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Abstract: Implied by the terminologies “Harang Reversal” and “Harang Discontinuity”, there are
two significant features of the Harang region. (i) The reversal of auroral electrojet along with the
underlying plasma convection flow and electric (E) fields and (ii) the discontinuity between the
electrojets/convection flows/E fields. Even the earliest studies reported the discontinuity observed in
the meridional E field. Conversely, some of the previous studies state that convection flow- and E
field-reversals do not involve any physical discontinuity. We investigate these two features (i-ii)
observed in five topside-ionosphere Harang scenarios. Each scenario occurred during a sequence of
events, which led to the onset of substorm expansion phase, when the Harang region was newly
formed. Results show (1) the newly-formed Harang region between the dusk and dawn convection
cells, where one convection cell wraps around the other, (2) the zonal drift- and E field-reversals, (3)
the discontinuity between the dusk and dawn convection flows and also between the reversing E
field components, and (4) the earthward electromagnetic energy deposition locally minimizing or
diminishing within the discontinuity and peaking within the reversing zonal drift and E fields. Thus,
the convection flow- and E field-reversals observed involved the development of discontinuity.

Keywords: topside ionosphere; magnetosphere—ionosphere coupling; energy deposition; Poynting
Flux; polar convection; convection E fields; Harang Discontinuity; Harang Reversal; SAID; STEVE
arcs

1. Introduction

The Harang Discontinuity [1] is a magnetosphere-ionosphere (M-I) conjugate phenomenon [2].
Its ionosphere component was first reported in 1946 by Harang [3], who observed a discontinuity in
the magnetic field perturbation (AH) pattern. However, the importance of the discontinuity, as a
region of reversal, transition or change for most of the substorm- and polar convection-related
phenomena, was first emphasized much later, in 1972, by Heppner [1]. In the ionosphere, the Harang
Discontinuity occurs within the nighttime auroral zone, in a narrow longitude region. Mostly in the
premidnight and midnight magnetic local time (MLT) sectors [1,2], but sometimes in the
postmidnight MLT sector [4] and occasionally, even deep in the evening MLT sector [5].

To illustrate the Harang region plasma environment in the ionosphere, Figure 1a shows the two-
cell polar convection pattern, where the F-region plasma is driven by the mapped-down
magnetospheric electric (E) field. Ordered in a twin-cell vortex pattern [6], the plasma ExB drifts
clockwise in the dusk cell and anticlockwise in the dawn cell. Plasma flows are antisunward across
the polar cap (marked in light green) and sunward in the oval region (marked in gray). lonospheric
E fields (marked in blue) are directed poleward on the duskside and equatorward on the dawnside
and drive the Pedersen currents (Jr; marked in dark red) that flow poleward in the duskside oval and
equatorward in the dawnside oval. Hall currents (Ju; marked in dark green) flow antisunward: both
in the duskside eastward electrojet (EEJ) and in the dawnside westward electrojet (WE]).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The Harang Discontinuity (marked in red) appears near magnetic midnight, where the polar
convection pattern becomes skewed (marked as shaded region in yellow). As was first reported by
Harang [3], the dominating EEJ (AH>0) reverses in the clockwise direction to a WE] (AH<0) along the
discontinuity. Thus, across the discontinuity, the EE] is located equatorward of the WE]. Since auroral
electrojets are mainly Hall currents, the reversal is also depicted by the Hall currents changing
directions from antisunward to sunward. Also, by the meridional Pedersen currents (marked in dark
red) and related E fields (marked in blue) changing directions from poleward to equatorward.
Heppner ([1,7] explained the Harang Discontinuity as a convection flow discontinuity, separating
oppositely directed convection flows, where sunward plasma convection flows (related to the dusk
cell) become antisunward directed (related to the dawn cell). Thus, in terms of plasma convection,
the Harang Discontinuity represents a convection boundary dividing the azimuthal westward (or
duskward) and eastward (or dawnward) drifts [8].
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Figure 1. (a) The schematic diagram depicts the two-cell polar convection pattern along with the underlying E
fields and currents. The Harang region (shaded in yellow) appears in the midnight MLT sector of the auroral
zone. Between the two convection cells, the Harang Discontinuity (HD, in red) appears as a convection flow
discontinuity. (b) The schematic diagram illustrates the meridional E field’s clockwise rotation, from poleward
to equatorward. Here, the Harang Discontinuity (shaded in yellow) appears as a meridional E field

discontinuity, where the azimuthal E field locally increases.

