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LETTER

Prompt penetration electric fields 
and the extreme topside ionospheric response 
to the June 22–23, 2015 geomagnetic storm 
as seen by the Swarm constellation
Elvira Astafyeva1* , Irina Zakharenkova1 and Patrick Alken2,3

Abstract 

Using data from the three Swarm satellites, we study the ionospheric response to the intense geomagnetic storm of 
June 22–23, 2015. With the minimum SYM-H excursion of −207 nT, this storm is so far the second strongest geo-
magnetic storm in the current 24th solar cycle. A specific configuration of the Swarm satellites allowed investiga-
tion of the evolution of the storm-time ionospheric alterations on the day- and the nightside quasi-simultaneously. 
With the development of the main phase of the storm, a significant dayside increase of the vertical total electron 
content (VTEC) and electron density Ne was first observed 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. Our analysis of the equato-
rial electrojet variations obtained from the magnetic Swarm data indicates that the storm-time penetration electric 
fields were, most likely, the main driver of the observed ionospheric effects at the initial phase of the storm and at the 
beginning of the main phase. The dayside ionosphere first responded to the occurrence of the strong eastward equa-
torial electric fields. Further, penetration of westward electric fields led to gradual but strong decrease of the plasma 
density on the dayside in the topside ionosphere. At this stage, the disturbance dynamo could have contributed as 
well. On the nightside, the observed extreme enhancement of the Ne and VTEC in the northern hemisphere (i.e., the 
summer hemisphere) in the topside ionosphere was most likely due to the combination of the prompt penetration 
electric fields, disturbance dynamo and the storm-time thermospheric circulation. From ~2.8 UT, the ionospheric 
measurements from the three Swarm satellites detected the beginning of the second positive storm on the dayside, 
which was not clearly associated with electrojet variations. We find that this second storm might be provoked by 
other drivers, such as an increase in the thermospheric composition.
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EEJ/EEF, Counter electrojet, Topside ionosphere
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Introduction
The European Space Agency (ESA)’s mission Swarm was 
successfully launched on November 22, 2013. Compris-
ing three identical satellites, Alpha (A), Bravo (B) and 

Charlie (C), Swarm investigates the dynamics of the 
Earth’s magnetic field as well as the ionospheric and ther-
mospheric environment (Friis-Christensen et  al. 2006, 
2008; Olsen et al. 2013). Each of the three Swarm satel-
lites performs high-resolution and high-precision meas-
urements of the strength, direction and variation of the 
magnetic field, complemented with precise navigation, 
accelerometer, plasma and electric field measurements 
(Friis-Christensen et al. 2006; Olsen et al. 2013).
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After more than 2 years in orbit, the Swarm constella-
tion has already proven to be a successful mission applied 
to fundamental studies of the magnetic field variations 
and the ionospheric environment (e.g., Astafyeva et  al. 
2015b; Buchert et al. 2015; Lühr et al. 2015; Pitout et al. 
2015; Zakharenkova et al. 2015, 2016).

In this paper, we use data from multiple instruments 
onboard the Swarm satellites to analyze ionospheric 
response to the second strongest geomagnetic storm of 
the 24th solar cycle, the storm of June 22–23, 2015. The 
Swarm satellites are placed at polar orbits with inclina-
tions of 87–88°. During the June 2015 geomagnetic 
storm, Swarm A and C flew at a height of about 440–
460 km in the ~11 LT (ascending) and ~23 LT (descend-
ing) sectors. Swarm B flew at  ~520–530  km of altitude 
and crossed the equator at ~13 LT (ascending) and ~01 
LT (descending). Such a configuration allowed us to ana-
lyze both day- and nightside ionospheric behavior dur-
ing this storm in the topside ionosphere, i.e., above the 
F2-layer ionization maximum. Additional file  1: Figure 
S1 shows the distribution of the ionospheric F2-layer 
height parameter from radio-occultation measurements 
by COSMIC/Formosat-3 mission during the period of 
interest on June 22–23, 2015. Additional file 1: Figure S1 
confirms that during the June 2015 storm event, all three 
satellites flew in the ionospheric topside region.

In addition to the ionospheric data, the use of equato-
rial electrojet measurements from the absolute scalar 
magnetometer onboard Swarm made it possible to bet-
ter understand the possible drivers of the observed iono-
spheric effects.

It is known that variations of ionospheric parameters 
during geomagnetic storms, commonly referred to as 
ionospheric storms, are very complex phenomena and 
not yet fully understood. The ionospheric storms occur 
as a result of the sudden input of magnetospheric energy 
into the upper atmosphere, and their further evolution 
is highly dependent on a large number of processes and, 
generally speaking, is rather difficult to predict.

