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In this study, we documented the midlatitude F2-layer response to five strong geomagnetic storms with minimum Dst 
< –150 nT that occurred in solar minimum years using hourly values of the F2-layer critical frequency (foF2) from four 
ionosondes located in different hemispheres. The results were very limited, but they illustrated some peculiarities in the 
behavior of the F2-layer storm. During equinox, the characteristic ionospheric disturbance patterns over the Japanese 
station Wakkanai in the Northern Hemisphere and the Australian station Mundaring in the Southern Hemisphere were 
consistent with the well-known scenario by Prölss (1993); however, during a December solstice magnetic storm, both 
stations did not observe any noticeable positive ionospheric disturbances. Over the “near-pole” European ionosonde, clear 
positive ionospheric storms were not observed during the events, but the “far-from-pole” Southern Hemisphere station Port 
Stanley showed prominent enhancements in F2-layer peak electron density in all magnetic storms except one. No event 
produced noticeable nighttime enhancements in foF2 over all four ionosondes. 
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1. INTRODUCTION

Ionospheric disturbances associated with geomagnetic 

storms have been reported as long ago as 1928 (Anderson 

1928). Since then, a large number of papers devoted to 

the morphology, physical mechanisms, and prediction of 

these disturbances have been published. Results of detailed 

investigations into the topic were provided by Rishbeth 

(1991), Prölss (1995), Buonsanto (1999), and Mendillo 

(2006). A magnetic storm-associated increase or decrease in 

the F region peak plasma density (NmF2) is called a positive 

or negative ionospheric storm, respectively. Such F region 

storms have been investigated most extensively at middle 

latitudes. Matsushita (1959) found that the storm-time mid-

latitude F2-layer response commonly showed an increase 

in NmF2 followed by a decrease in NmF2. Storm-induced 

variations in NmF2 depend on the Universal Time (UT), 

Local Time (LT), storm time, storm intensity, geographic 

and magnetic coordinates, season, and solar activity.

The main drivers of ionospheric storms include changes 

in neutral gas composition and neutral winds, which 

originate at auroral latitudes as a result of thermospheric 

heating by storm-time Joule dissipation. Changes in 

composition take the form of a bulge of increased N
2
/

O density ratio that is transported equatorward by winds 

at night and that subsequently rotates into the dayside 

(Fuller-Rowell et al. 1994). The sudden increase in auroral 

heat input generates a package of large-scale gravity waves 

that propagate to low latitudes with a mean velocity of 

~ 600–700 m/s. This wave package is commonly known 

as a Travelling Atmospheric Disturbance (TAD). A TAD 

carries along an equatorward neutral wind with a speed 

of 100–150 m/s. Behind the TAD, a global-scale disturbed 

thermospheric circulation is established. The disturbance 

neutral winds penetrate to middle and low latitudes more 

efficiently in the night sector and at the longitude of the 
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magnetic pole (Fuller-Rowell et al. 1994), and can drive 

ionospheric-disturbance dynamo electric fields at middle 

and low latitudes (Blanc & Richmond 1980). Magnetic 

storm-associated variations in electrodynamic drifts and 

field-aligned plasma fluxes from the plasmasphere can 

also contribute to the ionospheric storms. The different 

ionospheric storm drivers can work together or can compete 

with each other, and their relative importance determines 

the character of the ionospheric storm.

According to the well-known explanation of mid-

latitude F2-layer storm behavior proposed by Prölss (1993), 

daytime positive ionospheric disturbances are caused by 

upward transport of ionization due to equatorward-directed 

winds associated with TADs and subsequent disturbance 

neutral winds. The TADs are responsible for short-duration 

enhancements in NmF2 seen soon after the onset of the 

geomagnetic storm, whereas the large-scale disturbance 

winds produce large-scale positive ionospheric storms of 

long duration. Negative ionospheric storms are attributed to 

changes in the neutral gas composition represented by an 

increase in the N
2
/O density ratio.

Another driver of midlatitude positive ionospheric storms 

may be the electric fields produced by the ionospheric 

disturbance dynamo (Prölss 2006). It is noteworthy 

that positive ionospheric storms have been observed at 

middle latitudes not only during daytime but also during 

nighttime hours (e.g., Tsagouri et al. 2000; Belehaki & 

Tsagouri 2002). The nighttime positive ionospheric storms 

could be attributed to downward plasma fluxes from the 

plasmasphere.

The ionospheric response to large geomagnetic storms 

is of particular interest because they produce drastic 

perturbations in the ionosphere–thermosphere system on 

a global scale (e.g., Batista et al. 1991; Yeh et al. 1994; Kil 

et al. 2003; Mansilla 2004; Kane 2005; Abdu et al. 2007). 

