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lonospheric longitudinal variability
in the Northern Hemisphere during magnetic storm
from the GPS/GLONASS data
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Abstract. Longitudinal-temporal variations of the ionization of the mid- and high latitude
ionosphere in the Northern Hemisphere are analysed based on the data of the chains of GPS/
GLONASS dual frequency phase receivers during the strongest magnetic storms of the cur-
rent 24 solar activity cycle — in March and June 2015. The observed ionospheric effects exhibit
pronounced longitudinal inhomogeneity associated with the presence of longitudinal features
background structure and variations of the geomagnetic field. During the recovery storm phase,
important role in dynamics of the mid-latitude ionosphere may belong to disturbances in the
form of thermospheric waves of molecular gas propagating westward for several days.
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1. Introduction

This article presents an experimental study of spatial and temporal variations of the ionization of the
mid- and high latitude ionosphere in the Northern Hemisphere during geomagnetic storms associ-
ated with disturbances in the Earth’s magnetosphere, which are primarily determined by solar activity
[1-3]. Investigation of the geomagnetic storm effects on the Earth upper atmosphere is an important
part of the space weather study. Our current understanding of ionospheric storms is based on more
than sixty-year data of ground-based observations and on the new possibilities provided by satellite-
based techniques. Storm effects derived from the ground-based observations were classified in details
in review [4], where the role of various factors was discussed: propagation of storm effects in latitude
and longitude, penetration of electric fields from high to low latitudes, enhancements of the equator-
ward wind and dusk enhancement in electron density at mid-latitudes [5—7]. Application of the GPS/
GLONASS receiver technique for ionospheric study increases significantly the possibility for global
storm effect investigation. The sounding technique with signals of GPS/GLONASS allows continuous
information on variations in total electron content (TEC) that reflects the plasma conditions through-
out the ionosphere. Using the GPS/GLONASS receiver technique together with the global circula-
tion models provides the important way to predict ionosphere storm effects [§—12]. Models and obser-
vations complement each other and both are essential for improved understanding of storm phenom-
ena and their effects.

Typically, in storm studies the main attention is paid to the propagation of storm effects from high
to low latitudes; it is accomplished by the changes in geomagnetic field structure and by movement of
auroral oval equatorward. Longitudinal variations were considered usually relatively to the local time
of the ionospheric observation region. This consideration allows revealing such well known effects as
dusk enhancement or nighttime depletion [4].
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In this paper we consider the response of the ionosphere system during the two strongest geo-
magnetic storms of the current 24 solar activity cycle — in March and June 2015. These events have
broadly been studied by different scientific groups [13—26]. Most of these studies used GPS or Low
Elevation Orbit (LEO) system together with GPS data. For the storm analysis, they also used longitu-
dinal ionosonde chains in the Asian, African and American sectors [27, 28].

The first research of the ionosphere response to the March 2015 severe geomagnetic storm accord-
ing to Eurasian mid-latitude ionosonde chain data showed the longitudinal irregularity of the iono-
sphere over Eurasia [26]. Unfortunately, the mid-latitude ionosonde chain covers only the Eurasian
continent in the Eastern Hemisphere. There are no ionosondes in the Western Hemisphere in this
mid-latitudes range of the North American continent. For complete study of longitudinal varia-
tions along the entire circle of latitude in the mid- and high-latitude ionosphere of the Northern
Hemisphere both in the Eastern and Western Hemispheres during severe geomagnetic storms, in pres-
ent study we analysed data from the chains of GPS/GLONASS dual-frequency phase receivers.

2. Experimental data and analysis results

To study longitudinal variations along the entire latitude circle in the mid- and high-latitude iono-
sphere of the Northern Hemisphere, in present analysis were used data from two chains of GPS/
GLONASS dual-frequency phase receivers. GPS/GLONASS receivers are located along the main-
land and on the islands along the entire latitude circle of 60—70° and 50—55°N (figure 1a). Vertical
vI'EC from initial series was calculated based on the modelled absolute TEC, considering the differen-
tial code delays [29].
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Figure 1. Chain locations: GPS/GLONASSS receivers (a), ionosondes (white
circles) and magnetometers [26] (b)

Both magnetic storms were severe according storm classification based on the D planetary index
[30]. According to NASA classification, the storms were classified as G4.