In Figure 1b, the schematic diagram is modified after Figure 1 of Kamide [8] and illustrates the
meridional E fields underlying the plasma convection. As shown, the dominating poleward E field
gradually becomes equatorward directed through a clockwise rotation. The Harang Discontinuity
(marked as shaded interval in yellow) is located between the poleward and equatorward E fields.
Withing the discontinuity, the directional change occurs [1,2,9]. Thus, while the region of reversal
may not be a physical discontinuity, the discontinuity itself may have a finite width wherein the
actual transition or change occurs [8,10].
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In the magnetosphere, the plasmasheet maps down to the auroral oval, while the magnetotail
lobe maps down to the poleward oval boundary. Thus, the Harang Discontinuity’s poleward region
is magnetically connected to the central region of the plasmasheet, while its equatorward region is
connected close to the plasmasheet’s earthward edge [11]. In the magnetic midnight sector, where
the Harang region magnetically connects to the magnetotail, the discontinuity can also be interpreted
as a fault line separating the inflated and collapsed magnetic field during substorms [2.12]

The M-I conjugate Harang Discontinuity is also a common feature of substorms [1], and is
associated with auroral activation [13], as the near magnetic midnight substorm onset occurs at the
diffuse-discrete auroral boundary. Therefore, various auroral features (with plasmasheet driver
mechanisms) are associated with the Harang region. These include many substorm-onset-related
auroral signatures such as growth phase arcs [14], poleward boundary intensifications (PBIs) [15] and
their frequent equatorward extensions known as auroral streamers [16,17,18,19,20,21].

Although the Harang Discontinuity has a significant role in the substorm triggering process, as
was specified and put forward by Nishimura et al. [22], but (a) the documentation of Harang reversal
itself is not covered in their study by ionospheric observations. Only the clockwise rotating Harang
aurorae/streamers are shown by the all-sky imager (ASI) images. Furthermore, in our recent study
[23], we reported our comprehensive investigation of the M-I conjugate clockwise rotating Harang
reversal, but various aspects were not covered. We investigated only the near-midnight Harang
reversal, (b) leaving other MLT sectors out. Also, (c) the Harang reversal appearing in the ionosphere
was not documented with E field observations. Therefore, (d) the important observational evidence
of clockwise E field rotation driving clockwise ExB drift rotation is still missing. Furthermore, (e) the
scenario of anticlockwise rotating Harang reversal (when the dominating WE] becomes an EE]) was
not investigated. Moreover, contradicting early E field studies documenting the discontinuity
between the rotating E fields [1,2,8,9], some of the previous studies [20,21,24,25] state that (f) the
rotations of convection flows and E field components within the Harang region do not involve any
physical discontinuity.

In order to fill these gaps (listed above as a-f) in our knowledge and understanding, we
investigate both the various reversal and the discontinuity itself in a comprehensive way. In five
topside-ionosphere scenarios, we present the Harang region occurring in various MLT sectors,
during a sequence of events that led to the onset of expansion phase. Our scenarios demonstrate (i)
the rotating convection flows and E field components and (ii) the discontinuity between the
convections flows/E field components, where the convection flows and E field components
minimized, and (iii) the earthward electromagnetic energy deposition occurring withing the rotating
drifts and E fields, but not within the discontinuity.

2. Materials and Methods

For observing the Harang region, depicted by a discontinuity between the reversing zonal drift
components in the auroral oval, we surveyed the Defense Meteorological Satellite Program (DMSP)
[26] data plots for the calendar years of 2012 and 2013. Since the detection of the actual discontinuity
in the Harang region is quite rare, we found only a few observations. These observations were made
by the DMSP F15, F16, F17, and F18 satellites and mainly over the Southern Hemisphere and in the
nighttime MLT sector. As these DMSP satellites crossed the oval in the dawn-dusk direction, they
followed the discontinuity oriented in the east-west (E-W) direction and were able to provide
exceptional observations. Covered by continuous and good quality (Level 2) measurements, we
present five observations taken in four events: three events in the Southern Hemisphere and one
event in the Northern Hemisphere.

We used multi-instrument in situ measurements and imageries provided by the various DMSP
satellites orbiting the Earth at ~840 km altitude in their ~98.7° inclined and 110 min polar orbits.

The DMSP measurements used are from the SSIES (Special Sensor for Ions Electrons
Scintillations) and SSM (Special Sensor Magnetometer) instruments. These measurements are
processed and published as Level 2 data by the Madrigal Database. Provided by the SSIES


https://doi.org/10.20944/preprints202503.1836.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 March 2025 d0i:10.20944/preprints202503.1836.v1

4 of 19

instrument, we used drift velocities measured in the ram (Vram; m/s) or along-the-track direction and
in the cross-track horizontal (Vuor; m/s) and vertical (Vver; m/s) directions. We also used the SSM-
measured magnetic B field components (Bx, By, Bz; nT) and the computed perturbation B field (5B) or
magnetic deflection components (dBx, 6By, 6Bz; nT). By following the methodology of Kilcommons et
al. [27], we computed the three E field components (Ex, Ey, Ez; mV/m) based on the basic equation of
E=-VionsxB as Ex=VzBy-VyBz, Ex=VxBz-VzBx and Ez=VyBx-VxBy, where X denotes the ram directions
and Y and Z represent the cross-track horizontal and vertical directions. By following the
methodology of Huang and Burke [28] and Huang et al. [29], we computed the vertical component
of the Poynting flux (Si; mW/m?) in spacecraft-centered coordinate system, where X is upward-
downward, Y is forward-backward, and Z is eastward-westward. We used the equation of
Si1=1/po((VxBz-VzBx)dBz-(-VxBy)dBy), where Lo is the permeability in vacuum (47x107 H/m). Here,
the values of Si1<0 represent downward or earthward directed Poynting flux deposited into the
coupled Ionosphere-Thermosphere (I-T) system. For better presentation, we converted the negative
values to positive and plotted the earthward directed Si1 data as positive values.

