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Ionospheric Response to the Magnetic Storm of 22 June 2015

Gustavo A. Mansira'?

Abstract—A global study is made of the response of the total
electron content of the ionosphere (TEC) to the geomagnetic storm
occurred on 22 June 2015 (one of the strongest geomagnetic storms
of the current Solar Cycle 24). Using data from 44 sites, a hemi-
spheric comparison is made by considering high latitudes (> 50°),
middle latitudes (30°-50°) and low latitudes (30°N-30°S). The
main features observed were: increases in TEC at high latitudes
prior to the storm main phase, a considerable asymmetry of TEC
response at middle and low latitudes of the Northern Hemisphere
and the Southern Hemisphere and decreases at equatorial latitudes.
The long duration enhancements in TEC were well correlated with
increases in the O/N; ratio but decreases in TEC had not associated
decreases in the O/N, ratio as occur with the decreases in the
electron density. Besides, prompt penetration electric fields can
play an important role in the equatorial and low-latitude ionosphere
during main phase of the storm.

Key words: Geomagnetic storm, global TEC, physical
mechanisms.

1. Introduction

Perturbations of the ionosphere in association
with geomagnetic storms are object of a close atten-
tion of the specialists on the ionosphere since several
decades. Ionospheric storms represent an extreme
form of space weather, which has significant, adverse
effects on increasingly sophisticated ground and
space-based technological systems of our society
(Bounsanto 1999).

Many papers have been written about the iono-
spheric storms. The study of the ionospheric
disturbances during geomagnetic storms is generally
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carried out using either the critical frequency of the
F2 layer foF2, or Total Electron Content (TEC)
because disturbances of TEC, electron peak density
and peak height are produced. Similarly to the peak
electron density, during storm periods TEC may
either increase or decrease with respect to quiet
condition values. Different dynamical and chemical
processes, such as energetic particle precipitation,
changes of electric field and current systems, travel-
ing  atmospheric  disturbances, thermospheric
circulation, composition changes, etc. have been used
to explain the ionospheric features of the electron
density during the different phases of the geomag-
netic storms at different latitudes. These factors make
ionospheric storms complicated.

Although the ionospheric perturbations are stud-
ied since several decades ago, neither the morphology
nor the physics of the changes is completely known
because the complexity and diversity of the physical
processes involved. Astafyeva et al. (2015 and ref-
erences therein) recently mentioned that ionospheric
storms are not yet completely understood and remain
one of the primary subjects of ionospheric science.
Some features of the ionospheric storms still not clear
are the strong longitudinal and latitudinal asymme-
tries, the alternation of positive and negative phases,
or the completely different storm-induced disturbance
behavior of the ionospheric F2 region above two
comparable locations, which are frequently observed
(e.g., Habarulema et al. 2013). For that reasons still it
is necessary to carry out further studies to clarify
several physical mechanisms. Some review articles
on ionospheric storms were presented by Rishbeth
(1991), Prolss (1995), Abdu (1997), Mendillo (2006),
Danilov and Lastovicka (2001), and Danilov
(2001, 2013).

Analyzing a set of storms for a particular location
can carry out a study of the F-region storm effects.
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Another approach is to examine an individual event
for a large network of stations globally distributed
(the so-called case studies). Case studies, which
consider several stations of different latitudinal
regions, are important for a view of space weather
and for the understanding of the role of various
physical mechanisms during ionospheric storms. In
this paper we analyze the global disturbances of the
Total Electron Content (TEC) occurred in response to
the storm occurred on 22 June 2015 (with sudden
commencement at ~ 18 UT) and discuss the main
physical mechanisms involved in such disturbances.
This was one of the strongest geomagnetic storms of
the current 24 solar cycle (the “Solstice” storm). The
storm onset information was obtained of the Monthly
Bulletin of the International Service of Geomagnetic
Indices (http://isgi.unistra.fr).

