
1.  Introduction
The classical picture of the Dungey cycle (Dungey, 1961) shows that during southward interplanetary magnetic 
field (IMF) the IMF reconnects with the magnetosphere and convects across the polar cap where the reconnection 
at the magnetopause is an arc along the dayside magnetopause near the magnetic equatorial plane at noon and 
the throat of cusp opens towards noon (Cowley & Owen, 1989; Crooker, 1979). When IMF By component is  
positive or negative the reconnection line can become twisted (Crooker, 1979; Trattner et al., 2007a, 2007b, 2012, 
2021), the throat of cusp may no longer open towards noon (Crooker, 1979; de La Beaujardiere et al., 1993), 
and the throat points in opposite direction in opposite hemispheres (Burch et al., 1985; Cowley, 1981; Cowley 
et al., 1991; Reiff & Burch, 1985).

Specifically, the throat of cusp opens towards the dusk in the northern hemisphere for IMF By positive and 
towards the dawn for IMF By negative (Burch et al., 1985; Cowley et al., 1991; Reiff & Burch, 1985; Strangeway 
et al., 2000). The throat of cusp has the opposite arrangement in the southern hemisphere (Strangeway et al., 2021; 
and implied by Burch et al. (1985) and Reiff and Burch (1985)). Figure 1 displays the configuration of the cusp 
throat for both hemispheres, which has the equivalent ionospheric currents drawn as the black curves, for IMF By 
positive on the top and negative on the bottom. This figure has been adapted from Strangeway et al. (2021). The 
configuration of the field aligned like currents shown in Figure 1 and the ionospheric flows has been statistically 
shown with the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) current 
densities and the SuperDARN radar data (Anderson et al., 2008, 2018; Thomas & Shepherd, 2018).

We have shown that several studies have examined the statistical and specific event configurations of the field 
aligned like currents and ionospheric flow patterns for a range of IMF By directions and several studies have 
examined the arrangement of field aligned like currents and ionospheric flow patterns in both hemisphere as 
a function of IMF By. However, no studies, as far as we are aware, have looked at the simultaneous equivalent 
ionospheric current patterns that require no integration time to be derived in both hemispheres. The equivalent 
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ionospheric currents are the combination of both the Hall current and the Pedersen currents in a non-uniform 
conducting ionosphere, but, in general, the bulk of the equivalent ionospheric currents are the Hall currents. The 
Hall currents are, by definition, antiparallel to the ionospheric flow. Based on this argument the equivalent iono-
spheric currents can provide a general picture of the ionospheric flow pattern (Benkevitch et al., 2006; Weygand 
et al., 2012). In this study, we employ the spherical elementary current systems (SECS) method to produce the 
equivalent ionospheric currents, which are instantaneous maps of the ionospheric currents that could be used to 
study the real time development of the cusp throat region during changing IMF By conditions.

In the next section, we briefly discuss the different data sets to be used in this study. In the observation section, 
we show the observations for five events for various non-zero directions of the IMF By. Finally, we discuss our 
findings and summarize the results.

2.  Data
The data for this study come from four sources: 11 different arrays of ground magnetometers covering North 
America and Greenland, 4 different arrays of ground magnetometer sources covering a region of Antarctica, 
AMPERE, and results from the Space Weather Modeling Frame Work (SWMF) for 8 October 2012.

Ground-based magnetometer data for the SECs comes from 11 distinct arrays across North America and Green-
land. The left side of Figure 2 shows the distribution of these stations. These arrays include AUTUMN (Athabasca 
University THEMIS UCLA Magnetometer Network, NRCan (Natural Resources Canada), MACCS (Magneto-
meter Array for Cusp and Cleft Studies) (Engebretson et al., 1995) CARISMA (Canadian Array for Real time 
Investigations of Magnetic Activity) (Mann et al., 2008), GIMA (Geophysical Institute Magnetometer Array), 
Technical University of Denmark (DTU) Magnetometer Ground Stations in Greenland, McMAC (Mid-continent 
MAgnetoseismic Chain) (Chi et al., 2013), THEMIS GMAG (Ground MAGnetometers) (Russell et al., 2008), 
USGS (United States Geophysical Survey), the Falcon array, and the STEP (Solar-Terrestrial Energy Program) 
magnetometer array. In this study, we employ the SECS technique developed by Amm and Viljanen (1999), which 
uses the horizontal components of magnetometer data from an array of ground stations to infer ionospheric equiv-
alent vector currents. The magnetometer data from these arrays are used to produce a two-dimensional map of 
ionospheric currents over North America and Greenland. Amm and Viljanen (1999), Weygand (2009a, 2009b), 
Weygand et  al.  (2011), and Weygand and Wing  (2016) provide more details on the description of the SECS 
technique over Greenland and North America and the calculation of the spherical elementary currents (SECs). 
The number of available magnetometer stations for each two-dimensional map of ionospheric currents typically 
changes from day-to-day due to data gaps, changes in baseline, and measurement errors. One feature of this data 
set relevant to this study is these ionospheric currents require no integration time and they are essentially an 
instantaneous map of the ionospheric currents.