During each intense magnetic storm, the ionosphere 

reveals an individual pattern of disturbances. The storm-

induced ionospheric effects are investigated predominantly 

for solar maximum because most large magnetic storms 

occur in solar maximum. The ionospheric response to a 

strong magnetic storm at solar minimum is less known 

because storms at solar minimum are rare events. In this 

work, we examine the midlatitude F2-layer response to 

the intense geomagnetic storms (minimum Dst < –150 nT) 

that occurred in solar minimum years beginning from 1965 

using the data from four ground-based ionosondes.

2. DATA

We analyzed the hourly values of the F2-layer critical 

frequency foF2 (NmF2 [m-3] = 1.24 × 1010 (foF2 [MHz])2) 

from the four midlatitude ionosondes, the characteristics 

of which are given in Table 1. The average foF2 values on 

geomagnetically quiet days were taken as a quiet-time foF2 

reference. The geomagnetically quiet days were chosen 

in the 15-day interval preceding the day of onset of the 

geomagnetic storm as the days during which none of the 3-h 

Kp indices exceeded 2 or 2+. The Disturbance storm time 

(Dst) and the Auroral Electrojet (AE) indices were used as 

the indicators of geomagnetic activity (Kim & Chang 2014a, 

b).

We considered the events of intense geomagnetic storms 

with minimum Dst < –150 nT that occurred in the solar 

minimum years of 1965–2009, except for the severe storm 

of 6 February 1986 (the ionospheric response to this storm 

was studied previously by Cander & Mihajlovic (1998)). The 

hourly values of the Dst and AE indices were obtained from 

the GSFC/SPDF OMNIWeb interface at http://omniweb.

gsfc.nasa.gov. 

3. RESULTS 

From top to bottom, the panels in Fig. 1 show the 

variations in the hourly values of the Dst index, the AE 

index, and the critical frequency foF2 for the four stations 

from 17 to 22 April 1965. The discontinuities in the curves 

for foF2 are because of an absence of the corresponding 

data. The vertical line indicates the time of the minimum 

Dst. The foF2 data recorded on 2, 3, 8, 11, 14, 15, and 16 

April (none of the 3-h Kp indices exceeded 2 on these days) 

were selected to compute the quiet-time references (thin 

lines). The monthly mean F10.7 solar flux for April 1965 

was 72.4. The relative deviations DfoF2 (%) in the foF2 

parameter from its respective quiet values versus time for 

each station are shown in Fig. 2 along with the Dst and AE 

indices in the same format used in Fig. 1. The main phase 

of the magnetic storm began at ~0200 UT on 18 April, and 

about 6 hr later at ~0800 UT, Dst reached its minimum value 

of –162 nT. The AE index began to intensify at ~0200 UT and 

Table 1. List of ionospheric stations. The letters “n” and “f” designate longitudes 
“near to” and “far from” the longitudes of the magnetic poles, respectively

Station 
 Geographic Lat  

(°N)
Geographic Long 

(°E)
Geomagnetic Lat 

(°N)
Wakkanai 45.2 141.4 (f ) 35.6

Mundaring -32.0 116.2 (n) -43.5
Slough 51.5 359.4 (n) 54.2

Port 
Stanley 

-51.7 302.2 (f ) -40.6
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reached a peak at ~0600 UT.

The ionospheric response to the magnetic storm 

demonstrated both positive and negative perturbations 

in foF2. The prominent feature in storm-time ionospheric 

behavior at Wakkanai and Mundaring is the significant 

enhancement of foF2 during almost the entire daytime of 

18 April. The peak percentage positive deviations in foF2 

at the two stations are ~80%, i.e., NmF2 rose by a factor of 

more than 3. This feature clearly indicates a dominant role 

of the equatorward meridional neutral wind triggered by 

storm intensification of auroral activity. On the following 

day (19 April), however, ionospheric behavior at Wakkanai 

and Mundaring was different. While daytime foF2 over 

Wakkanai exhibited marked depression, perturbation in 

foF2 over Mundaring was small. During 20 and 21 April, 

daytime foF2 decreased over Wakkanai but showed 

no noticeable deviation over Mundaring. The daytime 

negative storm effect in foF2 over Wakkanai on 19 April 

can be explained by a prevailing effect of thermospheric 

composition perturbation, characterized by an increase in 

the N
2
/O density ratio.

Over the European station of Slough, after the negative 

perturbation in foF2 during the daytime and nighttime 

hours of 18 April, foF2 showed positive disturbance during 

the daytime of 19 April, which could be attributed to 

enhancement of the equatorward meridional wind due to 

changes in the large-scale wind system. The foF2 returned 

to its quiet-time level after ~2100 LT on 19 April.

