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Abstract: The effect of substorms at midlatitudes is manifested as specific oscillations in the magnetic
field at the Earth surface: peaks in the North component X, known as midlatitude positive bays (MPB), and a
systematic variation in the East component Y, consisting of a single cycle of sine wave. It was found out that the
rate of substorm occurrence depends on the phase of the solar cycle and that most substotrms occur during the
decending phase of the solar cycle. The aim of this work is to study the midlatitude positive bays, related to
magnetospheric substorms, that were identified at the midlatitude Bulgarian magnetic station Panagyurishte
during the descending phase of solar cycle 24. Therefor 255 MPB’s observed in 2017, have been examined. The
interplanetary and geomagnetic conditions during these substorms have been investigated. The MPB beginnings
have been compared to the onsets of the same substorms, determined by SML index data. A comparison of the
number of registered MPB’s during different solar cycle phases has been made. It was ascertained that during the
24 SC actually most substorms occurred during the descending phase, another, smaller maximum of the number
of substorms was observed during the ascending phase, and minima during the maximum and the minimum of
the SC were observed.
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Pe3rome: BnusHuemo Ha cy6bypume Ha cpedHU WUPUHU ce nposiesiea Kamo crieyuchuyHu KonebaHus 6
Ma2HUMHOMO [1o/le Ha 3eMHama M08bPXHOCM: MakKCUMyMU 8 cesepHama KOMoHeHma X, u3eecmHu Kamo
MagHUMHU MakCcuMyMu Ha CpeOHU WUPUHU unu cpedHowupomHu makcumymu (MPB), u cucmemamuyHo
U3MeHeHUe Ha u3moyYyHama KOMMoHeHma Y, CbCmosAwWo ce om eOUHUYEH CUHYCO8 UUKbJL. YCmaHO8eHO e, ye
Yyecmomama Ha rnosiea Ha cybbypu 3agucu om ¢hazama Ha CITbHYe8UST UUKBJT U Hall-MHO20 cybbypu 8b3HUK8am
npe3 Husxodsiwama ¢haza Ha C/lbHYesusl UuKbja. Llentma Ha masu paboma e 0Oa ce uscnedsam
CpeGHOWUPOMHUME  MakCuUMyMu, C8bp3aHUu C MasHumocgepHU cybbypu, udeHmucbuyupaHu rpu
cpedHowupomHama Obneapcka MasHumHa cmadyusi [llaHazropuwe npe3 Hu3dxodswama ¢hasa Ha ClTbHYes
Uukbn 24. 3amoea ca pasenedaHu 255 MPB, HabnodasaHu rpe3 2017. MscnedsaHu ca mexdyrnnaHemHume u
2eoMacHUMHU ycrosusi no epeme Ha me3u cybbypu. Havyanama Ha MPB ca cpasHeHu c Ha4Yanama Ha
cbomeemHume cybbypu, onpedeneHu o OaHHU 3a SML uHOekca. HanpaseHo e cpasHeHue Ha 6posi
peaucmpupaHu MPB rnipe3 pa3nuyHu ¢hasu Ha CTbHYe8Us UUKbI1. YcmaHo8eHo e, Ye OelicmeumernHo ripe3 SC 24
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Hal-MHO20 cybbypu ca 8b3HUKHasU rpe3 Hu3xodswama gasa, ouje eOuH, Mo-MaiibK MakcumymM, e HabrrodasaH
npe3 Hu3xodsiwama ¢hasa, a npes3 MakcuMyma U MUHUMYyMa Ha C/TbHYe8Us! YUK ca HabnodagaHu MUHUMYMU
Ha 6posi cy6bypu.