During a period from about 2015 to 2016 a limited region of Antarctica, which is magnetically conjugate to 
western Greenland, is covered with magnetometers from 4 different sources. The right side of Figure 2 shows the 
distribution of these stations. These sources include the Virginia Tech magnetometer array (Clauer et al., 2014), 
the British Antarctica Survey low power magnetometer network, the New Jersey Institute of Technology magneto-
meter array (Melville et  al.,  2014; Mende et  al.,  2009), and the German geomagnetic observatory Neumayer 
Station III (VNA, operated by Alfred-Wegener-Institute for Polar and Marine Research and the GFZ German 
Research Centre for Geosiences) (Matzka, 2016; Wesche et al., 2016), which is part of the global INTERMAG-
NET network and produces 1 Hz calibrated geomagnetic data. Similar to the North American region we produce 
two dimensional maps of the SECs over part of Antarctica. The spatial resolution of the equivalent ionospheric 
currents are 3° GLat and 7° GLong and the temporal resolution is 10 s. The spatial resolution was selected to 
make the comparison between the northern and southern hemispheres as close as possible, however, the density 
of magnetometers in the densest location is similar to the densest region in North America.

The AMPERE project uses the magnetic field data from the 66 iridium spacecraft at about 800 km in altitude in 
6 different orbital planes to calculate the magnetic field perturbations and from those perturbations the current 
densities in the polar region with a latitudinal resolution of about 1°, a longitudinal resolution of about 30°, and a 
temporal resolution of a few minutes. However, each two dimensional picture of the currents requires 10 min of 
magnetometer data within the auroral region. The AMPERE project uses spherical harmonic analysis to obtain 
the current densities (Anderson et al., 2000; Waters et al., 2001).

Writing – review & editing: J. M. 
Weygand, M. D. Hartinger, R. J. 
Strangeway, Hyomin Kim, Jürgen 
Matzka, C. Robert Clauer

 21699402, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

031430 by N
j Institute O

f Technology, W
iley O

nline Library on [30/06/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Journal of Geophysical Research: Space Physics

WEYGAND ET AL.

10.1029/2023JA031430

3 of 18

3.  Observations
In this section, we will examine five different events: 17 March 2015, 5 June 2015, 20 March 2016, 28 July 
2016, and 8 October 2012 when we have simultaneous northern hemisphere and southern hemisphere equivalent 
ionospheric current observations, AMPERE current densities, or Space Weather Modeling Framework (SWMF) 
results.

Figure 1.  Ionospheric field aligned current and equivalent ionospheric current (black curves with arrows) configurations 
for the IMF By positive (top row) and negative (bottom row). The coordinate system is a magnetic coordinate system. Red 
areas indicates current out of the ionosphere and blue areas indicates current into the ionosphere. The southern hemisphere is 
shown as a glass earth configuration.

Figure 2.  The left panel shows the ground magnetometers stations over North America and Greenland potentially contributing data to the SEC maps. The black lines 
are geographic coordinates and the orange lines are the magnetic coordinate system. The legend indicating the source of the magnetometer data is in the upper right 
corner in both panels. The right panel shows southern hemisphere ground magnetometers potentially contributing to the southern SEC maps. The mauve circles are the 
magnetic latitudes.
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3.1.  17 March 2015: IMF By > 0 nT Event

Figure 3 shows the geomagnetic and solar wind conditions surrounding the period of interest at 1500 UT during 
the March 2015 magnetic storm, which begins at about 12 UT on 17 March 2015 to about 18 UT on 19 March 
2015. The top panel demonstrates that this is a geomagnetically active period with the AL index (lower mauve 
curve) on the order of −1,000 nT for the hour before 1500 UT. The Sym-H index shown in the second panel 
demonstrates this event is a magnetic storm period. The next three panels display the ACE (blue) and Wind 
(black) propagated IMF components. The IMF data has been propagated using the Weimer et al.  (2003) and 
Weimer (2004) technique to a fixed position (17, 0, 0) Re GSM. The bottom two panels show the ACE and Wind 
propagated solar wind speed and density. The two most important features of this figure are a period of about 2 hr 
of IMF By > 0 nT from about 13 to 15 UT and the approximate 70 min of Bz < 0 nT from about 1350 UT to 1500 
UT. These observation suggested that the magnetic reconnection should occur and the cusp throat should open 

Figure 3.  Geomagnetic and solar wind conditions for 17 March 2015. The top panel shows the World Data Center AE and 
AL indices, the second panel gives the Asym-H (orange) and Sym-H (gray) indices, the next three panels provide the ACE 
(black) and Wind (blue) propagated IMF Bx, By, and Bz components, the sixth panel displays the ACE and Wind propagated 
solar wind speed, and the bottom panel shows the Wind propagated solar wind density.
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towards the dusk in the northern hemisphere and towards the dawn in the southern hemisphere. In fact, Figure 3 
of Xu et al. (2017) clearly shows during this period considerable interhemispheric asymmetry exists within the 
Bx component of the ground magnetometer data between the near conjugate ground magnetometers located in 
western Greenland and the Virginia Tech magnetometer array in central Antarctic from about 1130 to 1530 UT.

