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Abstract. Ionospheric response to the March 17, 

2015 geomagnetic storm has been investigated using 

simulations of the Global Self-consistent Model of the 

Thermosphere, Ionosphere, Protonosphere (GSM TIP) 

[Dmitriev et al., 2017; Klimenko et al., 2018]. GSM TIP 

demonstrates results that do not contradict experimental 

data. This paper deals with GSM TIP simulated disturb-

ances in the Total Electron Content (TEC) at different 

longitudes and zonal averages on March 17–23, 2015. 

At all longitudes, we can observe the existence of a 

band of TEC positive disturbances, located over the 

geomagnetic equator, and the formation of an after-

storm ionospheric effect that appeared as positive TEC 

disturbances at midlatitude 3–5 days after the geomag-

netic storm main phase. We have analyzed the depend-

ence of disturbances of the thermosphere-ionosphere 

system (total electron content, n(N2), n(O), zonal elec-

tric field, meridional component of the thermospheric 

wind at a height of 300 km, and electron temperature at 

a height of 1000 km), calculated by GSM TIP from var-

iations in the geomagnetic activity index AE. The analy-

sis is based on Pearson’s correlation coefficients, pre-

sented as maps of the dependence of the correlation 

coefficient on UT and latitude for selected longitudes 

and for zonal averaged values. The results suggest that 

at high latitudes of the Northern and Southern hemi-

spheres the correlation coefficient of TEC disturbances 

and AE variations is close to 1 at all longitudes in the 

period from 12 UT to 23 UT. From 9 UT to 12 UT, the 

minimum value of the correlation coefficient is ob-

served at all latitudes and longitudes. The time intervals 

of the correlation values are associated with the features 

of a particular geomagnetic storm, for which, for example, 

the interval from 12 UT to 23 UT on March 17, 2015 

corresponds to the geomagnetic storm main phase. We 

discuss possible mechanisms for the formation of such a 

relationship between simulated TEC disturbances and 

the AE index. 

Keywords: geomagnetic storm, ionospheric disturb-

ances, GSM TIP. 

 

 

 

 

INTRODUCTION 

Geomagnetic disturbances (magnetic storms and 
substorms) are one of the most important objects of re-
search in solar-terrestrial physics and the most signifi-
cant space weather events. Magnetospheric (geomagnet-
ic) disturbance intensity is estimated by the geomagnet-
ic indices Kp(Ap), Dst, and AE. The high-latitude AE 
index characterizes the auroral current intensity and is 
an indicator of substorm activity [Davis, Sugiura, 1966]. 
The low-latitude Dst index is used to estimate the ring 
current intensity during magnetic storms and is a meas-
ure of geoeffectiveness of interplanetary disturbances 
[Sugiura, 1964; Burton et al., 1975]. Gonzalez et al. 
[1994, 1999] have defined geomagnetic storms in terms 
of Dst behavior and have classified magnetic storms by 
their effectiveness.  

Magnetospheric processes through precipitation of 

energetic particles, Joule heating, magnetosphere-

ionosphere currents, and magnetospheric convection 

electric fields have a significant impact on Earth’s iono-

sphere [Buonsanto, 1999; Mendillo, 2006; Prölss, 1995, 

2013]. When studying the ionospheric response to geo-

magnetic storms, disturbances observed during the 

storm main phase are usually considered since it is pre-

cisely during this period that ionospheric disturbances 

are most intense. It is widely accepted that at high and 

middle latitudes a negative ionospheric storm is caused 

by redistribution of temperature, composition, and den-

sity of the thermosphere during magnetic storms 

[Buonsanto, 1999; Mayr, Volland, 1973]. The iono-

spheric effect of a strong geomagnetic storm may last for 

several days [Shpynev et al., 2018]. The question about 

the formation of ionospheric disturbances during the 

geomagnetic storm recovery phase has recently been 

actively discussed [Balan et al., 2013; Suvorova et al., 

2013]. Studies into the ionospheric response to geomag-

netic storms through statistical analysis, carried out in 

[Ratovsky et al., 2018; Ratovsky et al., 2020], have 

shown that there are ionospheric after-storm effects, 

interpreted based on calculations by the upper atmos-

phere model [Klimenko et al., 2017; Ratovsky et al., 

2018]. Statistical studies have also revealed that iono-
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spheric disturbances can vary widely from event to 

event, even though the general patterns of behavior of 

ionospheric parameters during geomagnetic disturb-

ances are known.  

