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Abstract –The variations of the hourly observations of the critical frequency foF2, recorded at the
Ionospheric Observatory of Rome by the AIS-INGV ionosonde (geographic coordinates 41.82� N,
12.51� E; geomagnetic coordinates 41.69� N, 93.97� E) during the low activity periods at the turn of solar
cycles 21–22, 22–23 and 23–24, are investigated. Deviations of foF2 greater than ± 15% with respect to a
background level, and with a minimum duration of 3 h, are here considered anomalous. The dependence of
these foF2 anomalies on geomagnetic activity has been accurately investigated. Particular attention has
been paid to the last deep solar minimum 2007–2009, in comparison with the previous solar cycle minima.
The lack of day-time anomalous negative variations in the critical frequency of the F2 layer, is one of the
main findings of this work. Moreover, the analysis of the observed foF2 anomalies confirms the existence
of two types of positive F2 layer disturbances, characterised by different morphologies and, different
underlying physical processes. A detailed analysis of four specific cases allows the definition of possible
scenarios for the explanation of the mechanisms behind the generation of the foF2 anomalies.
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1 Introduction

The response of the Earth’s ionosphere to geomagnetic
storms is an integral part of Space Weather. The related features
appear at different ionospheric altitudes depending on the ori-
gin, morphology and evolution of the actual geomagnetic storm
(Essex, 1979; Fuller-Rowell et al., 1994; Danilov & Lastovicka,
2001; Rodger et al., 1989). From a space weather perspective,
the associated effects regard, in general, either the mid-latitude
ionosphere (in particular, the F2 or the F1–E region) or the low
latitude ionosphere (Huang et al., 2005; Bremer et al., 2009).
Monitoring and forecasting of space weather effects in the iono-
sphere has as necessary requisites the in depth understanding of
the coupling mechanisms appearing during a geomagnetic
storm and the related dynamics (e.g. event evolution and time
scale). The current paper is focused on the study of F2 layer
disturbances, including ionospheric storms, which are strong
manifestations of space weather. The response of the F2 region
to a geomagnetic storm depends on the onset time of the latter,
season, solar activity and latitude (Basu et al., 1975; Prölss,
1995, Buonsanto, 1999; Alfonsi et al., 2001; Kil et al., 2003;

Danilov, 2013). A morphology of the disturbed F2 layer is con-
sidered in terms of negative and positive phases, which means a
decrease or an enhancement of the maximum electron concen-
tration in the F2 layer, with respect to a background value. The
different phases of foF2 disturbances, are produced by physical
mechanisms directly related to global thermospheric circulation,
neutral composition and temperature, electric fields, and
plasmaspheric flux changes (Rishbeth, 1991; Prölss, 1995).
Generally speaking, the number of positive storms effects is
expected to be greater in winter months and equinoxes, with
a minimum in the summer season. An opposite behaviour is
observed for negative storms effects (Obayashi, 1964; Zevakina,
1971; Matuura, 1972; Mendillo & Klobuchar, 1975; Wrenn
et al., 1987; Mikhailov & Perrone, 2014). Morphological
studies suggest that positive storms effects occur in any local
time (LT) sector, while negative storms effects are more
frequently detected in the post-midnight/early-morning LT sec-
tor (e.g. Tsagouri & Belehaki, 2008, Mikhailov et al., 2012).
This because the energy input at high latitudes can produce
changes in thermospheric wind composition, resulting in signif-
icant variations of the ionospheric electron density (Mikhailov
& Perrone, 2009). Day-time positive storms effects are typically
associated with weak or moderate geomagnetic disturbances*Corresponding author: alessandro.ippolito@est.asi.it
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(Zevakina & Kiseleva, 1978; David & Sojka, 2010), which may
be related to an increasing of auroral activity. Nevertheless, day-
time strong positive variations in the ionospheric electron den-
sity, may also occur under quiet geomagnetic conditions
(Mikhailov et al., 2004, 2007). The main cause of mid-latitude
day-time positive variation in the foF2, are equatorward winds
associated with Travelling Atmospheric Disturbances (TAD)
(Bauske and Prölss, 1997, 1998). Such disturbances induce
changes in global thermospheric circulation, increasing of O/
N2 ratio and electric field penetration (Evans, 1973; Prölss
1991, 1995; Mikhailov et al., 1995; Lu et al., 2008; Paznukhov
et al., 2009; Balan et al., 2010). Night-time positive enhance-
ments in the critical frequency of the F2 layer may be related
to plasma influx from the plasmasphere into the night-side F2
region. For low latitude ionospheric stations, it has been pro-
posed that the night-time foF2 positive variations, are most likely
due to poleward extension of the equatorial ionization anomaly
(Rishbeth et al., 2010). However, this is not the case for mid lat-
itudes ionospheric stations, such as the Ionospheric Observatory
of Rome, where the increasing in the foF2 observed during
night-time, could be the result of plasmaspheric plasma influx,
probably due to an electric field originated in the magnetosphere,
that drives the plasma from the higher shell to the lower shell.
Zevakina & Kiseleva (1978) revealed two different types of pos-
itive ionospheric storms: Type I is referred to those disturbances
followed by quiet ionospheric conditions. Positive disturbances
of Type II are followed by a negative phase in the foF2 trend,
in this case, the positive and the negative phase constitute
different part of a single Type II storm. This classification is of
significant importance in the context of space weather since
the related types of disturbances generated by different mecha-
nisms, determine a different impact on the ionosphere. In gen-
eral, the investigation of the mid-latitude ionosphere is
complex. This is due to the numerous comparable processes
taking place during geomagnetic storms; photo-production,
chemical loss, transport by thermal expansion, neutral winds,
waves, tides and electric fields of internal and external origin
are some of the ongoing ionospheric processes (Mendillo &
Narvaez, 2009). The ionospheric storm effects resulting from a
geomagnetic storm, differ considerably from storm to storm
(Danilov, 2013) hence, in the context of future space weather
applications of forecasting and nowcasting, knowledge on the
both past-events and related underlying processes becomes par-
ticularly important. In this view, in the current paper we aim:

