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Abstract. Comprehensive analysis of a moderate 600nT1 Introduction

substorm was performed using simultaneous optical observa-

tions inside the auroral oval and in the polar cap, combinedl.1 Location of substorm onsets as inferred from

with data from satellites, radars, and ground magnetometers.  satellite and ground observations

The onset took place near the poleward boundary of the au-

roral oval that is not typical for classical substorms. The sub-Although the substorm onset and development mechanisms
storm onset was preceded by two negative excursions of thwere of high interest for many decades, there are still a
interplanetary magnetic eld (IMFBz component, with a number of issues under discussion. The substorm studies
1 min interval between them, two enhancements of the antiliSe satellite plasma and eld measurements in the magne-
sunward convection in the polar cap with the same time inter{otail plasma sheet and simultaneous auroral and magnetic
val, and 15 min oscillations in the geomagnéticomponent observations on the ground in the auroral zone where the
in the auroral zone. The distribution of the pulsation intensity Plasma sheetis mapped onto the ionosphere. One of the long-
along meridian has two local maxima, namely at the equaStanding problems is where and when key substorm pro-
torial and poleward boundaries of the auroral oval, whereC€Sses initiate. In the distant magnetotail, the direct compar-
pulsations occurred in the out-of-phase mode resembling théson of satellite measurements and ground data is hindered
eld line resonance. At the initial stage, the auroral breakup PY the low accuracy of the mapping of magnetospheric pro-
developed as the auroral torch stretched and expanded pol€€Sses to the ionosphere that are conditioned by the complex
ward along the meridian. Later it took the form of the large- Shape of geomagnetic eld lines. In particular, the causal
scale coiling structure that also distinguishes the considereink between the formation of so-called auroral poleward
substorm from the classical one. Magnetic, radar, and thdoundary intensi cations (PBIs) and distant reconnections
Active Magnetosphere and Planetary Electrodynamics Re(€.9., Lyons et al., 1999) is very dif cult to test. Note that
sponse Experiment (AMPERE) satellite data show that, besome kind of PBI is regarded as a substorm-onset trigger
fore the collapse, the coiling structure was located betweertNishimura et al., 2015). To solve the above problem, one
two eld-aligned currents, namely downward at the poleward Ne€ds either an appropriate modi cation of the geomagnetic
boundary of structure and upward at the equatorial bound-eld model (Brito and Morley, 2017) or the involvement of
ary. The set of GEOTAIL satellites and ground data t to the SOme additional information (e.g., Shevchenko et al., 2010)
near-tail current disruption scenario of the substorm onsett0 perform a more or less accurate conjugation of the satellite

We suggest that the 15 min oscillations might play a role inWith ground instruments. . .
the substorm initiation. Two competing substorm scenarios based on in-space ob-

servations have been proposed. The rst one implies that
the substorm originates in the near-Earth portion of the
plasma sheet due to the dawn-to-dusk current disruption
(CD) around 10@Rg in the course of the development of some

Published by Copernicus Publications on behalf of the European Geosciences Union.



902 V. V. Safargaleev et al.: Polar substorm on 7 December 2015

kind of magnetohydrodynamic (MHD) or kinetic instability searchers believe that pseudobreakups may be regarded as a
(e.g., Lui, 1996). In particular, the ballooning instability (e.g., substorm trigger (e.g., Rostoker, 1968).
Roux et al., 1991) may cause current disruption in alocalized The substorm trigger in the interplanetary medium is one
region of the plasma sheet. As a result, the current wedge isnore issue under discussion. Substorms may be initiated by
formed, and the auroral structure in the form of a westward-variations in solar wind dynamic pressure (sudden impulses
traveling surge develops, and the magnetic eld is dipolar- Sls) or the interplanetary magnetic eld (IMF). It was found
ized. In accordance with the second scenario (e.g., Bakethat the majority of Sl events do not lead to substorms (Liou
et al., 1996), the substorm starts at 20B@ as a result of etal., 2017, and references therein). Variations in the B&F
magnetic reconnection via near-Earth neutral line (NENL)component seem to be more effective. Russell (2000) sug-
formation. In ionospheric projections, the closer substormsgested that double substorm onsets can be caused by a tempo-
are associated with maximal geomagnetic disturbances (negal de ection of northward IMF southwards. In the review by
ative bays in théd component) deep inside the auroral zone, Baker et al. (1996) it was noted that a class of substorms were
whereas distant substorms should be displayed as negatitéggered by positive changesBz after it turned southward.
bays with maximum amplitude at higher latitudes (close toMishin et al. (2001) showed, with the superimposed epoch
the poleward boundary of the auroral zone). analysis, that substorm-associatr variation is a gradual
Two types of the ground substorm onsets that map into thehange, rst to negative and then to positive values, and it
inner and mid-tail were described by Baker et al. (1993) andooks like a fragment of sinusoid. As a rule, the abovemen-
Pulkkinen et al. (1998). According to the interpretation of the tioned uctuations are easily identi ed in IMF data due to
authors, both types of onsets are initiated by NENL forma-large amplitude and timescale, or they can be inferred by
tion. Another point of view is that both CD and reconnection statistics. Recently, Safargaleev et al. (2018) proposed that
may operate, producing different types of substorm onsetshe polar substorm might be initiated by the less prominent
in two different latitudinal zones on the ground (Vasyliunas, sinusoid-like variation in the IMBz component with a pe-
1998). Kleimenova et al. (2012) proposed distinguishing theriod of 15 min detected in the solar wind several tens of
substorms associated with magnetic bays near the polewanahinutes prior to the onset. To associate substorm onset with
boundary of the auroral oval (i.e., polar substorms) fromthese kinds of IMF variations, one needs careful estimating
those that start inside the auroral zone and then expand pol®f the time delay between the arrival of the IMF irregularity
ward (further referred to as classical substorms). The statisat the magnetopause and the beginning of the substorm.
tics show that polar substorms are observed preferentially in The magnetospheric response time to the variation in the
the premidnight zone, and, indeed, 20 % of substorms mayolar wind can vary from a few minutes to several hours.
be classi ed as polar (Kleimenova et al., 2012). Similar to Hairston and Heelis (1995) observed a time lag of 17 25 min
the classical substorm, the polar substorm is accompanieth the ionospheric ows responding to the IMF changing
by Pi2 geomagnetic pulsations and auroral breakup. How{from north- to southward. In accordance with the numerical
ever, the latter occurs as a large-scale vortex (Kleimenova etsimulation of Bargatze et al. (1999), the substorm occurs 30
al., 2012) or a poleward-progressing auroral torch-like struc-60 min after the solar wind energy input (i.e., after a south-
ture (Safargaleev et al., 2018) rather than an auroral bulgevard turning of the IMF and a dayside reconnection begin-
or westward-traveling surge (WTS) in the classical substormning). This means that the time lag between the convection
onset. response and the substorm onset might be about 30 min. One
Sometimes substorms occur as a sequence when a clearore important but uncertain (within 5 25 min) parameter is
growth phase is followed by the rst onset at lower latitudes, the propagation time of solar wind between the bow shock
and the second one involves all latitudes betweend&@@l  and dayside magnetopause. Samsonov et al. (2017) showed
70 (e.g., Mishin et al., 2001). In the case presented by Safarthat the typical time for a southward interplanetary magnetic
galeev et al. (2018), the intense polar substorm developed ireld turning to propagate across the dayside magnetosheath
the background of rather weak substorm-like disturbances ato subsolar magnetopause is 14 min.
lower latitudes. Disturbances started 15 20 min prior to the
polar substorm onset and may be identi ed in the westward1.3 Preonset phenomena
electrojet.
Auroral activity at high latitudes contains information about
magnetospheric processes. For this reason, a number of opti-
cal studies were focused on the magnetospheric phenomena
prior to the substorms and aimed to nd out the precursors of
Baker et al. (1996) noticed that multiple onsets occur often. Ifsubstorms. Pellinen and Heikkila (1978) and Baumjohann et
they occur before the main breakup, they are called pseudaal. (1981) showed that the breakup is preceded by the preex-
breakups (e.g., Koskinen et al., 1993). After the main onsetjsting arc fading after its short brightening. Safargaleev and
they are called intensi cations. Pseudobreakups look similarOsipenko (2001) noted that the fading and/or brightening of
to substorm expansion but are relatively weaker. Some remultiple preexisting arcs looks like the poleward displace-

