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Abstract. The paper studies statistical patterns of 

regional electron content responses to geomagnetic 

events at high, middle, and equatorial latitudes. The 

regional electron content is the total electron content 

averaged over all longitudes in a given latitudinal zone. 

The statistical analysis includes the following: 1) identi-

fication of geomagnetic events based on the AE index 

and calculation of “reference” geomagnetic storms; 2) 

calculation of the regional electron content (REC) for 

five latitudinal zones (equatorial zone, mid-latitude 

zones of the Northern and Southern hemispheres, and 

high-latitude zones of the Northern and Southern hemi-

spheres); 3) calculation of REC disturbances (ΔREC), 

which are relative (percentage) deviations of the ob-

served values, from the 27-day running mean of REC 

and 4) obtaining the “reference” ionospheric response in 

the form of the dynamics of average ΔREC, obtained by 

the superposed epoch method. The superposed epoch 

method is implemented with the hourly resolution and 

key moments corresponding to the AE index maximum. 

Compared with our previous statistical analysis, imple-

mented with daily resolution based on geomagnetic 

storm identification by the Dst index, the new method 

leads to a significant increase in the amplitude and the 

time-focusing of the response. The seasonal behavior of 

ionospheric responses was analyzed for correspondence 

to the thermospheric storm concept. The responses of 

the equatorial and mid-latitude zones of the Southern 

Hemisphere fit the thermospheric storm concept. In the 

mid-latitude zone of the Northern Hemisphere, there are 

a number of exceptions. The responses of the high-

latitude zone show the need to take into account the 

mechanisms behind the formation of positive disturb-

ances, which are absent in the thermospheric storm con-

cept. 

Keywords: ionospheric response, geomagnetic storm, 

statistics, superposed epoch method, AE index. 

 

 

 

 

 

 

 

INTRODUCTION 

Solar, geomagnetic, and meteorological activity con-

tribute to the general ionospheric variability. Statistical 

analysis of ionospheric variability has shown that the 

contribution of meteorological and geomagnetic activity 

is estimated approximately equally: 13–15 % of all dis-

turbances of the peak electron density NmF2 for the day-

side mid-latitude ionosphere [Araujo-Pradere et al., 

2005; Rishbeth, Mendillo, 2001; Deminov et al., 2011]. 

Statistical analysis of ionospheric responses to geomag-

netic storms [Ratovsky et al., 2018] has revealed that 

even in the case of isolated storms occurring in the same 

seasons at roughly the same time of day ionospheric 

responses can differ considerably from each other. A 

reason for such differences can be ionospheric disturb-

ances of meteorological origin, which have sources in 

the lower atmosphere, as well as uniqueness of each 

geomagnetic storm. Simulation results [Pedatella, 2016; 

Pedatella, Liu, 2018; Klimenko et al., 2023] have 

demonstrated that it is important to take into account 

atmospheric conditions when analyzing the ionospheric 

response to geomagnetic storms. These facts greatly 

complicate the problem of forecasting space (including 

ionospheric) weather during geomagnetic storms. 

Ionospheric responses to geomagnetic events can be 

studied by two approaches. The first approach is to ex-

amine the response to a specific geomagnetic storm or a 

set of a small number of storms. The second (statistical) 

approach is aimed at obtaining an ionospheric response 

averaged over an ensemble of similar storms (within 

some selected criteria). It is expected that the second 

approach has the advantage that the averaged ionospher-

ic response will generally depend on effects of the mag-

netic storm per se, whereas the effect of processes in the 

lower atmosphere will be reduced by averaging. As pre-

vious studies have shown [Ratovsky et al., 2020], iso-

lated storms occur in different phases of 27-day varia-

tions in solar activity, which reduces the effect of these 

variations on the ionospheric response by averaging 

over an ensemble of isolated storms. 

https://orcid.org/0000-0002-0847-3553
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For the first time, the statistical approach was pro-

posed in [Wrenn et al., 1987], where ionospheric re-

sponses were sorted into cells according to local time, 

month of the year, and geomagnetic activity level, de-

termined by the integral index Ap to obtain the average 

steady state disturbance. This approach was developed 

when constructing an average diurnal-seasonal pattern 

of the mid-latitude NmF2 response [Rodger et al., 

1989] and when analyzing the interhemispheric asym-

metry of total electron content (TEC) disturbances 

[Titheridge, Buonsanto, 1988]. 