In March 2015, a magnetic storm began on March 17 (named the St. Patrick’s Day storm, after
the day of commencement). According to information posted at (www.solen.info/solar/old_reports/),
which is based on data from the SOHO satellite, the storm resulted from the interaction of the Earth’s
magnetosphere and high-velocity solar wind flows from 4 coronal holes and coronal mass ejection fol-
lowing a relatively weak C9.1 X-ray flare registered on 15 March 2015. The main storm phase lasted
~16.5 hours from 06:23 to 22:47 UT on 17 March 2015. In the storm maximum, the D_-index dropped
to —223 nT (figure 2a); Kp—index increased from 5" to 87; Ap—index reached 179.

The second most intense magnetic storm in the current cycle of solar activity resulted from inter-
action of the Earth’s magnetosphere and the high-velocity solar wind flows, coronal mass ejections
and M6.5 solar flare at 18:23 UT on 22 June 2015 (www.solen.info/solar/old_reports/). Fronts of 3 in-
terplanetary shock waves of different intensity came to the Earth from 21 to 23 June 2015. The front
of the third, strongest shock wave reached the Earth’s magnetosphere at 18:30 UT on 22 June, af-
ter which a G4 geomagnetic storm began and lasted for many hours. In the storm maximum, the
D-index decreased to —204 nT (figure 2b), Kp-index increased to 87, Ap reached 236.
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Figure 2. Time variations of the geomagnetic activity indices D, K and A _(http://wdc.kugi.kyoto-u.ac.jp/) dur-
ing the 15—25 March 2015 storm (a), and during the 20 June — 1 July 2015 storm (b).

The figure 3 and 4 shows the global spatio-temporal variations of vVIEC for middle and high lati-
tudes in the Northern Hemisphere. Dashed lines in figure 3 and 4 indicate the time of sudden storm
commencement (SSC) caused by the interplanetary shock wave impact on the Earth’s magnetosphere.
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Figure 3. Longitude-time vI'’EC variations from data of mid-latitude (a) and high-latitude (b) chains of GPS/
GLONASS receivers during the storm on March 15-25, 2015 (UT).
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Figure 4. Longitude-time vI'’EC variations from data of mid-latitude (a) and high-latitude (b) chains of GPS/
GLONASS receivers during the storm on June 20 —July 2, 2015 (UT).

For both severe storms in question, the total duration of ionospheric disturbance was ~9 days.
The only difference of the ionospheric impact was the background ionospheric conditions. In March
at the equinox, there is a marked transition from day- to night-time conditions. In June at the solstice,
this transition is very weak, because at the ionospheric heights, the Sun apparently does not go down
during this time. Variations of the D_-index (figure 2) for both storm events were almost identical, al-
lowing one to investigate the difference between the storms in equinox and summer solstice. As we
can see from variations in Kp and Ap indices, during the storm recovery phases, there was an additional
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sub-storm activity with Kp > 4 (figure 2), which also contributed to time variations in the ionospheric
ionization parameters.

It can also be noted as magnetic storminess grows, lower variability of ionization is noted at high
(figure 3b, 4b) compared to middle latitudes (figure 3a, 4a). This effect has also been noted in [31].

First of all, from the maps of longitude-time vI'EC variations, we can note pronounced longitudi-
nal differences in vI'EC variations between the Eastern and Western Hemispheres during the investi-
gated severe storms of 2015. From the vI'EC distributions in figure 3 and 4 we can make a conclusion
that in the Western Hemisphere over the Canadian region of the North America, the ionospheric ef-
fect of both magnetic storms is observed much longer.

It can also be noted that in the Eastern Hemisphere over the Siberian region of the Eurasia, there is
a range in the interval of mid-latitudes of ~80—110°E where the ionosphere recovers sooner after geo-
magnetic disturbances (figure 3a and 4a). When discussing the ionospheric effects over Eurasia from
the ionosonde chain data [26], it was emphasized that the ionosphere recovered on the 4—5th day af-
ter commencement of the March 2015 magnetic storm over the Siberian region of the Eurasia. The
GPS/GLONASS dual-frequency phase receiver data generally confirm this feature for the storm in
March at the equinox (figure 3).