1.2 Substorm triggers
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ment of the auroral activity, which may be considered as ar
ionospheric trace of the waves propagating tailward in the
plasma sheet. Much attention was paid to the nearly north
south aligned auroral structures originating at the polewarc
auroral boundary and progressing to lower latitudes, which
were considered as substorm precursors (e.g., Rostoker et a
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903

£20°

75°

I I i
10 20 30

NAL.@
LYR@

HOR @
HOP @

a0

50°

60’

53

1987). Golovchanskaya et al. (2015) focused on the wavelike
signatures of the east west type of auroral activities, which
appear before the breakup and may be related to balloonin
waves propagating in the plasma sheet. In fact, any form o
optical presubstorm activity could be considered as a precur [70
sor of the onset, so such investigations need to continue o
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The main aim of the present paper is a detailed multi- |8 :
instrumental investigation of a case of the polar substorm or
7 December 2015.
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First, we describe the main features of the polar substorm $”\/
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inferred from ground observations to show that the most in- DOB.“ § & R

tense onset begins near the poleward boundary of the auror. _soLe g

oval so that the preceding onset-like features at lower lati- % i 60"
tudes look like pseudobreakup events (Sect. 3.1). In order t KAR @ HA%’ upse . 2o = it

avoid discussing whether they are pseudobreakups or not, w
use a general term in the text, namely preonset phenomena, . .
Second, we show signatures of preonset phenomena i igure 1. Observatories pf the IMAGE magnet_ometer network
the ionospheric radar data (Sect. 3.2) and in the solar win small bIa_ck dots). Large C|rcle.s show the eld of view ofthe all-sky
(Sect. 3.3) ameras in Barentsburg (BAB; top) and Sodankyl (SOD; bottom).
Third, we emphasize the differences between polar and
classical substorms in the auroral data (Sect. 4.1) and the dis-
tribution of large-scale eld-aligned currents (Sect. 5.2).  access: 16 March 2020). In addition to the magnetograms,
Fourth, we present GEOTAIL satellite data to show that, we used data of the ionospheric equivalent currents provided
in the case considered, the current disruption in the plasmé frame of the ECLAT project (Amm and Viljanen, 1999;
sheet is more probable reason for the substorm onset thapulkkinen et al., 2003). The equivalent currents are virtual
the neutral line formation (Sect. 4.2). currents in the ionospheric plane causing the same magnetic
Fifth, we discuss the possible role of two structures sep-eld change on the ground as the real 3D ionospheric
arated by 15min in the IMF, ionospheric plasma ow, and and/or magnetospheric current system. In the equivalent
magnetic and optical data in the substorm process (Sect. 5.3urrent map, footprints of the localized downward (upward)
Finally, we discuss possible mechanisms matching the ob-eld-aligned current (FAC) can often be associated with
servations (Sect. 5.4). quasi-circular clockwise (counterclockwise) equivalent cur-
rent vortices around the location of the upward (downward)
FAC (e.g., Amm et al., 2002; Palin et al., 2016).
Two all-sky cameras (ASCs) located in Barentsburg
(BAB; 78.09 N, 14.21 E; geomagnetic latitude 75.0K)
The study utilizes data from the IMAGE magnetometer and Sodankyl (SOD; 67.3™, 26.63 E; geomagnetic lati-
network (Tanskanen, 2009). Small black circles on the mapude 63.70N) monitored auroral activity. The BAB camera
in Fig. 1 show the locations of the magnetometers. The timewas operating in visible light and provides one frame per sec-
resolution of the data is 10 s. The time of the substorm onsebnd. Green line images from the SOD camera, at 3 10 s res-
was de ned as the beginning of a negative deviation in theolution, were used in the study. Large circles in Fig. 1 show
H component rst detected at Bear Island (BJN; 74.80  the elds of view of the cameras at a height of 110 km for el-
19.20 E, geomagnetic latitude 71.2R) atTo 17:30UT.  evation angles above 15The ASC keograms in Fig. 2 were
We used the Altitude-Adjusted Corrected Geomagneticmade along the geomagnetic meridian.
(AACGM) coordinates (https://ccmc.gsfc.nasa.gov/requests/ The WIND satellite and two satellites of the Time His-
instant/instant_aacgm.php?model=AACGM&type=1, lasttory of Events and Macroscale Interactions during Substorms

Longitude, deg

2 Instrumentation
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Figure 2. (a) Keograms showing aurora dynamics over Barentsburg (BAB) and Sodankyl (SOD) and magnetic activity on the ground,
as inferred from ve observatories of the IMAGE magnetometer network and Auroral Electrojet (AE) ifje@ynamics of equivalent
ionospheric currents; westward and eastward electrojets are indicated with gradations of blue and red, respectively, and white horizontal lines
show the latitude of the observatori¢s) Keograms of SOD and BAB at a higher temporal resolution in cdlgand T, are the times of

onset and torch formation, respectively. Two negative variations ikltkemponent are highlighted in gray.