We also employed a small number of imageries. These include the DMSP imageries provided
by the Special Sensor Ultraviolet Spectral Imager (SSUSI) instrument, which measures auroral and
airglow emissions of Far Ultra-Violet (FUV) radiance produced by the upper atmosphere [30,31].
Therefore, SSUSI imageries provide auroral observations derived from N2 emissions in the 140-150
nm range, which is also known as the N2 LBHS (Lyman-Birge-Hopfield short) spectrum. Both
equatorward and poleward oval boundaries are defined by the SSUSI model. But the SSUSI imageries
show only the equatorward auroral boundary (marked in dark red). Therefore, we added the
poleward auroral boundary (marked in red) to each SSUSI image shown. We also used horizontal
magnetic perturbation (dB) vector plots provided by the Active Magnetosphere and Planetary
Electrodynamics Response Experiment (AMPERE) project [32]. As the eastward and westward dB
vectors depict the EE] and WE] respectively, we could observe the clockwise rotation of EEJ to WE]
or the anticlockwise rotation of WE] to EEJ in the Harang region. We also used Super Dual Auroral
Radar Network (SuperDARN) {34,35,36] convection maps depicting the convection streamlines,
which are electrostatic equipotentials. For each convection map shown, we marked the Heppner-
Maynard (H-M) Boundary (in dark green), which is an empirical boundary defined based on the
underlying Interplanetary Magnetic Field (IMF) conditions [37]. The H-M Boundary marks the
latitudinal extent of the polar convection [38] and is located near the equatorward oval boundary
[39]. We also marked the SSUSI model defined poleward auroral boundary (in red). In the large-scale
polar convection pattern, we could observe the dusk and dawn convection cells, and the Harang
region where one convection cell wrapped around the other convection cell.

For observing the underlying interplanetary and geomagnetic conditions, we viewed the
variations of the IMF By (nT) and Bz (nT) components and of the various indices including the
geomagnetic Kp index and the auroral AE (nT) and AL indices.

For observing magnetotail-reconnection-related particle injections, we used electron flux
measurements provided by the Geostationary Operational Environmental Satellites (GOES) orbiting
the Earth once a day at 6.6 Re. GOES-13 and GOES-15 traveled mostly in the nighttime MLT sector
and provided average electron flux values measured at various keV channels including 40, 75, 150,
275 and 475 keV.

3. Results

3.1. Dawnside Harang Discontinuity and Clockwise Rotations Observed in Event-1

Figure 2 shows the underlying interplanetary and geomagnetic conditions of the four events of
interest. These are depicted by the line plots constructed with the IMF By and Bz components, with
the geomagnetic index of Kp and auroral indices of AE and AL, and with the electron flux measured
at various channels by GOES-13 or GOES-15.
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Figure 2. The four sets of plots are constructed the four events investigated and depits the underlying
interplanetary and geomagnetic conditions, during which the Haramg scenario (marked as symbol dot in green;

shaded inetrval in yellow) occurred.

Figure 2a is constructed for Event-1 (22 August 2013), when two dawnside scenarios occurred
during 7-8 UT (marked as symbol dots in green, shaded interval in yellow). Under weak dawnward
(By<0) and southward (Bz<0) IMF conditions (By=-2 nT; Bz=-1 nT), the underlying two-cell convection
pattern appeared with a more elongated dusk cell that intruded dawnward and a round shaped
dawn cell (as shown in Figures 3b-4b). Event-1 unfolded under moderate geomagnetic (Kp=2+) and
weak substorm (AL=-100 nT; AE=200 nT) conditions. Observed by GOES-13 during the
postmidnighttime (1-2 MLT) hours, both scenarios were preceded by strong particle injections during
6-7 UT.

Figures 3 and 4 are constructed for the two scenarios of Event-1 (22 August 2013). In Event-1,
three DMSP satellites observed the Harang region in the postmidnight MLT sector over the Southern
Hemisphere.
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Figure 3. In the first scenario of Event-1, DMSP F17 observed (near magnetic midnight) the Harang region
characterized by both the electrojet/drift/E field rotation in the clockwise direction and the discontinuity. The N-

S auroral arc appeared and, by following the discontinuity, became E-W directed.

