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Abstract

The period 7-17 March 2012 is one of the most geomagnetically active periods during the
ascending phase of Solar Cycle 24. Therefore the solar and interplanetary phenomena during this
period along with the consequent processes in the magnetosphere and ionosphere were object of
study of the scientific society. The whole chain of events was discussed on several scientific
conferences. The solar flares, coronal holes, coronal mass ejections, high speed solar wind streams
and interplanetary shocks were identified and the resulting response of the magnetosphere and
ionosphere was examined. Four strong geomagnetic storms occurred during this period. The
substorms generated in this time are the final effect of all these events. Measurements of the
Multiscale Aurora Imaging Network (MAIN) in Apatity (Russia) and data of IMAGE magnetometers
network have been used to verify the substorms onset and subsequent development. The
characteristics of these substorms were studied and they were compared to substorms originated
during similar or different conditions.

Introduction

It is known that certain types of solar wind, mainly Interplanetary Coronal
Mass Ejections (ICME) and Corotating Ineraction Regions (CIR) (e.g. 1, 2]),
generate magnetic storms. During solar maxima, most common are the sporadic
flows associated with CME [3]. Near the Earth, they are observed as magnetic
clouds (MC) (e.g. [4]). The magnetic clouds (MC) are characterized as regions,
where the magnetic field strength is higher than the average, the density is
relatively low and the magnetic pressure strongly exceeds the ion thermal pressure;
the magnetic field direction changes through the cloud by rotating parallel to a
plane, which is highly inclined with respect to the ecliptic [4]. In front of MC, a
region of interaction with undisturbed solar wind (Sheath) is known to form, which
is characterized by high density, increased pressure and strong Interplanetary
Magnetic Field (IMF) variability. CIR is a region of the interaction between high-
speed recurrent streams and the adjacent slower streams. Recurrent streams and
their CIR are more frequent during solar minima. CIR is defined as a region with
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magnetic field and plasma compression [5]. It should be noted that there are
differences between storms generated by Sheath, MC, and CIR (in intensity,
recovery phase duration, etc.) (e.g. [6, 7, 8]). However, there are more complicated
storm cases, when the magnetic storms are caused by several sources in the solar
wind, coming consecutively one after the other or partly overlapping. Events of
strong geomagnetic activity are of special interest because magnetic storms can
affect the energetic systems, the spacecrafts, or the ground based systems. That is
why coordinated actions of the scientific community are needed to perform and
gather observations, to create models of the whole chain of phenomena from the
Sun to the Earth in order to make successful predictions of space weather and to
prevent failures in the technologic infrastructure caused by strong geomagnetic
storms [9]. Storms are the final effect of the enhanced solar and interplanetary
activity. Substorms generated during geomagnetic storms are significant features.
Therefore, it is important to have more observations of substorms during storms,
especially under strongly disturbed conditions.

In this paper, a period of high geomagnetic activity (7-17 March 2012) was
examined by ground based aurora observations at Apatity (Russia) and the
observed substorms were studied.

Instrumentation and data used

The Apatity’s location at auroral latitudes: geographic coordinates

(67.58°N, 33.31°E) and Corrected GeoMagnetic (CGM) ones (63.86°N, 112.9°E) is
expedient to examine the variety of substorms.
Measurements from the Multiscale Aurora Imaging Network (MAIN) in Apatity
(Russia), during the strongly disturbed period 7-17 March 2012, have been used.
The all-sky camera observation system has been built in Apatity since 2008. The
cameras’ characteristics, their mutual situation and the measurement process are
described in detail by Kozelov et al. [10].

To study the substorm development data from the Apatity’s all-sky camera
(images and keograms) and the Guppy F-044C (GC) camera, with a field of view
~67° (keograms), were used. The GC camera data were corrected regarding the
exposition time, the gain, the heterogeneity of the dark field, and the objective
transmittance change depending on the angle of observation. The keograms were
constructed in direction magnetic North (up). The zero angle coincides with zenith.
Solar wind and interplanetary magnetic field parameters were taken from OMNI
database (http://sdaweb.gsfc.nasa.gov/cdaweb/istp_public). The Kp indices were
taken from NOAA database: (http://www.ngdc.noaa.gov/stp/ GEOMAG/
kp_ap.html). Substorm presence was verified by ground-based data of IMAGE
magnetometers network (using the meridional chain Tartu (TAR) /CGM
latitude=54.47°/ — Ny Alesund (NAL) /CGM latitude= 75.25°/).
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Overview of the interplanetary conditions

