. Observations from both radars, presented in Figure 5, suggest a flow 
reversal following the IP shock.

To get the large-scale ionospheric convection shape, Figure 6 displays three sequences of global-scale convection 
patterns in the southern hemisphere obtained using observations from 7 radars operating during the period under 
consideration. The convection flow direction of each panel, near the polar cusp ionospheric convection throat, is 
marked by black lines. Localized convection at 09:54 UT showed strong return flow in the early postnoon sector, 
which was denoted by reddish dots in the left panel. The convection pattern is consistent with the general twin 
convection cells pattern in dawn and dusk. During the initial compression state, as shown in the middle panel of 
Figure 6, the magnitude of plasma flow around the convection throat region reduced dramatically, as indicated 
by a few black dots with a flow speed of less than 200 m/s. Simultaneously, plasma flow in the central polar cap 
reversed from antisunward to sunward, forming localized counterclockwise convection cells. Large-scale iono-
spheric convection pattern recovered to two cells pattern with antisunward polar cap flow as shown in the right 
panel of Figure 6. We speculate this change observed in horizontal convection flow is driven by the change in the 
dawn-to-dusk electric field following the IP shock.

4. Discussion
This study examines the polar ionospheric transient responses to the IP shock on 16 June 2012. We analyzed the 
data from ground-based instruments. In our study, we observed a geomagnetic SI caused by the passage of the 
IP shock, which suggests that the IP shock signature observed on the dayside sector extends from the equator to 

Figure 5. Super Dual Auroral Radar Network range-time-intensity plots showing line-of-sight Doppler velocity from beam 
7 of ZHO and beam 4 of McMurdo radars. LoS Doppler velocities are color-coded according to the scales on the right. The 
vertical dashed lines represent the sudden impulse onset time.

 21699402, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030565 by T
est, W

iley O
nline L

ibrary on [26/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

LIU ET AL.

10.1029/2022JA030565

10 of 14

Figure 6.
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southern high latitudes and in the geomagnetic SYM-H index. Observations indicate a thick E region ionization 
at an altitude of approximately 110 km with an apparent ionospheric downward motion. In addition, we found a 
sudden ionospheric convection reversal observed by the SuperDARN HF radars right after the SI onset.

Following an IP shock passage, a sudden compression of the magnetopause results in a change in the configu-
ration of the magnetic field lines within the magnetosphere. The variations in the magnetic field following the 
arrival of the IP shock indicate that IP shock compression promotes more homogeneous background magnetic 
field configurations in the near-equatorial dayside magnetosphere. In a study by Zhou et al. (2015), it was found 
that the threshold of nonlinear whistler-mode chorus wave growth inside the magnetosphere is likely to be reduced 
following of the IP shock, which favor chorus wave generation. Due to the intensified wave-particle interaction, 
more energetic particles inside the loss cone along the magnetic field lines flow into the polar latitude ionosphere 
(D, E, and F-regions) following an IP shock (Fu et al., 2012; Liu et al., 2015; Shi et al., 2012; Zhou et al., 2003).

Previous research by MacDougall and Jayachandran  (2005) has indicated that Es occurrence is based on the 
convergence effects on ionization of electric fields. In addition, the study suggests that an existing Es layer can 
drop to ∼110 km from ∼130 km following a sudden change in the electric field. The study also suggests that verti-
cal velocity can be attributed to the sudden change in the electric field. Following Kirkwood and Nilsson (2000), 
we understand the drift-convergence mechanism can create Es-layer. Motion of ions in the high and polar lati-
tudes govern by the electric fields, natural winds, and ambipolar diffusion. In drift-convergence mechanism, the 
downward vertical ion motion following a sudden change electric field can form an Es layer around 110–130 km. 
In a study, Kirkwood and von Zahn (1991) found a weak layer at 125 km, which could be explained by E-field 
drift-convergence of molecular (NO +, 𝐴𝐴 O

+

2
 ) ions, and Kirkwood and von Zahn (1992), using the EISCAT (Euro-

pean Incoherent Scatter Scientific Association) Tromsø UHF (Ultra High Frequency) radar, reported a weak layer 
at 120 km which could be explained by a strong NW directed E-field gathering metallic ions.