Figure 3a shows the schematic diagram of the earlier observed (~7.25 UT or 7:15 UT) first
scenario. Within the equatorward half of the oval, the duskside EE] intruded dawnward, where the
plasma was flowing antisunward (marked by the arrow in blue). On the dawnside, the dominating
WE] (shaded in cyan) occupied the poleward half of the oval, where the plasma was flowing sunward
(marked by the arrow in blue). Thus, the Harang region developed on the dawnside, in the
postmidnight MLT sector, where the discontinuity was directed E-W and located between the EE]
and WE].

Figure 3b illustrates the two-cell polar convection pattern operational at that time along with the
Heppner-Maynard (H-M) boundary (marked in dark green) and the polar cap boundary (marked in
dark red). Then, the F17 pass (in green) crossed the auroral region from dawn to dusk. We plotted
the locations of EE]J (symbol square in green) and WE]J (symbol diamond in green). These show that
the equatorward located EE] is associated with the dawnward intruding dusk cell (marked in blue),


https://doi.org/10.20944/preprints202503.1836.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 March 2025 d0i:10.20944/preprints202503.1836.v1

7 of 19

while the poleward located dominating WEJ is related to the dawn cell (marked in red). Thus, as
depicted by the schematic diagram in Figure 3a, Figure 3b shows that F17 observed the Harang
Discontinuity on the dawnside and between the E-W directed dusk and dawn cells. Since the F17
pass crossed the auroral zone in the dawn-dusk (or E-W) direction, it was able to observe not only
the clockwise drift and E field rotations, but also the discontinuity itself (as shown in Figure 3c).

Figure 3c shows a set of line plots constructed with the multi-instrument F17 data. These line
plots are oriented in the poleward direction, similarly to the schematic diagram shown in Figure 1b,
so comparisons can be made. By progressing from top to bottom, we show the line plots of horizontal
drift (Vuor), E field components in the ram (Eram) and vertical (Ever) directions, magnetic deflection
components (0By; 0Bz) and Poynting flux (Si1). We marked the midnight auroral zone and the polar
cap. According to the Vror line plot, F17 observed first the strong antisunward (-) flows (Vior=-2,600
m/s) in the regime of EE]J (shaded interval in magenta) on the dawnside, where the plasma was
flowing antisunward (toward midnight; as shown also in Figure 3a). Then, the Harang Discontinuity
(HD; shaded interval in yellow), where the zonal drift stopped (Vuor=0 m/s). Finally, the strong
sunward (+) flows (Vuor=2,500 m/s) in the regime of WE]J (shaded interval in cyan). Next, the E field
line plots depict the poleward (+; Eram=90 mV/m) and weaker outward (+; Ever=10 mV/m) E field
components associated with the EE], the equally strong equatorward (-; Eram=-90 mV/m) E field
associated with the WE], and the discontinuity in both E field components (Eram=0 mV/m; Ever=0
mV/m) depicting the Harang Discontinuity. Then, the deflection components show the reversals of
Hall currents (Ju; from sunward in the EE]J to antisunward in the WE]) and Pedersen currents (Jr; from
poleward in the EEJ to equatorward in the WEJ). These currents (Ju and Jr) peaked within the
electrojets and changed directions within the discontinuity. In good agreement with the study of
Kamide [8], these Ju and Jr observations imply a current continuity in the Harang Discontinuity.
Finally, the Poynting flux line plot depicts the earthward directed (+) electromagnetic energy
deposition occurring from the magnetosphere to the ionosphere: S11=14.5 mW/m? within the EEJ and
Si=12.5 mW/m? within the WEJ. But within the Harang Discontinuity, the earthward energy
deposition decreased from ~2.5 mW/m? through zero to -1.0 mW/m2

Figure 3d shows the SSUSI imagery depicting the southern part of the auroral oval along with
the north-south (N-S) aligned auroral arc that became E-W directed as the N-S arc followed the
Harang reversal [22]. In good agreement with the findings of Nishimura et al. [22], the E-W directed
auroral arc is located where the E-W directed Harang Discontinuity was observed by F17.

Figure 3e shows the AMPERE dB vector map. Based on the study of Kleimenova et al. [40], we
marked the WE] and EEJ (as arrows in dark green) within the Harang region, and the discontinuity
(as line in red) between them. These illustrate the rotating WE] to EEJ along the discontinuity.

Figure 4 is constructed the same way as Figure 3 and shows the second scenario (at 7.75 UT or
7:45 UT) of Event-1 (on 22 August 2013) observed by F16 and F18. As shown by the schematic diagram
in Figure 4a, the dusk cell/EE] intruded dawnward into the dawnside WE] in such a way that the
dawnward intruding EEJ (where the plasma was flowing toward midnight or antisunward) appeared
between two WE]s (where the plasma was flowing sunward). According to the polar convection map
in Figure 4b, F16 and F18 were traveling poleward and observed the EE] (related to the dawnward
intruding dusk cell) first and then the WE] (related to the dawn cell).
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Figure 4. In the second scenario of Event-1, two DMSP satellites (F16 and F18) observed (in the postmidnight
MLT sector) the Harang region characterized by both the electrojet/drift/E field rotation in the clockwise
direction and the discontinuity. Then, the N-S auroral arc was still present and, by following the discontinuity,
became E-W directed.