(THEMIS) mission, (namely THB and THC) provided the regarding eld-aligned current distribution in the area of op-
IMF and solar wind data. This allowed us to estimate inter-tical observations.
planetary conditions at the bow shock. The GEOTAIL satel- The European Incoherent Scatter (EISCAT) Svalbard
lite monitored dawnside plasma sheet parameters (DMSPdRadar (ESR) is located near Longerbyen (LYR; 7&2
and was magnetically conjugated to the region of the ground45.8 E; geomagnetic latitude 75.08l) and is about 40 km
based observations. The DMSP F18 measurement of precipeast of the BAB ASC. The ESR provided the height pro le
tating particles 20 min before the onset allowed us to estimat®f the ionospheric parameters (electron density, electron, and
the location of the BJIN station as being close to the polewardon temperatures and the ion line-of-sight velocity) at a 1 min
boundary of the auroral oval. Data from the Active Magne- resolution. Data from the Super Dual Auroral Radar Net-
tosphere and Planetary Electrodynamics Response Experwork (SuperDARN) were used for monitoring the ionosperic
ment (AMPERE) satellite were used to support conclusionsplasma ow. At the F-region heights, the Doppler shift of re-
ceived signals gives the line-of-sight component of the con-
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Figure 3. (a) Sodankyl (SOD) all-sky camera image at 557.7 nm. North is at the top, and west is on the left. The DMSP F18 trajectory
is mapped, and the triangle marks the location of the satellite at the time of the itbadSP spectrograms with the magnetospheric
boundaries identi ed using the algorithms of Newell et al. (1996).

vection velocity. A detail description of the system was given ern horizon from 17:00 UT till the momefTp. This means
by Greenwald et al. (1995) and Chisham et al. (2007). that, just before the breakup, SOD was inside the auroral oval
close to its equatorial boundary. The position of IMAGE sta-
o tions relative to the poleward boundary of auroral oval may
3 Preonset activity be estimated from the DMSP F18 data under assumption that
the boundary is oriented along the geomagnetic latitude. The
ionospheric projection of the DMSP trajectory 20 min before

The event took place during a moderate geomagnetic actiyiN® substorm onset is shown in Fig. 3a. In accordance with

ity (Dst 10nT:Kp 2C). No magnetic storms occurred Newell et al. (1996), the poleward boundary of the main au-

1 week before and after the event. Variations of the geomag[oral oval is determined as an abrupt drop in the electron

neticH component at IMAGE stations, the auroral activity energy ux (bSeboundary in Fig. 3b). In Fig. 3, the foot-

above northern Scandinavia and Spitsbergen, and the equi\P—rint of this boundary is marked by the yellow asterisk. Its

alent ionospheric currents (electrojets) are shown in Fig. pgeomagnetic latitude is 710, which is shghtl_y poleward
The substorm started & 17:30UT ( 19:30 Magnetic to BJN (71.27 N). At Tp, BJN was located inside the auro-

Local Time MLT) as a strong negative deviation of about :(alle?rzglng‘vg‘ztv;'?% 102f)'tfhzoéivevﬁtri:r?lér;d?(%'sli;c:lrzvg'?Og be
600nT, rst seen at BJN (Fig. 2a; middle panel), and a polar substorm. Note t’hat the boundary of the diffuse au

poleward displaceme_nt of the Westwar.d. electrojet. in Fig. .2br0$a which is WeII. seenin Fig. 3a, may beyassociated with an

(top panel). A few minutes |ater a pp;ltlye bay with ampli- ion—i,sotropic boundaryh2i béunéary on the DMSP spec-

tude C 250 n'_I' was detect_e_d at Kl!pl.sj i (KIL) and SOD. trogram). In Fig. 3a, the footprint of this boundary is marked

Moreover, noticeable positive variations were seen at theb the o .en ast'erisi<

mid- and low-latitude stations of Nurmij rvi (NUR; Fig. 2a) yThe aEroraI breakﬁp started at abByias 1 min of fading

and Alibag (ABG; see Sect. 4.2), respectively. While nega- . . e

tive variations in theH component should be caused by a and then brightening of the preexisting auroral arc observed

change in the westward ionospheric current, positive de ec-b)t/) thfjjooli aII-skt);]ca}rger: atktrFe éenlr':hba?]gﬂb. 75 f €.,
tions at subauroral latitudes indicate the ionospheric currenf oY M north ot sodankyl . such behavior of auroras

of the opposite direction over SOD. Indeed, both currents ar%_s| t_ymcal for the beginning of a substprm (e.g., Pellinen and
seen in Fig. 2b. eikkila, 1978). At about the same time, active auroras ap-

The auroral spatial distribution is presented by the peared on the southern horizon of the BAB ASC, more than
keograms in Fig. 2a and c. No distinct auroras were seer?oo km south of Barentsburg. These auroras are better seen
within the eld of view of the BAB all-sky camera until the on the upper keogram in Fig. 2c from 17:.31::.30 UT. Although-
onset. Most likely, BAB was in the polar cap at that time. both cameras observed enhanced Iummosm_/ somewhere in
The prevailing auroras over SOD were diffuse auroras whichthe vicinity of BJN because of the large zenith angles, we

the equatorial edge moved from the zenith toward the southSannot say for sure whether this is the same arc. In the course

3.1 General overview of magnetic and auroral activity

https://doi.org/10.5194/angeo-38-901-2020 Ann. Geophys., 38, 901 918, 2020
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Figure 4. Series diagrams showing global convection patterns averaged over 2 min. Gridded line-of-sight velocity vectors are plotted at points
where velocity data were provided by measurements. Large circles border the working eld of view of the all-sky camera in Barentsburg

(BAB).
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of the breakup development, the poleward boundary of auro-
ras in BAB continued the poleward movement, whereas the
equatorial edge of discreet auroras in SOD moved in opposite
directions (Fig. 2c).