Deminov et al. [2017] have proposed a method of 

identifying the contribution of geomagnetic activity to 

the median of the F2-layer critical frequency foF2 at 

midlatitudes. The method was used to derive foF2 de-

pendences on Ap, averaged over a month, thereby mak-

ing it possible to predict median foF2 with respect to 

geomagnetic activity. Deminov et al. [2021] have 

demonstrated that their proposed equation for the rela-

tionship between the ionospheric parameter and the so-

lar activity index describes 95–98 % of variations in the 

ionospheric parameter, whereas the remainder depend-

ing on geomagnetic activity indices (derivatives of Ap) 

is described by linear regression. The possible depend-

ence of the ionospheric index on Ap is due to the fact that 

the foF2 median depends not only on solar, but also on 

geomagnetic activity [Deminov et al., 2017]. Yagodkina 

et al. [2021] have used data from a mid-latitude ionospher-

ic station (Moscow) to study the dependence of foF2 and 

the F2-layer maximum height, hmF2, on the level of geo-

magnetic activity during an isolated magnetic storm on 

June 22–23, 2015. The most sensitive parameter respond-

ing to changes in external conditions was shown to be 

hmF2. During the pre-storm period, with increasing ge-

omagnetic activity the critical frequency decreases and 

the F2-layer height increases. During the storm main 

phase, only hmF2 appears to be sensitive to geomagnetic 

activity variations. During the storm recovery phase, a 

decrease in geomagnetic activity is accompanied by 

an increase in foF2 and hmF2. 

A significant contribution to understanding the pro-

cesses of formation of ionospheric variations associated 

with geomagnetic activity has been made by theoretical 

studies using various numerical models of the iono-

sphere [Pirog et al., 2006; Balan et al., 2009; Huba et 

al., 2017], as well as more complex models of Earth’s 

upper atmosphere [Namgaladze et al., 2000; Fuller-

Rowell et al., 2007; Lu et al., 2008; Pawlowski et al., 

2008]. An insight into ionospheric variability during 

geomagnetic disturbances has been provided by studies 

based on the results of calculations made using the 

Global Self-consistent Model of the Thermosphere, 

Ionosphere, Protonosphere (GSM TIP) [Klimenko et al., 

2011; Dmitriev et al., 2017]. GSM TIP accounted for 

geomagnetic disturbances using a model of auroral elec-

tron precipitation [Vorobjev, Yagodkina, 2008], as well 

as the empirical dependence of the cross polar cap po-

tential ΔФ and latitudes of field-aligned currents on 

geomagnetic activity [Sojka et al., 1994; Feshchenko, 

Maltsev, 2003]. As a measure of geomagnetic activity 

these models utilized the AE and AL indices with 1 min 

time resolution, i.e. these indices are driving parameters 

of GSM TIP. The purpose of this work is to study the 

relationship between disturbances of the parameters of 

the thermosphere—ionosphere system, obtained from 

GSM TIP calculations, and variations in the geomagnetic 

activity indices (driving parameters of the model) during 

the March 17–23, 2015 geomagnetic storm. 

DESCRIPTION OF THE EVENT 

UNDER STUDY AND THE SURVEY 

METHOD 
In this paper, we examine ionospheric effects of the 

geomagnetic storm that occurred in March 2015 (St. 