In Figure 4c, the two sets of line plots depict the reversals of zonal drifts from antisunward (in
the regime of EEJ; Vror: ~-2,000 m/s and ~-3,000 m/s) to sunward (in the regime of WEJ; Vror: ~3,200
m/s and ~2,800 m/s). We show also the clockwise rotation of E field components: from poleward (in
the regime of EEJ; Eram: ~70 mV/m and ~180 mV/m) to equatorward (in the regime of WE]; Eram: ~150
mV/m and ~100 mV/m) and from outward (in the regime of EEJ; Ever: ~8 mV/m and ~48 mV/m) to
inward (in the regime of WE]; Evir: ~-20 mV/m and ~-25 mV/m). Both the F16 and the F18
observations show the discontinuity’s narrow region of (shaded interval in yellow) where the zonal
drift (Vuor) and meridional E field (Eram) became zero and where the Poynting flux became close to
zero. In the Harang region, the earthward energy deposition derived from the F18 data (S11=5 mW/m?
within the EEJ and Si1=4 mW/m? within the WE]) was weaker compared to that derived from the F16
data (S11=12 mW/m?2 within the EEJ and Si11=9 mW/m?2 within the WE]).

Finally, we show the deflection components only for the F16 observations. These depict the
reversals of Hall currents (from sunward to antisunward) and Pedersen currents (from poleward to
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equatorward), and the continuation of the currents in the regime of the discontinuity. Figure 4d
shows with the SSUSI imagery that the N-S directed auroral arc was still there and was still following
the Harang Discontinuity (i.e. became E-W directed). Thus, the discontinuity’s location is marked by
the E-W aligned auroral arc where F16 and F18 made their observations. At the same dawnside
location, the AMPERE dB vector map depicts the rotating WE]J to EE]J along the discontinuity as
marked in Figure 4e.

3.2. Duskside Harang Discontinuity and Anticlockwise Rotation Observed in Event-2

Returning to Figure 2b, the duskside scenario of Event-2 (9 April 2013) was observed under
stronger duskward (By>0) and southward (Bz<0) IMF conditions (Bv=3.5 nT; Bz=-2 nT), but quieter
geomagnetic conditions (Kp=1+; AL=-35 nT) conditions (compared to Event-1), and without any
particle injections occurring in the 22-23 MLT sector. For such IMF orientation, the two-cell
convection pattern operational was characterized by a more elongated dawn cell that intruded
duskward and by a less elongated dusk cell (as shown in Figure 5b).
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Figure 5. In Event-2, the F15 satellite observed (in the evening MLT sector) the Harang region characterized by
both the electrojet/drift/E field rotation in the anticlockwise direction and the discontinuity. Then, the N-S arc

was still present and, by following the discontinuity, became E-W directed.
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Figure 5 depicts the duskside scenario of Event-2 (9 April 2013) occurring over the Southern
Hemisphere. As shown in Figure 5a by the schematic diagram, the dawn cell intruded duskward and
therefore, the dawnside WE] appeared near the equatorward edge of the oval, where the plasma was
flowing back, toward midnight, or antisunward. Meanwhile, the duskside EE] was located near the
poleward edge of the oval, where the plasma was flowing sunward. Thus, in the Harang region, the
dominating duskside EE] became a WE]J via an anticlockwise rotation. In Figure 5b, the polar
convection plot depicts the above-described two-cell convection pattern and the F15 pass. As the F15
satellite crossed the oval in the postmidnight-dusk direction, it observed first the duskward intruding
dawn cell (associated with the WE]), then the dusk cell (associated with the EE]), and the
discontinuity itself located between the two convection cells/electrojets where the duskward
intruding dawn cell wrapped around the dusk cell.

In Figure 5¢, the line plots cover the duskside auroral zone. According to data availability, we
show here only the line plots of zonal drift and meridional E field driving the zonal drift. F15
observed the equatorward located antisunward flows (Vior=-2,200 m/s) in the regime of WE] (shaded
interval in cyan) as the dawn-cell-related plasma was drifting toward midnight and the poleward
located sunward flows (Vuor=1,600 m/s) in the regime of EEJ (shaded interval in magenta). Their
respective underlying equatorward E field (Eram~60 mV/m) and poleward E field (Eram~50 mV/m)
depict an anticlockwise rotation. Meanwhile, the clear signatures of Harang Discontinuity appear
both in the zonal drift and in the meridional E field: both became zero. But earthward energy
deposition (Si1=4.5 mW/m?) occurred only within the regime of WE], as the Poynting flux decreased
to zero elsewhere.