The time interval 7-17 March 2012 (11 days) is one of the first major
geomagnetically active periods of the ascending phase of SC24 [11]. It was
examined and the detected features were described [11, 12]. Magnetic storms
occurred on 7, 9, 12, and 15 March, and they were called the S1, S2, S3, and S4
events. These storms were caused by Sheath, MC, and HSS, the detailed scenario
for all four storms were different. The storms are classified by the maximal k,
index value. During the four periods of storm activity the k, index exceeded the
limit of the “storm” conditions (ky,=5). During S2 the level of severe storm (kp,=8)
was reached, the three other events are at the level of moderate storms (k,=6). The
interplanetary conditions during the examined period and the geomagnetic
responses are presented in Fig.1. In all frames, from top to bottom the panels are:
the magnitude of the IMF B, the IMF B, component, the solar wind velocity v, its x
component vy, the proton density, the proton temperature, the flow pressure and
two geomagnetic activity indices, AE and SYM/H. On Fig.1la is presented an
overview of the interplanetary conditions from 7 to 20 March 2012. The vertical
lines point out the beginning of the four events. On Fig.1 b, ¢, and d are represented
the conditions during S1, S2, and S4 in more detail. The continuous vertical lines
indicate the interplanetary shocks (S) and the borders of the solar wind streams (for
details, see [11]).

Results

The measurements during the time interval 7-17 March 2012 were
examined together with the interplanetary conditions during the measuring periods.
Ten substorms were identified over Apatity under clear sky conditions: 4 of them
developed during S1, 3 — during S2, and 3 — during S4. The times of the substorms
are marked by dashed vertical lines in Fig. 1b, ¢, and d. They occurred during
different interplanetary conditions and at different stages of the geomagnetic
storms development. Two typical cases of substorms were chosen presenting a
substorm generated during the recovery phase in the vicinity of the maximal
development and a substorm during the late recovery phase.
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Fig. 1. a) Overview of the interplanetary conditions during the time period 7-20 March 2012; b)
Detailed view of the interplanetary conditions during S1 event (6-8 March 2012); ¢) The same as b)
for S2 event (8-11 March 2012); d) The same as b) for S4 event (15-20 March 2012).
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Case 1. Substorm at 18:45 Universal Time (UT), 7 March 2012.

The substorm began during the first event (S1) of the disturbed interval
7-17 March 2012 during a storm with Dstmin = -98 nT caused by the southward
directed sheath fields (Fig.1b). In Fig.2 are shown the variations of x magnetic field
component from 12:00 to 24:00 UT on 7 March 2012 by the IMAGE meridional
chain TAR-NAL. The substorm time is indicated by an ellipse. The magnetic
disturbance began at Oulujdrvi (OUJ) at CGM latitude=60.99°N and spread to
Soraya (SOR) at CGM latitude=67.34°N. The substorm development is presented
in Fig. 3 by chosen images of the all-sky camera. The world directions are shown
on the first image and UT is written above the images. The substorm occured
during the recovery phase of the storm, near the maximal storm development and
the Dst was -45 nT. Subtsorm auroras appeared in the South part of the field of
view in 18:45 UT. The auroras moved towards North, reached zenith in about
18:53 UT and after that auroras surpassed it. The substorm development can be
studied in more detail by the GC keograms (Fig. 4). In the GC keograms the
substorm auroras are seen first in 18:52 UT. The substorm development is clearly
expressed up to 19:20 UT.

IMAGE magnetometer network 2012-03-07
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Fig. 2. Magnetic field x-component data, 12:00-24:00 UT, 7 March 2012.
The substorm time is marked by an ellipse.
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Fig. 3. The substorm development by all-sky images at 18:45 UT, 7 March 2012.
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Fig. 4. The substorm development by the GC camera keograms: 18:40-19:00 UT (up)
and 19:00-19:20 UT (down).

Case 2. Substorm at 18:35:50 UT, 10 March 2012.

The substorm developed during the second event (S2), when a
geomagnetic storm was generated by a MC. Dstmin reached -148 nT. The substorm
occurred in the late recovery phase, Dst was -50 nT (Fig. 1c). The magnetic field
data during this time are shown in Fig. 5. The magnetic disturbance in this case
was at higher geomagnetic latitudes. It extended from Pello (PEL) at 63.55°N
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CGM lat. to Longyearbyen (LYR) at 75.12°N CGM lat. The substorm development
is presented in Fig. 6 by selected AS images. The format is the same as in Fig. 3.
The substorm onset over Apatity, towards the North of the station, was at 18:35:50
UT on 10.03.2012. The auroras traveled to South, reached zenith at 18:39 UT and
moved further to South. A more detailed picture is given by the GC keograms
(Fig. 7). In the keograms, the substorm auroras are seen from 18:38:30 UT at about
15° to North from zenith (the upper panel). The fast movement to South and the
occupation of the field of view by substorm aurora are seen (the bottom panel).
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Fig. 5. Magnetic field x-component, 12:00-24:00 UT, 10 March 2012.
The ellipse indicates the substorm time.
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Fig. 6. Development of the substorm on 10 March 2012 at 18:35:50 UT by chosen all-sky
images.
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Fig. 7. The substorm on 10 March 2012 by the GC keograms: 18:20-18:40 (up) and
18:40-19:00 UT (down).