Figure  4 displays the equivalent ionospheric currents determined using the SECS method at 1500 UT in a 
magnetic coordinate system and the AMPERE current densities for both the northern and southern hemisphere. 
The southern hemisphere is shown as a glass earth projection such that both hemispheres have magnetic noon 
at the top of the panel, midnight at the bottom, dusk on the left side, and dawn on the right side. The range of 
magnetic latitude (MLat) in the upper left is from 50° MLat to 90° MLat, but only from −60° to −90° MLat in 
the upper right panel due to the limited number of southern hemisphere stations. In the upper left panel at about 
70° MLat in the noon meridian the equivalent currents point toward the dusk as indicated by the high latitude 
green arrow, which indicates ionospheric flow from the dusk into the polar cap. Both Benkevitch et al. (2006) 
and Weygand et al. (2011) have previously demonstrated that the magnetic equivalent convection and equivalent 
ionospheric currents, which are for the most part the Hall currents, are roughly antiparallel to the ionospheric 

Figure 4.  Northern and southern hemisphere equivalent ionospheric currents and AMPERE current densities for 15 UT on 17 March 2015 shown in a magnetic 
coordinate system with noon at the top of the panel, midnight at the bottom of the panel, dusk on the left side, and dawn on the right side. The southern hemisphere is 
shown as a glass earth projection. The top row shows the equivalent ionospheric currents where the dot indicates the position at which the current is determined and the 
vectors indicates the magnitude and direction of the current. The green arrows point in the approximate direction of the equivalent current. The key is in the lower right 
corner of the plot. The bottom row displays the AMPERE current densities with the equivalent currents overlain on the AMPERE data.
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flow. From about 0° to about 90° west magnetic longitude (WMLong) at 60° MLat the equivalent currents flow 
from the dawnside toward the dusk side as indicated by the low latitude green arrow, which indicates east to west 
ionospheric flow. This arrangement of the equivalent ionospheric currents is antiparallel to the flows shown in 
Figure 3a of Cowley et al. (1991). In the upper right panel of Figure 4 the arrangement of the equivalent currents 
in the southern hemisphere is opposite that of the northern hemisphere, which indicates that the cusp throat opens 
towards the dawn.

The bottom row of Figure 4 shows the field aligned AMPERE current densities for both the northern (lower left) 
and southern (lower right) hemisphere with the equivalent ionospheric currents overlain on the current densities. 
The color bar for the current densities is in the far right corner and red indicates upward current out of the iono-
sphere and blue indicates current into the ionosphere. The arrangement of the current densities for IMF By > 0 for 
the northern hemisphere is similar to Figure 5e of Anderson et al. (2008), which indicates the cusp opens towards 
the dusk in the northern hemisphere. The lower right panel for the southern hemisphere has nearly opposite 
arrangement of the field aligned like current densities and indicates the cusp opens towards the dawn. Both the 
northern and southern hemisphere equivalent currents and AMPERE radial currents have a similar configuration 
as the top row of Figure 1.

3.2.  5 June 2015: IMF By < 0 nT Event

Figure 5 shows the geomagnetic and solar wind conditions surrounding the period of interest that begins at 13 
UT and lasts to 17 UT on 5 June 2016. This figure has the same format as Figure 3. The top panel demonstrates 
that this is a geomagnetically active period with the AL index (lower mauve curve) on the order of −800 nT for 
the hour before 1500 UT. The Sym-H index in the second panel shows this event is not a magnetic storm period. 
The IMF Bx component in the third panel rotates from about −10 nT at 14 UT to about +13 nT by 15 UT. The By 
component decreases from about 0 nT at 1345 UT to −17 nT by 1510 UT and the Bz component increase from 
about −13 nT at 14 UT to 0 nT by 15 UT and then back down to about −13 nT by 1530 UT. These observations 
suggested that magnetic reconnection should occur and the cusp should open towards the dawn in the northern 
hemisphere and towards the dusk in the southern hemisphere.

Figure 6 displays the equivalent ionospheric currents determined using the SECS method at 1500 UT and the 
AMPERE current densities for both the northern and southern hemisphere with the same format as Figure 4 
during IMF By < 0. In the upper row of Figure 6 the arrangement of the equivalent currents in the southern hemi-
sphere is opposite that of the northern hemisphere and indicates that the cusp throat opens towards the dawn in 
the north. Furthermore, the arrangement of the equivalent currents for IMF By < 0 is the reverse pattern of those 
shown in Figure 4 for IMF By > 0. The bottom row of Figure 6 displays the field aligned like AMPERE current 
densities for both the northern and southern hemispheres with the equivalent ionospheric currents overlain on the 
current densities. The arrangement of the current densities for IMF By < 0 for the northern hemisphere is similar 
to Figure 5w of Anderson et al. (2008), which indicates the cusp opens towards the dawn in the northern hemi-
sphere. The lower right panel for the southern hemisphere has nearly opposite arrangement of the field aligned 
like current densities and indicates the cusp opens towards the dusk. Both the northern and southern hemisphere 
equivalent currents and AMPERE radial currents have a similar configuration as the bottom row of Figure 1.