Introduction

Magnetospheric substorms are one of the main structural parameters of space weather.
The basic disturbances of the Earth’s magnetosphere are in consequence of the substorms
development. After the current theory, during magnetospheric substorms, a current system forms,
namely the so-called Substorm current wedge (SCW) [e.g. 1, 2], by the deviation of the tail current
along the magnetic field lines through the ionosphere and the formation of auroral electrojets.
The auroral electrojets have been investigated since 1970s [e.g. 3, 4]. The substorm current wedge
provokes disturbances in the Earth magnetic field: negative bays of the X-component at auroral
latitudes and positive bays of X at midlatitudes (midlatitude positive bays — MPB), which accompany
the expansion of the magnetospheric substorms [e.g. 1, 5]. The magnetic disturbances at the Earth
surface have been used in lots of investigations to study the magnetospheric substorms.
The midlatitude magnetic variations are a powerfull tool for the magnetospheric substorms
investigation. The MPB’s are a good indicator of the substorm onset [6], and the sign of Y component
was used to estimate the direction of the field aligned currents at a given longitude [7].

The magnetospheric substorms may be accompanied or not by magnetic disturbances at
midlatitudes. The presence and strength of the midlatitude magnetic disturbances caused by
magnetospheric substorms, depend on the substorm strength, the measuring point location (distance
from the substorm meridian and geomagnetic latitude), and also on the interplanetary and
geomagnetic conditions. As different structures of the solar wind prevail during the different phases of
the solar cycle [8], different distribution of the MPB’s by number and intensity may be expected during
different SC phases.

The purpose of this work is first, to verify the interplanetary and geomagnetic conditions during
substorms, which caused strong MPB at the Bulgarian magnetic station Panagjurishte during the
descending phase of SC 24. For this, the found out MPB’s in 2017, which is in the center of the
descending phase of SC 24 have been used from the Catalog of the magnetic variations at the
Panagjurishte station [9, 10, 11]. This work aims also to verify the variations of the number of
substorms during the different phases of SC 24 and the relative share by different MPB maximal value
ranges during the ascending and descending phases of SC 24.

Data used

For the study, data from the Catalog of the magnetic variations at the Panagjurishte station
(PAG) (~37° GMLat, ~97° GMLon), developed at the Space Research and Technology Institute of the
Bulgarian Academy of Sciences, have been wused. The catalog is available at:
http://space.bas.bg/Catalog_MPB/. Data from 2017, 2012 and 2022 were examined.

The interplanetary and geomagnetic conditions have been specified by data of OMNI
database of the CDA Web (https://cdaweb.gsfc.nasa.gov/) and the Catalog of large scale solar wind
phenomena (http://www.iki.rssi.ru/pub/omni/catalog/).

To compare the results for the substorms by the MPB’s, registered at PAG, with other results
of substorms at the same time, the substorm list by Newell and Gjerloev (2011), has been used
(https://supermag.jhuapl.edu/substorms/?tab=description), SML index from SuperMAG
(https://supermag.jhuapl.edu/indices/) and IL index data  from IMAGE database
(https://space.fmi.filimage/www/il_index_panel.php).

Interplanetary and geomagnetic conditions in the time of MPB

In 2017, 255 MPB’s have been detected (Catalog of the magnetic variations at PAG [10, 11]).
We examined the strongest of them, with maximum of the MPB greater than 20 nT. They are 29.
Some characteristics of the MPB’s and the peculiarities of the interplanetary and geomagnetic
conditions at the same time are summarized in Table 1. The consecutive columns of the table are as
follows: case number, date, the beginning time of MPB at PAG, MPB maximal value, MPB amplitude,
observed structure in the solar wind, SYM/H index minimal value, the time of SYM/H minimum, SYM/H
value at the MPB beginning time, the phase of the geomagnetic storm at the MPB beginning time (if a
geomagnetic storm was developed at the same time).

In most of the cases (24), as it might be expected [8], CIR or HSS were observed in the solar
wind. In only one case Slow solar wind (v<450 km/s) was detected. In all cases, geomagnetic storms
developed. Taking into account, that HSS usually provoke weaker storms, than CIR, MC and Sheath,
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it is not surprising that 17 geomagnetic storms were weak (30 nT < SYM/Hmin < 50 nT); 10 storms
were moderate and 2 — strong.