The ionospheric response to this intense geo-
magnetic storm has been studied in some confined
sectors. Singh and Sripathi (2017) analyzed the
response of equatorial and low latitude ionosphere
with GPS receivers over the Indian stations Tir-
unelveli (8.73°N,77.70°E; geom: 0.32°N), Hyderabad
(17.36°N, 78.47°E; geom: 8.76°N), and Allahabad
(25.45°N, 81.85°E; geom: 16.5°N). They observed
oscillatory behavior in the foF2, h’F (km) and TEC
during both main and recovery phases. On 24 June, a
decrease of electron density was observed at Alla-
habad/Hyderabad and an increase of density over
Tirunelveli. Using data from the three Swarm satel-
lites, Astafyeva et al. (2016) observed during the
development of the main phase of the storm a sig-
nificant dayside increase of the vertical total electron
content (VTEC) and electron density at low latitudes
on the dayside. From ~ 22 UT of 22 June to ~ 1
UT of 23 June, the dayside experienced a strong
negative ionospheric storm, while on the nightside an
extreme enhancement of the topside VTEC occurred
at mid-latitudes of the northern hemisphere.

This geomagnetic storm occurred after a long-
duration quiet geomagnetic period, which permits us
to assume that ionospheric disturbances are really
caused by the storm with no overlapping of other
effect. The interval 21-24 June 2015 was selected for
this study. The Dst index reached a minimum value
of — 204 nT during the storm. According to Gonzales
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et al. (1994), geomagnetic storms  with
Dst < — 100 nT are classified as intense storms.
Section 2 contains description of data used in the
analysis, Sect. 3 deals with the disturbances in TEC
and Sect. 4 presents a discussion of the possible
driver mechanisms for the effects observed. The

paper is closed with brief conclusions.

2. Data

We employed the Total Electron Content data
from 44 stations, which are listed in Table 1, for the
period 21-24 June 2015. Their locations are plotted
in Fig. 1. Data for these stations are available in the
web site of the Izmiran Pushkov Institute of Terres-
trial Magnetism, Ionosphere and Radio Waves
Propagation of the Russian Academy of Sciences
(http://www.izmiran.ru/services/iweather/tec/), which
provides products of the International GPS Service
for Geodynamics (IGS) in the form of Receiver
Independent Exchange Format (RINEX) files. The
source of these data is JPL (Jet Propulsion Labora-
tory, Pasadena, California, USA).

The different phases of the magnetic storm were
determined by the variation in Dst geomagnetic
index. Hourly values of Dst and AE indices were
taken from the World Data Center (WDC) Kyoto,
Japan website http://wdc.kugi.kyoto-u.ac.jp/dstae/
index.html.

To observe the heliospheric structure, which has
caused this storm, we used the Bz component of the
Interplanetary Magnetic Field (IMF) and the speed
and proton density of the solar wind measured aboard
the Advanced Composition Explorer satellite (http://
www.swpc.noaa.gov/products/ace-real-time-solar-
wind).

Data of the interplanetary electric field provided
by OMNIweb data (NASA, Goddard Space Flight
Center, http://omniweb.gsfc.nasa.gov) were also
used. This electric field was computed as
E = — V x Bz, where Bz is the southward compo-
nent of the IMF and V the bulk speed.

For the analysis, we use five sectors based on the
geomagnetic latitude, as used by Kane (2005):


http://isgi.unistra.fr
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http://www.swpc.noaa.gov/products/ace-real-time-solar-wind
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http://www.swpc.noaa.gov/products/ace-real-time-solar-wind
http://omniweb.gsfc.nasa.gov
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Table 1 Sector I: Northern Hemisphere (NH) high latitudes

Stations used in this study (> 50°N)
Sector II: Northern Hemisphere (NH) middle lati-

tudes (30°N-50°N)

Geog. Geog. Lon.  Geomag.  Geomag.