3.3.  20 March 2016: IMF By < 0 nT to By > 0 nT

In the last two events we examined the rotation of the equivalent currents in the northern and southern hemisphere 
with changes in IMF By. On 20 March 2016 the IMF By rotates from mainly negative (before 1509 UT) with a 
value of about −3 nT to positive (after 1515 UT) with a value of about 2 nT while North America is in the noon 
sector. See Figure 7, which has the same format as Figures 3 and 5, but for this event Geotail data (red curves) is 
available and located at (23.2, 10.3, −1.0) Re GSM. During this rotation the AE index increases from about 100 to 
about 300 nT, but the Sym-H index stays relatively constant. The IMF Bz remains negative throughout the entire 
period, the Bx component decreases from about 4 nT to about 0 nT, and the solar wind speed is between 400 
and 460 km/s. The number density provide by the Geotail low energy particle (LEP) instrument is significantly 
lower than Wind. The LEP instrument was designed for magnetospheric plasma observations and most likely 
did not have the ideal pointing direction to make solar wind number density measurements. Figure 8 displays 
three different times of the equivalent ionospheric currents during the IMF By rotation with the same format as 
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the top panels of Figures 4 and 6. In each panel at about 70° MLat in the noon meridian we have indicated the 
approximate pointing direction of the cusp throat with the high latitude green arrow. At 14:56 UT in the top row 
of Figure 8 when IMF By < 0 the cusp throat points toward the dawn in the northern hemisphere and towards 
the dusk in the southern hemisphere. At 15:13 UT in the center row about 4 min after the By rotation in the solar 
wind the cusp throat roughly points towards magnetic noon. Then by 15:28 UT in the bottom row of Figure 8 
about 19 min after the rotation of IMF By the rotation is complete and the cusp throat points toward the dusk in 
the northern hemisphere and towards the dawn in the southern hemisphere.

3.4.  28 July 2016: IMF By > 0 nT to By < 0 nT

On 28 July 2016 the IMF By sharply rotates from positive (before 1755 UT) to negative (after 1805 UT) at about 
1800 UT while North America is in the dayside sector. See Figure 9 which has the same format as Figures 3 
and 5. This gives us a second opportunity to watch the equivalent currents switch from one orientation to opposite 

Figure 5.  Geomagnetic and solar wind conditions for 5 June 2016. This figure has the same format as Figure 3. The time of 
interest in this figure is marked by a vertical gray line at 1500 UT.
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orientation in the Northern Hemisphere. This event is unique because equivalent ionospheric currents rotate at 
different times with different latitudes. Unfortunately, the southern hemisphere magnetometers are not in the ideal 
position to see the change in the orientation of the currents. Figure 10 provides three SEC current maps before and 
after the rotation of the IMF By component. These maps are the combined equivalent ionospheric currents and 
the current density derived from the current amplitudes. The current amplitudes are converted into current densi-
ties by dividing the current by the rectangular area around the position of the current amplitude. In each panel,  the 
currents are plotted across North America and Greenland on a geographic coordinate system. The vertical yellow 
bar marks local geographic midnight, and the color bar for the current density is given at the bottom of the figure. 
In the top panel at 0746 UT the equivalent ionospheric currents during IMF By > 0 nT at local noon point towards 
the east (dusk) and there is an unbroken band of downward current extending from northern Alaska to southern 
Greenland. The upward current are bifurcated within this map. In the middle panel at 1825 UT 20 min after the 
IMF By has completed the rotation to about −7 nT we see the first UT time the upward currents form an uninter-
rupted band of upward current from central Alaska to southern Greenland (marked with the orange dashed curve) 
and now the downward currents are bifurcated. The equivalent currents at local noon have formed and “S” shaped 
pattern at about 67 Glat and 90 WGlong where the lower latitude currents at about 64.8° GLat are pointing to the 
west (dawn) and the high latitude currents are pointing toward the east (dusk) at about 70.6° GLat. In the bottom 
panel at 1837 UT now all the currents at local noon are pointing westward (towards dawn) and the rotation of 
the equivalent currents is complete. A movie of the rotation of the equivalent current can be found in Movie S1.

