
Conjugate Ionospheric Response to Dayside Reconnection in
Both Hemispheres
Duan Zhang1 , Q.‐H. Zhang1,2 , Kjellmar Oksavik3,4 , M. Lockwood5 , Jia‐Chen Zhao2,
Jiao‐Jiao Zhang1 , Bian‐Long Zhao2 , Xiang‐Yu Wang1 , Yong Wang2 , Yu‐Zhang Ma2 ,
Zan‐Yang Xing2, Jin Wang1 , and Ling‐Xin Zhao2,6

1State Key Laboratory of Solar Activity and SpaceWeather, National Space Science Center, Chinese Academy of Sciences,
Beijing, China, 2Shandong Key Laboratory of Space Environment and Exploration Technology, Shandong University,
Weihai, China, 3Department of Physics and Technology, University of Bergen, Bergen, Norway, 4Arctic Geophysics,
University Centre in Svalbard, Longyearbyen, Norway, 5Department of Meteorology, University of Reading, Reading, UK,
6School of Integrated Circuits, Shandong University, Jinan, China

Abstract Magnetic reconnection, the dominant process responsible for energy and plasma transport into the
magnetosphere, influences plasma circulation in the Earth's polar ionospheres. However, the conjugate response
in the two polar ionospheres is not well documented. In this work, based on a case study analysis on 11 February
2004, we used a combination of EISCAT and Super Dual Auroral Radar Network radars in the Northern and
Southern Hemispheres to investigate the one‐to‐one ionospheric response to dayside magnetic reconnection in
the two hemispheres under a southward interplanetary magnetic field. A series of flux transfer events generated
by magnetic reconnection enhanced the throat convection and voltage in the polar regions. The observations
suggest that newly opened magnetic flux tubes in the summer hemisphere moved faster toward the polar cap
than in the winter hemisphere due to dayside magnetic reconnection. This hemispheric asymmetry may be due
to factors such as magnetic reconnection kink degree, the coverage of radar echoes.

1. Introduction
Magnetic reconnection on the dayside magnetopause is a fundamental plasma process in the solar wind‐
magnetosphere‐ionosphere coupling of high relevance for magnetic storms and substorms (Dungey, 1961;
Mozer & Pritchett, 2010). It refers to the process where magnetic field lines with opposite direction components
approach each other, generating a thin current sheet. The magnetic field topology changes, and the magnetic field
energy is converted into plasma thermal energy, kinetic energy, and high‐energy particle acceleration. This is one
of the main ways for magnetic field energy to be released in plasmas (Liu et al., 2025; Yamada et al., 2010). When
magnetic reconnection occurs due to the interaction between the solar wind and the Earth's magnetic field, the
mass, energy and momentum of the solar wind are transferred to the polar ionosphere along nearly vertical
magnetic field lines in the polar regions, driving complex dynamic processes such as large‐scale convection and
particle precipitation (Dungey, 1961; Lyon, 2000; Mende et al., 2016; Zhang et al., 2013). The magnetic
reconnection shows an independently intermittent and spatially limited nature (Haerendel et al., 1978), and the
associated magnetic signatures are characterized by the transient bipolar variation in the component of the
magnetic field normal to the magnetopause (BN), which are named flux transfer events (FTEs) (Elphic et al., 1990;
Haerendel et al., 1978; Russell & Elphic, 1978).

There have been multiple discussions on the ionospheric signatures of FTEs. It is initially signaled by an Alfvénic
perturbation propagating from the magnetopause to the ionosphere (Glassmeier & Stellmacher, 1996). Poleward
Moving Auroral Forms are the typical ionospheric signatures of the “pulsed” reconnection, usually brightening at
the equatorward boundary of the dayside auroral oval and gradually weakening as they enter the polar cap (Drury
et al., 2003; Fasel, 1995; Fear et al., 2017; Moen, Oksavik, & Carlson, 2004; Oksavik et al., 2004, 2005; Sandholt
& Farrugia, 2007). The ionospheric characteristics include but are not limited to the following: (a) Poleward
Moving Radar Auroral Forms (PMRAFs): the poleward‐moving regions of backscattering or enhanced back-
scattering power (Fear et al., 2017; Milan et al., 2000; Pinnock et al., 1995; Provan et al., 1998); (b) Poleward
Moving Plasma Concentration Enhancements (PMPCEs): the poleward‐moving regions of high‐density plasma,
also known as polar cap patches (Carlson et al., 2002, 2004; Zhang et al., 2011); (c) Pulsed Ionospheric Flows or
Flow Channel Events: poleward‐moving regions of enhanced convection flow in the dayside auroral zone (Moen
et al., 2008; Oksavik et al., 2011).
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Some studies have shown the conjugate responses of the ionosphere in the Northern and Southern Hemispheres to
the magnetospheric dynamical processes and interplanetary magnetic field (IMF) variations (Greenwald
et al., 1990; Zou et al., 2023). However, more examples are needed to supplement the differences under different
conditions. In this work, based on a case study analysis on 11 February 2004, we compare the poleward‐moving
events in both hemispheres, including both PMPCEs and PMRAFs, resulting from bursts of magnetopause
reconnection, as observed by the EISCATVery‐High Frequency (VHF) radar (Rishbeth &Van Eyken, 1993), and
the Hankasalmi (HAN) and Kerguelen (KER) Super Dual Auroral Radar Network (SuperDARN) radar (Chisham
et al., 2007; Milan et al., 1997). By using these data sets, this work adopts coordinated dual‐hemisphere radar
observations to investigate conjugate ionospheric characteristics driven by magnetopause reconnection and
analyze their seasonal hemispheric asymmetry including polar convection and cross polar cap potential (CPCP)
when the IMF clock angle changes between 180° and 220°, providing new observational evidence for inter-
hemispheric ionospheric coupling.