Lat. (E) Lat. Long. (E)
Sector III: NH and SH (30°N-30°S)

ijc’or I . 6.0 330 il 1268 Sector IV: Southern Hemisphere (SH) middle lati-

ursman . . . . ° °
Sodankyla 67.4 26.6 637 120.3 tudes (30°5-50°5) ‘ . _
Dikson 73.5 80.4 63.0 161.7 Sector V: Southern Hemisphere (SH) high latitudes
Lovozero 67.9 35.0 62.9 127.4 (> 50°9)
Amderma 69.5 61.4 61.0 147.7
Salekhard 66.7 66.7 57.3 149.8 The disturbance degree of TEC during the storm
Gorkovskaya 60.3 29.4 56.3 106.1 : s ogr

was estimated by the deviation from an average of

Kaliningrad 54.7 20.6 53.1 105.8 . y g
Dourbes 50.1 4.6 51.9 88.1 quiet days of the moth of the storm:
Chilton 51.5 358.7 51.8 78.8
Yakutsk 2.0 1207 510 . DTEC = (TECobs — TECavg) x 100/TECavg%
Moscow 55.5 37.3 50.8 120.9 .
Magadan 0.1 1510 g 5108 where TECobs is t.he observed .value of the tot?d
Novosibirsk 55.0 82.9 44.1 157.8 electron content during storm period and TECavg is
Sector I the average value of the five quiet days: June 2 (Q3),
g;uﬁomci ggg 2;‘2 ;‘gg 32;3 June 3 (Q5), June 4 (Q4), June 5 (Q2) and June 6

allops 1s . . . . .. . .
Bouldepr 40.1 254 8 489 3187 (Q7). Here we called positive (negative) disturbance
Tomsk 56.5 84.9 45.9 159.9 to positive (negative) values of DTEC.
Tortosa 40.4 0.3 43.8 79.9
Rome 41.8 12.5 42.5 93.2
Rostov 47.2 39.7 42.4 119.6 .
Manzhouli 49.6 117.5 38.4 186.5 3. Results of Observations
‘Wakkanai 45.4 141.7 35.5 207.3
Sector 111 . . Lo
Ramey 185 0.8 300 55 'Flgurfa 2 illustrates the variation of the geomag-
Beijing 40.0 116.3 28.8 174.1 netic indices Dst and AE, the component Bz of the
Kokubunji 35.7 139.5 25.5 205.8 interplanetary magnetic field (IMF), the solar wind
Yamagawa 312 1306 20.6 199.1 speed and the proton density during the period 21-24
Chongqing 29.5 106.4 18.2 177.1
Okinawa 26.3 1278 155 196.9 June 2015. The sunspot AR2371 erupted on June 21
Hainan 183 109.3 7.8 180.2 at 01:42 UT, producing an M2-class solar flare and a
Jicamarca 120S 2832 0.6S 353.7 full-halo CME. The magnetic storm started at about
Darwin 124 S 130.9 229 S 202.7 18 UT 22 ]
Cocos Ts 1228 9638 2328 1654 on =z June.
Townsville 193S 1467 285S 220.4 The different phases of the storm defined by the
Sector IV Dst behavior, namely initial phase, main phase and
Perth 319 S 115.9 445 S 186.5 P .
Canberra 353S 1490 440 S 48 reCO\./eTy. phase are shown m. the top plot of Fig. 2.
Grahamstown 333 S 265 337S 88.4 The initial phase and the main phase were from the
Hermanus 344 S 19.2 3348 81.0 storm sudden commencement SSC (18 UT on 22
E"_“bsmnley ; ;; 2 ?g;; ‘3‘2‘2 : 2522 June) to about 19 UT on June 22 and from 19 UT to

risbane . . . e .
Norfolk 290S  168.0 345 S 244.6 Dst (min) = — 204 nT at 05 UT on 23 June (End of
Sector V the Main Phase-EMP), respectively. A long recovery
Scott Base 779 166.8 789 S 294.8 phase occurred after EMP (during most of 23 June
Mawson 67.6 S 62.9 733 S 103.5 d al 24 J ). The initial ph . db
Hobart 00S 1472 514§ 259 and also on une). The initial phase is caused by

the interaction of a solar wind disturbance with the
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Figure 1
Map of the stations used in the analysis, in geographic coordinates

geomagnetic field; the main phase of the storm is due
to the growth of the ring current in the magnetosphere
while the recovery phase is consequence of the ring
current decay by collisional processes. Vertical lines
indicate the starting and the end of the main phase (or
onset of the recovery).