In Figure 5d, the SSUSI imagery depicts a short section of the N-S auroral arc that became E-W
directed on the duskside by following the Harang reversal [22]. In this MLT sector, the AMPERE dB
vector map in Figure 5e shows the electrojet reversal along the discontinuity, where the EE]J rotated
and became a WE].

3.3. Duskside Harang Discontinuity and Clockwise Rotation Observed in Event-3

Returning to Figure 2c, the line plots show that Event-3 (17 March 2012) occurred under strong
dawnward (By<0) and southward (Bz<0) IMF conditions (By=-4 nT; Bz=-2 nT) and increasingly active
geomagnetic conditions (Kp=4+), during an intense substorm (AL=-500 nT), and soon after dispersed
particle injections observed by GOES-15.

Figure 6 illustrates Event-3 (17 March 2012) observed by F15 over the Southern Hemisphere. As
the schematic diagram shows in Figure 6a, at ~18 MLT, the duskside EE] appeared within the
equatorward half of the oval, while the duskward intruding WE] appeared within the poleward half
of the oval. With the Harang Discontinuity between the two electrojets, the clockwise rotating
EE]J/poleward E field became a WE]/equatorward E field. Further illustration is provided by the polar
convection map in Figure 6b.

Figure 6b shows that the two-cell polar convection displayed a highly asymmetric pattern with
a significantly stronger dawn cell than dusk cell, where the dawn cell intruded into the dusk sector,
up to 18 MLT. At 18 MLT, the duskward intruding dawn cell occupied the poleward half of the oval
while the dusk cell occupied the equatorward half of the oval. Such asymmetric convection pattern
is unrelated to the IMF By component, but consistent with the WE]'s enhancement during substorm
[41] and is produced by the westward substorm surge reaching 18 MLT [42].

Because of the dawn-dusk alignment of the F15 pass, the line plots in Figure 6c cover the
duskside auroral zone and a small section of the polar cap. These plots depict the strong sunward (+)
drift (Vuor=3,000 m/s) and underlying poleward (-) E field (Eram=-90 mV/m) in the regime of EE],
where the Hall currents were antisunward directed and also the strong antisunward (-) drift (Vuor=-
2,000 m/s) and underlying equatorward (+) E field (Eram~80 mV/m) in the regime of WE], where the
Hall currents were sunward directed. Both the clockwise rotating meridional E field and the
discontinuity itself were observed by F15. Earthward energy deposition reached ~11.5 mW/m? within
the auroral electrojets and minimized at ~1 mW/m? within the discontinuity.
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In Figure 6d, the SSUSI imagery shows the auroral bulge along with the N-S auroral arc that
became E-W directed where the discontinuity was located, as the N-S auroral arc followed the Harang
reversal [22]. In Figure 6e, the AMPERE dB vector map depicts the clear signatures of strong electrojet
reversal and discontinuity in the dusk sector.
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Figure 6. In Event-3, the F17 satellite observed in the 18 MLT sector, which was reached by the westward
substorm surge, the Harang region characterized by both the electrojet/drift/E field rotation in the clockwise
direction and the discontinuity. Then, the N-S auroral arc became E-W directed by following the discontinuity.

3.4. Harang Discontinuity and Clockwise Rotation Observed in Event-4

Returning to Figure 2d, Event-4 occurred under duskward IMF orientation (By=5 nT) and at the
end of a long-lasting southward IMF alignment (Bz<0), when the IMF turned northward (max Bz=9
nT), and during an intense substorm (AL=-650 nT), when the declining geomagnetic activity was still
intense (Kp=4-). In the postmidnight (2-4 MLT) sector, GOES-15 observed weak dispersionless
particle injections in Event-4, but significantly stronger dispersed injections ~2 UT hours before
Event-4.

Figure 7 shows the duskside scenario of Event-4 (9 November 2013) observed by F15 over the
Northern Hemisphere. The schematic diagram in Figure 7a (like in Figure 6a), depicts the intrusion


https://doi.org/10.20944/preprints202503.1836.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 March 2025

12 of 19

of dawn cell into the dusk cell at ~18 MLT and a scenario, when the EE] appeared equatorward of the
WE]. Along the Harang Discontinuity, the EE] rotated clockwise and became a WE]. However, as the
polar map shows in Figure 7b, the underlying polar convection was characterized by a two-cell
pattern with a localized dawn cell at ~18 MLT because of the northward IMF. This resulted in a
scenario, where the Harang reversal occurred at ~18 MLT. Then, in the auroral zone, the EE] appeared
at lower latitudes and the WEL at higher latitudes.