� to conduct a statistical analysis of ionospheric anomalies
observed by the Rome ionosonde during years of low
solar activity, considering the last three solar cycles;

� to examine the differences between the deep solar
minimum 2007–2009, with respect to the minima of the
previous two solar cycles;

� to provide a morphological analysis of positive and
negative storm effects observed at mid latitude;

� to investigate Type I and Type II disturbances cases,
describing the possible physical mechanisms.

Our results, presented in Sections 3 and 4, can find several
applications in the field of Space Weather. First, they provide
important scientific information (e.g. foF2 trend, TEC evolu-
tion) for understanding the physical mechanisms underlying
ionospheric storms which, subsequently, allow the definition

of more accurate models of space weather monitoring. Second,
they can be further used either as a feedback for the improve-
ment of current space weather monitoring models or as test
cases for existing codes for the identification and forecasting
of ionospheric parameters (see for example, Stanisławska &
Zbyszynski, 2001; Grozov et al., 2018).

2 Materials and method

A characterization of mid latitude ionospheric disturbances
is presented, considering the frequency foF2, following the
preliminary study conducted by Ippolito (2019). Manually
scaled validated data of foF2, coming from vertical ionograms
recorded by the AIS-INGV ionosonde, at the Ionospheric
Observatory of Rome (Latitude 41.8 N, Longitude 012.5 E),
have been studied, for the years 1985, 1986, 1987, 1995,
1996, 1997, 2007, 2008 and 2009. These data have been
acquired on the INGV-eSWua web portal (http://www.eswua.
ingv.it), where automatically scaled ionospheric parameters,
are also available for downloading (Scotto & Pezzopane,
2002; Cesaroni et al., 2013; Ippolito et al., 2015, 2016, 2018).
In the purpose to spot any possible anomaly in the critical
frequency of the F2 layer, we computed a background value,
considering a 27-days running median for the foF2 (Kutiev &
Muhtarov, 2001). The deviations df of foF2 hourly values from
the background, is the parameter we used to define the occur-
rence of an anomaly in the frequency foF2.

df ¼ fðhourlyÞ � fðbackgroundÞ
fðbackgroundÞ

:

The variation in percentage is obtained multiplying df by a fac-
tor 100. Variations characterised by percentage of df � 15%,
were here considered as anomalies (Mikhailov et al., 2012).
For each one of the identified foF2 anomalies, the study of
the related geomagnetic conditions considering the ap geomag-
netic index and the AE auroral electrojet index, provided a char-
acterization of the observed ionospheric disturbances. The
mentioned geomagnetic indices have been selected because of
their capability to define quiet and disturbed periods, in associ-
ation with the observed ionospheric strong variations (Perrone
& De Franceschi, 1998). The 3-h ap values recorded in the
24 h preceding the detected anomaly, have been taken into
account. We considered the class of the maximum value among
the 8 ap values corresponding to the considered 24 h. A classi-
fication of the foF2 anomalies has been provided, according to
the level of disturbances in the geomagnetic field, from G0 to
G5, defined for the ap index by the National Oceanic and Atmo-
spheric Administration (NOAA) (ftp://ftp.ngdc.noaa.gov/STP/
GEOMAGNETIC_DATA/INDICES/KP_AP). The classifica-
tion levels for the geomagnetic disturbances, go from “quiet
conditions”, described by ap within 0 and 32, which
corresponds to the G0 class, to “extreme storm conditions”,
where ap reaches value 400 and it is classified in the G5 class.

