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Abstract. Peculiarities of 557.7 and 630.0 nm emis-
sions observed in the second step of the magnetic storm
main phase at the mid-latitude observatory Tory (52° N,
103° E) on March 17, 2015 are compared with the
changes in ionospheric parameters above this station,
detected from ionospheric sounding data and total elec-
tron content maps. We have found that the intensity of
the 557.7 and 630.0 nm emissions noticeably increased
after the observatory entered into the longitudinal sector
of the developed main ionospheric trough (MIT). The
most powerful synchronous increases in intensities of
the two emissions are associated with amplification of
the westward electrojet during strengthening of the
magnetospheric convection. We study the dependence

of the ratios between the intensities of 630.0 nm emis-
sion recorded in the north, zenith, and south directions
on the position of emitting regions relative to the MIT
bottom. The SAR arc is shown to appear initially near the
bottom of the MIT polar wall and approach the zenith of
the station during registration of F3s reflections by an
ionosonde, which indicate the presence of a polarization
jet near the observation point.

Keywords: second step of the magnetic storm main
phase, 557.7 and 630.0 nm emissions, main ionospheric
trough, polarization jet.

INTRODUCTION

During night hours on March 17, 2015, the complex
of optical instruments installed in the ISTP SB RAS
Geophysical Observatory ISTP (GPhO, the village of
Tory, geographic coordinates ¢=52° N, A=103° E, cor-
rected geomagnetic latitude ¢'=47.9°) detected intense
557.7 and 630.0 nm atomic oxygen emissions, defined
as mid-latitude aurora [Mikhalev et al., 2018; Mikhalev,
2019]. On the basis of space-time dynamics of the in-
tensities, the authors of the above papers have conclud-
ed that the synchronous bursts of 557.7 and 630.0 nm
emissions, which lasted for about an hour, observed on
that day were type «a» auroras; and the slowly varying
630.0 nm emission component was represented by dif-
fuse airglow and/or type «d» aurora, as well as by a sta-
ble auroral red arc (SAR arc). Note that mid-latitude
auroras are the auroras that are observed from regions
far below the «typical auroral zone» [Suzuki et al.,
2015].

According to the information collected to date, the
aurora types identified in [Mikhalev et al., 2018; Mi-
khalev, 2019] are associated with the electron fluxes of
specific energies precipitating into the atmosphere from
various magnetospheric regions [Bame et al., 1967;
Rassoul et al., 1993; Frey, 2007; Feldstein et al., 2010;
Feldstein et al., 2014; Mishin et al., 2018; Mikhalev,
2019]. Type «a» auroras are excited by electrons with
energies ~0.1-10 keV, which come to the auroral oval

from the central plasma sheet after significant accelera-
tion. The criteria used to identify the central plasma
sheet are discussed, for example, in [Baumjohann et al.,
1989]. Diffuse auroras are caused by electrons with
0.01-1 keV energies coming from the plasma sheet to
ionospheric  heights without acceleration [Starkov,
2000]. Note that the diffuse auroras are observed in an
extended latitudinal region, projected along the magnet-
ic field onto the entire central plasma sheet [Ni et al.,
2016]. Type «d» auroras and SAR arcs occur when elec-
trons with energies ~0.01-1 and <0.01 keV respectively,
which precipitate from the plasmapause region, have an
effect on the atmosphere [Rassoul et al., 1993]. At iono-
spheric heights, to the diffuse auroral zone (diffuse pre-
cipitation) corresponds the polar wall of the main iono-
spheric trough (MIT); and to the plasmapause, its equa-
torial wall [Khalipov et al., 1985; Feldstein et al., 2010;
Mendillo et al., 2013; Deminov, 2015].

Figure 1, a, b shows that the optical data analyzed
was obtained during the main phase of a two-step mag-
netic storm (two-step storm main phases [Gonzalez et
al., 2002]), namely at its second step (the second de-
crease in Dst). At the beginning of this step, from 12:00
to 13:00 UT, the cross-polar cap potential drop in-
creased from 50 to more than 150 kV and remained
large until the end of March 17 [Hairston et al., 2016].
In the Northern Hemisphere at 15:00-16:00 UT, the
sunward convection moved as far as the corrected geo-
magnetic latitude ¢'~30-40°/40—50° in dusk/dawn sectors
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Figure 1. Variations in 630. 0 and 557.7 nm emission inten-
sities (black and gray lines) in a northerly direction, measured by a
patrol spectrograph on March 17, 2015 (a); in SYM-H and Dst
(black and gray lines) (b); in corrected geomagnetic latitudes
¢' of the equatorial edge of diffuse precipitation zone (1), MIT
bottom (2, 3), and plasmapause (4), determined for the meridi-
an of 105° E by the models developed in [Gussenhoven et al.,
1983; Zherebtsov et al., 1986; Deminov, Shubin, 2018;
Moldwin et al., 2002] (c). Vertical lines indicate the beginning
and the end of optical observations (12:00-22:30 UT, March
17); the horizontal line is the GPhO latitude (Tory)

[Hairston et al., 2016]; the nightside auroral oval ex-
panded to ¢'~50° [Le et al., 2016; Kosar et al., 2018];
centers of auroral electrojets shifted to ¢'~55° [Jacob-
sen, Andalsvik, 2016; Zolotukhina et al., 2016; Zolo-
tukhina et al., 2017]. At around the same time, MIT
shifted at A=120 °E to ¢=52° N (¢'~48°) [Polekh et al.,
2016], and the 557.7 (lss7.7) and 630.0 nm (lg30) €mis-
sion intensities observed at GPhO in a northerly direc-
tion, sharply increased to maximum values of ~0.5 and
14 kR respectively for the event considered [Mikhalev
et al., 2018; Mikhalev, 2019].