The AE index (which is a measure of currents in
the auroral electrojet) started to increase at about 06
UT on 22 June and reached a secondary peak of
850 nT at 08 UT, it decreased abruptly at 12 UT and
increase again reaching a peak of about 1600 nT
simultaneously with the storm onset. It decreased
near to the end of the main phase and increased again
during the recovery phase, showing fluctuations,
indicative of energy injection (substorm activity) at
auroral latitudes due to Joule heating. The inter-
planetary magnetic field (IMF) Bz component
showed an oscillating behavior. It sharply turned
southward at about 03 UT of June 22 and reached the
minimum of — 30 nT at 18 UT but became northward
(positive) at about 20 UT, remaining thus during
about 6 h. The IMF Bz turned southward again at 00
UT on 23 June and remained largely negative during
about 12 h, reaching approximately — 23 nT at 02 UT
on June 23. The observed period with negative IMF

Bz led to the interconnection between the IMF and
the Earth’s magnetic field lines and produces the
significant Dst decrease (— 204 nT). The solar wind
velocity started to increase at about 14 UT on the
storm day, showing a sharply increase at about 18 UT
on 22 June (the initial phase of the storm). The solar
wind velocity jumped from ~ 440 to ~ 680 km/s.
The proton density also abruptly increased from ~ 5
to ~ 30 cm > at 11 UT on June 21. In general, the
proton density remained with enhanced values till
about 02 UT on 23 June when an important decrease
was produced.

Below we will focus our attention mainly on the
period from ~ 18 UT on 22 June to ~ 05 UT on 23
June, which includes the initial and the main phases
of the storm.

3.1. Sector I: Northern Hemisphere (NH) High
Latitudes (> 50°N)

Figure 3 shows the disturbances of TEC for this
sector during the storm period 21-24 June 2015. In
this sector, the storm commencement occurred at
nighttime hours, between before local midnight and
predawn hours. Before the storm commencement, no
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Figure 2
Hourly variations of the Dst and AE geomagnetic indices, the Bz
component of the Interplanetary Magnetic Field, the speed and
proton density of the solar wind for the period 21-24 June 2015.
The arrow indicates the storm sudden commencement

significant positive disturbances were observed. The
common feature at the stations irrespective of their
location was long decreases in TEC (with respect to
quiet time values), in general thereafter the storm
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onset, which remained throughout storm period. The
more eastern stations (Yakutsk, Magadan) presented
decreases in TEC prior to the initial phase. In general,
the maximum decreases occurred nearly coincident
with EMP and reached ~ 50% excepting at Yakutsk,
Magadan and Novosibirsk where the maximum
decreases (~ 60%) were between 12 UT and 18
UT on June 23.

3.2. Sector II: Northern Hemisphere (NH) Middle
Latitudes (30°N-50°N)

Figure 4 shows the variations of DTEC at the
stations of this sector. The storm started in this sector
in the afternoon-midnight hours. At Wakkanai the
storm commencement occurred during dawn hours. A
significant enhancement occurred at Wallops Is
between about 20 UT on 22 June and 00 UT on 23
June (between 15 and 20 LT), during the develop-
ment of the main phase. Tortosa and Gibilmanna also
presented increases in TEC from before the storm
onset till about 02 UT on 23 June (local midnight on
22 June to after local midnight on 23 June). The
positive disturbances in DTEC changed to negatives
during the end of the main phase and the recovery
phase. The rest of the stations, with no significant
disturbances initially, presented negative DTEC val-
ues during the main phase and recovery phase. The
maximum decreases in TEC occurred in general
during the first part of the recovery and
reached ~ 50-60%.