3 Data analysis and results

All the foF2 anomalies have been catalogued according to
the geomagnetic activity level as defined by the classes of the
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ap index. For the anomalies observed during quiet geomagnetic
activity (G0 level), the auroral electrojet index AE, has also been
studied. The AE values, for a window of 6 h before the occur-
rence of the detected anomaly, has been taken into account, in
order to consider also the possible neutral winds effect on the
ionospheric layers (Prölss, 1993; Buonsanto & Witasse,
1999). Indeed, Joule heating, produced by the convection elec-
tric field and energetic particles precipitation, contributes to
increase the thermosphere temperature at high latitudes. This
induces an intensification of the equatorward winds and the
formation of Travelling Atmospheric Disturbances (TAD),
which, moving toward low latitudes, are responsible of strong
perturbations of the ionospheric F2 layer at mid latitudes.
Quiet auroral electrojet activity are typically characterised by

AE values lower than 100 nT. In this work we defined an addi-
tional geomagnetic quiet condition, characterized by an ap index
ranging in the 0–32 range and an AE index lower than 100 nT.
Three-hour ap data are provided by NOAA, and are free
for download at the web page ftp://ftp.ngdc.noaa.gov/STP/
GEOMAGNETIC_DATA/INDICES/KP_AP. The hourly AE
index data are retrieved through the Kyoto AE index service
at the web page http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html.
During the years of minimum solar activity, at the turn of solar
cycles 21–22, 22–23, 23–24, a total number of 1040 anomalies
of the critical frequency of the F2 layer have been identified.
In Table 1 we report, for each analysed year, the total number
of the observed foF2 anomalies (with a duration of at least of
1 h) together with the corresponding yearly average values of

Table 1. Number of foF2 anomalies, with duration greater than 3 h, classified with respect to the corresponding geomagnetic activity level,
together with the yearly values of the F10.7 solar index, the ap geomagnetic index and the number of foF2 anomalies with a minimum duration
of 1 h.

Year Geomagnetic
conditions

No. of foF2 anomalies
with a duration
greater than 3 h

Yearly mean value
of solar index F10.7

Yearly mean value
of ap index

Yearly number
of foF2 anomalies with

a minimum duration of 1 h

1985 QUIET 3 74.9 13.7 155
G0 AE > 100 nT 51
G1 10
G2 13
G3 4

1986 QUIET 4 73.8 12.5 143
G0 AE > 100 nT 43
G1 10
G2 3
G3 1
G4 1
G5 1

1987 QUIET 10 86.2 10.9 146
G0 AE > 100 nT 42
G1 12
G2 6

1995 QUIET 5 76.9 12.6 120
G0 AE > 100 nT 12
G1 14
G2 5
G4 1

1996 QUIET 5 71.9 9.3 107
G0 AE > 100 nT 40
G1 5
G2 1

1997 QUIET 3 81.6 8.4 101
G0 AE > 100 nT 29
G1 3
G2 2
G3 4

2007 QUIET 18 73.1 7.5 108
G0 AE > 100 nT 26
G1 8
G2 1

2008 QUIET 12 68.7 6.9 77
G0 AE > 100 nT 22
G1 3
G2 1

2009 QUIET 31 70.8 3.9 83
G0 AE > 100 nT 15
G1 1
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the solar index F10.7 and the geomagnetic index ap, computed
as a mean of the monthly values of the two indexes. Hourly
values of the solar index F10.7 have been used, provided by
Space Physics Data Facility (SPDF) of the NASA Goddard
Space Flight Center, through the Omniweb data explorer service
(https://omniweb.gsfc.nasa.gov/form/dx1.html).

Figure 1 presents the total number of positive and negative
foF2 anomalies observed per year. Since solar cycle minima are
considered in this work, no particularly high solar flux F10.7 is
observed, although, looking at the yearly mean values reported
in Table 1 and plotted in Figure 2a, it can be seen an agreement
between the total number of the observed foF2 anomalies, with
a minimum duration of 1 h reported in Figure 1, and the inten-
sity of the solar flux. Indeed, the greater number of anomalies
are observed during the years 1985–1987, characterised by a
more intense solar flux, compared with the other analysed years,
while the lowest number of foF2 anomalies is observed during
the minimum of 2007–2009, where the lowest solar flux is
recorded.