2. Instruments
The EISCAT Scientific Association has a VHF radar near Tromsø (69.58°N, 19.23°E) on the Scandinavian
mainland (Folkestad et al., 1983). On 11 February 2004, the EISCAT VHF radar operated at ∼224 MHz, with a
geographic azimuth of 359.45° and an elevation of 30°, which is indicated by the solid black lines in Figure 1.
This radar provides profiles of electron density (Ne), ion and electron temperatures (Ti and Te), and line‐of‐sight
ion velocity (Vi), which help us to detect the plasma characteristics in the polar ionosphere from the sub‐auroral
latitudes and into the polar cap.

Figure 1. The line‐of‐sight of the EISCAT Very‐High Frequency radar is projected on a geographic map of coastlines (solid
black line). The field‐of‐view of the Hankasalmi radar (HAN) and Kerguelen radar (KER) mapped to the Northern
Hemisphere are presented as “fans,” together with the specific radar beams used in this study (red dashed lines). Note that
KER is in the Southern Hemisphere, so this figure shows its field‐of‐view mapped to the Northern Hemisphere.
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The SuperDARN is composed of more than thirty high‐frequency (8–22 MHz) coherent scattering radars
distributed in the Northern and Southern Hemispheres for studies of the upper atmosphere and ionosphere
(Chisham et al., 2007; Greenwald et al., 1995). The field‐of‐view of these radars covers a wide area from middle
latitudes to polar regions. Under standard operation, a radar typically scans 16 beams, with an interval of 3.24°
between adjacent beams. Each beam has a dwell time of 7 s, and a complete scan takes 2 min, covering an azimuth
angle of 52° and a range of over 3,000 km. In this study, we use the HAN SuperDARN radar (62.31°N, 26.61°E)
in the Northern Hemisphere and the KER SuperDARN radar (49.35°S, 70.27°E) in the Southern Hemisphere,
with the field‐of‐view covering a vast area of the polar regions. Note that the field‐of‐view mapping of the KER
SuperDARN radar to the Northern Hemisphere in Figure 1 is as follows: the radar's geographic field‐of‐view is
first converted to geomagnetic coordinates using Altitude‐Adjusted Corrected Geomagnetic coordinates. Then,
assuming that the Earth's magnetic field is a dipole field, its conjugate geomagnetic position in the Northern
Hemisphere is calculated, which is finally converted back to geographic coordinates. The backscatter power and
line‐of‐sight (l‐o‐s) Doppler velocity observed by the HAN and KER SuperDARN radars can be used to examine
the conjugate ionospheric response to dayside reconnection.

3. Observations and Results
Figures 2a–2c show the (a) Geocentric Solar Magnetospheric IMF Bx/By/Bz components, (b) IMF clock angle
(θ = atan (By/Bz), θ = 0 along the +z axis), (c) solar wind velocity from Advanced Composition Explorer (ACE)
satellite during 11:30 to 13:00 UT on 11 February 2004. ACE orbits the Sun‐Earth first Lagrange point (L1),
measuring the upstream solar wind and the IMF conditions. A 61‐min time delay is applied to the IMF and solar
wind data (Liou et al., 1998; Zhang et al., 2011), which roughly matches the period it takes for the IMF and solar
wind data obtained by the ACE satellite to propagate to Earth. The calculation of time delay is roughly as follows:
(a) the transit time from the ACE satellite to the Earth's bow shock was calculated using this function:

ttransit =
XSC‐XBS‐ρ · BxBρ

VSW

the meanings of these parameters were described in Liou et al. (1998); (b) The total delay is estimated to be the
sum of the ttransit + 7 min (+5 min for traversing the magnetosheath and 2 min Alfven transit time) (Lockwood
et al., 1989). Figure 2d shows the dayside magnetopause reconnection rate using the parametric function given by
Milan et al. (2012). During this period, the IMF Bz component was always negative (southward), while the IMF
By component was slightly positive before 11:54 UT and turned negative after this time, favoring a high
reconnection rate (Komar & Cassak, 2016). Figures 2e–2h show the (e) electron density, (f and g) electron and ion
temperatures, and (h) ion line‐of‐sight velocity observed by the EISCAT VHF radar during the same period. The
open‐closed boundary (OCB) in the polar ionosphere, shown by the black dashed lines, corresponds to the high
electron temperature edge (Moen, Lockwood, et al., 2004; Zhang et al., 2011). The OCB expanded equatorward
due to magnetopause reconnection, and the electron density began to show clear PMPCEs with ion temperature
enhancement, as shown by the black lines (marked as “1,” “2,” etc.). The magenta lines indicate the approximate
start time of PMPCEs, and they were almost associated with the enhancement of the dayside magnetopause
reconnection rate. It is worth noting that there was a high‐density plasma layer around 68° magnetic latitude
(MLAT) (100–120 km altitude) after about 12:26 UT, which might be an enhanced or Sporadic E‐layer closer to
Tromsø. These observations indicate that the OCB carried high‐density plasma that was accelerated into the polar
cap, consistent with the motion of the newly opened flux tubes resulting from magnetopause reconnection
(Carlson et al., 2004; Davis & Lockwood, 1996; Lockwood et al., 2000). For a more detailed analysis, please refer
to Zhang et al. (2011).

During the interval of interest, the backscatter power and line‐of‐sight (l‐o‐s) Doppler velocity observation results
of the HAN SuperDARN radar in the Northern Hemisphere (whose field‐of‐view covers the observation area of
the EISCAT VHF radar) and the KER SuperDARN radar in the Southern Hemisphere (whose field‐of‐view is
roughly conjugate to the HAN radar) are presented in Figures 3a–3d. The field‐of‐view of the two radars is shown
in Figure 1, and the beam used in this work is indicated by the red dashed lines. In Figures 3a and 3b, the PMRAFs
observed by the HAN and SuperDARN radars are marked by the black solid lines. These PMRAFs were
distributed between 75° and 81° MLAT in the Northern Hemisphere, and between − 68° and − 76° MLAT in the
Southern Hemisphere with a period of about 8–15 min and accompanied by the l‐o‐s Doppler velocity
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enhancement. The PMRAFs are generally considered as the radar observation features corresponding to the FTEs.
These PMRAFs events in the Northern Hemisphere correspond to the poleward‐moving events observed by the
EISCAT VHF radar, which have been discussed in Zhang et al. (2011). It is interesting that there were no obvious
PMRAFs events after 12:35 UT. Moreover, the l‐o‐s Doppler velocity of the two SuperDARN radars showed that
the ionospheric convection was consistently anti‐sunward and larger in the Southern Hemisphere.

Figure 2. The (a) Geocentric Solar Magnetospheric interplanetary magnetic field (IMF) Bx/By/Bz components, (b) IMF
clock angle, (c) solar wind velocity from the Advanced Composition Explorer satellite, and (d) the dayside magnetopause
reconnection rate during 11:30 to 13:00 UT on 11 February 2004. A 61‐min time delay is applied to the IMF and solar wind
data. The (e) electron density, (f and g) electron and ion temperatures, and (h) ion line‐of‐sight velocity observed by the
EISCAT Very‐High Frequency radar during the same period. Positive velocities are away from the radar. The black dashed
lines highlight the open‐closed boundary in the polar ionosphere. The black solid lines highlight the clear Poleward Moving
Plasma Concentration Enhancements.
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Figure 3e shows the CPCP derived from the SuperDARN measurements and obtained from the “map potential”
algorithm (Ruohoniemi & Baker, 1998). Before about 11:42 UT, the variation and magnitudes of CPCP in the
Northern and Southern Hemispheres were almost the same. After the appearance of the PMRAFs, the CPCP in
both hemispheres increased, and the CPCP in the Southern Hemisphere remained significantly higher than that in
the Northern Hemisphere. Generally, the total open flux in both hemispheres should be the same. Such a dif-
ference in this event may be due to the fact that most of the SuperDARN echo signals in the Northern and
Southern Hemispheres were concentrated on the dayside during this period, which cannot capture the complete
flow velocity data, so the CPCP may have some differences with the actual value. It is certain that the flux was
transferred into the polar cap faster in the Southern Hemisphere in a short period of time (∼1 hr) near the cusp.
Moreover, the PMRAFs in the Northern and Southern hemispheres seem to correspond, and the purple dotted
lines highlight the approximate time when each PMRAFs began to appear, and almost all of them were consistent