3.3. Sector IIl: NH and SH (30°N-30°S)

Figure 5 presents the variations of DTEC for the
stations located in this sector. In general, the main
phase of the storm occurred from past local midnight
to afternoon hours. At Ramey and Jicamarca, the
more eastern stations, the main phase occurred in the
afternoon-midnight hours. It can be seen a marked
hemispheric asymmetry in response to the storm. The
Northern Hemisphere stations and Jicamarca (equa-
torial) showed small negative disturbances or a short-
lived positive disturbance (at Ramey) during the main
phase. Between 00 UT and 06 UT on 23 June,
negative disturbances started at all the stations of the
Northern Hemisphere, which remained during the
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<«Figure 3

Relative deviations with respect to quiet days of the total electron
content from the stations located in sector I for the period 21-24
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recovery phase. Jicamarca showed a recovery to quiet
time values on 24 June. The southern hemisphere

stations presented irregular positive disturbances
since about 19-20 UT on June 22 till 16-18 UT on

June 2015
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23 June. At Darwin and Townsville, the positive
values of DTEC exceeded 100% near the minimum
Dst (in the afternoon hours). These effects were
followed by minor negative disturbances during the

recovery.
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3.4. Sector IV: Southern Hemisphere (SH) Middle
Latitudes (30°5S-50°S)
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Figure 6 shows the hourly DTEC deviations from
21 June to 24 in sector IV. The main phase in general
occurred between after dusk and local dawn in this
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sector. At the Australian stations (Canberra, Brisbane
and Norfolk), the main phase occurred from local
sunrise to afternoon hours. There is a considerable
longitudinal variation in this sector. Short-lived
positive disturbances (~ 7-8 h) were observed at
the easternmost stations (Canberra, Brisbane and
Norfolk) between about 20-22 UT on 22 June and
07-08 UT on 23 June. The peak enhancements
(~ 100% change) occurred almost 2 h after the
minimum Dst. These positive disturbances were
followed by negative disturbances (~ 50% maxi-
mum change). Positive disturbances initiated at
Grahamstown, Hermanus and Port Stanley about
12-14 UT on 22 June (prior to the initial phase),
remained until about 00 UT and 18 UT the next day
at Port Stanley—Grahamstown and Hermanus
respectively. These disturbances reached ~ 100%
at the South African stations during the recovery (in
the daytime hours) and were followed by negative
disturbances between about 18 UT on 23 June and 06
on 24 June, and the positive disturbance over Port
Stanley changed to negative one during about
10-12 h.

3.5. Sector V: Southern Hemisphere (SH) High
Latitudes (> 50°S)

Figure 7 shows the variation of DTEC for the
stations of this sector. The storm commencement
occurred in the midnight-predawn hours in this
sector. The higher latitude station Scott Base pre-
sented a significant increase in TEC from before the
storm commencement to the end of the main phase.
During the first part of the recovery, the total electron
content decreased during about 12 h (~ 50% max-
imum change) and after that slightly increased.
Mawson also presented a positive disturbance prior
to the storm onset, which remained throughout the
main phase and then was followed by a negative
disturbance during 4-6h (~ 50%
change). At Hobart, two minor positive peaks were
observed during the main phase of the storm and a
negative storm disturbance (~ 18 h of duration)
during the recovery phase.

maximum
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Relative deviations with respect to quiet days of the total electron
content from the stations located in sector V for the period 21-24
June 2015

3.6. Summary of the Effects Observed During
the Main Phase

Figure 8 presents a summary of the ionospheric
effects observed during the development of the main
phase (00 UT-05 UT on 23 June). White circles
represent positive disturbances and black circles
represent negative disturbances. Under disturbed
conditions, it can be seen that in general, the middle
latitude stations of the summer hemisphere consid-
ered in this study presented a depletion in the total
electron content and in the winter hemisphere the
opposite effect was seen. In particular, for the North
and South American sectors only few stations are
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Latitudinal and longitudinal distribution of TEC disturbances
between 00 UT and 06 UT on 23 June (during the main phase of

the storm). White circles represent positive disturbances and black
circles represent negative disturbances

involved in the analysis. Thus, these results may not
be entirely representative.