In Figure 7c, the F17 line plots cover the duskside auroral zone and a small section of the polar
cap at ~18 MLT. These line plots depict the clockwise rotations of zonal drift (from sunward to
antisunward) and E field components (from poleward/outward to equatorward/inward) and the
discontinuity itself. These line plots show the sunward (+) drift (Vuaor*2,600 m/s) and underlying
poleward (-) and outward (+) E fields (Eram=-90 mV/m; Ever#10 mV/m) in the regime of EE]. Also, the
antisunward (-) drift (Vior=2,500 m/s) and underlying equatorward (+) and inward (-) E fields
(Eram=100 mV/m; Ever=l0 mV/m) in the regime of WE]. Earthward energy deposition was
significantly stronger (S11=33 mW/m?) in the regime of EE] compared to the weaker (51119 mW/m?)
earthward energy deposition in the regime of WE]. Between the reversals and earthward energy
depositions, the discontinuity itself appears and is shown best by the line plots of vertical drift and
Poynting flux, both reaching and remaining close to zero. Meanwhile, the deflection components
depict the reversals of Hall currents (from antisunward to sunward) and Pedersen currents (from
sunward to antisunward) within the discontinuity and thus demonstrate current continuity. In Figure
7d, the SSUSI imagery shows the N-S auroral arc and its turning into the E-W direction by following
the Harang Discontinuity [22]. Since the F17 pass was dawn-dusk (E-W) directed, F17 was able to
observe both the reversals of zonal drift and E field components and also the discontinuity itself.

9 November 2013
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Figure 7. In Event-4, the F17 satellite observed in the 18 MLT sector the Harang region characterized by both the
electrojet/drift/E field rotation in the clockwise direction and the discontinuity. Then, the N-S auroral arc became

E-W directed by following the discontinuity.

4. Discussion

In this study, we investigated the ionosphere component of the M-I conjugate Harang
phenomenon and focused on both the reversals and the discontinuity developed between the
reversing vectors. We investigated the reversal of zonal drift (Vuor) along with the underlying E field
components (observed in the meridional (Eram) and radial (Ever) directions) and auroral electrojet.
Unfolding in four events (Events 1-4), we illustrated five scenarios demonstrating clockwise rotations
(in four scenarios) and anticlockwise rotations (in one scenario) along with the discontinuity itself
developed between the rotating components.

To our investigation, the study of Nishimura et al. [22] is particularly relevant, as the Harang
Discontinuity’s evolution is related to the onset of substorm expansion phase. Nishimura et al. [22]
reported a repeatable sequence of events leading to substorm onset (i.e., onset of expansion phase)
based on M-I conjugate observations provided by magnetosphere satellite observations and ground-
based ASI imageries. These events include (i) auroral PBIs and (ii) PBIs’ evolvement into N-S auroral
arcs, called auroral streamers, which (iii) become E-W directed auroral arcs by tracking (i.e.,
following) the Harang reversal. Nishimura et al. [22] called the N-S auroral arcs Harang streamers or
Harang aurorae. It was also highlighted by the authors that some of the N-S auroral arcs follow the
dawn convection cell and thus, generally lead to substorm onsets located in the midnight and
postmidnight MLT sectors.

Based on the sequence of events defined by Nishimura et al. [22], we specified some important
features of the Harang regions observed (listed below as 1-4) that are in good agreement with the
findings of Nishimura et al. [22]. Our Harang scenarios occurred during the sequence of events that
led to substorm onset (i.e., the onset of the expansion phase). Particularly, when the N-S auroral arcs
-following the dawn convection cell- were still present and the E-W auroral arcs developed already
(as shown by the DMSP SSUSI imageries). These imply that the Harang regions observed by DMSP
were newly formed. Each scenario presented in this study depicts (1) the newly-formed Harang
region developed between the dusk and dawn cells, where one cell wrapped around the other. (2)
The reversals of zonal drift and underlying E field components and between the reversing drift/E
field components (3) the discontinuity itself, where the N-S auroral arc rotated (i.e., just poleward of
the substorm onset latitude) and became E-W directed by following the Harang Discontinuity. (4)
The locally maximized earthward deposition of electromagnetic energy within the regimes of auroral
electrojets, since the accumulated magnetic energy becomes released into the coupled M-I system
during the expansion phase [43], while energy deposition was absent within the regime of
discontinuity.

Importantly, our results demsotrate that one of the significant features of the Harang region is
the discontinuity itself. Although the discontinuity itself was reported by early studies, it was not
recognized by some of the previous studies that preferred to use the term “Harang Reversal” (see
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details in section 1). One possible reason is the discontinuity’s rare detection. For example, for this
study, we surveyed two years of data plots, covering the calendar years of 2012 and 2013, and found
only a few observations depicting both the drift reversal and the discontinuity between the reversing
sunward/antisunward drift components. These observations are from those DMSP passes that
traveled along the Harang Discontinuity and therefore were able to observe the discontinuity itself
along with the zonal drift rotation in the Harang region. These observations provide direct evidence
that within the Harang region observed, there was an actual discontinuity in terms plasma
convection, E field vectors, and electromagentic energy deposition. Within the convection
discontinuity, developed between the reversing zonal ExB drift, the zonal ExB drift decreased to zero.
Similarly, within the E field discontinuity, developed between the reversing E field components, the
meridional and radial E fields diminished. As a shortfall of this study, due to the poor quality
azimuthal (or zonal) E field data obtained, our scenarios do not demonstrate the localized increase of
westward E field within the discontinuity, as was first described by Kamide [8] and shown in Figure
1b. Furthermore, the earthward electromagnetic energy deposition (i.e. Poynting flux) locally
maximized within the reversing electrojet/ExB drift/E fields and locally minized or diminished within
the discontinuity. Thus, within the Poyniting flux discontinuity, electromagnetic energy deposition
minized or ceased. Finally, in good agreement with the early study of Kamide [8], there was a current
continuity within the Harang Discontinuity, where the Hall and Pedersen currents reversed.