Over Port Stanley, the negative perturbation in foF2 

started during the night of 18 April at ~2300 LT, when the 

main phase of the magnetic storm was in progress. This 

negative phase in foF2 persisted until ~0800 LT on 20 April. 

The percentage decrease in foF2 was most pronounced 

during the daytime hours of 19 April, when it reached ~60% 

(NmF2 reduced by a factor of more than 6). The observed 

behavior of foF2 indicates that neutral gas with increased 

Fig. 2.  From top to bottom: hourly variations of the Dst index, the auroral 
activity AE index, and the relative deviation DfoF2 (%) in the critical frequency 
foF2 from its quiet-time reference value at the four stations (Wakkanai, 
Mundaring, Slough, and Port Stanley) over the period of 17–22 April 1965. 
The vertical line indicates the time of the minimum Dst. The horizontal black 
bars designate nighttime intervals for each of the stations.

Fig. 1.  From top to bottom: hourly variations of the Dst index, the auroral 
activity AE index, and the critical frequency foF2 at the four stations (Wakkanai, 
Mundaring, Slough, and Port Stanley) over the period of 17–22 April 1965. In 
the four bottom panels, thick lines show the day-to-day foF2 values and thin 
lines represent the foF2 values used as a quiet-time reference. The vertical line 
indicates the time of the minimum Dst. The horizontal black bars designate 
nighttime intervals for each of the stations.
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N
2
/O density ratio played a dominant role in the foF2 

disturbance over Port Stanley. 

Figs. 3 and 4 show the same parameters as in Figs. 1 and 

2, except for the AE index data, which were not available, 

for 10 to 14 January 1976. The foF2 reference days are 2, 3, 

and 9 January (none of the 3-h Kp indices exceeded 2 on 

these days). The monthly mean F10.7 was 72.3. As estimated 

from the Dst values, the magnetic storm began on 10 

January with a Dst minimum of ~ –156 nT at ~2300 UT. This 

corresponds to solstice conditions, whereas all other cases 

under consideration correspond to equinox conditions.  

In the winter (northern) hemisphere, the magnetic storm 

produced minor disturbances in foF2 over Wakkanai and 

moderate negative disturbances over Slough, where they 

persisted during nighttime hours from 11–14 January. 

These negative disturbances in foF2 over Slough seen only 

at nighttime are not easy to explain by neutral composition 

change. They can probably be attributed to the storm 

modifications in the ionospheric dynamics.      

In the summer (southern) hemisphere, a prominent 

negative phase in daytime foF2 set in over Mundaring on 11 

January, soon after the negative Dst peak; the negative phase 

rotated into the nightside and was then seen during the 

daytime hours of the next two days. This is a clear indication 

of an increase in the N
2
/O density ratio. Over Port Stanley, 

a very strong increase in foF2 (peak percentage deviation in 

foF2 of ~110%) was observed in the late afternoon sector on 

10 January during the main phase of the magnetic storm. 

This feature can be explained readily by the TAD effect. 

Starting at ~0700 LT on 11 January, a negative storm effect in 

foF2 persisted until ~1400 LT on 13 January during daytime 

and nighttime hours. This long-lasting depression in foF2 

may imply that the neutral atmosphere bulge with increased 

N
2
/O density ratio persisted for more than two days over 

Port Stanley.

Figs. 5 and 6 present the same parameters as in Figs. 3 and 

4, but for the interval of 25 March to 5 April 1976, which had 

two magnetic storms. During the first storm, the Dst index 

showed two consecutive negative peaks of –226 and –204 nT 

at ~0800 and ~1500 UT on 26 March 1976, respectively. In 

the next magnetic storm, the Dst index reached a minimum 

value of –218 nT at ~0800 UT on 1 April. The days of 22 and 

24–25 March were taken as the foF2 reference days (none of 

the 3-h Kp indices exceeded 2+). The monthly mean F10.7 

values for March and April were 75.9 and 76.8, respectively. 

This case allows us to examine whether the storm response 

variations in foF2 could be reproduced as the storms have 

similar characteristics and occurred one after the other in 

close proximity.

As can be seen in Figs. 5 and 6, the main features 

of disturbance in foF2 over Wakkanai and Mundaring 

are similar during the two storms. Both storms caused 

Fig. 3.  Same as Fig. 1 (except for the AE index data, which were not 
available), but for the interval of 10–14 January 1976.

Fig. 4.  Same as Fig. 2 (except for the AE index data, which were not 
available), but for the interval of 10–14 January 1976.
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practically simultaneous positive disturbances in daytime 

foF2 over the stations during the main phase of the storm, 

followed by negative deviations in foF2. 