4. Discussion

The global evolution of TEC was examined dur-
ing the geomagnetic storm occurred on 22 June 2015.
For that, we analyzed the relative deviation of hourly
TEC values from a diurnal variation curve obtained
as an average of five quiet geomagnetic days of the
month of the storm. Data from 44 stations was
considered.

The following was observed:

There is a considerable asymmetry between
northern middle latitudes (summer hemisphere) and
southern middle latitudes (winter hemisphere).
Remarkable decreases in the total electron content
started in general at mid-latitude stations throughout
the northern hemisphere during the development of
the main phase. This decrease is independent on
longitude and occurred over a wide range of local
times. Positive disturbances may be also observed at
some stations during the main phase, possibly
indicative of regional effects. The southern hemi-
sphere (winter), presented positive
disturbances of different duration during the main
phase: relatively short-duration effects (~ 7-8 h)
occurring in general during the daytime hours, and
longer-duration effects remaining till the first part of
the recovery in the local night-time hours (the South-
African stations, Grahamstown and Hermanus). All

stations
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these positive disturbances changed to negative dur-
ing the recovery phase of the storm.

At high latitudes is not clear such asymmetry
possibly because the Southern Hemisphere stations
have higher geomagnetic latitude than the Northern
Hemisphere stations.

By comparing DTEC values at Magadan and
Hobart (geomagnetic latitudes 50.7°N and 51.4°S and
geomagnetic longitudes 210.8°N and 225.9°N,
respectively), it can be observed that the NH station
presented negative values during the main and
recovery phases and the SH station presented positive
values during the main phase (in the morning hours),
followed by a negative disturbance during the
recovery.

In general, the NH higher latitude stations (> 50°)
presented predominantly negative disturbances with-
out obvious shift in LT and the higher latitude
stations of the SH (> 70°) presented positive distur-
bances from before to the storm commencement,
whose intensity increased during the main phase.

At NH and SH low latitudes (30°N-30°S) there is
substantial difference. The dominant feature at the
NH stations was a no significant negative disturbance
(~ 20% maximum change) during the main phase,
which increased during the recovery phase. The most
striking feature in the SH stations was a significant
positive disturbance during the main-recovery phases
between the morning and the nighttime hours, fol-
lowed by a less intense negative disturbance.

4.1. Negative Disturbances

It is well known that changes in the thermospheric
composition caused by the heating of the thermo-
sphere during geomagnetic storms are usually used to
explain the negative storm effects (decreases in the
peak electron density) (e.g., Fuller-Rowell et al.
1994; Prolss 1995 and references therein). This is
because the thermospheric heating at high latitudes
increases the scale height of all neutral species
including molecular nitrogen N5, which in turn leads
to a decrease in the ratio O/N, at heights of the
ionospheric F region. As the atomic oxygen O is the
primary source of ionization at F region heights, and
the molecular nitrogen is the primary source of
recombination, the change of this ratio affects the
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daytime electron density. Thus, the daytime decrease
of this ratio leads to the negative disturbances in
electron density at heights of the ionospheric F region
(e.g., Rishbeth and Garriott 1969). However, at night
when the main ionization source is absent, the
molecular nitrogen plays the dominant role in the
electron density control by neutral composition
variation.

We used the O/N, ratio measured by the Global
Ultraviolet Imager (GUVI) on the Thermosphere
Ionosphere Mesosphere Energetics and Dynamics
(TIMED) satellite to analyze the correlation between
negative disturbances in TEC and decreases in the
O/N, ratio (thermospheric column number density
ratio of O and N,). Figure 9 shows the O/N, ratio on
21-24 June (days 23 and 24, part of the main phase
and recovery). 21 June is taken as reference (control)
day. On 23 June, the O/N, ratio was slightly
enhanced compared with values on 21 June in the
NH in the latitude range 30°-70° and longitude range
0°-100° in association with the negative disturbances
observed in this sector. It is interesting to note that
over the South-African and Australian sectors, where
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positive disturbances were observed, the O/N, ratio
was largely increased compared with values before
the storm. On 24 June, the O/N, ratio tends to have
similar values to those prior to the storm (21 June).