3.2 Preonset phenomena in the data of ground-based
observations

The substorm was preceded by two negative bays irHthe

component at KIL and SOD at a separation of about 15 min

(interval is indicated in gray in Fig. 2a) Note, that the varia-

tions are also seen in AE index. In general, variation in the

fragment is reminiscent of sinusoid and, for brevity, here-

inafter we will use the term repetition period for the in-

terval between two consecutive extremes (maxima or min-

ima). These negative declinations were associated with equa-

torward expansion and/or displacement and enhancement of

the westward electrojet (Fig. 2b). At this time, the west- Figure 5. Data of the EISCAT Svalbard Radar (ESR) at Longer-
ward electrojet was about 3 times stronger than the east2Yen. with the electron densitye and ion temperaturg;. Ne en-
ward electrojet. Moreover, two enhancements and the Slighpapgement at 17:39 UT was associated with the coiling structure
poleward displacement of discrete auroras (arc 1 and arc ijlrr'vmg atthe beam.

took place in SOD (Fig. 2a; bottom keogram). The enhance-

ments started at nearly same time as the negative variation§ease in the F-region electron density at atiuboks like

in SOD, at17:13 and 17:24 UT, respectively. These moments, gignature of the polar patch associated with the reconnected
are shown in the keogram with white arrows. The presum-,, 1 hes drifting across the polar cap from the cusp to the
able location of the arc 1, with respect to the electrojets atmagnetotail (e.g., Lockwood and Carlson, 1992). Assuming

17:15UT, is shown in Fig. 2b with black rectangle. The fea- 4t the patch originated in the cusp region at the moment of
tures listed above might indicate a pseudobreakup; howeveg, o (st ow enhancement, one determines the patch propa-

we will use the term prebreakup phenomena below i”Steadgation time from the cusp to the ESR beam to bd0 min.
of pseudobreakup. Buchau et al. (1983) showed that patches drift antisunward

A total of 18 SuperDARN diagrams in Fig. 4 Show Sig- ith the background plasma ow (1000ms?® estimated

natures of the large-scale ionospheric plasma ow. As men-gq SuperDARN for the case considered). Thus, the dis-

t?oned in the Introduction, the time lag .between the CONVeC-ance between the patch origin and place of patch detection
tion response and substorm onset might be about 30 Ming 54yt 2500 km, which corresponds approximately to the

In such a case, one should look for related convection feagigiance between the statistical cusp position and the ESR
tures 30 min befordy, i.e., around 17:00 UT. It is probable jo5

that such a feature is the enhancement of the plasm_a OW N The appearance of the polar patch in the radar data and the
the polar cap that started at 17:04 UT, reached maximum &fq,,atorward shift of westward electrojet (Fig. 2b) happened

17:08 17:10UT (diagrami in Fig. 4), and lasted untifo. 5 occyr at the same time. Assuming the patch to be the foot-

One more ow enhancemept took'plaf:e at 16:52UT, €. print of one of the reconnected ux tubes, we suppose that

15 min before the rst one (diagramhin Fig. 4). We suggest ¢ iet displacements could be a sequence of the expansion

that the time lag and the close repetition periodlomin) ot the magnetospheric lobe caused by reconnected ux tubes
indicate a relationship of the ow enhancements and thearriving from the dayside.

magnetic and optical prebreakup events.
The rst ow enhancement was observed nearnoonat 78 3.3 Preonset phenomena in the interplanetary space
85 geographic latitude (GLAT,; diagrahin Fig. 4). This lo-
cation corresponds to the ionospheric projection of the manfositions of the satellites measuring interplanetary param-
tle (Newell and Meng, 1992). This increase in antisunwardeters (THB, THC, and WIND) are shown in Fig. 6a. The
convection might be caused by the enhancement of the daysatellite coordinates and the bow shock and magnetopause
side reconnection under negative INBZ. locations were obtained via the interactive visualization of
Just beforeTy, one of the SuperDARN radars detected satellite orbits tool (4D Orbit Viewer) available from the
the enhancement of a convective stream toward SpitshergeBDAWEB system. From the THEMIS satellite data, we have
(Fig. 4r). In Fig. 5 we present the altitude pro les of the elec- obtained about 650 km $ propagation velocity of the IMF
tron density and ion temperature over Spitsbergen measurefgatures indicated by the shading in Fig. 6b. This corresponds
by ESR, where timdj is indicated by a white arrow. The in- to the solar wind speed measured at the WIND satellite.

https://doi.org/10.5194/angeo-38-901-2020 Ann. Geophys., 38, 901 918, 2020
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Figure 6. (a) Satellite positions in solar wind (WIND, THB, and THC) and in the magnetosphere (GEOT®IL Yariations of the solar
wind pressure and IMBz andBy components. The two negative excursion8afon both of the satellites resembling the quasi-sinusoidal
variation, with 15 min periods, are highlighted in gray.

Assuming the nose of the bow shock atR# we deter- 4 Features of the polar substorm onset

mine the propagation time from THC to the bow shock to

be about 6 min. The propagation time through the magne4.1 Auroral breakup

tosheath can be estimated as 14 min (Samsonov et al., 2017).

Thus, the southward turning of IMBz could reach the mag- As mentioned in Sect. 3.1, the auroral breakup started at

netopause 20 min after registration onboard THC, and theaboutTy as the brightening and poleward displacement of the

ionospheric convection is expected to respond iB0 min most equatorial auroral arc located slightly poleward of the

after that (Hairson and Heelis, 1995). northern coast of Scandinavia. The arc was too far away from
The shaded areas in Fig. 6b indicate the IBE feature  the zenith of SOD for correct mapping. Due to the lack of op-

for which the shape and time correspond well to the featuresical observations between SOD and BAB, we can only spec-

of ionospheric convection discussed above. Indeed, there anglate that the arc was between the westward and eastward

two southward IMF de ections at a 15 min separation, and electrojets and moved poleward together with them. The pre-

the rst de ection was detected at THC 40 min before the sumable location of the arc is shown by the black rectangle

rst ow enhancement in the polar cap (diagrdmin Fig. 4). in Fig. 2b. Thus, for the rst few minutes the auroral activity
In the moments between 16:15 and 16:30UT wiBanat  developed according to the traditional scenario.
THB reached its maximal (negative) values, the By The auroral situation changed at17:38 UT when the

component was near zero. This was favorable for the reconamplitude of the negativél -component variation at BIJN

nection at the subsolar magnetopause. Importantly, the saeached a maximum and a more rapid decrease iH tbem-

lar wind dynamic pressure does not show essential variationponent at LYR began (momeity in Fig. 2a). Keograms in

during the interval (top panel in Fig. 6b). We use this fact in Fig. 2c show that after this moment the auroras within the

Sect. 4.2 to exclude the in uence of solar wind on the mag- eld of view of BAB and SOD cameras moved in oppo-

netic eld variations near the equator. site directions. The auroras seen in SOD expanded almost
600 km equatorward, while the auroras observed in BAB
shifted about 1000 km poleward. So that, by 17:42:37 UT the
auroral con guration resembled the double-oval structure of
1600 km in width with bright poleward and equatorial edges