Figure 6.  Northern and southern hemisphere equivalent ionospheric currents and AMPERE current densities for 15 UT on 5 June 2016.
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3.5.  8 October 2012: IMF By > 0 nT to By < 0 nT

In three of the last four events we were able to observe the asymmetry between the northern and southern equiv-
alent ionospheric currents for two different IMF By directions. In the fourth event we showed the evolution 
of the equivalent ionospheric currents and current densities shortly after the IMF By changes from positive to 
negative, but for just the northern hemisphere. In this final event for 8 October 2012 we examine an event with 
both AMPERE northern and southern hemisphere data and results from the space weather modeling framework 
(SWMF) during a period when the IMF Bz is strongly negative and the IMF By rotates from a large positive 
value to a large negative value, which gives us an opportunity to see change in both the northern and southern 
hemisphere and how well the SWMF can reproduce the interhemispheric asymmetry. See Figure 11, which has 
the same format as Figure 3. Unfortunately equivalent ionospheric current in the cusp region are not available 
throughout the event. In Figure 11 we have marked four times: 2206, 2324, 0046, and 0106 UT. During all 

Figure 7.  Geomagnetic and solar wind conditions for 20 March 2016. This figure has the same format as Figures 3 and 5 
except the red curve displays data from the Geotail spacecraft. The three times of interest in this figure are marked by vertical 
orange lines at 1456, 1513, and 1528 UT.
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Figure 8.  Northern and southern hemisphere equivalent ionospheric currents for 1456, 1513, and 1528 UT on 20 March 2016. The green arrow shows the change in 
the orientation of the cusp throat region.
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four  times the AL index is less than −500 nT and the Sym-H index is just a little larger than −100 nT, which 
indicates this event occurs during a magnetic storm. In the next three panels of Figure 11 the Bx component is 
about 0 nT, the By component starts at about +9 nT and then sharply rotates to about −7 nT at about 0020 UT. 
During the entire interval shown the Bz component is about −14 nT, the solar wind speed is about 400 km/s, and 
the number density varies between 1.5 and 8 #/cm 3.

In Figure 12 we display the AMPERE current densities in first and third column in both the northern (top row) 
and southern (bottom row) hemispheres as well as the SWMF current densities in the second and fourth columns 
for 2206 and 2324 UT. In Figure 13 we show the current densities for AMPERE and SWMF for 0046 and 0106 
UT. The color bar for each panel is given on the right side and red indicates upward current and blue indicates 
downward current. At 2206 and 2324 UT when the IMF By is positive the dayside sector current densities in the 
AMPERE and SWMF northern hemisphere are identical to the first event examined in this study. See the bottom 
left of Figure 4. However, the southern hemisphere AMPERE current densities have the same arrangement of 

Figure 9.  Geomagnetic and solar wind conditions for 28 July 2016. This figure has the same format as Figures 3 and 5. The 
three times of interest in this figure are marked by vertical orange lines at 1746, 1825, and 1837 UT.
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current as the northern hemisphere and are dissimilar to the southern hemi-
sphere shown in the lower right of Figure 4. In fact, for only a few periods (on 
the order of about 9 times) after the IMF Bz becomes negative does AMPERE 
the southern hemisphere current densities resemble the southern hemisphere 
AMPERE current shown in Figure 4. Furthermore, the southern hemisphere 
currents stays in the same configuration long after the IMF By switches from 
positive to negative at about 0020 UT (see the bottom panels of Figure 13) 
and resembles the southern hemisphere current shown in our second event 
when IMF By was negative presented in the lower right of Figure 6.

At 2206 UT the southern hemisphere dayside cusp region SWMF current 
densities are similar to the both the SWMF northern and AMPERE dayside 
sector current densities. However, at 2324 UT the SWMF dayside cusp 
region current densities do accurately reproduce the bottom right of Figure 4 
for the southern hemisphere for IMF By positive. In addition, there are many 
more periods (hours) where SWMF more closely resembles the bottom right 
of Figure 4 than the AMPERE observations.

The northern hemisphere AMPERE current densities begin to resemble the 
currents shown in the lower left of Figure 6 starting at about 0038 UT approx-
imately 18 min after the IMF By switches from positive to negative at 0020 
UT. The northern hemisphere SWMF current densities change a few minutes 
later at about 0046 UT approximately 26 min after the IMF switches from 
positive to negative. Both the southern hemisphere AMPERE and SWMF 
dayside sector current densities resemble the lower right of Figure  6 for 
By < 0 after 0040 UT without much change for hours after the rotation of the 
IMF By component.