In [26], according to the Eurasian mid-latitude ionosonde chain (figure 1b), it was established that
over the Eurasian continent at longitudes ~80—110°E, the ionosphere had a positive anomaly due to
low level of geomagnetic field (GMF) variations within this longitudinal sector. To study the GMF
variations during the March 2015 geomagnetic storm the data of the global network of magnetometers
INTERMAGNET in the Northern Hemisphere were used [26]. It should be emphasized that the geo-
graphical location of the chains of GPS/GLONASS receivers (figure 1a) is well aligned with the loca-
tion of chains of the INTERMAGNET magnetometers and Eurasian ionosondes (figure 1b).

Symmetrically from the mid-latitude ~80—110°E sector there are two zones of increased penetra-
tion of geomagnetic disturbances from high to middle latitudes in the Eastern Hemisphere at longi-
tudes ~30-40°E, ~130—140°E. In the Western Hemisphere the zones of strong variations of GMF are
also formed in the direction of the geomagnetic pole meridian near the ~90°W and at longitudes near
~135°W and ~45°W. These zones of enhanced GMF variations correspond to the regions of strong
negative ionospheric disturbances, i.e. of decreased electron density in the F2 layer maximum [26]
and in vIEC (figure 3, 4).

Figures 3 and 4 using the GPS/GLONASS dual-frequency phase receiver data show that in the
North American sector, the negative ionospheric effect of both magnetic storms is observed much
longer than over the Eurasia. Negative ionospheric disturbances persist at mid- and high-latitudes for
7—8 days during the storm recovery phase for both magnetic storms. This effect is particularly pro-
nounced in the Western Hemisphere at longitudes ~50—150°W. It should be emphasized that this lon-
gitudinal interval covers the zones of enhanced GMF variations in the Western Hemisphere during
the periods of increased magnetic storminess (figure 3 and 4). Such a long-lasting and unusual effect
of a magnetic storm in the ionosphere raises a natural question of the physical mechanism of the ob-
served phenomenon.

The low electron density in the ionosphere F-region is formed on the Earth’s night side, where
conditions for westward electrojet amplification are the most favourable. In the lower thermosphere
the auroral electrojet causes the gas heating. This heating is known to cause enhancement of the neu-
tral wind velocity and higher turbulence in the lower ionosphere. This, in turn, leads to the decreased
ratio [O]/[N,] at the heights of the upper atmosphere, and hence, to negative disturbances of electron
density in the F-region of the ionosphere [32—37].

Earlier in the paper [26], using the Eurasian mid-latitude ionosonde chain data (figure 1b), it
was shown that during the main storm phase a low ionization region (therefore, the region of the de-
creased ratio [O]/[N,]) is formed at ~130°E longitude in the Eastern Hemisphere over the Siberian
region of the Eurasia, which moves westward from the main disturbance zone during three days at the
recovery phase. This zone reached the East European sector only on March 20 [26]. Estimation of the
thermosphere wind velocity gives 50—70 m/s, the reasonable value for the thermosphere. In the fol-
lowing days on March 21—25, during the storm recovery phase, this low electron density zone continued
to move westward in the Western Hemisphere over the Canadian region of North America (figure 3a).
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To confirm the effect of the above mechanism of the geomagnetic disturbances’ impact on the
ionosphere, we additionally analysed data of satellite measurements of the atmosphere neutral com-
position obtained with UV-spectrometer GUVI TIMED at the heights of the lower thermosphere
(~100 km). Figure 5 shows satellite data on ratio [O]/[N,] (http://guvi.jhuapl.edu/site/data/data_
fetch/13_on2_gif), which confirm formation of a vast region of low ratio [O]/[N,] over the Far East
on 17 March 2015. In the following days, the region moved westward, and reached Western Europe by
20 March. Another region of low ratio [O]/[N,], which formed over the American sector on March 17
(figure 5), has moved to 140—160°E by 20—21 March 2015, and was registered again over the Far East
region.
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Figure 5. Ratio [O]/[N,] at the lower thermosphere heights according to GUVI TIMED satellite measurements
on different days in March 2015.