Results of the calculations (Figure 1, ¢) made by
empirical models, based on K, or ap indices, for the
105° E meridian close to GPhO show that on March 17
the latitudes of the diffuse precipitation zone equatori-
al edge, MIT bottom, and plasmapause might have
been by 10°-20° lower than at the same hours on
March 16. In this case, at 15:00-18:00 UT (22:00-
01:00 LT) the boundary of diffuse precipitation might
have been by 3°-5° northward of GPhO; and the plas-
mapause and the MIT bottom from 15:00 UT (22:00
LT), near it or southward of it.

The MIT shift to midlatitudes is a rare event. Calcu-
lations made by the model [Deminov, Shubin, 2018]
suggest that at A=105° E the MIT bottom can shift to
¢'=50° at dusk only when K,>8 (ap>207), i.e. during
severe and extreme magnetic storms [https://www.swpc.
noaa.gov/noaa-scales-explanation].
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Even more rare are the cases of occurrence of auro-
ras with intensities higher than 1 kR at midlatitudes be-
cause their observation is limited to night hours and
weather conditions (clouds). For example, during the
past two solar cycles GPhO has detected only seven
such cases. All of them occurred during severe and ex-
treme magnetic storms with minimum Dst<-222 nT,
including the storm we analyze [Mikhalev, 2019].

Hence it becomes relevant to study the relationship
between the dynamics of mid-latitude auroras and mag-
netospheric-ionospheric disturbances for each individual
case. In this paper, we conduct this research for the au-
roras observed by GPhO on March 17, 2015 at the sec-
ond step of the geomagnetic storm main phase, i.e. dur-
ing secondary ring current amplification. Our main pur-
pose is to examine relationships between the dynamics
of auroral airglows and that of MIT structural elements.
To solve this problem, we will carry out a comparative
analysis of the space-time dynamics of intensities of the
557.7 and 630.0 nm emissions observed at GPhO,
changes in ionospheric parameters over this observato-
ry, the total electron content (TEC) along the 105° E
meridian, and geomagnetic disturbances observed east-
ward and westward of GPhO.

1. DATA AND METHODS

1.1. The optical data in use has been acquired at the
complex of instruments described in [Mikhalev et al.,
2018]. For guantitative analysis, we have used values of
In, 12, Is (630.0 nm emission intensities) and Ty, Tz, Ts
(Doppler temperatures determined for the 630.0 nm line),
measured with the Fabry—Perot interferometer (FPI) in
the north, zenith, and south directions respectively [Vasi-
lyev et al., 2017]. In addition, we have analyzed varia-
tions in intensities of the 557.7 and 630.0 nm emissions
(Iss7.7 and lgs0,0), estimated by the patrol spectrograph for
the atmospheric research (SATI-1M) at 63°-71° zenith
angles [Mikhalev et al., 2018]. Over the period consid-
ered, FPI (3° aspect angle) worked at a wavelength of
630.0 nm in a mode of patrol survey of five directions —
cardinal points (elevation angle y=30°, sampling period
At=254 s), and zenith (y=90°, At=127 s). The patrol
spectrograph (y~23°, ~8° inclination to the geographic
meridian, ~25° angular field of view, At=260 s) was ori-
ented to the north.

Images taken by an all-sky camera KEO Sentinel
(viewing direction is zenith, 145° field of view, 30 s
exposure time; spectrophotometric calibration was per-
formed from starry sky images [Shindin et al., 2017])
were used to analyze the space-time dynamics of the
SAR arc; those taken by a wide-angle color camera
FILIN-1Ts (~85° angular field of view, 300 s exposure
time), to study spatio-temporal variations in mid-
latitude emissions. In the north, the FILIN-1Ts field of
view is limited by the Sayan Mountains (y~10.5°).

1.2. According to different literature sources, the
557.7 and 630.0 nm emissions are excited at heights
h=90-240 km and h=150-400 km respectively; and
SAR arcs, at h=400-450 km [Alekseev et al., 1975;
Khomich et al., 2008; Zverev et al., 2012; Mendillo et
al., 2013; Feldstein et al., 2014; Tashchilin, Leonovich
2016; Megan Gillies et al., 2017; Aruliah et al., 2019].
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Following [Mendillo et al., 2013], we assume that 630.0
nm emission intensity peaks at h=200 km (diffuse air-
glows) and h=400 km (SAR arcs); whereas the 557.7
nm emissions, at h=100 km.

In the spherically stratified approximation at these
heights and at the angles mentioned in Section 1.1,
SATI-1M obtained data from latitudes spaced apart
from the GPhO latitude by A¢'~1.7°-2.4° (557.7 nm
emission), Ag'=3.2°-4.5° (diffuse airglows), and 6°—8°
(SAR arc). The FPI data from the north and south direc-
tions corresponds to the regions spaced away from
GPhO by A¢'~2.9° at h=200 km and 5.4° at h=400 km.
To the zenith direction correspond the GPhO latitude
(9'=47.9°) and the 103° E longitude. The KEO Sentinel
camera field of view is limited in the north and south to
A@'=5.1° at h=200 km and to A@=9° at h=400 km; and
that of the camera FILIN-1Ts, in the north to A@'=4.2°
at h=100 km, A@'=6.3° at h=200 km, and A¢'=10.8° at
h=400 km.

1.3. The study is based on the values of interplane-
tary medium parameters and geomagnetic activity indi-
ces from [http://cdaweb.gsfc.nasa.gov/istp_public].
From the same website, we took data on variations in
the geomagnetic field H component, directed to the ge-
omagnetic pole, from the observatories Tiksi and Dik-
son, (for THEMIS with a sampling period At=60 s) and
TEC time series with latitudinal, longitudinal, and tem-
poral resolutions of 2.5°, 5°, and 15 min respectively
(for GPS-deduced 15-minute Total Electron Content
(TEC) global maps). The values of the geomagnetic
field X, Y, and Z components (directed respectively to
the north geographic pole, to the east, and vertically
downward), measured at the observatories Yakutsk, Da
Lat, and Phu Thuy with At=60 s, are from
[https://www.intermagnet.org/data-donnee/download-
eng.php]; GOES-13, -15 magnetic data with At=60 s,
from [ftp.swpc.noaa.gov/pub/warehouse].