Depending on the storm-derived alterations of the 
ionospheric parameters, the ionospheric storms can be 
classified into positive (i.e., increase in the electron den-
sity and/or in the total electron content, TEC) and nega-
tive (decrease of the Ne and/or TEC). While the negative 
storms are usually explained by the storm-time ther-
mospheric composition changes (e.g., Fuller-Rowell et al. 
1994; Prölss 1995), the positive storms remain less cer-
tain. As of today, there are still debates on the main driv-
ers leading to development of the positive ionospheric 
storms; those include: storm-time thermospheric winds 
(Goncharenko et  al. 2007; Lu et  al. 2008; Balan et  al. 
2010), prompt penetration electric fields (Huang et  al. 
2005; Tsurutani et al. 2008), disturbance dynamo electric 

fields (Blanc and Richmond 1980), the increase in the 
neutral composition (e.g., Fuller-Rowell et al. 1994, 1996), 
as well as the plasmaspheric downward fluxes (Danilov 
2013). Therefore, study of ionospheric effects of geomag-
netic storms remains one of the most important scientific 
tasks.

One other unpredictable feature is the ionospheric 
storm-time effects in the bottom (i.e., below the ion-
ospheric ionization maximum) and in the topside 
(i.e., above the ionization maximum) regions. It has 
been recently reported that during several storms the 
response of the F-layer and the topside ionosphere can 
differ and even show opposite effects than in the bot-
tomside (e.g., Yizengaw et  al. 2006; Pedatella et  al. 
2009; Astafyeva et al. 2015a), which indicates that these 
regions might be influenced by different drivers. How-
ever, not many instruments are yet available to perform 
this type of research.

In this paper, we use data from the Swarm mission to 
provide new contributions in our understanding of iono-
spheric storms in general and in the storm-time behavior 
of the topside ionosphere in particular.

Geomagnetic storm of June 22–23, 2015
Two coronal mass ejections (CMEs) hit the Earth at 
05:45 UT and at 18:30 UT on June 22, 2015 (Fig. 1). While 
the first CME only caused a small ~20 nT increase in the 
SYM-H index, the second one was characterized by sig-
nificant jumps in the solar wind speed Vsw and pressure 
Psw (Fig. 1a) and resulted in ~77 nT positive perturbation 
in the SYM-H index (Fig. 1c, red curve). With the arrival 
of the second CME, the Vsw suddenly increased from 
450 to 700 km/s and the Psw jumped from 7 to 55 nPa. 
The interplanetary magnetic field (IMF) Bz component 
sharply turned southward and reached the minimum of 
−37 nT at 19:20  UT, but became positive (northward) 
at 19:50  UT (Fig.  1b, black curve). The IMF Bz then 
remained largely northward except for a short moment 
of time at ~21 UT, when it turned negative for ~20 min. 
From  ~01:50 UT of June 23, 2015, the IMF Bz turned 
southward again and remained largely negative (−25 nT) 
until ~06 UT (Fig. 1b, black curve). The next long-term 
southward turning of the IMF Bz occurred from 08 to 
12  UT. The observed periods with negative IMF Bz led 
to the interconnection between the IMF and the Earth’s 
magnetic field lines, and caused significant dropping of 
the geomagnetic SYM-H index down to the minimum 
value of −207 nT that was reached at ~4:30 UT (Fig. 1c). 
This makes the storm of June 22–23, 2015, the second 
largest in the 24th solar cycle, after the 2015 St. Patrick’s 
Day storm of March 17–18, 2015 (Astafyeva et al. 2015b). 
Variations of the auroral electrojet (AE) index show that 
the storm was accompanied by intensive auroral activity, 
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as the AE exceeded 2000 nT at 18:30–18:40 and at 20:00–
20:30 UT (Fig. 1c, gray bars).

Below we will focus our attention on the period 
from  ~17:30  UT on 22 June to  ~8:00 UT on 23 June, 
which includes the initial and the main phases of the 
storm. During this period of interest, we separate the first 
(shaded by light red rectangle in Fig. 1) and the second 
(shaded by light orange rectangle) sub-phases.

Results
We first present data of the in situ electron density (Ne) 
as measured directly by the Langmuir Probes, and the 
data of the vertical TEC (VTEC) as calculated from the 
data of GPS receivers onboard the Swarm A, B and C 
satellites (hereafter SWA, SWB and SWC). The VTEC 
is an integral characteristic of the electron density that 
is measured in TEC units, where 1 TECU = 1016 el/m2. 
The method of VTEC estimation from the GPS receivers 
onboard low-orbit satellites is described in detail in our 
previous works (e.g., Zakharenkova and Astafyeva 2015; 
Zakharenkova and Cherniak 2015). The error of VTEC 
estimation is ~1–1.5 TECU.