Patrick’s Storm), the most powerful geomagnetic storm 

(by Dst) in solar cycle 24. Many scientific papers have 

been devoted to this storm, and in 2017 a special is-

sue of Journal of Geophysical Research was pub-

lished on various aspects of the research into the re-

sponse of near-Earth space to the March 2013 and 

2015 geomagnetic storms (a brief overview on these 

studies is given in [Zhang et al., 2017]). During one of 

these storms in 2015, a mid-latitude aurora was detected in 

Eastern Siberia, which was not typical for this region [Mi-

khalev et al., 2018]; and two stable red arcs were ob-

served which were spaced in latitude and differed in the 

heating processes occurring in them [Zolotukhina et al., 

2021]. Figure 1 illustrates variations in Dst, AE, and AL 

on March 16–23, 2015. As inferred from the behavior of 

Dst, the phase of the sudden storm commencement took 

place on March 17 at ~06 UT, and the geomagnetic 

storm main phase lasted from 09 to 24 UT. Minimum 

Dst=–223 nT was recorded at ~23 UT. Maximum (in 

modulus) AE and AL were observed at ~14 UT and 

ranged up to 1200–1500 nT. The geomagnetic storm 

recovery phase was fairly long and had a general trend of 

decreasing AE and AL in the period through to March 22. 

Using GSM TIP, for March 17–23, 2015 we have ob-

tained spatial and temporal dependences of disturbances 

(relative to March 16, 2015 background values) of TEC, 

n(N2), n(O), zonal electric field Ezon, meridional wind 

velocity Vtet for a height of 300 km, and electron tempera-

ture Te for a height of 1000 km. 

In this paper, to find the possible relationship be-
tween parameters of the thermosphere—ionosphere 
system and AE, we have carried out a correlation analysis, 
applying the Pearson formula, which assumes that 
there is a linear relationship between the two values 
considered. 

 

Figure 1. Variations in the geomagnetic activity indices 

Dst (top), AE and AL (bottom, black and red lines respectively) 

on March 16–23, 2015 
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   is average AE for 

n days of interest for a fixed moment of UT; n=7 is the 
number of days used to calculate the correlation coeffi-
cient; i is the day number (March 17 i=1, March 18 
i=2, …, March 23 i=7); xi(UT, θ) are the parameters 

calculated by GSM TIP; (UT, )x   are average parame-

ters for 7 days under study as function of UT and lati-
tude θ. If R=0, the values considered are linearly independ-
ent; for |R|=1, they have a linear dependence. From the 
correlation coefficients derived, we have drawn time-
latitude dependences R of disturbances of all the above 
mentioned parameters of the thermosphere-ionosphere 
system and AE. 

 

DISCUSSION AND RESULTS 

Figure 2 shows variations in TEC disturbances at 
three longitudes (30° E, 105° E, 90° W) corresponding 
to the European, East Siberian, and American sectors, 
and their zonal averages, obtained by averaging the 
parameter of interest over longitude for given UT. The 

choice of the longitude sectors is governed by their dif-
ferent remoteness from the South and North Geomagnetic 
Poles. GSM TIP uses the following geographic coordi-
nates of the North and South Poles: 78.6° N, 69.5° W 
and 78.6° S, 110.5° E respectively. The analysis of 
maps of zonal average TEC disturbances has revealed 
that the most intense disturbances occurred during the 
storm main phase on March 17 from 09 to 24 UT at 
middle and high latitudes (30° N, 90° N) and (30° S, 
90° S). On the second day, at the beginning of the recov-
ery phase, maximum negative disturbances were clearly 
visible at all latitudes with maxima in the vicinity of both 
poles and at the equator. From 00 UT on March 20, posi-
tive TEC disturbances intensifying from day to day were 
also formed at all latitudes from the equator to the pole. 
The analysis of the TEC disturbances at different longi-
tudes shows both their similarity (positive disturbances 
during the storm main phase; negative disturbances the 
next day; the occurrence of dayside positive and 
nightside negative effects throughout the long recovery 
phase of the geomagnetic storm) and differences (dif-
ferent latitudinal structure of TEC disturbances during 
the storm main phase, latitudinal extent and magnitude 
of positive and negative TEC disturbances during the 
recovery phase). 