The MIT dynamics was examined using TEC distri-
butions, often applied for this purpose [Pryse et al.,
2006; Mendillo, 2006; Shinbori et al., 2018], values of
F2-layer critical frequencies (f,F2), and F-region mini-
mum virtual heights (h'F). These values were obtained
with one-minute resolution by the manual processing of
ionograms from a chirp ionosonde installed in GPhO
[Podlesnyi et al., 2013].

Auroral precipitation energy flux density distribu-
tions (¢) have been constructed using data from
[https://www.ngdc.noaa.gov/stp/ovation_prime/data]
(calculated from the model [Newell et al., 2009]). To
determine the latitude of the equatorial boundary of dif-
fuse precipitation, the criterion £=0.2 erg/(cm*'s) [Ding
et al., 2017; Kosar et al., 2018] has been adopted. For
convenience, according to the features of intensity var-
iations, we have selected eight UT intervals (13:00-
14:30 (1), 14:30-15:25 (2), 15:25-16:00 (3), 16:00-
17:10 (4), 17:10-19:00 (5), 19:00-19:45 (6), 19:45-
21:10 (7), 21:10-22:00 (8). Boundaries of the intervals
are marked in the Figures with vertical dashed lines;
their numbers are at the top of the panels.
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2. MIT DYNAMICS

AT THE GPhO MERIDIAN

2.1. During optical observations made at 12:00—
22:30 UT on March 17, 2015, GPhO went through the
19:00-05:30 LT sector. Figure 1 shows that noticeable
changes in lg300 and lssz7 occurred after 13:00 UT.
From 13:07 to 13:16 UT, lgs0, increased by ~300 R,
and in the plot of Iss7; (UT) appeared oscillations with
30-50 R amplitude (~20-30 % of mean ls5;,~150 R at
13:00-14:00 UT). Figure 2 (panel 2) indicates that at
13:00 UT in the TEC distribution along the 105° E
meridian equatorward of the auroral precipitation zone
(auroral oval), a structure consisting of three elements
peculiar to MIT — TEC minimum (bottom), polar and
equatorial walls — emerged [Pryse et al., 2006]. Note
that MIT differs from other high-latitude troughs in
that it is located equatorward of the oval [He et al.,
2011]. An hour before, at 12:00 UT (panel 1 in Figure
2), there was no structure similar to MIT at A=105° E.

2.2. Changes of the MIT bottom latitude, deter-
mined from TEC profiles, and the latitude of the equa-
torial edge of the diffuse precipitation zone are dis-
played in Figure 3, a. In those cases when minimum
TEC was observed at one point (see, e.g., panels 2, 4
in Figure 2), the latitude of the MIT bottom is marked
with squares. If the TEC values that differ by no more
than 5 % from the minimum one are seen at several
adjacent points (see panels 5, 6, 8 in Figure 2), their
latitudes are joined by rectangles. The TEC values
around the MIT bottom were 10-75 % lower than
those at the top of the polar wall. Dark gray squares
(rectangles) in Figure 3, a are TEC decreases by 25-75
% at the bottom; light gray ones, by 10-24 %. The
MIT depth was maximum at 15:30-15:45 UT.

On the basis of the MIT bottom motions, shown in
Figure 3, a, and considering that TEC maps have a lati-
tudinal resolution of 2.5°, we believe that at 15:30-—
17:30 UT GPhO was near the MIT bottom and then in a
broad zone of low TEC, which might have also been an
MIT bottom. An expansion of MIT and a decrease in its
depth after midnight, similar to that illustrated in panels
6-8 of Figure 2, are described in [Pryse et al., 2006].

2.3. The fact of shift of an MIT-like structure to the
GPhO latitude, which has been inferred from TEC dis-
tributions, is confirmed by the ionospheric sounding
data shown in Figure 3, b, ¢. We can see that at 12:00
UT (19:00 LT) GPhO was under a positive ionospheric
disturbance, which completely disappeared by 14:00
UT. During the decrease in the MIT bottom latitude,
inferred from TEC distributions, from ¢'~53.5° at the
end of interval 1 to ¢'~48.5-51° at the beginning of in-
terval 3, GPhO observed the f,F2 and h'F variations
typical of MIT. From 14:15 to 15:30 UT, the F2-layer
critical frequency decreased by ~2 MHz, and h'F gradu-
ally increased by ~240 km. After 15:30 UT and until the
end of the day, f,F2 was by ~2 MHz lower and h'F by
100-200 km higher than background ones.
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Figure 2. Examples of latitudinal TEC distributions built for March 17, 2015 (lines with open circles) and ¢ (solid gray
figures) at the 105° E meridian. In this and other Figures, gray stripes mark latitudes of the areas covered by the FPI field
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Figure 3. Changes on March 17, 2015 in corrected geomagnetic latitudes of the equatorial edge of the diffuse precipitation
zone, calculated by the model [Newell et al., 2009] (line with open circles), the MIT bottom (squares and rectangles), and the
SAR-arc center (thick line) (a); current/background (black/gray line) values of f,F2 (a) and h'F2 (b) (b, ¢); normalized deviations
of N,F2 and TEC (black and gray lines) from background values (d). The background values of f,F2, h ,2F'N,F2 are equal to
their average values obtained on March 13-15. In panel d, light gray and dark gray rectangles indicate intervals of detection of
F2s and F3s reflections respectively. Vertical lines mark boundaries of the intervals, differing in characteristics of geomagnetic