In previous studies, we have proposed a statistical 
approach to obtaining a pattern of average response to 
geomagnetic storms for the following ionospheric char-
acteristics: daily average NmF2 at Irkutsk and Kalinin-
grad [Ratovsky et al., 2018] and daily average REC for 
five latitudinal zones [Ratovsky et al., 2020]. In all cas-
es: the time resolution was 1 day; geomagnetic storms 
were identified by Dst; the average ionospheric re-
sponse was calculated by the superposed epoch method 
with a key date corresponding to the day of minimum 
Dst in UT. 

A disadvantage in using diurnal resolution is that the 

ionospheric response at a key date is a mixture of pre-

storm disturbances, response effects during the magnet-

ic storm main phase and early recovery phase. With 

minimum Dst near 0 UT, it is a response to the recovery 

phase; with minimum Dst near 23 UT, a response to the 

main phase in combination with pre-storm disturbances; 

in other cases, the response is intermediate. This short-

coming prompted us to employ the hourly resolution in 

the future. Another feature of the proposed approach is 

the use of Dst as an indicator of a geomagnetic event. 

The advantage of Dst is that the concept of magnetic 

storm main and recovery phases has been developed for 

this index, as well as the identification and classification 

of magnetic storms according to minimum Dst [Gonza-

leze et al., 1994, 1999]. At the same time, the geomag-

netic event indicator, which is most closely related to 

the ionospheric response, is useful for ionospheric re-

search. According to the analysis carried out in [Prölss, 

2006; Lu et al., 2001], such an indicator is the AE index. 

It is this index that shows a high correlation with the 

Joule heating of the high-latitude and auroral ionosphere 

during geomagnetic storms [Prölss, 2006; Lu et al., 

2001], which, in turn, is one of the main causes of iono-

spheric disturbances according to the thermospheric 

storm concept. An added incentive is that AE is one of 

the control parameters for physical models of the iono-

sphere such as GSM TIP [Klimenko et al., 2011]. Statis-

tical studies have shown that High-Intensity Long-

Duration and Continuous AE Activity (HILDCAA) gen-

erates significant TEC disturbances at low latitudes [da 

Silva et al., 2020]. These considerations led us to use 

AE as an identifier for geomagnetic events. The nuances 

associated with replacing Dst with AE are discussed in 

the next section. 

Thus, the paper presents a modification of the previ-

ously proposed statistical approach to studying iono-

spheric responses to geomagnetic storms [Ratovsky et al., 

2018; Ratovsky et al., 2020], based on the use of hourly 

resolution instead of diurnal and AE instead of Dst. Re-

sults of this modification are discussed in the correspond-

ing section. Note that these indices describe completely 

different current systems despite being indicators of geo-

magnetic activity. Thus, AE measures variations in auro-

ral currents; and Dst, in ring currents. 

 

DATA ANALYSIS METHOD 

In this work, we employ geomagnetic activity indi-

ces and global ionospheric maps of TEC for 1999–2018. 

The choice of 1999 is due to the fact that this year is the 

first year of complete global TEC maps; the choice of 

2018, the AE values in the database we use 

[https://omniweb.gsfc.nasa.gov] are available only until 

2018. Further analysis is based on hourly average AE. 

The AE-based method of identifying geomagnetic 

events is detailed in [Ratovsky et al., 2024]. It is simi-

lar to the previously developed method of identifying 

geomagnetic storms by Dst, except that instead of min-

imum Dst we employ maximum AE, and the AE 

threshold value for event identification should provide 

the number of geomagnetic events closest to the num-

ber of storms obtained under the Dst criterion with 

threshold Dst=–50 nT. Ratovsky et al. [2024] provide 

the following justifications for the selected method of 

determining threshold values. The threshold level of 

the Kp index, obtained by the same method as for AE, 

yields Kp=5, which is fully consistent with the thresh-

old for a geomagnetic storm under the Kp criterion 

according to NOAA Space Weather Scales. The 

threshold value of AE=930 nT is close to AE=1000 nT 

used in [Marques de Souza Franco et al., 2021] for 

identifying HILDCAA events. In most cases, geomag-

netic events identified by AE correspond to geomag-

netic storms according to the Dst criterion. As a result, 

the criterion for a geomagnetic event identified by AE 

was the fulfillment of two conditions: 1) AE(t0) is the 

highest AE for the time interval t0±12 hrs; 2) 