Ann. Geophys., 38, 901 918, 2020 https://doi.org/10.5194/angeo-38-901-2020
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and rather weak auroras inside. The next poleward excursiosatellite mapping, the latitude of the GEOTAIL footprint was
of auroras in BAB, with less prominent equatorward shift in estimated at 75 3 N. The footprint is indicated in Fig. 7b
SOD, started at 17:49:32 UT and reached the northern horifleft panel) by a black square. At the moment indicated in
zon in the BAB camera eld of view at 17:57:46 UT. The the 2D diagram, the GEOTAIL position was mapped to the
interval between the maximal expansions of auroras to theegion of the westward electrojet.
north was about 15 min, which is about the same as, rst, the Figure 8a shows the magnitude of the magnetic eld at
interval between the two negative bays in the geomaghktic the GEOTAIL location. Before the onset at 17:30 UT, the
component in SOD and KIL (Fig. 2a); second, the interval horizontalBx component drastically exceeded the com-
between the two negative excursions of IBE component  ponent, which means that the satellite was near the neutral
(Fig. 6b); and, third, the interval between the two bursts of current sheet (the cross-tail current is directed from dawn to
antisunward ow in polar cap (Fig. 4). dusk). After the timelpg, GEOTAIL was measuring the grad-
Poleward displacement of the auroras started at abput ual decrease in the differential ux of energetic ions accom-
as the appearance of a new arc closer to the BAB zenith thapanied by the decrease in the absolute value oBtheom-
preexisting auroras (Fig. 7a; image at 17:38:03 UT). The newponent (indicated by the gray shading), while Beecompo-
arc included a series of bright patches. This feature is of-nent almost did not change. At this time, the westward elec-
ten referred to as beading (e.g., Keiling et al., 2012). At trojet where GEOTAIL was mapped was enhanced (Fig. 2b).
17:38:27 UT, one of the patches gave rise to the auroral structhese features of the magnetic led, particle ux, and west-
ture (indicated by the thin white arrow in Fig. 7a), which ward electrojet indicate a decrease or even local disruption
looks like an auroral torch (e.g., Tagirov, 1993). At this mo- in the dawn-to-dusk current in the vicinity of GEOTAIL. The
ment the structure was oriented approximately along the gelocal disruption of the cross-tail current causes a partial di-
omagnetic meridian and had a dimension of 17070km.  version of the current into the ionosphere and the formation
Then the structure expanded to the west and north, transsf the substorm current wedge.
formed into the large-scale coiling structure (the term was The bottom panel in Fig. 8b shows the variation in khe
suggested by Akasofu and Kimball, 1964), and broke up intomagnetic eld component at the low-latitude stations of Al-
bright strips, rays, patches, and vortices at 17:40 UT. The veibag (ABG; 18.5 N, 72.9 E; geomagnetic latitude 11.685l)
locity of the structure’s expansion in the rst 10 s was about located near midnight and at the dayside station San Juan
5kms 1 to the north and 10km ¢ to the east. The auroral (SJG; 18.1N, 293.8 E; geomagnetic latitude 28.78).
distribution before the collapse of the coiling structure is pre-The increase in thel component at low latitudes in all MLT
sented in Fig. 7b, together with the 2D con guration of the sectors is traditionally connected with the enhancement of
ionosperic equivalent currents. solar wind dynamic pressure, while decrease or disruption of
Two vortices are seen in the current distribution. The cen-the cross-tail magnetospheric current contributes to the Dst
ter of the rst (larger) vortex, indicating an upward FAC, is variation that is mainly on the nightside (Maltsev et al., 1996;
located between SOD and BJN. The second (smaller) vortextiuang et al., 2004). Thus, the very different magnetic eld
indicating a downward FAC, is located poleward of LYR. A behavior seen at ABG and SJG support the current disruption
comparison with the auroral distribution shows that the cen-of the cross-tail current.
ter of the second vortex was poleward of the expanding coil- The spectrogram from GEOTAIL (Fig. 8a; top panel)
ing structure. At 17:39 UT, the structure reached the ESR shows that at 17:55 UT the ux and energy of protons start to
in LYR. This moment is identi ed in the ESR data as a sharp increase. This was accompanied by Bhereduction andB z
increase in the E-region electron density (Fig. 5; top panel)jncrease that indicates the dipolarization of magnetic eld at
which is a signature of auroral precipitation. At 1 min earlier, the GEOTAIL location. After 5min, the increase in the ux
the ESR detected the ion temperature increase (Fig. 5; bostopped. Figure 2a shows a secondary, weaker onset at BIJN
tom panel), which indicates an enhanced electric eld justat this moment, whereas at the higher latitudes (LYR) the re-
poleward of the auroras. covery phase started. This is different from the case described
To summarize, the vortices seen in the equivalent currenby Baker et al. (1996), who observed that the recovery phase
are consistent with downward FAC at the poleward side ofstarted in the auroral zone and a new negative bay started

the coiling structure and upward FAC equatorward of it. at higher latitudes (i.e., on opposite to our case). Assuming
that the reappearance of the energetic ions in Fig. 8a indi-
4.2 Signatures of disruption of dawn-to-dusk plasma cates rapid plasma sheet thickening (Baker et al., 1996), one
sheet current can suppose that the dipolarization and second onset and/or

intensi cation were due to the neutral line formation.
During the event, the GEOTAIL satellite was in the near
equatorial magnetotail at Bz and 18:00LT (Fig. 6a).
The satellite footprint was calculated using the 4D Orbit
Viewer (see Sect. 3.3). Taking into account the results of Sa-
fargaleev and Safargaleeva (2018) on the accuracy of distant
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Figure 7. (a) Sequence of BAB all-sky images showing the series of bright patches along the enhancing arc and development of the torch-like
structure from one of them. The left parfb) shows a snapshot of a 2D-equivalent current. The right géhshows the mapped SOD and

BAB all-sky images that indicate the shape of auroras. The black square and circles indicate the position of the GEOTAIL footprint and
IMAGE observatories, respectivelic) The distribution of the FAC inferred from the AMPERE data. Upward currents are indicated in red
and downward currents in blue. Circles indicate the eld of view of the all-sky cameras.
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of the preexisting auroral arc at about 400 km north of So-
dankyl . The DMSP data of the precipitating particles show
that, 20 min befordy, the poleward edge of the auroral oval
(b5eboundary in Fig. 3b) was near BJN. For this reason, and
following Kleimenova et al. (2012), we attributed the event
to the subclass of polar substorms.

The polar substorm was preceded by two rather weaker
(' 80nT) negative bays, recorded by IMAGE magnetome-
ters deep inside the auroral oval, and following each other
through a 15min interval. The bays were accompanied by
the brightening of the auroras near the north edge of the SOD
camera eld of view and their poleward displacement. Preon-
set phenomena with the same time separation were found in
the polar cap plasma ow and IMF variations.