A notable observational signature of this cusp ionosphere response to the IP shock impingement includes a brief 
downward horizontal plasma motion recorded by the digisonde at ZHO (see Figure 3). This motion lasted for 
about 3–6 min. To our knowledge, this type of high-latitude transient cusp ionosphere vertical motion is not been 
previously reported. According to Zong et al. (2010), the equatorial dayside ionosphere shows upward (down-
ward) motion depending on the upstream component of the IMF turning southward (northward). The middle 
and high latitude ionospheres have seen an increase in TEC following an IP shock, which is thought to be asso-
ciated with intensified energetic particle precipitation. The magnetosphere-ionosphere convection mechanism 
is controlled by both electric and magnetic fields (Tanaka, 2007). This vertical plasma motion identified in the 
HF spectrum may be due to two mechanisms: (a) an apparent downward movement of the ionosphere due to an 
increase in ionospheric density, and (or) (b) a change in ionospheric vertical motion related to a change in the 
magnetospheric electric field. Previous studies have found that HF radars do observe a sudden increase in down-
ward vertical motion of the ionosphere which is primarily contributed by the change in the ionospheric refractive 
index following a sudden ionospheric density enhancement (Chakraborty et al., 2018, 2019; Chakraborty, Qian, 
et al., 2021; Fiori et al., 2018).

The SuperDARN ZHO radar measured plasma flow in early post noon was immediately reversed from strong 
westward to apparent eastward just after the SI onset, while central polar cap flow reversal from antisunward to 
sunward was also observed simultaneously by MCM. Both SuperDARN radar observations imply that a certain 
field aligned current (FAC) current formed instantly associated with the IP shock-driven sudden compression to 
the magnetosphere (Bristow & Lummerzheim, 2001). The SI model of Araki (1994) indicates that the FAC enters 
the polar ionosphere in the post noon sector during the PI stage. It is expected that a convection vortex induced by 
downward FAC should be observed in the post-noon sector. The dusk side polar ionospheric convection pattern 
is shown in Figure 6 as a large-scale clockwise cell before the arrival of the IP shock. In the immediate aftermath 
of the SI onset, a small convection cell formed in the post noon sector close to MLT-noon denoted by the dark 
black line, which is most likely initiated by a downward FAC that formed during the PI stage. A similar SI-related 
observation of plasma flow reversal with a counterclockwise convection vortex was reported previously (Liu 

Figure 6. Super Dual Auroral Radar Network ionospheric convection patterns between 09:54 to 10:04 UT. Fitted map velocity vectors are also shown inside each panel 
and color-coded by the color bar on the left. The dot at the end of the vector represents the starting location of the velocity vector. Panels have a time cadence of 4-min. 
Estimated cross polar-cap potential (CPCP, Φpc), Heppner-Maynard boundary (ΛHM), number of radar (Nrads), and gridded vectors used for convection mapping are 
provided in each panel. IMF condition for the 2-min window is presented in the top right corner. The thick black line near the 12-MLT convection boundary represents 
the direction of the effective velocity vector.
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et al., 2011). According to Liu et al. (2011), this change in convection flow is associated with a downward FAC 
that forms during the PI stage of the SI.

The ionospheric current for the PI is caused by a dusk-to-dawn electric field transmitted to the polar ionosphere 
from the compressional wavefront propagating in the dayside magnetosphere (Araki,  1994). As illustrated in 
Figure 7, the schematic diagram shows the geometry associated with induced plasma drift in the meridional plane 
looking from the dusk to dawn sector. The coordinates are shown as low and high latitudes marked by equator-
ward and poleward, respectively. The contour plot of the magnetic inclination angle suggests the steepness of 
magnetic field lines over the FoV of the SuperDARN ZHO radar. Note that most of the observations from ZHO 
radar being confined to less than 40 range gates which are associated with an average inclination angle ≥75° (refer 
to Figure 7). The schematic diagram for interpreting such dusk-to-dawn electric field-induced vertical downward 
motion shows the 𝐴𝐴 ⃖⃖⃗𝑬𝑬 × ⃖⃖⃗𝑩𝑩 drift perpendicular to the local magnetic field lines. Since the cusp magnetic field lines 