In addition to the ionospheric parameters, we ana-
lyze the Swarm Level-2 product, called “the equatorial 

electric field” (EEF). This parameter can be obtained from 
the scalar magnetic field measurements of the equatorial 
electrojet (EEJ) current system on the dayside by sub-
tracting main, crustal, and magnetospheric field models, 
as well as an Sq spherical harmonic model (Alken et al. 
2013, 2014). The obtained scalar residual corresponds to 
the magnetic signal of the EEJ, as well as small unmod-
eled contributions from internal and external sources. 
Since the EEJ is driven by the horizontal component of 
the equatorial electric field, the eastward EEF can be 
recovered using a physics-based modeling approach, 
constrained by the observed EEJ signature from Swarm 
(Alken et al. 2013). Here, we present observations of the 
EEJ current signature, rather than the equatorial elec-
tric fields themselves. Errors in the recovered EEJ mag-
netic signature are difficult to quantify due primarily 
to the challenge in removing the magnetospheric and 
Sq sources from each satellite track, especially during 
storm conditions. However, the EEJ is a highly localized 
and recognizable feature in the magnetic residuals, and 
so its peak height can generally be calculated robustly 
even during storms, while the higher-latitude residu-
als, outside a band of about ±5 degrees off the magnetic 
equator, could be contaminated by unmodeled magneto-
spheric fields, Sq fields and possibly currents flowing in 
the F-region.

Figure  2 (columns b-c and e-f ) shows variations of 
VTEC and the in  situ electron density Ne as measured 
by the instruments onboard the SWA satellite during 
the initial and the main phases of the storm on June 22, 
2015. The dayside (b-c) and the nightside (e-f ) parts of 
the orbits are marked by red and blue colors, respec-
tively. Before the storm commencement and at the initial 
phase of the storm, from 17.45 to 19.0 UT (row I of pan-
els), we observe a small VTEC increase at low latitudes 
and middle latitudes on both day- and nightside, possi-
bly in response to a moderate sub-storm and the follow-
ing decrease of the SYM-H index, as shown in Fig. 1. In 
the Ne measurements, almost no changes are seen at the 
orbital height of Swarm A satellite (~460 km).

At  ~19–20  UT (row II, Fig.  2), and with the develop-
ment of the main phase of the storm, we observe signifi-
cant VTEC and Ne enhancement on the dayside at low 
and mid-latitudes. One can notice the development of 
the equatorial ionization anomaly (EIA) crests in the day-
side Ne values. No storm-time increases were observed 
on the nightside at 19.8–20.5 UT.

From  ~21  UT (row III, Fig.  2), the dayside VTEC at 
low latitudes reached 30 TECU, which is almost as 2 
times as much as the quiet-time values. At the same 
time, the in  situ plasma density decreased as compared 
to the previous dayside profile from SWA. One can also 
notice an increase in the VTEC and Ne at high latitudes 

Fig. 1 Variations of the interplanetary and geophysical parameters 
during the intense geomagnetic storm of June 21–23, 2015: a—solar 
wind speed (Vsw, black) and solar wind ram pressure (Psw, red); 
b—Ey component of the interplanetary electric field (IEF Ey, red) and 
the Bz component of the interplanetary magnetic field (IMF Bz, black) 
in GSM coordinates; c—the auroral electrojet (AE) index (gray bars) 
and index of geomagnetic activity SYM-H (red). All data are from the 
OMNIWeb data services (http://omniweb.gsfc.nasa.gov), for the bow 
nose location, and are 5-min-averaged. The vertical gray line separates 
the 2 days of the storm, and the vertical dashed lines shows the time 
of the two CME1 and CME2 arrivals at 05:45 UT and at 18:30 UT. The 
light red rectangle indicates the first sub-phase of the storm (from 18.5 
to 2.5 UT), and the light orange rectangle delimits the second sub-
phase of the storm (from 2.5 to ~6 UT)

http://omniweb.gsfc.nasa.gov
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in the southern hemisphere, which can be attributed to 
traveling ionospheric disturbances (TIDs) or to storm 
enhanced density (SED) occurring due to energy deposi-
tion at high latitudes and the consequent heating of the 
high-latitude atmosphere (e.g., Prölss 1995; Foster et  al. 
2005; Astafyeva et al. 2015a).