The search for preonset phenomena in the ionospheric
convection and in the solar wind was based, rst, on the
time response of the magnetosphere to solar wind changes
and, second, on the observation of the 15 min separation. The
search results are shown in Figs. 6 and 4b and represent two
negative excursions in the IMBz component and two bursts
of the antisunward ionospheric plasma ow across the polar
cap, respectively. Earlier Russell (2000) discussed the pos-
sible role in the classical substorm development of a single
negativeBz variation (i.e., when the northward IMF turns
southward and then northward again). However, Safargaleev
et al. (2018) proposed that the polar substorm might be trig-
gered by a quasi-sinusoidal variationBa.

The hypothesis of dayside reconnection is supported by
the density patch observed by ESR in the polar cap at
aboutTyp (see Fig. 5). Accordingly to Lockwood and Carl-
son (1992), the patch may be associated with the reconnected
ux tube moving from cusp to the lobe, and the plasma ow
from polar cap to the auroral oval during the substorm pre-
onset phase was observed by Mishin et al. (2017). The patch
in the ESR data was associated with a southward displace-
ment of the poleward boundary of the westward electrojet
(Fig. 2b). Taking into account that BIJN and, hence, the west-
ward electrojet were near the polar cap, the southward shift

: . . : . of the electrojet boundary indicates the swelling of magneto-
Figure 8. (a) Spectrogram showing the intensity variations of the . . .
differential ion ux (top panel) and magnetic eld at GEOTAIL tail lobe in the course ofenerg){ stgrage. The swellmg pf both
(bottom panel)(b) Variations of the geomagnetic X component at lobes leads to plasma sheet thinning, which makes it instable
subauroral (SOD) and low-latitude (Alibag ABG; San Juan SJG) due to the highly stressed magnetic con guration.
stations. The black arrow indicates the polar substorm onset time, Optical observations in the polar cap near the boundary
To, and the dayside variation is indicated in red. of the auroral oval do not reveal any aurora which might be
attributed to the electron density patch in the ESR data. The
lack of optical data over BIN (see Fig. 1) do not allow us
5 Discussion to conclude whether the patch was associated with poleward
boundary intensi cations (PBIs).
5.1 Summary of prebreakup observations
5.2 Summary of breakup observations
We identify the substorm onset tim&,, as the beginning of
the negative bay at the high-latitude station BJN. In addition,The auroral breakup at the initial stage proceeded as the
at this time the intensi cation and poleward displacement of brightening and poleward displacement of one of the preex-
the westward electrojet began (Fig. 2b). The auroral breakuisting arcs located deep inside the auroral oval, presumably
started at aroundip as 1 min of fading and then brightening between the westward and eastward electrojets near the pole-
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ward edge of diffuse auroras seen from SOD. After that, the
smaller-scale (compared to the WTS or auroral bulge) struc-
ture originated from the bright spot at the southern horizon of
BAB and expanded westward and poleward at the velocity of
10 and 5 km s, respectively, which is close to a typical ve-
locity of the WTS expansion. During the rst few seconds the
structure resembled the auroral torch, but before the collapse
it had a coiling shape. Akasofu (1977) showed that WTS de-
velops typically at magnetic latitudes between 65 and, 70
whereas in the present case the torch-like structure appeared
higher than 70N GLAT. Sergeev and Yahnin (1979) ob-
served that the substorm bulge originates equatorward of the
open closed eld line region and then expands up to, but not
beyond, a more poleward arc system which, perhaps, delin-
eates the open closed eld line boundary. In the present case
no auroras were seen poleward of the torch formation near
the poleward boundary of the auroral oveabéboundary in
Fig. 3b; Sect. 3.1). Hence, the generation mechanisms for
torch and WTS may be different.
The moment of generation of the torch-like structure was
preceded by the formation of series patches along the arc
(beading structure). This structure was regarded by Keiling et
al. (2012) as a signature of the interchange instability on the
outer boundary of the plasma sheet, which might be responsi-
ble for the torch appearance. If thBeboundary corresponds
to the ionospheric projection of the outer edge of the plasma
sheet, the interchange hypothesis looks reasonable. Earlier,
Rezhenov (1995) suggested this kind instability to explain
the generation of the transpolar arc.
The distribution of eld-aligned currents in the vicinity of
the coiling structure inferred from the AMPERE measure-
ments (Fig. 7c) shows a downward and upward FAC pole-
and equatorward of the structure, respectively, which corre-
sponds to the statistical results of lijima and Potemra (1978)
showing three current sheets (two downward and one upward
between them) in the premidnight sector. Note that indeed
the polar substorms are preferentially observed in this MLT
sector (Kleimenova et al., 2012). Classical substorms start at
lower latitudes where the current distribution is opposed to
that of high latitudes; i.e., the upward current is north of the
stable arc and downward current is equatorward (Aikio at al.,
2002). Thus, a key difference between the polar and classi-
cal substorms may be in the position of the breaking auroras
relative to the large-scale down- and upward currents.
Typically, auroral arcs occur in the regions of large-scale
upward eld-aligned currents associated with the downward
uxes of electrons. However_, Kozlovsky et al. _(2005) havg Figure 9. Wave portrait of polar substorm&) power spectrum of
shown that at magnetospheric plasma boundaries the Kelvinyariations inH component at BIN, where the onset begins (see
Helmholtz (K H) instability may lead to generation of auro- Fig. 2a); (b) variations ofH component in a band of 155min
ral wavelike forms, even in the region of a large-scale down-at IMAGE stations located along the meridian (the presumable
ward FAC. At the initial stage of instability development, width of the auroral oval is indicated in grayy;) latitudinal (along-
such structures look like a series of auroral spots resemblingneridian) distribution of pulsation intensity; arfd) out-of-phase
the beading structure. Thus, the K H instability may be re- variations at the SOD and HOP stations, where the latitudinal dis-
sponsible for the generation of both the torch-like and coil- tribution of pulsation intensity has its maxima. Open arrows show

ing auroras. Note also that such con gurations of the eld- the time of the enhancement of prebreakup afgsandT; are the
times of onset and torch formation, respectively.
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aligned currents in vicinity of the breakup auroras hinders First, the 15min periodicity as two negative excursions
the development of the interchange instability. was detected in the variations of IMBz (Fig. 6b). Then,

The set of satellite and ground observations (Sect. 4.2) althere were two consecutive enhancements of the antisun-
lows us to interpret the gap in the ux of hot ions at the lo- ward plasma ow in the polar cap (Fig. 4). The time delay
cation of GEOTAIL, which started at the momeRg, as a  between the ow enhancements and the IBE variations
decrease or local disruption in the dawn-to-dusk current insuggests that the former was a consequence of the latter. A
plasma sheet and its partial diversion into the ionosphere irsimilar repetition period was found in the two negative bays
the course of substorm current wedge formation. The signaef about 80 nT in thed component and the accompanying
tures of dipolarization were observed on GEOTAIL 25 min aurora intensi cations (arc 1 and arc 2) inside the auroral
later, and we associate the dipolarization with reconnectiorzone (Fig. 2a). The bays followed the plasma ow enhance-
in the magnetotail and the second onset and/or intensi catiorments, and the time delay indicated their relation to the IMF
at BJN. We note the unexpected large positive variation in theBz variations.