Table 1. Interplanetary and geomagnetic conditions in the time of strong MPB’s in 2017

MPB MPB Ampli Solar
date beginning nTm“ tude wind Storm phase
time nT | structure

1 05.01.2017 23:07 2404 36.72 |Sa, HSS -47 23:23 -40 main

2 01.02.2017 20:58 2580 46.37 HSS -40 22:50 -21 main

3 03.02.2017 19:39 20.15 27.04 HSS -40 08:46 -21 Late recovery
4 17.02.2017 23:18 2490 4541 HSS -41 23:57 -19 main

5 01.03.2017 18:55 20.29 29.20 CIR -74 22:17 -33 main

6 02.03.2017 19:05 22,85  38.80 HSS -74 22:17 -30 Late recovery
7 05.03.2017 20:05 2248 3947 HSS -37 02:57/06.03 -22 main

8 08.03.2017 21:47 2190 38.96 HSS -32 01:00/09.03 -21 main

9 21.03.2017 18:24 2034 4191 CIR -46 23:36/22.03 -28 main

10 22.03.2017 20:43 2145 39.10 HSS -46 23:36 -19 main

11 30.03.2017 19:56 24.09 36.23 HSS -60 01:43/31.03 -33 main

12 31.03.2017 20:46 21.26 35.24 HSS -48 15:33 -34 recovery
13 21.04.2017 19:05 2400 47.60 HSS -53 23:58/22.04 -6 main

14 27.05.2017 22:39 26.33 32,67 MC -142 07:13/28.05 17 main

15 16.06.2017 21:58 20.66 40.48 HSS -38 00:00/17.06 -24 main

16 16.07.2017 17:34 2376  40.70 SHE -67 15:51 -46 Near recovery
17 17.08.2017 22:33 28.84  28.70 HSS -36 10:01 -25 Late recovery
18 23.08.2017 17:55 2280 36.65 EJE/HSS -52 12:35 -31 recovery
19 07.09.2017 22:59 2222 4371 IS -146 01:10/08.09 -30 main

20 15.09.2017 21:00 2218  46.48 HSS -44 04:30/16.09 -26 main

21 24.10.2017 21:52 20.10 41.85 CIR -36 22:48 -27 main

22 24.11.2017 20:17 2270 3856 SLOW -33 22:39 -22 main

23 12.12.2017 19:28 2253 3455 HSS -38 18:40 -33 Near recovery
24 01.03.2017 22:16 38.96 69.57 HSS -74 22:17 -73 devell\gzxment
25 15.09.2017 19:10 3475 58.76 HSS -44 04:30/16.09 -12 main

26 13.10.2017 18:38 37.89 54.69 HSS -66 00:22/14.10 -50 main

27 07.11.2017 18:09 30.60 57.68 CIR -89 04:04/08.11 -34 main

28 17.12.2017 18:45 3556  58.31 HSS -34 20:30 -29 main

29 27.03.2017 19:27 50.92 82.20 CIR -86 14:45 -49 recovery

Comparison of the obtained results with results for the same substorms by SML index

To compare the substorm results by PAG magnetic data, we used the substorm list by Newell
and Gjerloev [12] from the SuperMAG database, where the SML index is used to identify substorm
events. It should be taken into account, that all existing substorm onset identification techniques have
limitations. By reason of the applied technique and its assumptions, there may be some differences in
the identified substorms and in the determined onsets.

For our comparison, we constructed Table 2, including our data and corresponding data from
the Newell and Gjerloev substorm list [12]. The columns in Table 2, are as follows: case number after
Table 1, event date, substorm onset time by the substorm list, magnetic and geographic coordinates
of the onset (MLT, MLAT, MLON, GLAT, GLON), station, the beginning time of the midlatitude positive
bay (MPB) at PAG, the difference between the substorm onset time and the MPB beginning time (At),
and the value of Y at PAG at the moment of the MPB maximum (YPAG).