AE(t0)≥930 nT, where t0 is the time corresponding to 

maximum AE. We have identified 554 geomagnetic 

storms according to the Dst criterion and 556 geomag-

netic events according to the AE criterion. Comparing 

the lists of identified events has shown that geomag-

netic events according to the AE criterion in 469 of 

556 cases (i.e. in 84 % of cases) occur during geomag-

netic storms according to the Dst criterion. Thus, by 

the AE criterion, in most cases the event is a magnetic 

storm; in the remaining cases it is an intense substorm 

under undisturbed conditions. In what follows, geo-

magnetic events identified by AE are referred to as AE 

storms. 

As previous studies have shown [Ratovsky et al., 

2018; Ratovsky et al., 2020], statistical results for non-

isolated magnetic storms are much less informative 

compared to those for isolated storms. For this reason, 

only isolated storms are used in further analysis, i.e. 

storms for which the time interval between neighboring 

events t0≥5 days. Of 556 AE storms, the number of iso-

lated events is 178, i.e. ~32 %. Using the superposed 

epoch method with key moments corresponding to max-

imum AE, we calculated average AE behavior for isolated 

AE storms as a function of time relative to maximum 

https://omniweb.gsfc.nasa.gov/
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AE, hereinafter referred to as the reference AE storm. 

The average behavior of Dst was calculated in a similar 

way. The calculation results are presented in Figure 1. 

To study the seasonal dependence of ionospheric re-

sponses, isolated AE storms were divided by seasons. In 

this case, the seasons are ~91 day intervals centered rela-

tive to solstices and equinoxes in the Northern Hemi-

sphere: winter (November 07–December 22–February 

05, 38 AE storms); spring (February 06–March 22–May 

07, 57 AE storms); summer (May 08–June 22–August 07, 

48 AE storms), and autumn (August 08–September 22–

November 06, 35 AE storms). The dates indicate the be-

ginning, middle, and end of the season. As will be shown 

in the next section, the average AE behaviors for different 

seasons differ slightly, which facilitates the interpretation 

of ionospheric responses, thereby allowing us to ignore 

the potentially different intensity of AE storms in differ-

ent seasons.  

Regional electron contents REC, which are weighted 

means of TEC for the selected latitude and longitude re-

gion, were utilized as ionospheric characteristics. The TEC 

values were obtained from global ionospheric maps GIM 

of the CODE laboratory [Schaer et al., 1998; 

ftp://ftp.unibe.ch/aiub/CODE/]. To calculate REC, we have 

selected five latitudinal zones in the corrected geomagnetic 

coordinate system: mid-latitude zones in both hemispheres 

30°–60°, high-latitude zones in both hemispheres 60°–90°, 

and the equatorial zone ±30°. The relative (percentage) 

deviation of the observed values from the 27-day running 

mean of REC was employed to calculate REC disturbances 

(ΔREC). Using the superposed epoch method with key 

moments corresponding to maximum AE, we calculated 

the average behavior of ΔREC as a function of time rela-

tive to maximum AE (reference ionospheric response) for 

isolated winter, spring, summer, and autumn AE storms. 

 

ANALYSIS OF REFERENCE 

IONOSPHERIC RESPONSES 

TO ISOLATED 

MAGNETIC STORMS 

Figure 2 illustrates the average behavior of AE for 

four seasons and reference ionospheric responses for 

four seasons and five latitudinal zones. In all cases, the 

season refers to winter, spring, autumn, and summer in 

the Northern Hemisphere. 

The average behavior of AE is demonstrated to vary 

slightly for different seasons. This means that the average 

intensity of AE storms is approximately the same in 

different seasons, which, in turn, facilitates the analysis of 

seasonal differences in ionospheric responses. The analysis 

 

Figure 1. Average behavior of AE (a) and Dst (b) as a func-

tion of time (in days) relative to maximum AE 

analysis shows that according to the behavior during the 

storm main and early recovery phases all responses can 

be divided into three types: type A, type N, and type V. 