H component at the nightside equatorial station (Fig. 8b), The second feature was found in the latitudinal distribution
which we explain by the weakening of currents in the mag-of the intensity of 15 min geomagnetic pulsations. Figure 9
netotail (see also Huang et al., 2004). demonstrates a wave portrait of the polar substorm. Power

Finally, we emphasize the 15 min time separation in thespectrum of variations itH component at BJN, where the
aurora development. The keograms in Fig. 2c show that aftesubstorm begins, has two peaks. The rst peak corresponds to
momentT; auroras over BAB and SOD moved in opposite a period of about 30 min that is close to the interval between
directions, giving the impression of the periodical swelling two substorm activations at BJN magnetogram (Fig. 2a).
of magnetotail plasma sheet. We think that the 15 min peri-The second peak corresponds to a period of 15min. The
odicity in the preonset and breakup processes is the most irclose period we observed in abovementioned disturbances
triguing nding and deserves a more detailed discussion. Wein IMF Bz, plasma ow in polar cap and prebreakup vari-
remind the reader that by the 15 min periodicity of a param-ations in theH component at KIL and SOD. Variations of
eter we mean two its changes, following one after the otherthe H component in the frequency band 0.8 1.7 mHz (pe-
with an interval of 15 min. riod 1T D 15 5min) for some IMAGE stations are shown

in Fig. 9b. Two maxima at SOD and at Hopen Island (HOP;
5.3 Periodicity in the processes prior to and during the geomagnetic latitude 72.88l) are seen in the latitudinal dis-

polar substorm onset tribution of the pulsation amplitude in Fig. 9c, where the

gray shading shows position of the auroral oval 20 min be-
The estimation of the period depends on a number of facfore the onset, as it was estimated in Sect. 3.1. The maxima of
tors, such as data resolution; subjectivism in the choice oboth were at 17:34 UT. By this time, the expanding auro-
the way of estimation (e.g., when we estimated repetitionras and the westward electrojet might shift noticeably to the
period of convection enhancements in polar cap and auronorth (gray arrows in Fig. 2b), so that the poleward bound-
ral activity over SOD); and uncertainty in the de nition of ary of the auroral oval occurred closer to HOP than to BJN,
the moment of max/min variations (e.g., when we estimatedcompared to that which occurred during the DMSP ight. A
period as interval between two consecutive maximal declinanew presumable location of the footprint of the outer edge
tions inH andBz components), etc. So, it really is a period of the plasma sheet is indicated by the gray dashed line. The
of 15 2min, i.e., close to the 15 min period. Thus, the term keogram in Fig. 2a indicates that the equatorial edge of the
15 min periodicity is general and does not mean an exactauroral oval was southward of SOD at this time.
value. For a pure Alfv@n wave, the period of oscillations is de-

The period of about a 15min (frequency 1 mHz) cor- ned by the propagating time of the wave between conju-
responds to the irregular pulsations, continuous, and longated ionospheres and should depend on the length of the
(IPCL) or Ps6 geomagnetic pulsations. The former are amagnetic eld line (i.e., on the latitude); however, we do
typical feature of the dayside cusp (e.g., Troitskaya, 1985)not observe such a dependence in the present case. Although
The latter are a subclass of the Pi3 pulsations (Saito, 1978Yhe latitudinal separation of the peaks is very large (about
which are detected in thé component and associated with 10 ), the pulsations have almost the same period along the
the omega auroras (e.g., Jorgensen et al., 1999). In additiomeridian (Fig. 9b). Moreover, the magnetosphere is inhomo-
signatures of nearly 15 min magnetosphere oscillations wergeneous along the meridian and includes at least three dif-
found in the modulation of ultra low-frequency (ULF) ac- ferent areas, namely lobes, plasma sheet, and a gap between
tivity (Safargaleev et al., 2002), the DOppler Pulsation Ex-the plasma sheet and plasmasphere. This observation may be
periment (DOPE) sounder radar data (Wright and Yeomangxplained by the coupling of the Alfv@n and compressional
1999), and the GPS total electron content (TEC) variationanodes excited from the outside by two negative excursions
(Watson et al., 2015). Thus, the role of nearly 15 min oscil- of IMF Bz.
lations is not limited only to substorms but may be attributed The third feature is the out-of-phase magnetic variations at
to wider range of magnetospheric processes. the SOD and HOP stations where pulsations have local max-
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ima. Figure 9d shows at least ve events of phase shifts byergy in the lobes of the magnetosphere. Two weak variations
180 at the interval of about 7 8 min (half period of pulsa- in theH component at KIL and SOD might be the ground
tions). Two open arrows indicate the preonset enhancemertignature of global oscillations of the magnetospheric cavity
of arc 1 and arc 2. The momem corresponds to the sub- (see Fig. 9). The oscillations might be excited by the periodic
storm onset (i.e., the beginning of negative declination aterosion of the dayside magnetopause in the course of peri-
BJN in Fig. 2a), which is also accompanied by the bright- odic reconnection (e.g., Agapitov et al., 2009). The conclu-
ening of the preexisting aurora arc over SOD. The momentsion regarding periodic reconnection is based on periodic en-
T4 corresponds to the beginning of the auroral torch develop-hancement of plasma velocity in the polar cap (see Sect. 3.2).
ment in Fig. 7a, which was preceded by the appearance of a Amplitude distribution of the oscillations has two max-
new arc in BAB. ima in the vicinity of equatorial and poleward boundaries of

Although the out-of-phase oscillations of two neighbor- the auroral oval where the oscillations occur in the out-of-
ing L shells is a signature of the eld line resonance (FLR), phase mode. We consider these out-of-phase oscillations as,
the present case is essentially different from FLR. Namelyat least, a reason for the auroral arc intensi cation via the
the 15 min pulsations are detected in the latitudinal range opseudo- eld-line resonance excitation.