 
 

 

 

Figure 2. Latitude-time variations in TEC disturbances of zonal means (a); at longitudes of 30° E (b), 105° E (c), and 90° W 

(d) on March 17–23, 2015. The zero hour corresponds to 00 UT on March 17. Black lines are isolines of zero TEC disturbances; 

dashed lines indicate the storm main phase 
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It is significant that the most intense and latitudinally ex-

tensive positive TEC disturbances during the recovery 

phase are formed at longitudes of 30° E and 105° E. At 

90° W, these disturbances are concentrated in the 

equatorial region. At 105° E and 90° W, they are 

symmetric about the equator; and for 30° E, an 

interhemispheric asymmetry is formed with a shift of 

positive disturbances to the Northern Hemisphere. 

Thus, we can conclude that the previously identified af-

ter-storm effects [Klimenko et al., 2017; Ratovsky et al., 

2018; Ratovsky et al., 2020] are manifested at all longi-

tudes, but with different degrees of intensity and latitude 

coverage. At the same time, the highest intensity and 

coverage of the after-storm effect takes place in the East 

Siberian sector; the lowest intensity, in the American 

one. The longitude dependence of the after-storm effect 

has been found for the first time, and the presence of 

after-storm effects for all UT moments in zonal mean 

TEC disturbances has been noted. An important result is 

also the presence of interhemispheric asymmetry of the 

after-storm effect that manifests itself mainly in the 

Northern Hemisphere. 

Figure 3 presents maps of correlations between AE, 

TEC disturbances for longitudes of 30° E, 105° E, 90° 

W and zonal mean disturbances in UT—latitude coordi-

nates. It may be noted that for all the maps in hand the 

correlation coefficient has quite high positive values 

(from 0.65 to 0.9) at high latitudes during the period 

from 12 to 24 UT. In this case, the correlation is higher 

in the Southern Hemisphere than in the Northern one. 

Similar high values of anticorrelation (from –0.4 to –

0.8) appear in the equatorial zone in the same time in-

terval. Anticorrelation regions are formed at all longi-

tudes under study for all latitudes from 09 to 12 UT. 

From 00 to 04 UT there is a positive correlation for zonal 

mean TEC and for disturbances at the longitude of 105° E. 

During the same period, a negative correlation can be ob-

served between AE and TEC disturbances for 30° E and 

90° W at middle and low latitudes. Approximately from 06 

to 09 UT, the picture changes to the opposite, i.e. for zonal 

mean TEC and at 105° E a negative correlation is observed 

at middle and low latitudes; for 30° E and 90° W, a posi-

tive correlation.  

When comparing Figures 1 and 3, we can note a de-

pendence R on daily variations in AE on the first and 

second days of the storm. For instance, at the beginning 

of the storm we can see a slight increase in AE from 50 

to 700 nT, to which correspond low values of the corre-

lation coefficient (~0.2) during the period from 06 to 09 

UT. In this case, for 105° E and for zonal means the 

positive correlation during the said period is at high 

latitudes. This is followed by a decrease in AE to 150 nT 

(09–12 UT), to which correspond anticorrelation re-

gions of TEC disturbances and AE (from –0.4 to –0.8). 