Type A responses are predominantly positive disturb-

ances and are observed for all seasons at equatorial lati-

tudes and for local winters at midlatitudes of both hemi-

spheres. A positive peak of the response is recorded 3–4 

hrs after maximum AE, i.e. near the beginning of the 

recovery phase. Type N responses are disturbances with 

well-defined positive and negative phases, and occur at 

midlatitudes in spring, autumn, and local summer, and 

at high latitudes in spring, autumn, and local winter. A 

positive peak of the response is observed 2–3 hrs after 

maximum AE in the mid-latitude zone and 1–2 hrs after 

maximum AE in the high-latitude zone, i.e., as in the 

equatorial zone, near the beginning of the recovery 

phase. The time of a negative peak of the response ex-

hibits significant seasonal variations. In spring and local 

summer at midlatitudes, as well as in spring and autumn 

at high latitudes, the peaks are detected 15–19 hrs after 

maximum AE. In autumn at midlatitudes and in local 

winter at high latitudes of the Northern Hemisphere, the 

peaks are observed 33–35 hrs after maximum AE. The 

intermediate position corresponds to the peak occurring 

22 hrs after maximum AE, which is recorded in local 

winter at high latitudes of the Southern Hemisphere. 

Type V responses are predominantly negative disturb-

ances and are observed for local summers at high lati-

tudes. A negative peak of the response occurs 7–15 hrs 

after maximum AE.  

Table 1 lists maximum and minimum values of AE 

and reference ionospheric responses ΔREC. Maximum 

positive disturbances of REC (if there are any) are seen 

to occur first at high latitudes (1 hr after maximum AE), 

eventually moving through midlatitudes to the equator. 

The seasonal behavior of ionospheric responses can 

be considered in terms of the local winter—equinoxes—

local summer concept, which suggests that extreme re-

sponse values (positive and negative) take place in local 

winter or summer with intermediate values at equinox-

es. Responses in the Southern Hemisphere for the mid-

latitude and high-latitude zones fully fit into this con-

cept: the amplitude of the positive response increases 

sequentially from local summer to local winter, the am-

plitude of the negative response decreases sequentially 

from local summer to local winter. The concept also 

includes positive responses in the equatorial zone: the 

amplitude of the positive response increases sequential-

ly from local summer to local winter in the Southern 

Hemisphere. There are a number of exceptions in the 

Northern Hemisphere. At midlatitudes, the amplitude of 

the positive response increases according to the 

spring—summer—autumn—winter pattern, and the 

amplitudes of the negative responses are close to each 

other with the highest amplitude in autumn and the low-

est one in spring. At high latitudes, the amplitude of the 

positive response fits into the concept, and the ampli-

tude of the negative response decreases according to the 

autumn—summer—winter—spring pattern. 

Figure 2 shows that significant ionospheric responses 

occur during the pre-storm phase (from the beginning of 

ftp://ftp.unibe.ch/aiub/CODE/
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Figure 2. Average AE (a) and reference ionospheric responses for the equatorial zone (b), the mid-latitude zone of the North-

ern (c) and Southern (d) hemispheres, and the high-latitude zone of the Northern (e) and Southern (f) hemispheres. By a season is 

meant winter, spring, autumn, and summer in the Northern Hemisphere 
Table 1 

Maximum (max.) and minimum (min.) values of AE 

and reference ionospheric responses ΔREC  

AE, nT ΔREC, equatorial zone, % 

season max hours min hours season max hours min hours 

winter (A) 1144 0 92 –40 winter (A) 11.1 3 –2.8 26 

spring (A) 1066 0 100 –61 spring (A) 12.9 4 –0.4 –51 

autumn (A) 1156 0 86 –95 autumn (A) 13.6 3 –2.1 73 

summer (A) 1129 0 116 –61 summer (A) 17.5 3 –1.9 –94 

ΔREC, mid-latitude zone of the Northern Hemisphere ΔREC, mid-latitude zone of the Southern Hemisphere 