disturbances and airglows observed in them
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Reflections from the regular (background) F2 layer
are visible in all ionograms obtained simultaneously
with optical measurements. Until 15:18 UT, the iono-
grams had no significant interference. Reflections from
the F2 layer became diffuse after a sharp decrease in
f,F2 (by 1 MHz for 5 min) at the beginning of interval
3, which occurred against maximum h'F. In addition
there are oblique reflections with higher frequencies, as
compared to reflections from the regular F2 layer, and
approximately the same delays in ionograms obtained at
15:25-16:05 and 17:50-18:17 UT. These reflections are
similar to the F2s reflections presented in [Filippov et
al., 1984; Stepanov et al., 2017]. At 15:52-18:00 and
18:08-19:00 UT, the iongrams exhibit F3s reflections
— additional tracks lying within lower frequencies and
longer delays than those from the F2 layer [Filippov et
al., 1984; Stepanov et al., 2017]. In Figure 3, d, the in-
tervals of observation of the F2s and F3s reflections are
marked with light gray and dark gray rectangles. Occur-
rence of F2s reflections in intervals 3 and 5 implies that
the MIT polar wall is near a point of observation; and
F3s reflections in intervals 4 and 5 indicate a narrow
ionization trough in the polarization jet region [Filippov
et al., 1984; Stepanov et al., 2017].

Figure 3, d compares plots of normalized deviations
of the F2-layer maximum electron density and TEC
(ANRF2 and ATEC) from their background values:
ANF2 are determined from f,F2 (N,F2=1.24-10"f,F2?
CM’S); ATEC, from TEC values at the point with coordi-
nates =52.5°, A=105°. The trends in AN,F2 and ATEC
are similar, but after 15:30 UT the depth of decrease in
NmF2 (~60-75 %) is 3—4 times greater than that in TEC
(~15-25 %). This means that the trough in the F2-layer
maximum electron density might have been deeper than
that in TEC. The manifestations of ionospheric disturb-
ances identified indicate that after 15:25 UT GPhO en-
tered the MIT zone and possibly remained in it until the
end of the day.

3. GEOMAGNETIC DISTURBANCES
IN THE SECTOR OF OPTICAL

OBSERVATIONS

3.1. Figure 4 compares lss77 and lg300 Variations
with variations in the horizontal magnetic field compo-
nent at high latitudes. In the time interval considered at
the observatories Tiksi (¢=71.6° N, A=128.8° E,
0'=66.5°) and Yakutsk (¢=62° N, A=127.9° E,
¢'=56.8°), located by ~25° eastward of GPhO, and at the
observatory Dikson (¢=73.5° N, A=80.7° E, ¢'=69.4°),
located by ~22° westward of it, there were multiple
negative disturbances in the X (Yakutsk) or H (Tiksi,
Dikson) component of the geomagnetic field. Therefore,
GPhO was all this time in the sector of the westward
electrojet.

3.2. The AHp,1ppy Vvariations (Figure 4, a), i.e. dif-
ferences between the horizontal geomagnetic field com-
ponents (H=(X?+Y?)"?) measured at the observatories
Da Lat (¢=11.9° N, 2=108.5° E, 2.19° inclination) and
Phu Thuy (¢=21° N, A=106° E, 11.2° inclination), pro-
vide information about the direction of electric field
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near the meridian of magnetic, and in our case also opti-
cal, measurements [Blanc, Richmond, 1980; Balan et
al., 2010; Polekh et al., 2017]. The gray stripe shows
limits of the AHp_t.pny Variation during magnetically
quiet days on March 13-15; the black line indicates
current values on March 17. Significant, ~10 nT deep,
decreases in current values of AHp 1.pny relative to the
gray stripe in intervals 3, 5, and 7 suggest that the en-
hanced magnetospheric convection field, directed to the
west at night, in them was greater than the eastward
field of disturbed dynamo.

3.3. Strong amplifications in the western electrojet,
which appeared as deep bay-like depressions in H or X
component of the geomagnetic field, were sequentially
fixed in intervals 1, 3, 5, and 7. During a substorm with
multiple onsets [McPherron, 1978; Nagai et al., 1983],
developed in interval 1, the greatest amplification in the
field of the westward electrojet with AH~—2000 nT was
detected at the auroral observatory Dikson at ~13:40
UT, after the transition from positive to weak negative
disturbance of the geomagnetic field Z component
(points to the shift of the westward electrojet center
from south to north with respect to the observatory). In
interval 2, the H component in Tiksi and Dikson gradu-
ally returned to its pre-substorm level, and the X compo-
nent in Yakutsk non-monotonically decreased. It reached a
minimum (AX~-1700 nT) at ~15:40 UT in interval 3, in
which, as the bay-like decrease in AHp 1.pny implies, the
magnetospheric convection field strengthened, whereas the
westward electrojet center shifted to the lowest latitudes
and was near Yakutsk [Zolotukhina et al., 2016]. In the
same interval there were the highest (among the three
pairs of peaks observed by SATI-1M) synchronous
peaks of lgz00 and lIsz7.7.

The AHp t.pnu decreases in intervals 5 and 7 also
coincide in time with the synchronous peaks of lgz and
Is77.7, which are smaller than in interval 3, and with the
bay-like geomagnetic field depressions, which are the
deepest (AH~-1700 and —1200 nT) at the Observatory
Dikson. In contrast, the first, the most intense according
to data from the Observatory Dikson, substorm, ob-
served in interval 1, was not accompanied by noticeable
changes in the equatorial electric field and by synchro-
nous increases in lgzgoand ls777.

4, RELATIONSHIP BETWEEN
OPTICAL, GEOMAGNETIC,
AND IONOSPHERIC
DISTURBANCES

4.1. Images taken with the FILIN-1Ts and KEO
Sentinel cameras show that near their northern horizons
in intervals 1, 5, 7 there were bright discrete structures
moving from west to east. The direction of motion of
the structures suggests that their primary sources related
to substorms were located westward of GPhO (Section
3.3). In interval 3 were bright red vertical flashes of
aurora borealis. Relying on the estimated distances to
northern horizons of SATI-1M, FILIN-1Ts (Section
1.2) and the variations in the latitude of the equatorial
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roughly the same duration and time of occurrence.

edge of the diffuse precipitation zone (Figure 3, a),
we believe that auroral precipitation increases during
substorms are responsible for the above discrete
structures.