4.  Discussion
We have examined the ionospheric currents for five different events on 17 
March 2015, 5 June 2015, 20 March 2016, 28 July 2016, and 8 October 2012. 
In the first two events both northern and southern hemisphere equivalent 
ionospheric currents along with AMPERE current densities are available. We 
found that for 17 March 2015 event when IMF By is positive the cusp throat 
points towards the dusk in the northern hemisphere and towards the dawn in 
the southern hemisphere. In the second event the IMF By is negative and the 
cusp throat points towards the dawn in the northern hemisphere and towards 
the dusk in the southern hemisphere. In the third event SECs from both the 
northern and southern hemisphere are available and IMF By rotates from 
negative to positive. During this rotation the in the northern hemisphere the 
cusp throat rotated from pointing dawnward to duskward in about 20 min and 
the opposite rotation occurred in the southern hemisphere. In the fourth event 
we had only northern hemisphere equivalent ionospheric currents during a 
period when the IMF By rotates from positive to negative. We observed the 
equivalent currents in the throat of the cusp rotate from pointing towards the 
dusk during positive By to pointing dawnward also in about 20  min after 
the  By became negative. In the final event we observed a similar evolution in 

the AMPERE and SWMF current densities during a period when the IMF rotated from By positive to negative 
in  the northern hemisphere, but a change in the radial currents in the southern hemisphere was nearly nonexistent 
in the AMPERE current densities and not consistent in the SWMF results.

The equivalent ionospheric currents and AMPERE radial current densities shown in the first two events for 
IMF By positive and negative (17 March 2015 and 5 June 2016) strongly match the prior models of Cowley 
et al. (1991), Burch et al. (1985), Reiff and Burch (1985), and Strangeway et al. (2000, 2021). We remind the 
reader that the equivalent ionospheric currents shown are approximately anti-parallel to the ionospheric flows. 

Figure 10.  Three sets of SEC maps for 28 July 2016 for three times of 
interest marked in Figure 9. Each panel shows the combined field-aligned 
like current densities (red and blue colors) and equivalent currents. The red 
indicates current upward out of the ionosphere and the blue indicates current 
into the ionosphere. The yellow vertical bar marks local noon, the key for the 
equivalent current is given in the lower right corner, and the color bar indicates 
the current density values at the bottom of the figure.
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Specifically, for IMF By positive the currents shown in Figure 4 most closely match those of Figure 3a in Cowley 
et al.  (1991). Their Figure 3a shows upward FACs at the highest latitude in the northern hemisphere dayside 
sector traversing from dusk to nearly dawn, downward FACs equatorward of those all the way from dawn to 
dusk, then at the equatorward edge again upward currents from dawn to almost noon. This FAC arrangement is 
similar that shown in the statistical studies of Anderson et al. (2008, 2018) for the northern hemisphere for IMF 
By posi tive. Cowley et al. (1991), Figure 3a also shows the flow entering the cusp between the highest latitude 
upward currents and the adjacent downward current sheet. Strangeway et al. (2000) has a very similar arrange-
ment as that of Cowley et al. (1991) for positive By, but does not provide the direction of the lower latitude region 
2 current system. Burch et al. (1985) and Reiff and Burch (1985) display a similar arrangement of cusp FACs and 
flows to that of Cowley et al. (1991). However, Figure 7a of Burch et al. (1985) suggests that the highest latitude 
upward FACs may not be one complete sheet from dusk to dawn as we see in our Figure 4 northern hemisphere 
currents and in Cowley et al. (1991).

Burch et  al.  (1985) and Reiff and Burch  (1985) imply and Strangeway et  al.  (2021) show that the southern 
hemisphere radial currents should be the reverse pattern of the northern hemisphere, which is what we observe 

Figure 11.  Geomagnetic and solar wind conditions for 8–9 October 2012.
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in the 17 March 2015 event. We see that the highest latitude radial AMPERE current is downward from about 
the dawn to just before dusk, below the highest latitude currents there is an upward current from dusk to dawn, 
and at the equatorward edge there exists a downward current from dusk until about 11 MLT. This arrange in the 
southern hemisphere is also observed in Anderson et al. (2018) for IMF By positive. In the southern hemisphere 
the equivalent currents exit the cusp towards dawn between the highest latitude downward currents and adjacent 
equatorward upward current sheet.

Specifically, the 5 June 2016 equivalent ionospheric currents and AMPERE radial currents for IMF By negative 
most resembles Figure 3b of Cowley et al. (1991) for By negative which shows downward field aligned currents 
at the highest latitude in the northern hemisphere dayside sector traversing from dawn to nearly dusk, upward 
currents equatorward of those all the way from dawn to dusk, and at the equatorward edge downward currents 
from dusk to almost noon. This field aligned current arrangement for this event is similar to that shown in the 

Figure 12.  AMPERE and SWMF current densities. In the top row is the current densities for the northern hemisphere and the bottom row is the current densities for 
the southern hemisphere. The southern hemisphere is shown as a glass earth projection. In the first and third columns are the AMPERE data and the second and fourth 
columns are the SWMF results. The color bar is given on the right side of each panel and the range for the AMPERE current densities is different from the SWMF data. 
Blue indicates downward current and red for upward current. The UT time is given in the title of each four sets of currents.