season max hours min hours season max hours min hours 

winter (A) 26.4 3 –8.4 60 winter (N) 12.5 3 –15.7 16 

spring (N) 16.7 3 –7.2 15 spring (N) 19.4 3 –4.7 16 

autumn (N) 21.5 2 –10 35 autumn (N) 21.1 2 –9.5 35 

summer (N) 18.8 2 –9.8 16 summer(A) 32 3 –4 -99 

ΔREC, high-latitude zone of the Northern Hemisphere ΔREC, high-latitude zone of the Southern Hemisphere 

season max hours min hours season max hours min hours 

winter (N) 36.2 1 –10.9 33 winter (V) 6.2 –17 –20.4 15 

spring (N) 13 1 –8.7 17 spring (N) 23.5 2 –14.4 15 

autumn (N) 15.2 1 –17.8 17 autumn (N) 18.6 1 –18.7 19 

summer (V) 9.2 -52 –13.1 7 summer (N) 39.9 1 –9 22 

By a season is meant winter, spring, autumn, and summer in the Northern Hemisphere. The sign after the season indicates the re-

sponse type; hours are the observation time of max. and min. relative to maximum AE. Slightly pronounced extremes are marked in 

italics. 
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day –5 to the beginning of day –1). The greatest positive 

responses are seen in summer (+8÷+9 %) and autumn 

(+6÷+11 %) in the mid- and high-latitude zones of the 

Northern Hemisphere. In the Southern Hemisphere, the 

positive response is less pronounced and does not have 

a distinct seasonal pattern. The greatest negative re-

sponses are observed in the local winter in the mid- and 

high-latitude zones of both hemispheres (–3÷–4 % in 

the mid-latitude zone and –7÷–8 % in the high-latitude 

zone). Of four days of the pre-storm phase, day –2 

stands out, when the most positive and most negative 

responses are recorded in the Northern Hemisphere. In 

the Southern Hemisphere, day –2 is not prominent. 

Figure 2 allows us to estimate after-storm effects by 

analyzing the response behavior during the storm late 

recovery phase (from the beginning of day 2 to the end 

of day 4). In the Southern Hemisphere during the late 

recovery phase, all responses reach approximately zero 

levels, demonstrating the absence of an after-storm ef-

fect. The autumn and spring responses in the Northern 

Hemisphere display similar behavior. The summer re-

sponse in the Northern Hemisphere shifts from negative 

to positive phase during the late recovery phase, which 

means the classic after-storm effect described in [Ra-

tovsky et al., 2018]. The winter response in the Northern 

Hemisphere during the storm late recovery phase varies 

about a negative level (–5 % in the mid-latitude zone 

and –6 % in the high-latitude zone), thereby exhibiting a 

negative after-storm effect. 
 

DISCUSSION 

AND INTERPRETATION  
OF REFERENCE IONOSPHERIC 
RESPONSES 

TO ISOLATED 
MAGNETIC STORMS 

A modification of the statistical approach to study-

ing ionospheric responses to geomagnetic storms, based 

on the use of hourly resolution instead of daily resolu-

tion and AE instead of Dst, has allowed us to obtain the 

following advantages compared to the previously devel-

oped method [Ratovsky et al., 2020]. Previously, the 

time of occurrence of the greatest positive response var-

ied within two days relative to the day corresponding to 

minimum Dst. With the new approach, this time is con-

centrated within 1–4 hrs after maximum AE. The tem-

porary concentration of the positive response led to a 

significant increase in its amplitude: 18 % in the equato-

rial zone, 26–32 % in the mid-latitude zone, and 36–40 

% in the high-latitude zone; previously, they were 8 %, 

14–18 %, and 12–18 %. The seasonal pattern in the 

equatorial zone has become clearer: for unexplained 

reasons, the spring response used to be ~1.5 times high-

er than the responses in other seasons, now the response 

fits into the winter—equinoxes—summer concept. The 

pattern of the after-storm effect has been simplified: 

now the effect is reduced to a positive after-storm effect 

in summer and a negative after-storm effect in winter 

for responses in the Northern Hemisphere. 