Figure 3. (a and b) Backscatter power and (c and d) line‐of‐sight (l‐o‐s) Doppler velocity observations of the HAN radar in the
Northern Hemisphere and the KER Super Dual Auroral Radar Network (SuperDARN) radar in the Southern Hemisphere.
The grey and white regions respectively represent SuperDARN ground backscatter and no data. The black solid lines
highlight the Poleward Moving Radar Auroral Form (PMRAF) events. (e) Cross polar cap potential derived from the
SuperDARN velocity measurements and obtained from the “map potential” algorithm. The purple dotted lines highlight the
approximate time when each PMRAFs began to appear. (f) Line‐of‐sight ion velocity observed by the EISCAT Very‐High
Frequency radar.
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with the enhanced or the maintenance of CPCP. Note that these purple lines are defined mainly according to the
observations in the Southern Hemisphere. Since more PMRAFs with higher Power were observed in the Southern
Hemisphere, we marked them for comparison to see if there were the corresponding structures in the Northern
Hemisphere. It should ideally be a one‐to‐one relationship between the PMRAFs and CPCP enhancement, but due
to the resolution and limitations of the SuperDARN model, there is a possibility that multiple PMRAFs events
corresponded to one CPCP enhancement. Note that at about 12:08 and 12:41 UT, the CPCP suddenly dropped.
We checked the SuperDARN velocity data and did not find obvious anomalies. We speculate that this may be due
to model limitations and the reduced data coverage elsewhere in the polar region. Moreover, during the obser-
vation of the PMRAFs, IMF By was not large (clock angle varied between 180° and 220°). Based on the IMF
configuration and the previous studies (Crooker, 1979; Fear et al., 2012; Fuselier et al., 2021), we infer that the
observed ionospheric characteristics are likely related to the magnetopause reconnection occurring near the
magnetic equator in the two hemispheres, which is different from the work of Wild et al. (2003), where the clock
angle was close to 100°.

To clearly demonstrate the polar ionospheric convection, Figure 4 shows a series of streamlines and vectors of the
ionospheric flows during 11:30–13:00 UT for the Northern Hemisphere and Southern Hemisphere derived from
SuperDARN. The time delay from the ACE satellite to the ionospheric response was approximately 70 min,
which included the entire period from the propagation of solar wind and IMF data from the ACE satellite to the
Earth's ionosphere, as well as the response time of the polar ionospheric convection. Noon is located at the top of
each panel. In the Northern Hemisphere, around 11:40 UT, the l‐o‐s Doppler velocity began to enhance, reaching
approximately 600 m/s. The velocity enhancement in the Southern Hemisphere was slightly later than that in the
Northern Hemisphere, starting at about 11:50 UT, and the velocity enhancement exceeded 1,000 m/s. In the
Southern Hemisphere, the westward flows (∼15MLT) near the duskside sector intensified first, and then the anti‐
sunward flows near noon (∼12 MLT) intensified, while there is no similar feature in the Northern Hemisphere.

4. Discussion
In this event, the PMRAFs observed by the SuperDARN radars in the Northern and Southern Hemispheres seem
to show a one‐to‐one correspondence. This can be explained by the axial orientation of the magnetopause flux
ropes: when the IMF clock angle was near 180° (southward IMF), reconnection was favored near the dayside
subsolar region, producing flux ropes whose axes are aligned roughly dusk‐dawn and located near the equatorial
plane (Guo et al., 2021). The energy and plasma are then “projected” at similar rates to the polar ionosphere of
both hemispheres via Alfvén waves (Teh et al., 2023), resulting in PMRAFs sequences that are coincident in time
(Zou et al., 2023). In this event, the IMF clock angle changed between 180° and 220°. Based on the IMF
configuration and the previous studies (Crooker, 1979; Fear et al., 2012; Fuselier et al., 2021), reconnection
theory predicts that there will be signatures in both hemispheres. The observed ionospheric characteristics in this
event confirm these are the case for reconnection that can be inferred to be occurring based on the previous
studies, and likely related to the magnetopause reconnection occurring near the magnetic equator in the two
hemispheres, with the resulting flux ropes coupling energy into the polar ionosphere of both hemispheres. This
observational result helps further understand how reconnection energy propagates toward polar regions within
such clock angle ranges.