Figure 13.  This figure has the same format as Figure 12, but these current densities are for 0046 and 0106 UT.
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statistical studies of Anderson et al. (2008, 2018) for IMF By negative. Again, Figure 7b of Burch et al. (1985) 
suggests that the highest latitude upward FACs may not be one complete sheet from dusk to dawn as we do  see 
in our Figure 6 northern hemisphere currents. Cowley et al. (1991) Figure 3b shows the flow entering the cusp 
between the highest latitude downward currents and the equatorward upward current sheet from the dawnside 
which is where our equivalent currents exit the polar cap region. Lastly, we see the opposite arrange in the south-
ern hemisphere compared to the northern hemisphere for this event as Burch et al. (1985), Reiff and Burch (1985), 
and Strangeway et  al.  (2021) indicate. The southern hemisphere radial current pattern for 5 June 2016 event 
matches the bottom panel for the southern hemisphere of Figure 14 of Anderson et al. (2018).

In the 20 March 2016 and 28 July 2016 event we able to observe the evolution in the SEC radial currents and 
equivalent ionospheric currents as the direction of IMF By rotates from negative to positive and positive to nega-
tive, respectively. Furthermore, we were also able to determine the time difference between when the IMF By 
rotated from negative to positive (20 March 2016) or positive to negative (28 July 2016), which had been propa-
gated to 17 Re out front of the Earth using the Weimer et al. (2003) and Weimer (2004) technique. The observed 
time difference was about 20 min from when the IMF By was about 0 nT to the new stable configuration of the 
equivalent currents, but we would expect the travel time of the solar wind from 17 Re to the Earth to be about 
4.5 min for a solar wind speed of about 400 km/s specifically for this event. A similar delay time of 5–10 min was 
determined by Murr and Hughes (2001) using Geotail solar wind data and observation of traveling convection 
vortices for 7 different events. Ridley et al. (1998) estimated using 65 events that the delay time for ionospheric 
convection to begin reconfiguring after IMF By and Bz changes reached the magnetopause is about 8.4 (±8.2) 
min then an additional 13  min for the convection pattern to completely reconfigure. More recently, Weimer 
et al. (2010) using solar wind data from 1998 to 2001 and 104 ground magnetometers determined a lag time of 
about 30 min from the peak of a correlation function comprised of 5 min resolution averaged data. In addition to 
deriving a time lag, there is a period at about 18:25 UT during the 28 July 2016 event we examined in between 
the two IMF By extremes when the highest latitude equivalent ionospheric currents are pointing toward the dawn 
but the equivalent current just equatorward are still pointing toward the dusk. See the middle panel of Figure 10.

For the 8 October 2012 event the IMF By rotated from positive to negative, but equivalent currents in cusp 
region were not available. Fortunately, the AMPERE radial currents and SWMF model radial currents for both 
hemispheres are available. The northern hemisphere showed the same orientation in the AMPERE and SWMF 
radial currents as Cowley et al. (1991), Burch et al. (1985), Reiff and Burch (1985), and our Figure 1 for IMF 
By positive, however, the southern hemisphere radial currents did not match the prior studies. In fact, for nearly 
the entire period when IMF By is positive the southern hemisphere AMPERE current densities have the same 
radial current as the northern hemisphere and resembled the pattern expected for IMF By negative in the southern 
hemisphere in our Figure 1. Furthermore, the southern hemisphere currents did not significantly change after the 
IMF By rotates from positive to negative. Similarly, the SWMF cusp region radial currents resemble the IMF 
By negative FAC current pattern in the southern hemisphere shown in Figure 1 during IMF By positive, but for 
considerably less time than the AMPERE currents. Specifically, the SWMF southern hemisphere currents spend 
about 43% of the time in the configuration inconsistent with the IMF By positive given in Figure 1. The reason 
the southern hemisphere does not consistently match the IMF By positive Figure 1 picture may be related to the 
values of the IMF By and Bz. In 17 March 2015 event the IMF By was about 20 nT and the Bz about −20 nT, but 
in the 8 October 2012 event the By was about 8 nT and the Bz about −14 nT. In other words, when the Bz compo-
nent dominates the By component the cusp throat current patterns may potentially not be in opposite directions in 
opposite hemispheres and the FAC current pattern would look more like Figure 5s of Anderson et al. (2008). In 
the prior studies of Cowley et al. (1991), Burch et al. (1985), Reiff and Burch (1985), and displayed in Figure 1, 
the southward IMF consider was such that |By| ≥  |Bz|. More research is required for more extreme values of 
IMF  Bz.

The rotation of the By component from positive to negative for the 8 October 2012 event provided another oppor-
tunity for determine the time for the cusp currents to evolve from one orientation to another. Here we discuss only 
the northern hemisphere, which transition from an IMF clock angle of about 151°–205°. The time at which IMF 
By reached about 0 nT is about 0020 UT and the new configuration of the AMPERE radial currents appeared at 
about 0038 UT or 18 min after the change in the IMF. In the SWMF model the radial currents took about 26 min 
to reach the new stable pattern. These values are in general consistent with the approximate 20 min time observed 
for 20 March 2016 and 28 July 2016 events in the equivalent ionospheric currents, but larger than the 4.5 min for 
the IMF to propagated from 17 Re to the Earth. We suggest with the limited number of cases available here that 
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the reconfiguration of the dayside currents is about 20 min, however, the accuracy of the propagation from the 
ACE and Wind spacecraft from the L1 point to 17 Re on the XGSM line is unclear. Cameron and Jackel (2016) 
suggested that the approximate uncertainty for the Weimer propagation technique is on the order of 5.5 min. 
However, this value would depend on the tilt of the IMF phase plane orientations and the distance of the space-
craft off the X-GSM axis.