The thermospheric storm concept [Mayr et al., 1978; 

Brjunelli, Namgaladze, 1988; Field, Rishbeth, 1997; 

Buonsanto, 1999; Mikhailov, 2000; Mendillo, 2006; 

Prölss, 2008; Ratovsky et al., 2018] suggests that the 

changes in thermospheric neutral composition and neu-

tral wind caused by heating in the high-latitude zone are 

the main factors determining the ionospheric response 

to a geomagnetic storm. Within this concept, negative 

disturbances of the electron density Ne in the high-

latitude zone are expected due to a negative disturbance 

of the atomic oxygen to molecular nitrogen ratio 

n(O)/n(N2). Positive disturbances of Ne are expected in 

the equatorial zone due to a positive disturbance of 

n(O)/n(N2). In the mid-latitude zone, Ne disturbances 

can be both positive and negative, and if there are dis-

turbances of both types the positive disturbance should 

precede the negative one. In the mid-latitude zone, the 

following seasonal dependence of Ne disturbances is 

expected: the strongest negative disturbances in local 

summer and the greatest positive ones in local winter 

with intermediate disturbances during equinoxes. 

The analysis of reference ionospheric responses to iso-

lated magnetic storms carried out in the previous section 

shows that positive responses in the equatorial zone and the 

seasonal pattern of the responses in the mid-latitude zone 

of the Southern Hemisphere fully fit into the thermospheric 

storm concept. There are a number of exceptions to the 

seasonal behavior of responses in the mid-latitude zone of 

the Northern Hemisphere, which were noted in the previ-

ous section as exceptions to the local winter—equinoxes—

local summer concept. The thermospheric storm concept 

does not include positive responses of REC in the high-

latitude zone (the largest among all latitudinal zones). The 

similarity between seasonal response patterns in the mid-

latitude and high-latitude zones of the Southern Hemi-

sphere seems inexplicable. 

The responses of the high-latitude zone show the need 

to take into account the mechanisms of formation of posi-

tive disturbances, which are absent in the thermospheric 

storm concept. Changes in Ne within this pattern primarily 

relate to heights near the F2-layer maximum. As the height 

increases, the effect of changes in the thermospheric neu-

tral composition weakens, and the electron temperature 

effect increases. An increase in the electron temperature 

leads to an increase in the topside scale height (depth), 

which can eventually cause a positive disturbance of TEC 

(which is proportional to the topside scale height) during a 

negative disturbance of Ne near the F2-layer maximum. 

This version is confirmed by the results obtained in 

[Astafyeva et al., 2015; Lei et al., 2015; Liu et al., 2016; 

Klimenko et al., 2017], where it has been shown that the 

responses of the bottomside and topside ionospheres to a 

geomagnetic storm may have the opposite sign. The simi-

larity between the seasonal response patterns in the mid-

latitude and high-latitude zones of the Southern Hemi-

sphere can be explained as follows. In winter conditions, 

the topside background scale height is minimum relative to 

other seasons, and hence the effect of increasing scale 

height leads to the greatest positive disturbance of TEC. In 

summer conditions, the topside background scale height is 

maximum, and the effect of increasing the scale height 
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causes the least positive disturbance of TEC. As a result, 

the local winter—equinoxes—local summer concept is 

realized. 

Comparing the responses in the Northern and South-

ern hemispheres, the following manifestations of hemi-

spheric asymmetry can be identified. During the storm 

early recovery phase, the response is more pronounced 

in the Southern Hemisphere for the mid-latitude and 

high-latitude zones: the amplitude of both positive and 

negative responses is higher in the Southern Hemi-

sphere than in the Northern Hemisphere. Responses in 

the Southern Hemisphere fully fit into the local win-

ter—equinoxes—local summer concept, whereas in the 

Northern Hemisphere there are a number of exceptions. 

During the pre-storm phase in the Southern Hemisphere, 

the positive response is less pronounced and does not 

have a distinct seasonal pattern. There is no after-storm 

effect in the Southern Hemisphere during the late recov-

ery phase. The interhemispheric asymmetry of mid-

latitude ionospheric responses to geomagnetic storms 

was also found by the previously developed method 

[Ratovsky et al., 2020]. Two versions explaining the 

interhemispheric asymmetry have been discussed in 

[Ratovsky et al., 2020]: (1) the interhemispheric asym-

metry of the thermospheric background neutral compo-

sition [Titheridge and Buonsanto, 1988] and (2) the re-

sponses of Ne and thermospheric density are more sensi-

tive to geomagnetic storms in the Southern Hemisphere 

than in the Northern Hemisphere [Ercha et al., 2012]. 