Over Slough, the foF2 shows predominantly negative 

deviations and no TAD effects are observed. At the same 

time, a clear TAD effect is seen in the daytime ionosphere 

over Port Stanley, soon after the second negative Dst peak 

of the first storm when the critical frequency foF2 increased 

by up to ~120%. In contrast, the second storm caused only 

a negative disturbance in foF2 over Port Stanley from ~2000 

LT of 1 April to ~0800 LT of 2 April. The prominent daytime 

increase in foF2 on 3 April was likely associated with TAD 

generated by intensification of auroral activity during 

multiple small negative deviations in the Dst index on 3 

Fig. 5.  Same as Fig. 3, but for the interval of 25 March to 5 April 1976.

Fig. 6.  Same as Fig. 4, but for the interval of 25 March to 5 April 1976.
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April. Thus, the storm response behavior of the F2 layer for 

these similar magnetic storms could be reproduced over 

Wakkanai and Mundaring but not over Slough and Port 

Stanley.

Figs. 7 and 8 present diurnal variations of the same 

parameters shown in Figs. 1 and 2 but for the interval of 11–

16 September 1986, which included a magnetic storm with 

a minimum Dst of –170 nT at ~0600 UT on 12 September 

1986. The days of 7, 8, and 10 September were taken as the 

foF2 reference days (none of the 3-h Kp indices exceeded 2). 

The monthly mean F10.7 for September was 69.4.

Wakkanai and Mundaring showed nearly synchronous 

large enhancements in foF2 during the daytime hours of 

12 September. The positive percentage deviation in foF2 

over Wakkanai exceeded 120%. This positive effect was the 

main storm response feature in foF2 over these stations. It 

was most likely caused by intensification in the AE index 

associated with the main storm phase.

Over Slough, the storm produced a long-lasting negative 

ionospheric disturbance. This disturbance means that the 

storm-associated increase in the N
2
/O density ratio was 

dominant in the foF2 storm response over Slough. The most 

prominent depression in foF2 occurred during the daytime 

hours of 12 September. In contrast, on the same day, Port 

Stanley showed significant enhancement in daytime values 

of foF2 without subsequent negative disturbance in foF2. 

This behavior of foF2 can be explained by an increase in the 

equatorward neutral wind velocity caused by storm-time 

intensification of auroral activity. 

4. CONCLUSION AND DISCUSSION

We examined midlatitude F2-layer storm behavior during 

solar minimum as observed by two pairs of ionosondes 

in different hemispheres during five intense geomagnetic 

storms (with minimum Dst < –150 nT). Note that such 

strong storms occur very rarely in solar minimum years. 

There were only six in the period of 1965–2009. The 

results were very fragmentary, but they clearly illustrated 

a complex ionospheric response to the magnetic storms. 

During equinox, the Northern Hemisphere Japanese station 

Wakkanai and the Southern Hemisphere Australian station 

Mundaring showed similar storm responses in foF2, which 

Fig. 7.  Same as Fig. 1, but for the interval of 11–16 September 1986. Fig. 8.  Same as Fig. 2, but for the interval of 11–16 September 1986.
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were prominent positive disturbances in daytime foF2 as 

the first phase followed by negative disturbances in foF2 

(except for one case over Mundaring) as the next phase. 

This corresponds to the widely known scenario presented 

by Prölss (1993), which is based on the assumptions that the 

dayside enhancements in midlatitude NmF2 soon after the 

storm-time intensification in auroral activity are attributable 

to TADs, whereas the subsequent depressions in NmF2 

are caused by the changes in the neutral atmosphere 

composition. During the December solstice magnetic storm, 

no noticeable positive disturbances in foF2 were seen at 

Wakkanai and Mundaring.

The European station Slough is at “near-pole” longitude, 

but it did not show any clear TAD effects in foF2 during 

any event, i.e., TADs never dominated in the storm-time 

F2-layer disturbances over Slough, which were mainly 

negative. However, according to Cander & Mihajlovic (1998), 

the severe magnetic storm of 6 February 1986 produced a 

prominent TAD effect in foF2 over Slough. In contrast, the 

Southern Hemisphere “far-from-pole” station Port Stanley 

detected clear TAD effects in all storms except the second 

storm in the period of 25 March to 5 April 1976.

The gross features of the foF2 responses to two very 

similar consecutive magnetic storms in March and April 

1986 were reproduced over Wakkanai and Mundaring 

but not over Slough and Mundaring. Belehaki & Tsagouri 

(2002) reported nighttime enhancements in foF2 at middle 

latitudes associated with strong geomagnetic storms that 

occurred during solar maximum, but no such effects were 

observed in our cases over all four stations.
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