Understanding the M-I conjugate Harang phenomenon is crutial for the better understanding of
various subauroral phenomena, which strongly degrade trans-ionosphere satellite signals leading to
serious navigation and posinitioning errors [44,45]. These phenomena include the STEVE (Strong
Thermal Emission Velocity Enhancement) arc [46,47,48] that is the optical manifetsion of SAID (Sub-
Auroral Ion Drifts) [49,50,51] and that is closely linked to SAID [52,53,54]. For example, the STEVE
arc prefers to develop in the pre-midnight Harang region lasting longer than usual. In that preferred
region, the STEVE-associated poleward subauroral E field becomes amplified and drives extremely
strong SAID flows [41,55]. These imply that the longer-lasting Harang region has a significant role in
the developemnt of both STEVE arc and amplified SAID flows. In future studies, we plan to
invetsigate the amplified SAID in the Harang region based on M-I conjugate obseravtions. According
to our knowledge, this study is the first to investigate electromagnetic energy depistion
(approximated with the Poynting flux) in the Harang region. We highlighted the earthward Poynting
flux’s absence within the discontinuity and localized increas within the reversing drifts/E fields.
Understanding the pattern of earthward Poynting flux is vital, since earthward electromagnetic
energy deposition adversely impacts the thermosphere and causes thermospheric drag on spacecraft
leading to difficulties both in tracking and in orbit determination/prediction [56].

5. Conclusions

In this study, we focused on the ionosphere component of the M-I conjugate Harang
phenomenon. By utilizing multi-instrument DMSP data and various imageries, we used a diverse
database. These include the computed values of E field components for observing E field rotations
and of Poynting flux for quantifying the electromagnetic energy transfer in the coupled M-I system.
Also, the satellite imageries showing the N-S auroral arc rotating (by following the Harang
Discontinuity) and becoming E-W directed along the discontinuity, as was first reported by
Nishimura et al. [22].

Our experimntal observations demostrate the Harang Discontinuity appearing as a finite width
of discontinuity and occurring (1) in the zonal ExB drift and underlying E fields and aslo in the
Poynting flux. We demostrate the disconinuity appearing between the electrojets/drifts/E fields
reversing through a (2) clockwise rotation with our two dusk and two postmidnight scenarios or
through an (3) anticlockwise rotation with our premidnight scenario. Meanwhile, the correlated
auroral imageries depict (4) the N-S auroral arc following the dawn convection cell and becoming E-
W directed along the discontinuity.
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We note here that these new findings (1-4) are significant, since they contribute to the better
understanding of the various features of the Harang region along with the underlying
electromagnetic energy deposition estimated with the Poynting flux. These features include, as our
scenarios demostrate, (i) the Harang Reversal of the clockwise or anticlockwise rotating zonal ExB
drift and underlying meridional and radial E fields, where the earthward Poynting flux locally
maximized. And also (ii) the Harang Discontinuity that was observed as an actual discontinuity
appearing between the rotating ExB drift/E field vectors and also in the Poynting flux.
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Abbreviations

The following abbreviations are used in this manuscript:

AMPERE Active Magnetosphere and Planetary Electrodynamics Response Experiment
ASI All Sky Imager

DMSP Defense Meteorological Satellite Program

EEJ Eastward Electrojet

E field Electric field

Eram along-the-track ram Electric field

Ever cross-track vertical or radial Electric field

E-W East-West

FACs Field-Aligned Currents

GOES Geostationary Operational Environmental Satellites


https://doi.org/10.20944/preprints202503.1836.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 March 2025

16 of 19

HD Harang Discontinuity
H-M Heppner-Maynard
Ju Hall currents
Jp Pedersen currents
M-I Magnetosphere-Ionosphere
MLT Magnetic Local Time
N-S North-South
R1 Region 1
R2 Region 2
S Poynting Flux
SAID Sub-Auroral Ion Drifts
SSuUSI Special Sensor Ultraviolet Spectrographic Imager
STEVE Strong Thermal Emission Velocity Enhancement
SuperDARN  Super Dual Auroral Radar Network
VHor cross-track horizontal drift velocity
WE] Westward Electrojet
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