The expected patterns indicate that negative storm
effects in the peak electron density frequently occur
at mid latitude in summer hemisphere. These nega-
tive effects reach lower latitudes in summer than in
winter and have a preference for the night and
morning sectors due to the local time variation of the
neutral winds (Danilov 2001). The TEC behavior in
the summer hemisphere during the storm period
presents seasonal dependence similar to electron
density. However, the observations of the O/N, ratio
indicate that the responsible physical mechanism for
the negative disturbances in TEC seems to be not the
same that for the decreases in the peak electron
density (negative storm effects) because no decrease
in the O/N, ratio is observed at the stations with
decreased TEC. Instead, there is a clear correlation
between positives disturbances and increases in the
O/N, ratio. Sometimes, such a lack of association
between negative disturbances and decreases in the
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Figure 9

Global map of the O/N, ratio obtained by GUVI on 21-24 June (days 23 and 24, part of the main phase and recovery)
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O/N, ratio is not surprising because the foF2
parameter (or the peak electron density NmF2) based
on which the ionospheric storm effects are charac-
terized, has a behavior which is often is different
from the TEC response. For example, we can have
positive effects (increases in the peak electron
density) due to a simple uplifting of the F2 layer,
which many have as consequence a redistribution of
the ionization, but the overall effect in TEC can be
ZEero.

4.2. Positive Disturbances

The increases in the electron density at middle
latitudes can be provoked by the storm-time-en-
hanced neutral wind, which lifts up the ionospheric
F2-layer plasma along the inclined field lines or by
downwelling of the gas due to storm-time-induced
thermospheric circulation, i.e., increase in the O/N,
ratio (e.g., Prolss 1995; Danilov 2001, 2013). The
results obtained by GUVI indicate that positive
disturbances in TEC at middle latitudes in the SH
may also be explained in terms of increases in the
O/N, ratio. Unfortunately, no O/N, data are available
at the high latitudes of the SH but it is likely that
composition changes generated in the polar region
sustained the long duration positive disturbances
initiated prior to the storm commencement at high
latitudes. These composition changes extend to
midlatitudes in different longitudinal sectors, accord-
ing to observations by Astafyeva et al. (2016).

The commonly observed feature in response to
geomagnetic storms is a negative storm effect
without obvious shift in LT (e.g., Prolss et al. 1991;
Yeh et al. 1994; Szuszczewicz et al. 1998; Kane
2005; Patowary et al. 2013; Blagoveshchensky and
Sergeeva 2016). We observe a clear seasonal differ-
ence in TEC: the summer hemisphere stations
presented negative disturbances during the main and
recovery phases while the higher latitude stations of
the winter hemisphere presented positive distur-
bances from before the storm commencement to the
EMP, which changed to negatives during the recov-
ery phase.

Early works have reported cases in which the
electron density is greatly enhanced prior to the onset
of geomagnetic storms. An important feature of pre-
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storm enhancements observed is that they occur both
day and night. For example, Kane (1973) observed
strong positive effects in the critical frequency of the
F2-layer foF2 before the storm sudden commence-
ments. Kane (2005) and Blagoveschensky et al.
(2006) also observed prestorm enhancements during
the storm on 28 October 2003. Buresova and
Lastovicka (2007) analyzed the occurrence of the
pre-storm enhancements in NmF2 (proportional to
foF2%) at middle latitudes over Europe and found that
about 20-25% of strong storms are accompanied by
sufficiently strong pre-storm enhancements. Danilov
(2001) listed the pre-storm enhancements as one of
the open problems of F2 region physics and sug-
gested that perhaps soft particle precipitation in
dayside cusp or magnetospheric electric field pene-
tration might play a role in this phenomenon.