On the nightside, the EIA developed at 21.4–22.1 UT. 
The VTEC within the crests of the EIA  ~2.5 times 
exceeded the quiet-time levels, whereas the VTEC 
decreased over the magnetic dip equator. Such behav-
ior indicates storm-time reinforcement of the EIA, also 
known as super-fountain effect (e.g., Tsurutani et  al. 
2008; Astafyeva 2009). In the Ne, this storm-time effect 
is smaller than in VTEC, but also very well pronounced. 
In both VTEC and Ne, we observe a hemispheric asym-
metry, as the northern EIA crest is better developed than 
the southern one.

At ~22–23 UT (row IV, Fig. 2), the dayside VTEC sig-
nificantly decreased as compared to the previous day-
side passes. The in  situ Ne measurements showed even 
stronger reduction, as the Ne went below the quiet-time 
values, especially at low and middle latitudes of the 
southern hemisphere (SH). This effect, also known as 
negative ionospheric storm, reinforced during the next 
dayside pass (row V, Fig. 2). From ~1.3 UT (row VI), both 
the VTEC and the Ne started to gradually increase in 
the SH, and at  ~3–3.5  UT the VTEC and Ne increased 
throughout all latitudes.

On the nightside, at  ~23–24  UT the storm-time 
effects became highly asymmetric, with a very strong 
increase in the northern hemisphere (NH), while in the 
SH almost no VTEC and Ne increase are observed (row 
IV). The storm-time increase was much stronger in the 
VTEC than in the Ne, which might be due to a signifi-
cant ionospheric uplift in this local area. The VTEC value 
over ~460 km reached its maximum of ~18 TECU, which 
is almost 3 times as much as during the quiet time, and 
was concentrated at  ~35°N (geographic latitude). Fig-
ure  2 suggests that such extreme VTEC increase lasted 
until ~2–3 UT of the next day (row VI).

From  ~3  UT, the second large dayside enhancement 
was observed in both VTEC and Ne data (row VII). This 
enhancement first occurred in the SH, but spread to the 
NH during the next dayside pass of the SWA (row VIII). 
During this positive storm, the low- and mid-latitude 

VTEC more than twice exceeded the quiet-time values. 
At  ~5.95–6.73  UT, the positive storm signatures were 
still seen in the SH, while in the NH and at the equato-
rial region the VTEC returned to the quiet-time values 
and the Ne even showed small negative storm (row IX). 
On the nightside, the VTEC remained enhanced as com-
pared to the quiet-time values, and formation of a 2 peak 
structure was observed at ~3.6–4.38 UT with the devel-
opment of this second event (row VII). The nighttime 
VTEC and Ne further increased during the next SWA 
pass, and the nighttime EIA was well pronounced in both 
these parameters (row VIII). From ~6.73 UT, the night-
time VTEC decreased to normal values, and so did the 
Ne (row IX).

The Swarm C satellite passed at the same height and 
time and in the same region as Swarm A, which showed 
identical TEC and Ne behavior as the Swarm A (Fig. 4).

Measurements from the Swarm B satellite were very 
similar to Swarm A and C results but at ~530 km altitude 
and in the 01 and 13 LT sectors (Fig. 3). Before the storm 
and at the initial phase of it, we observe small positive 
signatures on the dayside, and no significant variations 
on the nightside (row I). At ~19.2–20.0 UT, the dayside 
pass revealed a strong VTEC and Ne enhancement at 
low and mid-latitudes, as well as at high latitudes in the 
NH (row II, Fig. 3). At 20.8–21.6 UT, the positive dayside 
storm-time effects further increased up to 40 TECU at 
low latitudes (row III). One can also notice VTEC and Ne 
enhancements at high latitudes of the SH, similar to the 
SWA observations. On the nightside, small storm-time 
increase in the VTEC occurred at  ~21.6–22.4  UT (row 
III).

At  ~22.4–23  UT, both the dayside VTEC and Ne 
decreased as compared to the previous pass (row IV). 
At  ~23–24  UT, on the nightside, VTEC significantly 
increased at middle latitudes in the NH (Fig. 3, row IV). 
The next dayside pass showed a significant drop of the 
low- and mid-latitude VTEC and Ne as compared to 
the quiet-time values, indicating the beginning of the 
negative ionospheric storm at low and partly at mid-
dle latitudes (row V). During the next dayside pass, the 
storm-time Ne value remained below the quiet-time level 
Ne, while the VTEC started to increase (row VI). On the 
nightside, strong positive storm was observed at  ~0.8–
1.6  UT (row V) and persisted during the next pass at 