From Table 2 it is seen, that all substorm events, identified by local (European) data, have
been identified by techniques, using SML index. The time difference At in most cases is small, but
there are also cases when At is much greater than expected. The MPB beginning at PAG doesn’t
coincide with the substorm onset, unless the substorm meridian coincide with the PAG location. In all
other cases it should be nearly after the substorm onset. That means, that At in Table 2 is expected to
be small and negative. In our previous studies [9] we have supposed, that the slightly earlier MPB
beginning at PAG than the substorm onset time determined based on SML index may be due to the
difficulty to estimate whether the smaller disturbances before the sharp decrease of X are the result of
localized or global events in the magnetosphere, especially under disturbed conditions or when the
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substorms are not isolated. Later we came to the conclusion, that obtained greater differences
between the determined substorm onsets and the MPB beginning at PAG in some cases are maybe
result of the assumptions made and the conditions set in the processing tools of the different
techniques [13]. In some cases, when the disturbance is great and spreads over a large longitudinal
area the longer disturbance delay at PAG and generally over Europe may be due to the remoteness of
the substorm onset.

Table 2. Comparison of the obtained beginnings of the examined MPB’s with the results of identified
substorms at the same time by Newell and Gjerloev (2011)

MPB
beginning
date MLT MLAT GLAT time (this Ypac

1 05.01.2017 22:43 23.83 63.75 95.33 66.11 125 DON 23:07 -24 -6.35
2 01.02.2017 21:01 22.63 67.07 102.95 69.66 18.94 TRP 20.58 3 -5.60
3 03.02.2017 19:29 23.88 67.35 143.28 71.16 66.83 KHS 19:39 -10 3.69

4 17.02.2017 23:21 0.74 63.82 99.02 66.4 16.98 JCK 23:18 3 -3.68
5 01.03.2017 18:37 21.22 64.77 114.46 67.97 35.02 LOZ 18:55 -18 18.97
6 02.03.2017 19:05 23.25 65.95 137.66 69.6 61.21 AMD 19:05 0 10.88
7 05.03.2017 20:08 22.17 67.8 106.21 70.54 2222 S@R 20:05 3 -6.78
8 08.03.2017 22:01 0.13 64.41 107.29 67.37 26.63 SOD 21:47 14 -14.57
9 21.03.2017 18:43 23.42 70.64 143.28 71.16 66.83 KHS 18:24 19 11.656
10 22.03.2017 20:47 23.05 64.41 107.29 67.37 26.63 SOD 20:43 4 -7.08
11 30.03.2017 19:56 21.81 66.86 100.42 69.3 16.03 AND 19:56 0 -0.55
12 31.03.2017 20:06 0.88 67.35 143.28 71.16 66.83 KHS 20:46 -40 8.63

13 21.04.2017 19:10 21.83 68.19 109.43 71.09 25.79 NOR 19:05 5 -2.09
14 27.05.2017 22:40 1:29 64.41 107.29 67.37 26.63 SOD 22:39 1 17.65
15 16.06.2017 21:58 2377 63.75 95.33 66.11 12.5 DON 21:58 0 -7.56
16 16.07.2017 18:18 20.59 66.65 106.46  69.46 23.7 MAS 17:34 44 -0.26
17 17.08.2017 22:16 23.88 63.75 95.33 66.11 12.5 DON 22:33 -17 6.90

18 23.08.2017 17:30 6.36 65.45 263.97 64.87 212.14 CMO 17:55 -25 14.36
19 07.09.2017 23:00 0.89 61.87 99.33 64.61 18.75 LYC 22:59 3 31.83
20 15.09.2017 20:50 5.39 66.71 197.28 71.59 12892  TIK 21:00 10 -4.77
21 24.10.2017 21:54 0.22 65.19 105.26  68.02 23.53 MUO 21:52 2 3.86

22 24.11.2017 20:25 22.25 66.86 100.42 69.3 16.03 AND 20:17 8 -6.66
23 12.12.2017 19:35 23.82 65.95 137.66 69.6 61.21 AMD 19:28 7 3.88

24 01.03.2017 21:41 1.8 65.95 137.66 69.6 61.21 AMD 22:16 -35 -11.83
25 15.09.2017 19:12 2375 65.95 137.66 69.6 61.21 AMD 19:10 2 9.11