4.2. In Section 3.3, we have noted that distinct syn-
chronous peaks of Iss77 and lgzgo Were seen in intervals
3, 5, 7 during bay-like decreases in the H or X compo-
nents of the geomagnetic field, which coincided in time
with enhancements of the magnetospheric convection
field. In intervals 3, 5, 7, the bursts of lss;7 and lgzgp
were preceded by decreases in the latitude of the equa-
torial edge of the diffuse precipitation zone, characteris-
tic of the substorm growth phase and onset, which were
followed by its increases during the transition from the
expansion phase to the recovery phase.

4.3. Comparing the plots in Figure 4, a, b shows that
a clear connection between geomagnetic disturbances
and increases in atomic oxygen emissions was also seen
in interval 1. The lgg increase by ~300 R at 13:07-
13:16 UT and activation of ~12 min quasi-periodic lss7;
fluctuations (Section 2.1) coincide within the time reso-
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lution of SATI-1IM data with the substorm onset at
~13:05 UT and with the appearance of red spots in the
FILIN-1Ts images. Arrows in panels a, b of Figure 4
indicate that in interval 1 to each of the ~11-12 min
Is57.7 oscillations corresponds one of the multiple ampli-
fications of the westward electrojet with the same peri-
od. A clear connection between the Is5;; peaks and the
X-component decreases in Yakutsk is also visible in
intervals 2 and 3.

Figure 5 shows that jumps in the solar wind dynamic
pressure Pg, match geomagnetic field H-component
fluctuations, recorded at the Observatory Dikson, and
AL-index variations. We believe that a cause of the mul-
tiple amplifications of the westward electrojet (includ-
ing that beginning in Dikson at ~13:05 UT), the rapid
increases in lgsg, the activation of | 5577 fluctuations,
and the appearance of red spots might have been solar
wind pressure jumps [Meurant et al., 2004; Keika et al.,
2009; Tsurutani et al., 2011].

The magnetospheric compressions in interval 1 are
confirmed by GOES-13 satellite data (A=285° E): three
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Figure 5. Variations (top to bottom) in: lgzoo and Psw — solar wind dynamic pressure, the B, component, parallel to the
Earth axis, and the B, magnetic field modulus, measured by the GOES-13 and -15 satellites respectively, the H component of
the geomagnetic field at the Observatory Dikson, and the AL index

decreases in the magnetic field B, component (to -50, —
100, and again to —50 uTx) recorded by the satellite at
13:00-14:00 UT (08:00-09:00 LT) suggest that the
magnetopause shifted to the satellite’s orbit. Magneto-
spheric compressions generate fast magnetosonic waves
propagating isotropically at a velocity of ~1000 km/s,
related Alfvén waves, and modulation of magnetospheric-
ionospheric currents and precipitating electron fluxes
able to penetrate up to h=100-400 km and to increase
the 557.7 and 630.0 nm emissions [Meurant et al.,
2004]. Figure 5 shows that at 13:00-14:00 UT GOES-15
observed compression waves (quasi-periodic fluctua-
tions in the geomagnetic field modulus By) in the sector
04:00-05:00 LT. In the case of interest, the electron
population in the shells L~2.5-3.2 (¢'~ 51-56°), adja-
cent to an area falling within the SATI-1M field of view
at h=200-400 km, might have increased at the storm
first step (~07:00-10:00 UT).

4.4. Throughout the event of interest, the 630.0 nm
emission intensity variations detected by SATI-1M and
in a northerly direction by FPI were similar (Figure 6,
a). The lgz0.0 peaks mentioned in Section 4.2 are close in
time to Iy peaks, as well as to increases in Iz and Is
(Figure 6, b). Almost simultaneous increases in Iy, Iz,
and Is were also recorded at the beginning of interval 1
and during the substorm onset. This confirms the rela-
tionship between activations of the westward electrojet
during magnetic storms and increases in atmospheric
emissions completely covering the field of view of the
all-sky camera placed in midlatitudes [Shiokawa et al.,
2005].

Nevertheless, the Iy variations and their related Ty
variations in intervals 1, 2 are markedly different from
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those recorded in the zenith and south directions. During
the simultaneous increases in ly, 1z, ls, which started at
~13:00, Ty increased by ~100 K, whereas Tz and T re-
mained almost unchanged. To the nonmonotonic increas-
es in Iy at 13:30-15:00 UT corresponded increases in Ty
while 17, Is gradually decreased to minimum for the event
under study.

The analysis of latitudinal TEC distributions indi-
cates that in early interval 1 an increase in Iy, Ty, and
lg300 Occurred at latitudes of the northern edge of the
positive ionospheric disturbance zone, which coincide
with latitudes of the MIT equatorial wall; whereas I, T,
Is, Ts variations, inside this zone. At 13:30-14:45 UT,
intensity and temperature variations were observed dur-
ing the transition from positive to negative ionospheric
disturbance, i.e. when the ionospheric structure changed
in the region studied. By 14:00 UT, AN,F2 and ATEC
approached zero, and the eastern edge of the region
ATEC>0, which at 12:00 UT at ¢=52.5° occupied the
sector 12-23 LT, shifted to ~17:00 LT (A~45°, Figure 7,
b). The MIT bottom at A=105° expanded to ¢=57.5°
(Figure 7, a, left). By 14:45 UT, the base of the equato-
rial MIT wall approached the FPI field of view in the
north direction, and in the zenith direction this wall fell
within the FPI field of view (Figure 7, a, center). These
changes in the MIT structure do not allow us to deter-
mine the position of its structural elements relative to
FPI fields of view.

4.5. In intervals 1, 2 there are also clear differences
between values and variations of Ty and those of T, Ts.
Figure 6, b shows that at 13:00 UT the Doppler tempera-
ture in the north direction only by ~20 K differed from that
observed in the south and zenith directions. In interval 1



Zolotukhina N.A., Polekh N.M., Mikhalev A.V., Beletsky A.B., Podlesny S.V.