(See figure on previous page.) 
Fig. 2 Results from Swarm A  a (SWA) on the dayside orbit (ascending, equator crossing at ~11 LT, red curves) and on the nightside orbit (descend-
ing, ~23 LT, blue curves). The VTEC data are shown in columns b and c, the electron density Ne is shown in columns c and f. Column d shows latitu-
dinal profiles of the EEJ as obtained from the magnetic data from Swarm and magnetic field models on the dayside orbits (i.e., on the ascending 
ones). For all parameters, the storm-time values (light thick curves) are compared with the quiet-time values for the day before (thin dark curves). The 
corresponding satellite trajectories for both the event day and the day before are shown in column a. The UT time of the beginning and ending of 
the dayside and nightside satellite trajectories is indicated in columns b and e
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Fig. 3 Same as Fig. 2, but for Swarm B (SWB) measurements in the ~13 LT (descending orbits) and 01 LT (ascending orbits) sectors
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2.35–3.14 UT (row VI). From 3.15 UT, the dayside VTEC 
and Ne increased, marking the beginning of the second 
positive storm (row VII), similarly to the SWA and SWC 
results. At the same time, the nightside VTEC decreased 
and the Ne went down to almost undisturbed level (row 
VII). The next SWB dayside pass showed further increase 
of the dayside VTEC and Ne throughout the whole SH 
and exceeded the quiet-time values by 30–500  % (row 
VIII). From  ~6.31  UT, the ionospheric enhancement 
started to decrease (row IX). On the nightside, from 5.5 
to 7.9 UT both VTEC and Ne showed very small values 
and did not exceed the quiet-time levels.

 Comparison of Figs.  2, 3, and 4 reveals that, despite 
the difference in local times and in the orbital alti-
tude between the 2 satellites, the storm-time nightside 
VTEC increase at SWB is almost as intensive as at SWA 
and SWC, and reaches  ~17–18 TECU. The ionospheric 
increase in the NH can also be seen in the in situ Ne data; 
however, it is much less pronounced than in the VTEC. 
Also, we notice that the maximum nighttime Ne increase 
at SWB is smaller than that in the SWA and SWC in situ 
data (Figs. 2, 3, 4, rows III–V). On the dayside, the magni-
tude of the positive storm at SWB was slightly larger than 
at SWA and SWC (Figs. 2, 3, 4, rows II and III) that is, 
undoubtedly, due to the different local time coverage by 
these two satellites. The second positive storm phase on 
the dayside that occurred from ~2.5 to ~6 UT was also 
captured by all three satellites. However, the nightside 
response was not the same during this second event.

Column d in Figs. 2, 3, and 4 shows the EEJ magnetic 
data at  ~11 LT (SWA and SWC) and at  ~13 LT (SWB) 
during the main phase of the storm as compared to the 
quiet-time levels (light thick red lines vs dark thin red 
and black lines). One can see that with the development 
of the storm, the EEJ signatures at SWA and SWC first 
strongly intensified up to −78 nT (at ~19.7 UT, row II), 
and later, from ~21 UT, they switched from the negative 
in the main field direction (i.e., eastward) to the positive 
(i.e., westward), and intensified up to +40 nT (rows III 
and VI, Figs.  2, 4). At SWB satellite, the EEJ magnitude 
was slightly smaller, −60 nT and +25 nT, respectively; 
the latter is, most likely, due to the  ~15–20-min time 
shift in the observations as well as the altitude difference 
between the satellites. From ~23 UT, the EEJ amplitude 
diminished at all satellites. Note that the EEJ dynamic 
behavior is similar at all three satellites, despite the differ-
ence in the orbital altitude and local time.

Comparison between the ionospheric and EEJ data 
from the Swarm constellation leads us to conclusion that 
variations of the equatorial electric field during the main 
phase of the June 2015 storm largely contributed in the 
development of the observed effects in the topside iono-
sphere. It is known that on the eastward dayside electric 

fields cause the ionospheric uplift and provoke an over-
all enhancement of the electron density at low and even 
mid-latitudes on the dayside (e.g., Tsurutani et al. 2008; 
Verkhoglyadova et al. 2008). In turn, westward equatorial 
electric fields are the cause of the downward E × B drifts 
that weaken the ionospheric fountain effect and provoke 
the plasma depression.