26 13.10.2017 18:24 3.03 66.71 197:28 M 71:59 128.92 TIK 18:38 -14 -4.83
27 07.11.2017 18:26 21.05 68.19 109.43 71.09 25.79 NOR 18:09 17 17.78
28 17.12.2017 18:44 7.14 70.86 258.21 70.36 211.2 JICO 18:45 -1 -7.19
29 27.03.2017 19:23 7.46 70.64 251713 | 71132 203.38 BRW 19:27 -4 -1.32

A case with great MPB registered at PAG

The substorm development on 27.03.2017 at 19:23 UT by [12] (case 29) and its appearance
at PAG are examined in detail. During this substorm, a strong MPB was registered at PAG.
The maximal MPB value was 50.9 nT, and its amplitude — 82 nT. Such strong disturbances are rarely
observed in Panagyurishte (42.5° N, ~37°GMLat). The interplanetary and geomagnetic conditions
during the substorm are presented in Fig. 1. In the left panel, some solar wind components and
geomagnetic indices are presented. The substorm time is indicated by a red vertical line. At this time,
a CIR was observed in the solar wind, followed by a HSS. The CIR provoked a moderate geomagnetic
storm with SYM/Hmin = -86 NnT. In the right panel of Fig. 1, the magnetic disturbances and ionospheric
currents by AMPERE and SuperMAG data are shown for the times of the beginning of the examined
disturbance and its development over Europe. In Fig. 2, the substorm by the SML index, by the
magnetic field at BRW (left panels), by IL index and by the MPB at PAG (right panels) is presented.
The substorm onset was detected in the morning sector, at the Borrow station (BRW), which is at 203°
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GLon, about 180° to the East form PAG (see the upper row and the left picture of the bottom row of
the right panel of Fig. 1). The beginning of the magnetic disturbance is seen at 18:32 UT at BRW
(bottom left panel of Fig. 2, red vertical line). This disturbance can be detected also by SML (left upper
panel in Fig. 2, red vertical line).
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Fig. 1. Interplanetary and geomagnetic conditions during the substorm on 27.03.2017

QB v IL index 2017-03-27 18 - 22 UT
oo + N + + + + 800 10 second averages
001 SuperMAG Aurdral Elactrojet Indicgs - AlISME UL 400 LI N NN L B L L B R B B B B |
2004 _m s T T T . 4
TRE——— T I | - I ] = S =
200 \\ A X ) 200 F | "”‘f\,f\:
L 401 VAo — PG e -500 =
€ a0 | - _p LA 00 F E
=] \ 7 : Wy ]
1000 4 \ v tre00 -1000 [ ) J -
1200 ey 1200 L A ]
wod—t—1 4 1 L N1 [ v 1 [N [ 1 | i 1500 =
20170327 201710327 20170327 20170327 20170327 20170327 F g
18:30 UTC 19:06 UTC 19:42 UTC 20:118UTC 2084 UTC 21:30UTC L a
:3 SuperMAG -2000 — -
T 50 . . . . 500 E o . Lol v Ly v w1 . ,
150, Magnetometer ata BRW a0 18 X-variations and first derivative, 27.0.2017 22
o 11 T T T T
| m |1 .
21 B AP I i——— A X e al J4o
N v 2sigma |
| e s B o _
\/\M g’ ' %
% I 2
w0 | NS T —\/ Jeo £
700 + B S — 700 £
20170327 20170327 20170327 2017/0327 20170327 2017103127 -0 -0
18:30 UTC 19:06 UTC 19:42UTC 20:18UTC 2054 UTC 21:30UTC E
50 H 460
\ = L L
185 19.0 195 20.0 205 210 215
UT. hours

Fig. 2. Appearance of the substorm on 27.03.2017 by SML index (upper left panel), magnetic field at Barrow

(BRW) station (bottom left panel), IL index (upper right panel) and MPB at Panagyurishte (PAG) (bottom right

panel). The green vertical lines indicate the MPB beginning at PAG, the orange lines — the substorm onset by
Newell and Gjerloev (2011), and the dark red lines — the substorm onset at BRW by eye inspection.