An important addition to the work [Ratovsky et al., 

2020] is that in this study the interhemispheric asym-

metry was found not only in the mid-latitude zone, but 

also in the high-latitude zone. In our opinion, this addi-

tion is an argument for version (2) since version (1) 

provided an interpretation for the mid-latitude zone, 

whereas version (2) dealt with the response in all latitu-

dinal zones. Note that this version does not explain the 

interhemispheric asymmetry in the pre-storm and late 

recovery phases. 

In the previous study, ionospheric responses in the 

pre-storm phase were characterized as a monotonous 

increase in average ΔREC. In this study, of four days of 

the pre-storm phase day –2 stands out when in the 

Northern Hemisphere there are the greatest positive (in 

summer and autumn) and greatest negative (in winter) 

responses, whereas in the Southern Hemisphere day –2 

is not prominent. Day –2 does not reveal itself at all in 

average AE either (see Figure 2). This makes it possible, 

following Burešova, Laštovička [2007], to exclude au-

roral activity expressed through AE as the cause of posi-

tive response. The revealed seasonal dependence (the 

most positive response in summer and autumn) is par-

tially consistent with the results obtained in [Burešova, 

Laštovička 2007], where an increased intensity of pre-

storm positive disturbances of NmF2 was observed in 

summer. Both seasonal dependence and interhemispher-

ic asymmetry allow us to exclude any manifestation of 

solar activity as a cause for a positive response. The 

revealed interhemispheric asymmetry of the response 

behavior in the pre-storm phase adds ambiguity to the 

explanation of ionospheric disturbances during the pre-

storm phase. 

ANALYSIS OF DIFFERENCES 

IN THE IONOSPHERIC RESPONSE 

ON EVENTS, 

IDENTIFIED 

BY THE Dst AND AE INDICES 

It is interesting to analyze the differences in the ion-

ospheric response to geomagnetic events identified by 

Dst and AE. The criterion for a geomagnetic event iden-

tified by Dst was the fulfillment of two conditions: 1) 

Dst(t0) is the lowest Dst on the time interval t0±12 hrs; 

2) Dst(t0)≤–50 nT, where t0 is the time corresponding to 

minimum Dst. According to [Gonzalez et al., 1994; 

1999], events identified by Dst are geomagnetic storms 

in the classical sense. The events identified by the indi-

ces are designated as AE and Dst storms. 

Dst storms can be divided into three groups (Table 2). 

The first consists of isolated Dst storms, which are simul-

taneously isolated AE storms; the second includes isolated 

Dst storms, which are non-isolated AE storms. The third 

group contains isolated Dst storms, which are not AE 

storms (the AE value is below the AE storm threshold). 

Assuming that the ionospheric response is more 

closely related to AE than to Dst, the following differ-

ences can be expected. Storms of the first group do not 

make any difference in responses. Responses to Dst 

storms of the second group are expected to be more 

negative since ionospheric disturbances occur against 

the negative phase of responses to the previous AE 

storm (or storms). Responses to Dst storms of the third 

group are expected to be less pronounced (a decrease in 

the amplitudes of both positive and negative responses) 

due to lower AE during these Dst storms. Note that 

when averaged the effect of storms of the second group 

(an increase in negative response) competes with the 

effect of storms of the third group (a decrease in nega-

tive response). 

The greatest difference between the responses to AE 

and Dst storms was obtained for the high-latitude zone 

of the Southern Hemisphere (Figure 3). It is apparent 

that the responses to summer Dst storms are more nega-

tive (a decrease in the amplitude of the positive re-

sponse and an increase in the amplitude of the negative 

response), while the responses to winter, spring, and 

autumn Dst storms are less pronounced (a decrease in 

the amplitudes of both positive and negative responses). 