As discussed in the introduction, the location of the cusp throat region does not just indicate the location of 
the convective flow into the polar cap, it also potentially indicates the shape of the dayside reconnection line. 
Crooker (1979) and Trattner et al. (2007a, 2007b, 2012, 2021) showed that when IMF By component is positive 
or negative the reconnection line can become twisted and the throat of cusp may no longer open towards magnetic 
noon. Generally, when throat of cusp opens towards the dusk in the northern hemisphere for IMF By positive 
Crooker (1979), Trattner et al. (2007a, 2007b, 2012, 2021), and Tenfjord et al. (2015) demonstrated antiparallel 
reconnection occurs at a higher latitude on the duskside of the magnetosphere above the magnetic equatorial 
plane and at lower latitudes below the magnetic equatorial on the dawnside of the magnetosphere. Specifically, 
the 17 March 2015 event has a clock angle of about 135° and the reconnection line should resemble the white 
curve (the antiparallel reconnection line) in the lower left panel of Figure 7 of Trattner et al. (2007b). For IMF By  
negative the opposite arrangement of the antiparallel reconnection line occurs (Crooker, 1979; Trattner et al., 2007a,  
2007b, 2012, 2021). Specifically, the 5 June 2016 event has a clock angle of about 225° and the reconnection 
line should resemble the white curve (the antiparallel reconnection line) in the right panel of Figure 9 of Trattner 
et  al.  (2007b). Furthermore, during the 28 July 2016 event the antiparallel reconnection line should traverse 
across the surface of the magnetosphere when the IMF By and Bz rotate from a clock angle of about 145°–227°, 
which is similar to the large clock angle changes of the other two events just discussed (i.e., 8 October 2012: from 
about 151° to 205° and 20 March 2016 from about 215° to 160°).

5.  Conclusion
In this study we have examined the equivalent ionosphere current pattern, AMPERE radial current pattern, and 
SWMF current patterns for five events with IMF By positive and negative. We summarize the main results of 
the study here.

1.	 �The equivalent ionospheric current pattern and AMPERE radial current pattern for the northern hemisphere 
dayside matches the model proposed in Cowley et al. (1991), which has the throat of the cusp pointing dusk-
ward for IMF By positive and dawnward for By negative.

2.	 �The ionospheric dayside current pattern for the dayside in the southern hemisphere is opposite that of the 
northern hemisphere. That is to say, the throat of the cusp points dawnward for IMF By positive and duskward 
for By negative.

3.	 �The AMPERE southern hemisphere radial currents during the extreme 8 October storm did not resemble the 
expected current pattern and appeared to be more similar to the northern hemisphere.

4.	 �In general the SWMF reproduces the northern hemisphere 8 October 2012 results, but not as clearly in the 
southern hemisphere.

5.	 �We found that the time it takes for the ionospheric currents to adjust after the propagated IMF rotates from 
positive to negative is on the order of 18–20 min.

6.	 �The interhemispheric asymmetry observed in the cusp throat suggests that reconnection line varies with IMF 
By in accordance with Crooker (1979) and Trattner et al. (2007a, 2007b, 2012, 2021).

The SECS technique applied for the first time to magnetically conjugate northern and southern hemisphere 
regions to produce instantaneous equivalent ionospheric current maps represent a value added product from the 
raw magnetometer database. These maps can be used for interhemispheric studies, contextual interpretation, as 
well as help with our understanding of magnetosphere-ionosphere coupling mechanisms. At this time sufficient 
ground magnetometer data in the southern hemisphere is available to produce 2 years' worth (2015–2016) of 
ionospheric current maps that could be used for both events studies and statistical studies.

Data Availability Statement
SECS data for North America and Greenland from 2007 through 2019 are available at http://vmo.igpp.ucla.edu/
data1/SECS/. AMPERE data are available at https://ampere.jhuapl.edu/. ACE and Wind IMF and solar wind 
data are available at CDAWeb https://cdaweb.gsfc.nasa.gov/. AE, AL, Asym-H, and Sym-H indices are available 
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at https://wdc.kugi.kyoto-u.ac.jp/. The AGO/SPA/MCM data can be found at antarcticgeospace.njit.edu. The 
British Antarctic survey magnetometer data is available at https://data.bas.ac.uk/full-record.php?id=GB/NERC/
BAS/PDC/00263, CARISMA magnetometer data is available at http://data.carisma.ca/FGM/1Hz/. Finally the 
Virginia Tech magnetometer data can be found at http://themis.ssl.berkeley.edu/data/themis/thg/l2/mag/.
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