1 2 3 4 5 6 7 8
10000 QA @
r:t.“ ; 50 =
= ] 30 =
= _ [\\‘/\\\ SaTLaM 22 =
2 10004 E o
i ; /\(_,__,/‘ il e = ¥ ‘s &
™ L2 %
100 L S L S O LI TS R LI R AN PSS B PR S ) L LT % rd T
L 5 50
.E ] L wn
= 9 g
£ 2- L10 7
g s 2
SE L=
]
—— 1
M 1700+
~ 1500
é‘ 4
= 1300+
s ]
= 1100+
12 13 1|4 1I5 16 17 18 19 20 21 22 23 24
uT
Figure 6. Variations in gz and Iy (@), intensities and Doppler temperatures in the north, zenith, and south directions (b)
o - 10s°E
1 g 13:00 UT S 14:15 UT 1 g e 15:15 UT
80 — 1315 UT | — 14:30 UT ] — 15:30UT
] — 16:30 UT

« — 14:45UT]

b 52.5°N
o> 404 12:00 UT Fe
ﬁ 30] —13:00uT X
g 204 ko0t
E 101

-180 -120 -60 0 60 120 180
A,deg.
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and in the first half of interval 2, smoothly growing T,
and Ts were by 50-250 K lower than non-monotonically
increasing Ty, and became equal to it at the end of in-
terval 2 after the northward Doppler temperature began
to decrease. The onset of decrease in Ty at 15:05-15:09
UT coincides (within the temporal resolution of FPI
data) with the onset of a two-step decrease in X by 600
nT in Yakutsk at 15:05-15:06 UT or with a northward
shift of the MIT polar wall to the latitudes of the FPI
field of view.

In interval 3, the Doppler temperature in the areas ex-
plored with FP1 was maximum in a southerly direction
and minimum in a northerly direction. At peak intensities
recorded by FPI at 15:35-15:45 UT in all directions, Ty
was lower than Tz and Ts by ~100 and ~250 K respec-
tively. That time, the FPI fields of view in the north and
south directions were on either side of the MIT bottom
(on its polar and equatorial walls respectively). Thus, in
interval 3 the substorm activity enhancement caused lgso o
to increase across the MIT zone, and the Doppler temper-
ature to rise (as at the beginning of interval 1) only in the
emitting region located near the latitude of the top of its
equatorial wall.

After reaching peak values and until the middle of
interval 4, 1; and Is remained high, whereas Iy de-
creased threefold. The analysis of latitudinal profiles of
TEC, constructed for 16:00-16:30 UT, has shown that
the MIT polar wall, its base, and the top of the equatori-
al wall still persisted in this time period in the FPI field
of view in the north, zenith, and south directions respec-
tively. For the next hours, high (low) Doppler tempera-
tures were generally observed concurrently with high
(low) intensities. An exception is the rise in Ty by 150
K, which began at 19:14 UT — 19 min before a sharp
increase in Iy,

4.6. Figure 8 indicates that the Doppler temperature
variations at the zenith of GPhO are similar to variations
in the minimum virtual height of the ionospheric F-
region over this station. After 16:00 UT, the closest sim-
ilarity between the Ty and h'F variations is observed if
the Ty plot is shifted by ~10 min along the time axis.
Thus, a rise in the F-region virtual height follows an
increase in the Doppler temperature of oxygen atoms,
determined from the broadening of the 630.0 nm line.
This suggests that the key factor contributing to the
strengthening of this emission after 16:00 UT is the in-
creased temperature in the region of the modified at-
mosphere composition and/or in the polarization jet
band [Bryunelli, Namgaladze, 1988; Khalipov et al.,
2018]. It is also deemed that during geomagnetic dis-
turbances due to increasing energy exchange between
the plasmasphere and the ring current, at midlatitudes
the electron temperature rises at F-region heights
[Khomich et al., 2008]. The mechanism for strengthen-
ing the 630.0 nm emission in the case of high tempera-
ture might be oxygen atom collisions with thermal elec-
trons in the reaction O(*P)+e—O(*D)+e in addition to
the dissociative recombination reaction, which is essen-
tial for the excitation of the 630.0 nm emission under
quiet geomagnetic conditions.
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4.7. Figure 9, a displays changes in the ratio
les0.0/ls57.7, calculated from SATI-1M data; Figure 9,
b, in In/lz, In/(212), and Iy/ls, derived from FPI data.
Solid lines in Figure 9, b represent measured intensi-
ties; dotted lines are drawn taking into account the
fact that at an elevation angle of 30° the beam length
crossing the emitting region is twice as long as at the
zenith.

It is thought that the ratio lgsg0/lss7.7 can be used to
identify the aurora type [Rassoul et al., 1993]. Mikhalev
et al. [2018] have justly noted, however, that during the
March 17, 2015 storm the patrol spectrograph made
measurements «at small angles above the horizony. This
prevents the correct use of lgsg /ls577 for determining the
type of mid-latitude aurora «because of possible latitu-
dinal spacing of 630.0 and 557.7 nm emission layers.
Clarifying this statement, note that it is about the differ-
ence between latitudes of emitting regions falling within
the SATI-1M field of view at different heights. It is per-
haps for this reason the values of lg3qo/l557.7> 10, charac-
teristic of the SAR arc, were obtained in intervals 3, 4,
5, and 7, although, as shown in Figure 3, a, the arc, if
emitted at h=400 km, could fall within the spectrograph
field of view only in interval 2. Given the above, we do
not use the ratio lgs9.0/l557.7 to determine the aurora type,
but only compare its time variation with dynamics of
magnetospheric-ionospheric disturbances and their man-
ifestations in the MIT structure.