Figures 2, 3 and 4 show that the dayside positive iono-
spheric effects first occurred during the strong eastward 
EEJ observations (row II). Shortly after the dayside EEJ 
reversed to westward (~20.0–20.5  UT), a significant 
ionospheric enhancement was observed on the night-
side. However, the next dayside passes of the SWA and 
SWC, and especially of SWB satellite, show that the 
dayside VTEC did not change immediately following 
the reverse of the EEJ: the VTEC first continued to grow 
(row III), and from  ~23  UT it started to significantly 
decrease and further went below the quiet-time lev-
els (rows IV-V). During this time, the nightside Swarm 
passes showed an extreme increase in the low- and mid-
latitude Ne and especially in the VTEC. We explain 
these latter observations by westward equatorial elec-
tric fields that drive the plasma downward on the day-
side while, on the nightside, they uplift the ionospheric 
plasma to higher altitudes where the recombination is 
slower. Our nighttime observations in VTEC are in line 
with this conclusion. The presence of the enhanced 
electric fields and, in turn, of the enhanced ExB drift 
can also be concluded from the observations of fluctu-
ations in the electron density (Figs.  2, 4, rows III–IV), 
which often occur in the post-sunset sector driven by 
the Rayleigh–Taylor Instability due to the enhanced ExB 
drift (e.g., Fejer et al. 1999).

Analysis of the ionospheric and the EEJ behavior dur-
ing the second sub-phase of the storm (from  ~2  UT) 
demonstrates that the correlation between the EEJ vari-
ations and the ionospheric behavior is less obvious than 
at the beginning of the storm. The EEJ in row VII is espe-
cially difficult to explain, as this period of time is charac-
terized by a second long-term period of southward IMF 
Bz and eastward IEF Ey up to  ~15  mV/m, that should 
lead to the PPEF and increase of the EEJ. However, dur-
ing this moment of time the EEJ did not exceed −7 to 8 
nT in the measurements of all three satellites. One of the 
possible explanations for that can be in rapid variations 
of the equatorial currents, so that the satellites fly over 
the equator at the moment when the EEJ changes from 
eastward to westward flow. Second, during this period 
of time the sub-storm activity was less intensive than 
during the initial phase of the storm, which could play a 
role on the efficiency of the PPEF. It is known that sub-
storms can enhance the PPEF or can serve themselves as 
a source of PPEF (Huang 2012). Finally, the longitudinal 
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Fig. 4 Same as Fig. 2, but for Swarm C (SWC) measurements in the ~23 LT (ascending orbits) and ~11 LT (descending orbits) sectors
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dependence of the EEJ could have played a role in smaller 
EEJ values detected by the Swarm satellites.

The second positive storm on the nightside correlates 
well with a new increase of the counter electrojet, espe-
cially in data of SWA and SWC (rows VIII and IX), i.e., in 
the same manner as during the first sub-event.

Discussions
It is known that storm-time electric fields result from 
the prompt penetration electric fields (PPEF), driven by 
the leakage of high-latitude convection electric fields to 
low latitudes (e.g., Huang et al. 2005; Kikuchi et al. 2008), 
and by the longer-lived disturbance dynamo electric 
fields, driven by the storm-time neutral winds through 
action of the ionospheric dynamo processes (Blanc and 
Richmond 1980; Maruyama et al. 2007). The PPEF occur 
during the IMF Bz negative interval, and about 5–12  % 
of the associated eastward interplanetary electric field 
(IEF) can penetrate into the ionosphere (e.g., Kelley et al. 
2003; Huang et  al. 2007; Manoj et  al. 2008, 2013; Verk-
hoglyadova et al. 2008). A sudden northward Bz turning 
from steady southward direction can also lead to anoma-
lous reversal of the zonal equatorial electric fields (Kelley 
et  al. 1979; Fejer et  al. 1979), while the penetration can 
be as efficient as during Bz negative events (Manoj et al. 
2008; Tsurutani et al. 2008). Since the IEF Ey is calculated 
using the MHD approximation from the IMF Bz and the 
Vx component of the solar wind speed as –Bz*Vx (http://
omniweb.gsfc.nasa.gov), the northward/positive IMF Bz 
presumes occurrence of the westward electric fields on 
the dayside and eastward electric fields on the nightside.

Figure  1b shows that during the main phase of the 
June 2015 storm the IMF Bz component changed polar-
ity several times. Consequently, the IEF Ey followed the 
oscillatory behavior and varied from −15 to +20 mV/m 
(Fig. 1b), which is comparable to super-storm values (e.g., 
Kelley et  al. 2003; Huang et  al. 2005; Fejer et  al. 2007; 
Balan et  al. 2010). It is known that, at the first approxi-
mation, the IEF Ey is positively correlated with the zonal 
equatorial electric field on the local dayside and nega-
tively correlated on the local nightside (e.g., Manoj et al. 
2008, 2013). Thus, for a positive IEF, the effect on the 
zonal electric field is primarily eastward during daytime 
and westward during nighttime. Our observations from 
Swarm satellites are in agreement with this description 
and show very good correlation between the EEJ and 
IEF Ey variations. Comparison of Figs.  1b, 2, 3, and 4 
(columns d) reveals that at  ~19.0–19.5  UT the EEJ val-
ues from the Swarm satellites were largely negative (i.e., 
eastward, row II in Figs. 2, 3, 4) during the period of the 
positive (i.e., eastward) IEF Ey values. From  ~19.7  UT, 
the IEF Ey changed to negative (i.e., westward), and 
remained that almost all the time until  ~01  UT of the 