Discussion

We studied substorms occurring during the highly disturbed period 7-17
March 2012 when different sources in the solar wind provoked four consecutive
geomagnetic storms by data of the Apatity’s MAIN system. The substorm onset
location is connected to the auroral oval position. It is known that under normal
condition, i.e. moderate disturbance, the auroral oval is located at ~65-67° CGM
latitudes (“normal oval”), under quiet conditions the auroral oval shrinks and
moves to higher latitudes (>70° CGM latitudes, “contracted oval”), and in
disturbed conditions the oval expands up to 50° CGM latitude (“expanded oval”)
[13]. Thus, in quiet conditions Apatity (63.86° CGM latitude) is expected to turn
out equatorward the auroral oval, and in disturbed conditions — poleward the
auroral oval. This was confirmed by the observations of auroras in Apatity during
2012/2013 winter season [14].
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Therefore, for substorms generated during a geomagnetic storm the onset
location depends on the stage of storm development. During the main phase of the
storm or in the recovery phase, but near the Dst minimum, the auroral oval lies to
the South of Apatity, the substorm onset is to the South as well, and the flash of
auroras from South to North is observed from the station (Case 1). During the
recovery phase the auroral oval moves to higher latitudes and in the late recovery
phase it is located to the North from Apatity. Then the substorm onset is to the
North, and auroras propagate from North to South (Case 2). Besides, it appears that
the Dst limit between the cases of onset to the South and the ones of onset to the
North is not constant and depend on the rank of the geomagnetic storm. More
observations are needed to find out how to estimate this limit.

Conclusions

It was shown that substorms, originated during strong geomagnetic storms
near the Dst minimum, occurred to the South of Apatity, and substorm auroras
expanded in North direction. For substorms during the late recovery phase, auroras
were observed to the North of the Apatity station, and their motion from North to
South was registered.
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CYBBYPU HAJI AITATUTH ITPE3 ITEPUOJIA HA TIOBUILIEHA
I'EOMATHUTHA AKTUBHOCT 7-17 MAPT 2012

B. I'muea, U. [lecnupak, b. Ko3esnos, P. Bepuep

Pesrome

Ilepuopsr 7-17 mapt 2012 1. € enWH OT NEpUOIUTE C Hail-BHCOKa
reOMarHuTHa aKTHBHOCT TIpe3 Bb3XoamaTa (aza Ha 24 CirpHUeB ITUKBI. [lopagm
TOBa CIBHUYEBUTE W MEXKIYIUIAHETHU SIBJICHUSA IIPE3 TO3M MEpUOJ 3aeHO C
MOCJIeABAIIUTE TMpoIllecH B MarHuTocepara u HoHocdepara ca oOSkT Ha
u3cleBaHe Ha Hay4HaTa oOmHocT. Llsmata mociemoBaTeIHOCT OT CHOMTHS €
IUCKyTHpaHa Ha HSIKOJIKO HayyHH KoH(pepeHuH. CIbHYEBHTE HOTOLHM, KOPO-
HAJIHUTE TYMKH, KOPOHATHUTE U3XBHPIISTHIS HA Maca, BUCOKOCKOPOCTHUTE TTOTOLH
B CITBHYCBHS BITHD U MEKAYIUIAHETHUTE YAAPHU BBJIHU ca UACHTH()UIUPAHH H €
n3cleBaHa peakuusaTa Ha MaruuTocdepara u Honocgepara. IIpes To3u nepuon ca
HacThi 4 cuinHA TeoMmarHUTHH Oypu. CyOOypuTe, BB3HHKHAIH TIpe3 TOBa
BpeMe, ca KpalHUAT e()eKT OT BCHUKH Te3U ChbOUTHA. 3a Jla ce YCTAaHOBH HAYaJIOTO
Ha cyO0OypHuTe M Ja ce MpOociequ pa3BUTHETO MM Ca W3IMOJ3BAaHH M3MEPBAaHUS OT
Multiscale Aurora Imaging Network (MAIN) B AmatuTé M AaHHH OT Mpekara
marautometrpu IMAGE. Bsixa u3cnenBanu xapakTepHUCTUKUTE Ha Te3u cyOOypH u
0s1Xxa CpaBHEHU ChC CyOOypH, Bb3HUKHAIN TIPU TTOJJOOHU MJTH PA3IHYHU YCIOBUS.
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