Figure 7, a shows that from 14:00 to 15:30 UT the
MIT depth increased from 15 to 75 %, and its bottom
shifted to ¢=52.5°; in fact, to the latitude of GPhO. Ac-
cording to ionospheric sounding data, approximately at
the same time, at 15:25 UT (beginning of interval 3), on
ionograms there appeared F2s reflections associated
with the approach to an observation point of the MIT
polar wall; then, at 15:52 UT (end of interval 3), F3s
reflections arising in a narrow ionization trough (see
Figures 2 and 3, d).

At the moment of occurrence of F2s reflections, the
MIT polar wall and bottom fell within the SATI-1IM
field of view at h=200-400 and h=100 km, where in
interval 3 the largest synchronous increases in lgso and
Iss77 were detected. Figure 9, a shows that the strongest
peak-shaped increase in the ratio lgsgo/lss77 to ~27 oc-
curred in this interval. Smaller increases in lgsgo/lss7.7 t0
17 and 12 were found in intervals 5 and 7, in which
synchronous bursts of intensities of the emissions con-
sidered were also recorded. The MIT latitudinal struc-
ture in these intervals differed markedly from that in
interval 3 (Figure 9, c). In interval 5, due to the expan-
sion of MIT to the north and south the measuring range
of Iy and Ty shifted to the MIT bottom; and that of Ig
and Ts neared the base of the MIT equatorial wall. In
interval 7, the zone of slightly varying TEC values, lo-
cated between poorly-defined MIT walls, fell within the
FPI field of view.

Comparing the plots presented in Figure 9, we can
see that the peaks of lgz0/lss7.7 (Figure 9, a), as well as
the peaks of Iy/lz, In/(21Z), and Iy /1s (Figure 9, b), were
observed in intervals exhibiting enhanced magneto-
spheric convection (top panel in Figure 9). This refers to
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the well-known tendency for the 630.0 nm emission
intensity to increase with latitude when the magneto-
spheric convection is enhanced. In intervals 3, 5, and 7,
the peaks of lgz00 are respectively 3, 6, and 10 min
ahead of those of Iss77, which might be associated with
propagation of the common zone of release of both
emissions, excited at different heights, equatorward
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when the magnetic convection is enhanced.

The height of the lg30/l5577 peaks decreases from 27
ininterval 3to 17 and 12 in intervals 5 and 7 respective-
ly. The peaks of Iy/Iz and Iy/ls decrease with time too.
In interval 5, they are 2.2 and 1.9 and in interval 7, 3.8
and 2.2 times lower than in interval 3. Comparing varia-
tions in lgzo/lss77, Inflz, and Iy/ls in intervals 3, 5, and 7
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with those depicted in Figure 9, ¢ shows that the de-
crease in these ratios over time might have been caused
by changes in the latitudinal structure of MIT. The rati-
0s decrease as the MIT width increases, its depth and
TEC gradients on the equatorial and polar walls de-
crease.

Our analysis shows that we should very carefully
use the ratio lgso0/lss77 in the case of magnetic storm
main phases to determine the type of mid-latitude auro-
ras when lgz00 and lss7.7 are measured at elevation angles
much smaller than 90°, i.e. at different latitudes. The
greatest difficulties in determining the aurora type arise
if an emitting region, probed with optical instruments, is
located in the MIT zone.

5. SAR-ARC DYNAMICS

Mikhalev et al. [2018] have demonstrated that, ac-
cording to preliminary data, near the north horizon of
the KEO Sentinel camera’s field of view at ~15:30 UT
on March 17 an airglow band was formed which, mov-
ing equatorward, gradually took the shape of arc. This
arc drifted slowly toward the equator at an average (cal-
culated for an emission height of ~400 km) velocity of
~20 m/s, with its structure and intensity varying. The
drift velocity and dimensions of this arc matched the
SAR-arc parameters reported, for example, in [levenko,
Alekseev, 2004].

The detailed analysis of latitudinal distributions of the
mean 630.0 nm emission intensity in the sector A=98°—
108°, carried out using KEO Sentinel data, has revealed
that a structure, defined in [Mikhalev et al., 2018] as SAR
arc, appeared on the background of the diffuse emission
one hour earlier, at 14:30 UT (21:30 LT), at ¢=55.9° N
(¢'~51.8°, L~3.2). Figure 4, b indicates that at that time
the depth of the horizontal magnetic component decrease
in Yakutsk was equal to that observed in Tiksi. Three
hours earlier, at 11:16 UT, the SAR arc emerged east-
ward of GPhO (at A=130°) at approximately the same
latitudes (¢'= 52-59°, L~2.8-3.8) [levenko, Parnikov,
2020]. Figure 3, a shows that the SAR arc could be ob-
served with FPI in a northerly direction at 14:30-15:00
UT and at the zenith at ~17:30-19:00 UT.

The plots in Figure 3, a and the latitudinal TEC dis-
tributions, compared with latitudinal distributions of the
630.0 nm emission intensity (Figure 10), denote that the
630.0 nm emission intensity peak corresponding to the
SAR arc originally appeared near the base of the MIT
polar wall (Figure 10, a). At 15:00-18:00 UT, the SAR
arc was in the vicinity of the MIT bottom or near the
base of its equatorial wall (Figure 10, b); and then, in
the range of low TEC values slightly varying with lati-
tude, which has been described in Section 2.2 (panel d).
At 15:30 UT, the SAR-arc center was at A@'~1.2°
northward of GPhO; at 17:30-19:00 UT, at the zenith of
the observatory. According to our estimates made from
KEO Sentinel data, the SAR-arc intensity in the vicinity
of the zenith ranged from 100 to 300 R. We believe that
the SAR-arc emission contributed to the formation of the
Iz peak at ~18:00 UT (interval 5) — the highest of those
observed on March 17, 2015 in the zenith direction.