next day, except for a short moment of time around 
21  UT (Fig.  1b). During this time, we observed largely 
enhanced positive (westward) EEJ in measurements of 
all Swarm satellites (Figs.  2, 3, 4, rows III–IV). Swarm 
showed that the westward EEJ remained enhanced until 
22.5–23.0  UT, and then it went back to the quiet-time 
levels (Figs. 2, 3, 4, rows V–VII).

The rapid oscillations of the IMF Bz and the cor-
responding variations of the IEF Ey, most likely, were 
the reason of the difference in the EEJ measurements 
between the satellites as was mentioned before. For 
instance, during the observations of large-amplitude neg-
ative EEJ (row II in Figs. 2, 3, 4), SWA and SWC meas-
ured the EEJ at  ~19.4  UT, i.e., during the maximum of 
the IEF Ey excursion, while SWB crossed the equator 
at ~19.7 UT, i.e., when the IEF Ey decreased strongly.

It is important to note that, while the variations of the 
IMF Bz and IEF Ey continued even at the end of the main 
phase of the storm (Fig. 1b), we did not observe large lev-
els of the EEJ from ~01 UT on June 23, 2015 (Figs. 2, 3, 4, 
column d, rows VI–VIII).

Following such oscillatory pattern of the equatorial 
zonal electric fields and the EEJ, the ionospheric behavior 
during the June 22–23, 2015, storm was also quite vari-
able. The PPEF seemed to be the principal driver of the 
observed extreme Ne and VTEC variations in the top-
side ionosphere during the first sub-phase of the storm. 
In addition to the PPEF, the disturbance dynamo could 
have increased the effect of penetration of the westward 
electric fields from  ~21 to  ~2  UT. It is known that the 
disturbance dynamo develops over a period of hours 
and can persist for many hours due to the neutral-air 
inertia (Maruyama et  al. 2007). The effect of the distur-
bance dynamo can be especially important on the night-
side, since it has been shown that on the nightside both 
prompt penetration and disturbance dynamo effects are 
comparable (Maruyama et al. 2007).

During the second sub-phase of the storm, both SWA 
and SWC showed a short-term but intensive enhance-
ment in VTEC and Ne on both day- and night side. SWB 
showed a large positive storm only on the dayside. From 
Figs.  2, 3, and 4d, we conclude that these ionospheric 
alterations do not correlate with the EEJ variations. 
These observations might indicate that during this sec-
ond sub-phase other mechanisms than the PPEF played 
a role in causing the positive storm effects in the top-
side ionosphere. As mentioned before, an increase in the 
ionospheric electron density or in the VTEC can be also 
provoked by storm-time-enhanced neutral winds and 
the consequent ionospheric uplift, by downwelling of the 
gas due to storm-time-induced thermospheric circula-
tion (i.e., increase in the O/N2 ratio), as well as by plasma 
fluxes from plasmasphere (e.g., Prölss 1995; Danilov 

http://omniweb.gsfc.nasa.gov
http://omniweb.gsfc.nasa.gov
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2013). While the neutral winds data are not available, 
we can analyze the thermospheric O/N2 ratio as meas-
ured by the Global Ultraviolet Imager (GUVI) onboard 
Thermosphere, Ionosphere, Mesosphere Energetics 
and Dynamics (TIMED) satellite (i.e., Christensen et  al. 
2003). Additional file 2: Figure S2c shows that on 23 June 
the O/N2 ratio was largely increased in SH, in particu-
lar over Australia and the Indian ocean, as compared to 
quiet conditions on 21 June (a), and even to the first day 
of the storm (22 June, b). This O/N2 enhancement is con-
sistent with our observations of the positive ionospheric 
storm in the SH, which also continues until ~6 UT, when 
the NH Ne experienced a negative storm.