To a sharp increase in AE during the storm main 

phase corresponds the appearance of large positive 

correlation values at high latitudes and anticorrelation 

in the equatorial zone (12–24 UT). For clarity, Figure 4 

gives an example of day-to-day AE variations and TEC 

 

  

  

Figure 3. Maps in latitude—UT coordinates of the correlation coefficient between AE variations for a given hour and zonal 

mean TEC disturbances (a); disturbances at longitudes of 30° E (b), 105° E (c), and 90° W (d) for a given latitude and UT on 

March 17–23, 2015 
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Figure 4. Day-to-day variations in the geomagnetic activity index AE and TEC disturbances at longitudes of 30° E, 105° E, 
270° E and their zonal means. 1 — for 60° S at 18 UT; 2 — for the equatorial zone at 20 UT; 3 — for 30° N at 01 UT 

 

disturbances for latitudes and time points with a cor-

relation coefficient to 0.9 (18 UT at 60° S), anticorrela-

tion to –0.8 (20 UT at the equator), and different corre-

lation coefficients at different longitudes (01 UT at 30° 

N). We can see that maximum positive TEC disturb-

ances corresponding to maximum AE are formed at sub-

auroral latitudes on the first day of the storm at 18 UT 

(almost at all longitudes). With decreasing AE, TEC 

disturbances become negative, which is associated with 

emptying of plasma tubes during the storm main phase. 

Then, to the local maximum of AE on the fourth day 

correspond local maxima of TEC disturbances at subau-

roral latitudes. The opposite behavior of the TEC dis-

turbances and AE approximately at the same time (20 

UT) is observed at the equator. Minimum TEC disturb-

ances (negative at almost all longitudes) are developed 

at the equator on the first and second days during the 

period of the highest AE values. As AE decreases, TEC 

disturbances become positive, which at some longitudes 

leads to the formation of a positive after-storm effect. At 

01 UT at midlatitudes, there is practically no connection 

between TEC disturbances and AE. 

We have also drawn maps in latitude—UT coordi-

nates of dependences of the correlation coefficient at the 

30° E longitude (as an example) between n(N2), n(O), 

Ezon, Vtet, Te disturbances and AE variations (Figure 5). 

To illustrate the comparison, the TEC disturbance corre-

lation map was duplicated in Figure 5. The map of cor-

relation between n(N2) disturbances and AE exhibits 

a positive correlation before the onset of the storm 

during the first peak (07–09 UT) (see Figure 1), as 

well as a decrease in the correlation (from 0.8 to 0.2) 

corresponding to the AE decrease (at ~12 UT) on the 

first and second days of the storm. For the rest of the time, 

from 15 to 21 UT, there is a high positive correlation, 

which corresponds to high AE values at the UT moments 

considered on the first and second days of the storm. 

An attempt to link the correlation of TEC disturb-

ances and AE with correlations of disturbances of other 

parameters and AE has revealed the following features. 

There is a good correlation between Δn(N2) and AE for 

intervals of high AE (from ~09 UT, the storm main 

phase). Accordingly, at the latitudes of the positive correla-

tion between ΔTEC and AE, the behavior of RΔTEC and 

RΔn(N2) is consistent, and it is opposite at the latitudes of the 

negative correlation between ΔTEC and AE. The correla-

tion between Δn(O) and AE is quite complex. It is possi-

ble to identify a region of positive correlation (near the 

equator), a region of negative correlation (in the Southern 

Hemisphere at middle and low latitudes), and spots of 

positive correlation before the storm at midlatitudes. 

When comparing RΔn(O) and RΔTEC, we can note the 

opposite behavior near the equator, as in the case of 

RΔTEC and RΔn(N2). The correlations of ΔEzon and ΔVtet 

with AE are quite complex. A key role is probably 

played by the fact that electric field and thermospheric 

wind disturbances are significant only on the first day of 

a geomagnetic storm. 

Hence, the following conclusions can be drawn.  