In most papers it is taken that the formation of a
classical SAR arc is driven by the heat inflow from the
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inner magnetosphere in the plasmapause region (see,
e.g., [Mendillo et al., 2016; levenko, Parnikov, 2020]).
There are, however, studies showing that a SAR arc can
also be formed in the polarization jet area and related
narrow ionospheric trough [Khalipov et a.l, 1985; Foster
et al., 1994; Sazykin et al., 2002; Chu et al., 2019]. The
typical lifetime of the narrow ionization trough is 2-3 hr
[Stepanov et al., 2017]. The possibility of SAR-arc oc-
currence in the polarization jet area has also been dis-
cussed in [Sazykin et al., 2002]. The model calculations
cited therein show that in these cases a weak arc is
formed due to frictional heating of the atmosphere,
which leads to an increase in the rate of dissociative
recombination and to the probability of excitation of
oxygen atoms in the 'D state when colliding with ther-
mal electrons. The arcs associated with the polarization
jet differ from classical SAR arcs in low intensity, short
lifetime, and in that they appear without significant heat
inflow from the upper layers of the magnetosphere.

Several SAR arcs from different sources may exist
at a time. Simultaneous detection of two or more SAR
arcs was mentioned, for example, in [levenko et al.,
2008; Hong et al., 2020]. levenko et al. [2008] associate
the second SAR arc with the residual plasmapause. In
the case we deal with, the F3s reflections indirectly in-
dicating the presence of a narrow ionization trough near
GPhO occurred at 15:52-19:00 UT (see Section 2.3.).
The second SAR arc was occasionally observed from
16:00 to 19:50 UT, i.e. it appeared 68 min later than the
F3s reflections and existed for 50 min after their disap-
pearance. An example of the latitudinal distribution of
the 630.0 nm emission intensity with two peaks, located
southward of the MIT polar wall, is given in Figure 10,
c. The short lifetime of the second SAR arc in our case
may indicate an ionospheric source of its formation as-
sociated with the polarization jet [Sazykin et al., 2002].

There was a single SAR arc in the images captured
at GPhO before the end of observations (~22:30 UT,
05:30 LT). By that time, it had shifted to ¢=49.7° N
(9'~45.6°, L~2). In ~1.5 hrs, the presence of a SAR arc
on L~2.35-2.5 was detected in the Western Hemisphere
in Millstone Hill (9=42.6° N, A=71.4° W; ¢'= 52.5°)
[Hong et al., 2020]. The SAR arc was observed there for
the entire period of optical measurements, made on
March 18 from 00:06 to 09:47 UT (19:00-05:00 LT)
during the storm recovery phase. Hong et al. [2020]
have demonstrated that the SAR arc they observed was
classical, formed by heat inflow from the inner magne-
tosphere.

Thus, according to the literature sources and our re-
search, during the March 17-18, 2015 storm the SAR arc
existed for more than 23 hrs. It appeared 5 hrs after the
onset of the storm main phase and was observed until the
end of the main phase and at least for 10.5 hr of the re-
covery phase. We believe that as the storm developed the
role of heat inflows from the region of interaction of the
ring current with the plasmasphere gradually increased
and became dominant after 19:00 UT on 17 March.

RESULTS

The comprehensive analysis of geomagnetic, iono-
spheric, and optical phenomena has identified peculiari-
ties of the 557.7 and 630.0 nm atomic oxygen emissions
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Figure 10. Latitudinal distributions of TEC (line with circles) and deviations of the 630.0 nm emission intensity in the SAR-
arc center (solid line) from a component slowly varying with latitude (derived from KEO Sentinel images). The slowly varying
component was separated from initial data by smoothing it by a running mean over 55 points. The time series remaining after its
elimination were smoothed over 11 points. The intensity values obtained in the 98-108° E sector were averaged. The calculation
was made for h=400 km. Vertical dash-dotted lines denote the latitude of intensity peaks of stable arcs

observed at the ISTP SB RAS Geophysical Observatory
at 12:00-22:30 UT on March 17, 2015 during a magnet-
ic storm.

We have shown that strengthenings of the westward
electrojet occurred with an increase in the 630.0 nm
emission intensity at all latitudes falling within fields of
views of the instruments in hand. The increase in the
630.0 nm emission intensity was accompanied by a rise
in the Doppler temperature in the cases when in the
space-fixed field of view of a device were latitudes of
the MIT equatorial wall or bottom.

The greatest synchronous 557.7 and 630 nm emis-
sion intensity increases were detected during three acti-
vations of the westward electrojet, which developed as
the magnetospheric convection was enhanced.

We have found out that lg o/l 5577 and the ratios be-
tween the 630.0 nm emission intensities observed in the
north, zenith, and south directions depend on the position
of emitting regions in these directions relative to the MIT
bottom. Peaks of the ratios were maximum at 15:25-16:00
UT, when the 630.0 nm emission intensities in the north
direction were recorded at latitudes of the MIT polar wall;
the 630.0 nm emission intensities in the zenith and south
directions and the 557.7 nm emissions, at latitudes of the
MIT bottom and equatorial wall. The peak values de-
creased after latitudes of the MIT bottom fell within the
devices’ fields of view in a northerly direction, and went
down to minimum when all the intensities were measured
in the range of slightly varying small TEC values.

The SAR arc was found to appear at latitudes of the
base of the MIT polar wall when the westward electrojet
center began to move equatorward. Then the arc shifted
to the latitudes of the MIT bottom and the base of its
equatorial wall located near GPhO that time. In the vi-
cinity of the zenith, the SAR-arc intensity varied from
100 to 300 R.

It is shown that 68 min after the appearance of F3s
reflections on ionograms, the second, weaker arc, located
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by 2.5-3.0° northward of the main one, became visible
in the images captured by the all-sky camera. Judging
by the presence of the F3s reflections, the primary
source of the second arc might have been a polarization
jet associated with a narrow ionospheric trough. The
presence of two stable auroral red arcs spaced in latitude
suggests the possibility of simultaneous existence of
two SAR-arc sources differing in heating processes that
occur in them.

Let us stress that the above results have been ob-
tained from a study of only one strong storm and their
repeatability should be checked against other magnetic
storms.
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