As mentioned above, the zone of high GMF variability also existed in the North American longi-
tudinal sector [26]. Hence, we can expect that the disturbed thermosphere zone was formed not only
at ~130°E longitude in the Eastern Hemisphere over the Siberian region of the Eurasia but also in
the Western Hemisphere over Canadian region. And this low [O]/[N,] zone also was moving west-
ward during few days. Probably, the vI'EC depletion at the Far East longitudes on March 20—21 (fig-
ure 3b) was the result of similar disturbed zone propagation from the North American sector, where
the low [O]/[N,] zone was formed during the first impact of the main storm phase at 06:23—09:37 on
March 17 (figure 2a), as it could be concluded from the GUVI data (figure 5). During this impact, the
North American sector was at nighttime conditions, and development of disturbed ionosphere zone
during this three-hour period was very probable.

Consequently, we focus on the pronounced, so called, after-effect of the geomagnetic disturbance
on the ionosphere [25, 38]. During the ionosphere recovery, the observed ionization was higher than
on quiet days before the magnetic disturbance onset. This effect was particularly pronounced in equi-
nox at mid-latitudes during the storm in March 2015 (figure 3a). This effect is determined by propa-
gation of the neutral gas thermospheric wave generated in the lower thermosphere in the GMF night
sector by the strong westward electrojet. Due to high frequency of collisions between molecular ions
and neutrals, this wave acquires a large scale and impulse, and travels over long distances even when
the magnetosphere source is “off”. In this regard, one should make corrections to the traditional ap-
proach to the time interval of analysis of major geomagnetic disturbances, when the analysis ends at
D, > 0, since perturbations in the neutral gas composition may still be in progress. If our conclusions
are true, then we should say that the ionospheric effect of strong geomagnetic disturbances must be
considered on a time scale for a few days after the end of the magnetic storm, while the disturbed ther-
mosphere active zones move westward and cause the electron density decrease along the trajectories of
propagation.

During the June magnetic storm at the solstice, the background density recovers quite fast due to
lasting daylight in the summer ionosphere. But similar effect of moving the region of reduced electron
density westward were also observed in [26] according to the Eurasian mid-latitude ionosonde chain
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because the method of vertical incidence sounding allows analyzing spatio-temporal features of the
ionospheric disturbances in more detail. The method of sensing the ionosphere with GPS/GLONASS
satellite signals gives the integral characteristics of the ionosphere and does not allow studying the
height structure of the ionization disturbances, but enables us to effectively investigate the global fea-
tures of evolution of ionospheric irregularities. However, even in the case of analysis of the integral
characteristics of ionospheric ionization, one can see similar moving westward negative disturbanc-
es in Western Hemisphere (figure 4a). Unfortunately, for the period of magnetic storm in June 2015
data of satellite measurements of the atmosphere neutral composition obtained with UV-spectrometer
GUVI TIMED is missing.

3. Conclusions

The study of ionospheric response to severe geomagnetic storms in March and June 2015 at mid- and
high-latitudes of the Northern Hemisphere according to the data from two chains of GPS/GLONASS
dual-frequency phase receivers allows the following conclusions.

The study of the ionospheric response to the 2015 severe geomagnetic storms showed similar sce-
narios of disturbances’ evolution with strong dependence on the GMF parameters and the season.

During the main storm phase, the auroral precipitations are very strong in whole polar longitudi-
nal sectors. So, the geomagnetic and ionospheric disturbances are almost synchronous at high and
middle latitudes. It is associated with the global shift of the magnetosphere convection zone from high
to middle latitudes.

During the recovery storm phase, the observed variations of ionospheric ionization exhibit pro-
nounced longitudinal irregularity associated with the presence of longitudinal features background
structure and variations of the main Earth’s magnetic field. At that time the important role in dynam-
ics of the mid-latitude ionosphere may also belong to disturbances in the form of thermospheric waves
of molecular gas propagating westward for several days.

It is necessary to extend the time interval for studying the ionospheric effects of strong magnetic
storms by a few days after the end of the magnetospheric source influence, while the disturbed ther-
mosphere active zones continues moving westward and causes the electron density decrease along the
trajectories of propagation.
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