are somewhat oblique toward dayside, northward 𝐴𝐴 ⃖⃖⃗𝑬𝑬 × ⃖⃖⃗𝑩𝑩 drift shown as a red vector has the downward component 
along the vertical direction (short upward blue vector). Such a schematic illustration depicts - PI-induced prompt 
dusk-to-dawn electric field-driven downward plasma motion as observed by the digisonde at ZHO. This diagram 
explains the observational results shown in this event. We suggest that the transient vertical downward compo-
nent due to the projection of the 𝐴𝐴 ⃖⃖⃗𝑬𝑬 × ⃖⃖⃗𝑩𝑩 drift is mainly responsible for decreasing the ionospheric irregularities to 
lower altitude and thus leading to the cusp ionosphere's brief downward motion. A modeling study is required to 
fully verify the physics behind the downward motion of the ionosphere and horizontal convection flow reversal 
observed by the SuperDARN radars.

5. Conclusions
As a geographical frontier toward the sun's direction, the polar cusp ionosphere is the first to react to the interac-
tion between the solar wind and the magnetosphere. Thus, it is reasonable to anticipate that the polar cusp iono-
sphere will be significantly perturbed by the approaching IP disturbances. We study the transient response of the 
polar cusp ionosphere to external solar wind driving by examining the cusp ionospheric variations driven by an 
IP shock. We use observations from the Antarctic ZHO station and SuperDARN radars deployed in the southern 
hemisphere to analyze the effect and impact of the IP shock. Specifically, we found:

1.  a brief vertical downward plasma motion and sudden appearance of a thick E region ionization around the 
noon MLT sector;

2.  an increase in HF absorption observed by ZHO SuperDARN radar and riometer located at Yellow River, 
Svalbard station;

3.  an associated horizontal convection reversal was also observed by ZHO and MCM SuperDARN radar and in 
the SuperDARN convection maps.

Figure 7. (a) Contour plots of magnetic inclination angle overlaid on FoV of the Super Dual Auroral Radar Network ZHO station, and (b) schematic illustration of the 
geometry for the downward motion associated with dusk-to-dawn electric field induced 𝐴𝐴 ⃖⃖⃗𝑬𝑬 × ⃖⃖⃗𝑩𝑩 drift in the meridional plane. Dusk-to-dawn electric field 𝐴𝐴 ⃖⃖⃗𝐸𝐸 was denoted 
by the circled cross sign.
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We also found the sudden appearance of the thick E region ionization and increase in ionospheric HF absorption 
are associated with the SI-driven electric field change, while the brief vertical drift in the ionosphere might be 
contributed by the change in the magnetospheric electric field. By examining the observations and comparing 
them with the SI model predictions of Araki  (1994), we suggest that the rapid dusk-to-dawn electric field 
formed following the IP shock impingement plays a significant role in controlling cusp ionospheric transient 
dynamics.

The present study was conducted using data from the instruments deployed in the southern hemisphere. The 
conjugate phenomenon is expected to have implications in the northern hemisphere, which will require further 
examination and modeling.

Data Availability Statement
The SuperDARN radar data is from Virginia Tech (http://vt.superdarn.org/tiki-index.php). All other datasets and 
codes used in this study are linked on the GitHub page. We are grateful to SuperDARN PIs for sharing their data. 
SuperDARN is a collection of HF radars funded by national scientific funding agencies of Australia, Canada, 
China, France, Japan, Norway, South Africa, the United Kingdom, and the United States of America. Those lower 
latitude magnetometer data were obtained from INTERMAGNET (https://www.intermagnet.org/). The majority 
of analysis and visualization was completed with the help of free, open-source software tools such as matplot-
lib (Hunter, 2007), IPython (Perez & Granger, 2007), pandas (McKinney, 2010), and others (e.g., Millman & 
Aivazis, 2011). Our code and data are published in GitHub and Zenodo repositories (Chakraborty, 2022).
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