The PMPCEs observed by the VHF radar and the PMRAFs observed by the SuperDARN radar are ionospheric
signatures of FTEs generated by magnetopause reconnection (Zhang et al., 2011; Zou et al., 2023). In this event,
there were no obvious PMRAFs events observed by the Northern Hemisphere HAN SuperDARN radar after
12:35 UT, which is consistent with the radar field‐of‐view entering the afternoon sector around that time
(MLT = UT + 3 hr). Because the negative IMF By moved the cusp (convection throat in the dayside connection
pattern) to earlier MLT in the Northern Hemisphere, and later MLT in the Southern Hemisphere (Park et al., 2010;
Watanabe et al., 2007). Thus, the PMRAFs first disappeared in the Northern Hemisphere at 12:35 UT and later
disappeared in the Southern Hemisphere. It is interesting that the EISCAT VHF radar detected a sporadic E layer
(Es) after ∼12:25 UT. The Es influences the SuperDARN HF backscatter signal, preventing the ability to detect
the ionosphere at greater distances or higher heights (Kunduri et al., 2023).

SuperDARN data show that the occurrence of a series of FTEs seems to enhance the CPCP, and the contribution
of these events has been calculated in previous studies (Lockwood et al., 1995; Newell and Sibeck, 1993). These
results also show that the higher voltage and flow in the Southern Hemisphere (summer hemisphere) for a short
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Figure 4. A series of streamlines and ionospheric flow vectors during 11:30‐13:00 UT for the Northern Hemisphere (left) and
Southern Hemisphere (right) derived from Super Dual Auroral Radar Network. The interplanetary magnetic field conditions
and the cross polar cap potential are displayed respectively in the upper left and upper right corners of each panel. The black
lines highlight the Heppner‐Maynard Boundary.
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time, which implies that the flux was transferred into the polar cap faster. Note that since there were fewer
SuperDARN radar echo signals on the nightside, we can only determine the situation on the dayside, and the
nightside was only roughly analyzed based on the SuperDARN model results. There are three points to consider:
(a) Conductivity effect: the conductivity is higher in summer (Sheng et al., 2014), which increases Joule heating
(Cosgrove et al., 2009), causing differences in the coupling efficiency between the two hemispheres. However,
before the PMRAFs events were observed by SuperDARN, the CPCP of the two Hemispheres were basically
equal, suggesting that the hemispheric asymmetry of conductivity was not the main factor; (b) Magnetic
reconnection kink degree: in the winter hemisphere, the newly reconnected flux tubes have a larger “kink” and
take a longer time to straighten out; (c) During the observation of the PMRAFs, both SuperDARN radar echoes
were more in the duskside sector. Under the condition of IMF By< 0 (clock angle varied between 180° and 220°),
the polar convection throat region in the Southern Hemisphere is closer to the duskside (Park et al., 2010;
Watanabe et al., 2007), so it is possible that a stronger ionospheric flow response is more likely to be observed.
Therefore, the CPCP given by the SuperDARN convection model may be larger. Moreover, this event occurred
during the initial phase of a magnetic storm. During the initial phase of the magnetic storm, the CPCP will in-
crease (Orr et al., 2023), but there is not sufficient work to indicate that it would cause a difference in the CPCP
between the Northern and Southern hemispheres. These analyses of the factors that may cause the CPCP dif-
ferences between the two hemispheres provide applicable observational evidence for improving the empirical
model of the polar convection pattern. In the future, more statistical and simulation data need to be combined to
quantitatively measure and quantify these hemispheric differences.

5. Conclusion
This work used EISCAT and SuperDARN radar observations to present observational evidence of conjugate
ionospheric responses to the dayside magnetopause reconnection in both the Northern and Southern Hemispheres
under southward IMF conditions with negative IMF By. The one‐to‐one correspondence between ionospheric
signatures (PMRAFs and PMPCEs) of FTEs in the two hemispheres indicates that energy and plasma from
reconnection are coupled to both polar ionospheres. Our results demonstrate that the occurrence of consecutive
FTEs contributes to the convection and voltage in the polar regions, with the hemispheric asymmetry: the
Southern Hemisphere (summer hemisphere) shows faster transport of reconnected magnetic flux tubes for a short
time near the cusp. This asymmetry may be related to different factors such as the kink degree of newly
reconnected flux tubes in the two hemispheres and the SuperDARN radar echoes coverage with the polar con-
vection throat region.
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