20 at least, whereas typical FLR are observed in a nar- The set of satellite and ground data t to the near-tail cur-
row latitudinal range of the order of ZWalker et al., 1979).  rent disruption scenario of the polar substorm. However, the
Then, the period of FLR is typically less than 10 min. Note data set does not allow us to specify a reason for the disrup-
that the frequency of some pulsations may be de ned nottion. We suppose that this might happen due to pseudo-FLR.
only by the internal structure or size of the magnetosphereThe role of the typical FLR event (i.e., out-of-phase varia-
but also by the frequency of some external driver (e.g., sotions at two neighboring L shells) in the substorm initiation
lar wind), and FLR may be excited from the outside (e.g.,was discussed in many papers (e.g., Samson et al., 1992; Rae
Walker, 2005). et al., 2014 and references therein). The question of whether

Following Sarafopoulos (2005), we nominate the out-of- the out-of-phase variations at the inner and outer boundaries
phase oscillations in Fig. 9d as being the pseudo-FLR evenof the plasma sheet can be launched from the outside and
Following Lyatsky et al. (1999), we suppose that the out-of-lead to the same effects as the FLR is the subject for a sepa-
phase variations of two neighborihngshells (which are the rate theoretical investigation that is beyond the scope of this
inner and outer boundaries of the plasma sheet in our casetudy.
lead to the eld-aligned current between the shells, which Finally, the fourth stage of the polar substorm develop-
can be responsible for the intensi cation of the preexisting ment, i.e., second onset or intensi cation, is associated with
arc 1 and arc 2, and the breakup arcs at the monTgrasd the magnetotail reconnection.

T1.

5.4 Generation mechanism of polar substorm 6 Conclusions

In general, the substorm growth phase occurs as a result dVe present the comprehensive description of the moder-
an enhanced dayside reconnection rate, usually initiated bwyte polar substorm (the term was suggested by Kleymen-
a southward turning of the IMF, concurrent with a compa- ova et al., 2012), focusing on the multi-instrumental study
rably small nightside reconnection rate (Milan et al., 2007). of preonset events in the solar wind, ionosphere, and on the
However, a number of models of substorm triggering basedground. The onset took place at premidnight near the pole-
on observations have been suggested (see Rae et al., 20Mlard boundary of the auroral oval that is not typical for clas-
and references therein). sical substorms. We have shown that the auroral breakup de-
The ground data show that the considered event evolved iveloped between two eld-aligned currents with a downward
four stages, namely (1) two enhancements of antisolar coneurrent poleward breaking the auroras and an upward current
vection in the polar cap, (2) two weak negative deviations insouth of them. This morphological feature distinguishes the
the magnetic eldH component inside the auroral oval that polar substorm from classical ones.
were accompanied by aurora enhancement and looked like The onset was preceded by two negative excursions of the
the pseudobreakups, (3) a polar substorm as a more intedMF Bz component, with a time separationl5 min. These
sive negative bay at the poleward edge of auroral oval andyariations caused two bursts of reconnection at the magne-
nally, (4) an intensi cation (one more onset) approximately topause. Two enhancements of the antisunward convection
at the same position. We believe that these stages were due the polar cap and appearance of the ionospheric patch near
to different reasons and played different roles in the substormihe polar cap boundary support the reconnection hypothesis.
development. On the one hand, the reconnection leads to the increase in
The convection enhancements were caused by negative déhe magnetic energy in the lobes and the corresponding thin-
viations of the IMFBz component (e.g., Ruohoniemy and ning of the plasma sheet that creates favorable conditions for
Greenwald, 1998) and lead to the increase in magnetic ena substorm initiation. On the other hand, the repeated erosion
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of the magnetopause excites the global 15 min oscillation ofuniversity, Japan, Donald J. Williams at APL/JHU for the data from
the magnetospheric cavity. The oscillations are observed ifSEOTAIL, Adam Szabo and Keith W. Ogilvie at NASA/GSFC
the auroral zone. The period of the oscillations does not defor data from WIND, and CDAWeb for allowing us to use all
pend on the latitude, which means that the pulsations reprethese data (https://cdaweb.sci.gsfc.n_asa.gov/index.html/, Ia;t ac-
sent forced oscillations of the magnetosphere cavity. The lat¢ess: 14 May 2019). The DMSP particle detectors were designed

" o . ) - . by Dave A. Hardy, Fred J. Rich, and their colleagues at Air Force
itudinal distribution of the oscillations’ intensity has maxima Research Laboratory (AFRL) at the Hanscom Air Force Base in

near the equatorial and poleward boundaries of the auroraI_laoston. The U.S. Air Force has publicly released this data. Most

oval where the oscillations occur in the out-of-phase reQIM&y it was obtained through WDCA for Solar Terrestrial Physics

resembling the eld line resonance. _ (NOAA) in Boulder, Colorado USA, with generous supplements
The onset was accompanied by the disruption of the dawnfrom AFRL (http:/sd-www.jhuapl.edu/Aurora/spectrogram/index.
to-dusk current in the plasma sheet arourdy) ( 16, html). We thank Dave A. Hardy, Fred J. Rich, and Patrick T. Newell
16)Rg and the current wedge formation. We conclude thisfor its use. The Kp and Dst indices are from the Kyoto World
from the data of the GEOTAIL satellite showing the reduc- Data Centre for Geomagnetism in Kyoto, Japan (http://wdc.kugi.
tion in the absolute value of thBx component (e.g., Lui kyoto-u.ac.jp/). Some results rely on the data collected at the ABG
et al., 1992) and the dropout of high-energy electrons, en&nd SJG observatories. We thank IIG, India, and USGS, USA, for
hancement of the westward electrojet, and the large posi§“$p°rgng thet'”’perat't‘?” a(”ritfc’;/promc_’t't”g high St?nda/.rdi of mag-
tive variation inH component at low latitudes. According "cU¢ Observatory practice (ntip.//Www.Intermagnet.orgindex-eng.
to Lui (1996), current disruption activity is limited both radi- php{#}). The authors acknowledge the use of the SuperDARN

. . data. SuperDARN is a collection of radars funded by national sci-
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decrease and/or disruption took place in the satellite’s vicin-ginia Tech (http://vt.superdarn.org). The authors appreciate the EIS-
ity. CAT Scienti ¢ Association for making the data observed by the
We think that the onset might be initiated by the out-of- ESR freely accessible on the Madrigal website (Pl is Ingemar H g-
phase oscillations in the same way that eld line resonancedstr m https://www.eiscat.se/schedule/schedule.cgi). We thank the
does (e.g., Rae et al., 2014). AMPERE team and the AMPERE Science Centre for providing
the Iridium-derived data products at http://ampere.jhuapl.edu/index.
html. BAB and SOD all-sky cameras are operated by PGI, Rus-
sia (Pl Roldugin), and SGO, Finland. We thank Natalya N. Safar-
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