Another interesting feature observed during this 
storm is the well-pronounced hemispheric asymme-
try in the nighttime Ne and VTEC enhancement in 
both  ~23 and 01 LT sectors. The asymmetry is usu-
ally explained by the seasonal impact due to the sea-
sonal changes in the thermospheric circulation. It is 
known that in summer the daytime background (solar-
induced) circulation is directed equatorwards, and it is 
poleward in the winter hemisphere (e.g., Fuller-Rowell 
et  al. 1996; Fuller-Rowell 2011). With the onset of a 
geomagnetic storm, the high-latitude heating drives a 
global wind surge from both polar regions toward the 
equator. Consequently, in the summer hemisphere 
the storm-time daytime circulation coincides with the 
background one, and it opposes in the winter hemi-
sphere. The storm-time changes in the global circula-
tion lead to changes in the neutral composition and 
the expansion of the neutral composition bulge to low 
latitudes (e.g., Fuller-Rowell 2011). On the nightside, 
the background and the storm-induced circulations are 
both directed equatorward, which leads to the fact that 
the composition disturbance can reach much lower 
latitudes. These storm-time alterations are known to 
often provoke ionospheric positive storms in the winter 
hemisphere, whereas negative storms occur more often 
in the summer hemisphere (e.g., Prölss 1995; Danilov 
2013). However, the June 2015 storm occurred just dur-
ing the summer solstice time, but we observed stronger 
effect in the summer hemisphere, which is contrary to 
the commonly observed features. One can notice in 
Figs. 2, 3, and 4 that the quiet-time levels also show the 
hemispheric asymmetry, with slightly larger VTEC and 
Ne values in the NH (i.e., the summer hemisphere) than 
in the SH (i.e., the winter hemisphere). This may con-
firm the seasonal feature of the observed asymmetry.

It should be noted that, in general, observations of the 
nighttime positive ionospheric disturbances are suffi-
ciently rare and are still difficult to explain (e.g., Tsagouri 

et al. 2000). Possible explanation can be in their genera-
tion by thermospheric winds before dusk that further 
rotates on the nightside (Fuller-Rowell et al. 1994). How-
ever, in the topside region the positive disturbances can 
be led by an ionospheric uplift to higher altitudes where 
the recombination is slower. Previously, Astafyeva et  al. 
(2015a) observed the positive ionospheric disturbance in 
the topside ionosphere in the summer hemisphere that 
was explained by a combination of the storm-time PPEF 
and the enhanced storm-time thermospheric circulation.

Conclusions
By using a set of data from Swarm satellites, we analyzed 
variations of the ionospheric parameters—VTEC and 
Ne—in the topside part of the ionosphere during the ini-
tial and the main phases of the June 2015 geomagnetic 
storm. We observed a significant daytime increase in 
VTEC and Ne at the initial phase of the storm, at ~19–
21  UT, and at the end of the main phase of the storm, 
at  ~3–5   UT on 23 June. One of the most peculiar fea-
tures of this storm is the extreme topside increase of the 
VTEC and the Ne on the nightside (in the ~23 and ~01 
LT sectors) in the summer hemisphere that apparently 
lasted for several hours.

Our analysis of the magnetic data from the Swarm sat-
ellites showed very intensive fluctuations of the EEJ dur-
ing this storm, which at the beginning of the main phase 
of the storm correlated with variations of the Ey com-
ponent of the IEF. Comparison of the magnetic EEJ and 
the ionospheric data variations led us to conclusion that 
during the first positive phase the storm-time PPEF were 
the main driver for the observed extreme ionospheric 
response on the dayside. On the nightside, the topside 
ionosphere seemed to respond to the combination of the 
PPEF and the storm-time thermospheric circulation. The 
disturbance dynamo might have reinforced the effect of 
the PPEF.

The second sub-phase of the storm was registered 
from  ~2.5  UT and lasted until  ~6  UT. Contrary to the 
first sub-event, the second one was observed at low lati-
tudes and in winter hemisphere and seemed to be caused 
by other drivers than the PPEF. We suggest that the 
storm-time enhanced thermospheric composition sig-
nificantly contributed to the development of this second 
positive storm.

Our study of the ionospheric response to the June 2015 
geomagnetic storm with the additional use of the mag-
netic EEJ data demonstrates that the Swarm products can 
be successfully used for the “full” diagnostics of the near-
earth environment and can further be applied for the 
space weather applications. Having a set of satellite data 
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is especially useful and important when ground-based 
data are absent or limited, e.g., in/over the oceans, or in 
other places with poor instrumentation coverage, which 
was the case of the June 2015 storm.

It should be noted that for studies of ionospheric vari-
ations, data of the thermospheric winds data would be 
very helpful, but the Swarm satellites are currently at an 
altitude where the estimation of thermospheric winds is 
impossible. The thermospheric neutral mass density can 
be calculated from the accelerometers onboard Swarm 
satellites (Siemes et al. 2016, current issue), and therefore 
these data can provide the information about the behav-
ior of the neutral component. However, as of today (July 
2016) the data are not yet ready to be publicly released (E. 
Doornbos, private communication, 2016). Future release 
of those data will make the mission even more accom-
plished and successful.
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