Figure 2 showed an enhancement of the AE index
before storm occurs, which looks like a possible
cause of a pre-storm enhancement both for peak
electron density and also for TEC. Because the
auroral region activity is expressed via the AE index,
the enhancement of AE can be associated with the
positive deviations of TEC seen at high latitudes
several hours before the onset of the geomagnetic
storm. It is obvious that is important to continue with
the study on the pre-storm ionospheric enhancements
as was already suggested because possibly have
potential applications in the predictions of iono-
spheric weather and also will help to improve our
understanding of the ionosphere, especially for the
physical processes of the ionospheric storms.

At middle and low latitudes and equatorial region,
the initial ionospheric response to the storms can be
generally explained by disturbed electric fields,
which comprise prompt penetration electric fields
(PPEFs) and disturbance dynamo electric fields
(DDEFs). The PPEF occurs during the IMF Bz
negative interval, and about 5-12% of the associated
eastward interplanetary electric field (IEF) can pen-
etrate into the ionosphere (Astafyeva et al. 2016). In
general, the PPEFs from high to low latitudes take
place with sudden southward turning of IMF and
rapid changes in the magnetospheric convection. This
occurs during the onset or main phase of the storm.
The PPEF is eastward during the daytime and
westward during the nighttime (Sunda et al. 2013).
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The longer-lived DDEFs occur in the ionosphere
during geomagnetically disturbed periods, which are
driven by the storm-time neutral winds through action
of the ionospheric dynamo processes (e.g., Blanc and
Richmond 1980). It has opposite polarity to that of
the PPEF i.e. westward during daytime and eastward
during nighttime (Blanc and Richmond 1980; Fejer
1997). Their effect on the ionosphere may be felt over
periods of several hours to days after geomagnetic
storms.

Figure 10 shows the interplanetary electric field
provided by OMNIweb data (NASA, Goddard Space
Flight Center, http://omniweb.gsfc.nasa.gov) for the
period 21-24 June 2015. This electric field was
computed as E = — V x Bz. It can be seen a sig-
nificant peak of about 18 mV/m at 16-18 UT on 22
June followed by a decrease and then by an oscil-
lating behavior during 23 June, which presented two
peaks (16 and 9 mV/m). The huge and simultaneous
positive disturbances observed at low and middle
latitudes, which begin to occur within an hour or so of
the onset of the main phase (e.g., Darwin, Cocos Is.,
Townsville, Perth, Canberra, Norfolk and Brisbane)
could be associated with the sharp enhancement of
the electric field, because to produce these effects is
required a fairly rapid mechanism. It is unlikely that
the initial positive disturbances were produced by
equatorward-directed meridional winds carried along
by travelling atmospheric disturbances (Prolss, 1993)
because several hours are required for the generation
and propagation from high to low latitudes of these
storm winds.
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Interplanetary electric field (— V x Bz) during 21-24 June 2015
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The positive disturbances occurred in longitudes
where the PPEF acted in the morning—noon local
time sector. This result agrees with positive iono-
spheric
midlatitudes during a super plasma fountain (e.g.,
Kelley et al. 2004; Balan et al. 2009). The initial
negative disturbances over equatorial latitudes also
could be explained in terms of a PPEF. Because the
PPEF is eastward during the daytime, it enhances the
daytime eastward zonal electric field and uplifts the
equatorial ionospheric plasma to higher altitudes
modifying the profile of the electron density (and
therefore TEC) of this region. However, this mech-
anism does not explain the negative disturbances
initiated a few hours after local noon (during the main
phase) at low latitudes of the NH.

storm effects observed at low and

5. Conclusions

This paper investigates the global variation of the
Total Electron Content (TEC) in response to the
geomagnetic storm of 22 June 2015 (one of the
strongest geomagnetic storms of the current Solar
Cycle 24). Remarkable decreases in TEC at mid-
latitude stations throughout the Northern Hemisphere
(summer) were observed during the development of
the main phase. Prompt penetration electric fields
play an important role for the increases in TEC
observed at equatorial and low latitudes at the
beginning of the geomagnetic storm. Increases in
TEC were observed in the Southern Hemisphere
(winter), which correlated well with increases in the
O/N, ratio. However, further studies are needed to
determine other possible causes for the negative
disturbances that have no associated decreases in the
O/N, ratio.
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