Later, at about 19:23 UT, a sharp westward expansion of the disturbance was observed,
covering about 170 degrees of longitude, which was also observed over Europe (the middle right
panel and the middle picture of the bottom right panel of Fig. 1). This development was expressed by
a sharp decrease in the SML and IL indices, indicated by yellow vertical lines in the upper panels of
Fig. 2. The beginning of the disturbance at PAG was observed at 19:27 UT. This time is shown by
green vertical line in all panels of Fig. 2. The deviations of the magnetic field in the Northern
hemisphere by SuperMAG at 19:27 UT (right picture of the right bottom panel of Fig. 1) also confirm
this development.
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Observed MPB at PAG during different SC phases

The variations in the number of substorms, accompanied by MPB at PAG, in the course of the
SC have been studied. We dispose of PAG magnetic data since 2007, so the whole SC 24 is included
in them. In Fig. 3, the number of noticeable MPB’s registered at PAG from 2007 to 2022 is shown. It is
seen that the maximum MPB’s were observed in 2017, which is about the middle of the descending
SC phase. Another, lower maximum arises during the ascending phase (2011-2012). Near the SC
minima and maximum (vertical lines in Fig. 3), minima in the course of the MPB number are observed.
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Fig. 3. Number of MPB’s registered at PAG from 2007 to 2022. The solar cycle minima are marked by blue
vertical lines, and the SC maximum — by red vertical line.

To study the distribution of MPB’s by maximal value during years from different SC phases,
the MPB’s during 3 years: 2012, 2017 and 2022, have been examined. The results are presented in
Table 3. It is seen, that relative share of MPB’s with maxima in the range 5-10 nT is comparatively the
same in the ascending and descending SC phases. The number of MPB’s with maxima in the range
10-20 nT is slowly lower in the descending phase at the expense of a larger number in the intervals
above 20 nT.

Table 3. Relative share of the number of MPB’s for years in different phases of the SC

| year | MPBmax>5nT | MPBmax>10nT | MPBmax>20nT | MPBmax>30nT | SCphase |

2012 55.49% 34.61% 8.8% 1.1% ascending

2017 55.7% 33% 9% 2% descending

2022 56.21% 34.64% 7.84% 1.3% ascending
Summary

The strong midlatitude positive bays (MPB) (Xmax>20 nT) registered at Panagujrishte (PAG)
during the descending phase of SC 24 (in 2017) were related to substorms, developed during
disturbed interplanetary and geomagnetic conditions. The obtained MPB beginning times are close to
the substorm onsets determined from the SML index except a few cases.

The obtained small differences may be due to some distance of PAG station from the
substorm meridian, as well as to the complicated conditions, when some smaller magnetic
perturbations just before the sharp decrease of X are related to the beginning of the global
magnetospheric disturbances. We presume, that the substorm onsets could be more easily and
accurately determined by the midlatitude positive bays data from a global or regional set of midlatitude
magnetic stations [9, 13].

The obtained greater differences between the determined substorm onsets and the MPB
beginning at PAG in some cases can be obtained during very strong, prolonged, extended substorms,
developed over a large area in longitude, when the substorm onset location is far from PAG, and the
disturbance reaches PAG in some longer time interval.

The obtained greater differences between the onsets and the PAG MPB’s maybe also the
result of the applied processing techniques and their assumptions. It should be taken into account,
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that all existing substorm onset identification techniques have limitations. The contributions of stations
far from the substorm meridian, in such cases may lead to significant discrepancies between the
substorm onset, determined by global (SML) and regional (IL, European MPB index) indices. Hence,
all results have to be verified for every concrete case.

The highest number of MPB’s is recorded during the descending phase of the solar cycle,
another, lower maximum is observed during the ascending phase of the solar cycle, and minima in the
number of MPBs occur around the SC minimum and maximum. The relative humber of MPB in the
interval 5-10 nT is preserved in the years of the ascending and descending phase, while in the
interval 10-20 nT the number of MPB is slightly lower during the descending phase. On the other
hand, the number of MPBs with a maximum above 20 nT is higher during the descending phase.
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