1. In some space-time domains there is physically 

explicable opposite behavior of the correlations between 

n(N2) and TEC disturbances. From 03 to 06 UT, posi-

tive RΔn(N2) and negative RΔTEC are formed; from 09 to 

12 UT, negative RΔn(N2) and positive RΔTEC; from 13 to 

24 UT, regions of positive RΔn(N2) and negative RΔTEC 

appear at middle and low latitudes. 
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Figure 5. Maps in latitude—UT coordinates of the dependences of the correlation coefficient between AE and disturbances of 
thermosphere—ionosphere system parameters at 30° E: TEC (a), electron temperature (b), nitrogen concentration (c), oxygen 
concentration (d), zonal electric field (e), meridional thermospheric wind (f) on March 17–23, 2015 

 

2. It is possible to find a similarity between RΔn(O) 

and RΔTEC at midlatitudes during daylight hours (06–19 

UT). 

3. There is no connection between RΔEzon, RΔVtet and 

RΔTEC. According to the correlation analysis results, the 

relationship between TEC and AE is explained by the im-

portant role of disturbances in the neutral thermosphere 

composition throughout March 17–23. At the same time, 

the role of electric field and thermospheric wind disturb-

ances in forming TEC disturbances is significant only on 

the first day of the geomagnetic storm [Dmitriev et al., 

2017; Ratovsky et al., 2020]. It is worth noting that to 

the ranges of high RΔTEC at high latitudes at 12–24 UT 

correspond high RΔn(N2) and negative RΔn(O). This sug-

gests that the composition perturbations are not a key 

factor in TEC disturbances at high latitudes. The high-

latitude positive correlation of TEC can be explained by 

the behavior of Te having similar structures at these lati-

tudes at 14–23 UT. 

CONCLUSIONS 

Analyzing the relationship of TEC disturbances with 
AE variations and thermosphere—ionosphere system 
parameters during the March 17–23, 2015 geomagnetic 
storm has yielded the following results. 

1. Zonal mean TEC disturbances are shown to indi-
cate the formation of the positive after-storm effect ob-
served during daytime hours and expanding from the 
equator to the poles. The previously identified after-
storm effects [Klimenko et al., 2017; Ratovsky et al., 
2018; Ratovsky et al., 2020] are manifested at all longi-
tudes, but with different degrees of intensity and latitude 
coverage. 

2. It is noted that there is a dependence of the found 

correlation coefficient between TEC and AE on daily 

variations in AE on the first and second days of the 

storm. The highest correlation and anticorrelation of 

ΔTEC with AE are observed for the highest AE values.  

3. Disturbances of the neutral thermosphere com-
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position are demonstrated not to be a key factor in TEC 

disturbances at high latitudes. The high-latitude positive 

correlation of TEC with AE can be explained by the 

behavior of the correlation of Te with AE, which has 

similar structures at these latitudes at 14–23 UT. An 

increase (decrease) in AE means a rise (fall) in Te at 

high latitudes due to strengthening (weakening) of the 

magnetospheric convection electric field. Note that at 

high latitudes the positive effects of increasing Te pre-

vail over the negative effects of increasing n(N2), 

whereas in the equatorial region the picture is opposite. 

The highest anticorrelation between ΔTEC and AE is 

observed in the equatorial region. This is explained by 

the behavior of Δn(N2) in the equatorial zone, which 

correlates well with AE.  

A similarity in correlations between n(O) and TEC 

disturbances has been found at midlatitudes during day-

light hours. It is significant that there is no connection 

between the correlations of zonal electric field, meridio-

nal thermospheric wind, and TEC disturbances. Accord-

ing to the correlation analysis results, the relationship 

between TEC and AE is explained by the important role 

of the neutral thermosphere composition disturbances 

throughout March 17–23, whereas the role of electric 

field and thermospheric wind disturbances in forming 

TEC disturbances is crucial only on the first day of the 

geomagnetic storm. 

Space weather data was provided by NASA/GSFC’s 

Space Physics Data Facility’s OMNIWeb service 

[http://omniweb.gsfc.nasa.gov].  

The work was financially supported by RSF (Grant 
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the upper atmosphere model and by the Ministry of Sci-

ence and Higher Education of the Russian Federation in 

terms of data analysis. 
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