This seasonal difference is explained by the fact that 

(see Table 2) the contribution of Dst storms, which are 

non-isolated AE storms, is maximum for the summer 

season (32 %), whereas for other seasons this contribu-

tion is much smaller (9 % for winter and 15 % for 

spring and autumn). For winter, spring, and autumn, the 

contribution of Dst storms, which are not AE storms, 

dominates (AE is below the AE storm threshold). Thus, 

the difference between the responses to AE and Dst 

storms for the high-latitude zone of the Southern Hemi-

sphere accords with the assumption that the ionospheric 

response is more closely related to AE than to Dst.  
A common property of the difference between the re-

sponses to AE and Dst storms for all latitudinal zones is 
that the responses to summer Dst storms are more negative. 
Yet, the fact that the responses to spring and autumn Dst 



Regional electron content responses 

75 

  

Table 2 

AE storms of various types included into the list of isolated Dst storms for different seasons 

Type of AE storm/Season Winter Spring Summer Autumn 

Isolated AE storms 50 % 46 % 55 % 48 % 

Non-isolated AE storms 9 % 15 % 32 % 15 % 

Events that are not AE storms 41 % 39 % 13 % 37 % 

 

 

Figure 3. High-latitude zone of the Southern Hemisphere. Ionospheric responses to Dst storms as a function of time relative to min-

imum Dst (red curves) and to AE storms as a function of time relative to maximum AE (blue curves) 

 

storms are less pronounced is observed only for the 

high-latitude zone of the Southern Hemisphere (for oth-

er zones, the responses are similar). The responses to 

winter Dst storms are also less pronounced for the high-

latitude zone of the Northern Hemisphere and the mid-

latitude zone of the Southern Hemisphere (for the mid-

latitude zone of the Northern Hemisphere and the equa-

torial zone, the responses are similar). This latitudinal 

difference in the comparison of responses to AE and Dst 

storms currently has no explanation and requires further 

research. 

 

CONCLUSION 

The statistical study of responses of the regional 

electron content to geomagnetic events at high, middle, 

and equatorial latitudes by the superposed epoch meth-

od using the AE index has allowed us to obtain the fol-

lowing main results. 

Regional electron content responses can be divided 

into three types: type A (predominantly positive disturb-

ance), type N (disturbance having distinct positive and 

negative phases) and type V (predominantly negative 

disturbance). Positive peaks are largely recorded within 

1–4 hrs after maximum AE. Negative peaks have a wide 

range from 7 to 35 hrs after maximum AE. 

Positive responses in the equatorial zone and the 

seasonal pattern of responses in the mid-latitude zone of 

the Southern Hemisphere fully correspond to the ther-

mospheric storm concept. There are a number of excep-

tions to the seasonal behavior of responses in the mid-

latitude zone of the Northern Hemisphere. Positive re-

sponses in the high-latitude zone do not fit into the 

thermospheric storm concept. 

An increase in the electron temperature, which leads 

to an increase in the topside scale height and a corre-

sponding increase in the total electron content, is pro-

posed as the cause for the positive responses in the high-

latitude zone. The greatest effect is observed under win-

ter conditions when the topside background scale height 

is minimum relative to other seasons. 
Interhemispheric asymmetry of responses reveals it-

self in all geomagnetic storm phases. In the storm early 
recovery phase, the amplitude of both positive and 
negative responses is higher in the Southern Hemi-
sphere than in the Northern Hemisphere. During the 
pre-storm phase in the Southern Hemisphere, the posi-
tive response is less pronounced and does not have a 
distinct seasonal pattern. There is no after-storm effect 
in the Southern Hemisphere during the late recovery 
phase. To explain the interhemispheric asymmetry of the 
responses, a version is proposed that the responses of 
electron and thermospheric densities are more sensitive to 
geomagnetic storms in the Southern Hemisphere than in 
the Northern Hemisphere. The interhemispheric asym-
metry during the pre-storm and late recovery phases cur-
rently has no explanation, even in the form of versions. 

The main factor influencing the difference between 

ionospheric responses to AE and Dst storms is that some 

isolated Dst storms are non-isolated AE storms. The 

influence of this factor depends on the percentage con-

tribution of non-isolated AE storms to isolated Dst 

storms. The maximum contribution (32 %) takes place 

for the summer season, which leads to the fact that for 
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all latitudinal zones responses to summer Dst storms are 

more negative than responses to summer AE storms. 
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