The same agreement seems to be clear between the number
of foF2 anomalies, with a minimum duration of 1 h, and the
geomagnetic conditions, described by the yearly mean values
of ap index reported in Table 1 and Figure 2b. Our results con-
firm that the occurrence of the foF2 anomalies depends on both
the solar and the geomagnetic activity. Indeed, the minimum
number of foF2 anomalies is recorded in 2008 and 2009. The
lowest occurrence of anomalies is observed in 2008, when the
yearly F10.7 value is minimum and the ap index has low values.
Besides, the greatest number of ionospheric anomalies, are
observed in 1985, when the yearly mean value of ap index
reaches its maximum for the analysed years, equal to 13.7.
The 1985–1987 solar minimum is characterised by more intense
solar and geomagnetic activities with respect to the other
minima studied in this work. Indeed, the number of foF2
anomalies found for the 1985–1987 periods is greater than the
number of anomalies observed during the other solar cycle
minima. Instead, in the last analysed minimum, 2007–2009,
the observed number of foF2 anomalies is relatively low,
whereas at the same time the number of the positive anomalies
is considerably larger than the number of negative ones.
According to the data presented in Table 1, we argue that this
remarkable situation is directly connected to the low solar and

geomagnetic activity, as confirmed also by the results showed
by Buresova et al. (2014). In the following we mainly focused
our attention on disturbances in the critical frequency of the F2
layer, that last for at least 3 h, and so considered as ionospheric
perturbations. In Table 1 we report, for each analysed year, the
number of foF2 anomalies, with a duration greater than 3 h,
classified with respect to the corresponding geomagnetic
activity level. In the panels of Figure 3, we report the percent-
ages of anomalies in relation with the geomagnetic conditions,
for the year of solar minimum analysed. The percentage is
computed considering, for the whole year, the total number of
days characterised by that particular geomagnetic level. The
total number of positive and negative anomalies, respectively
in red and blue in Figure 3, occurred during the analysed
year, and observed during a particular geomagnetic condition,
has been divided for the number of days, for which that
geomagnetic condition, was recorded in the year taken into
account.

The minima at the turn of solar cycles of 21–22 and the
22–23, are characterised by a comparable number of iono-
spheric anomalies detected during Quiet conditions. Looking
at the anomalies percentages in Figure 3, we note that the iono-
spheric anomalies percentages increase in 1987, 1995 and 1996.
This is because, in these years, we found less data related to
geomagnetic condition ap = G0 and AE < 100 nT. The anoma-
lies found in the years 1985, 1986, 1987, 1995, 1997 in level
G1 and level G2, are comparable in number and percentage, this
reflects the disturbed geomagnetic conditions observed during
these years, mostly characterised by ap = G1 and ap = G2. Con-
cerning the years at the turn of solar cycles 23–24, we found a
greater number of foF2 anomalies observed during quiet geo-
magnetic conditions, with respect to the previous years, this is
probably due to the higher number of days characterised by
geomagnetic condition ap = G0 and AE < 100 nT. Indeed,
because of the deep solar minimum recorded at the turn of solar
cycles 23–24, the geomagnetic activity as described by the ap
index, reaches at most the G2 level. In Table 2, for each anal-
ysed year, is reported the percentage of positive and negative
foF2 anomalies, with a duration of at least 3 h, computed over
the total number of the foF2 anomalies observed during night-
time hours and day-time hours, respectively.

In this work, we consider November, December, January
and February as winter season; March, April, September and
October as equinox season; May, June, July and August as
summer season. It can be seen that negative disturbances are
more often observed during night-time, and during summer
months and equinoxes. On the other hand, in the same periods
of the year, positive disturbances are detected especially during
day-time. For day-time we consider the hours within 08:00
and 14:00 LT, while hours within 22:00 and 03:00 LT are
considered night-time hours.

When studying the deep solar minimum of 2007–2009,
because of a very low solar and geomagnetic activity, the
percentage of negative disturbances during daytime is zero.

4 Analysis of foF2 storm case studies

Among the foF2 anomalies observed by the Rome iono-
spheric station, during the last three solar cycle minima, we

Fig. 1. Total number of positive and negative foF2 anomalies, with a
minimum duration of 1 h, observed per year at the Rome
observatory.
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investigated the occurrence of strong ionospheric perturbations.
In this paper, the strong positive enhancements in the critical
frequency of the F2 layer are considered as Type I ionospheric
storm, whenever the deviation of the foF2 hourly value with
respect to the 27 days running median, is greater than 20%, with
a persistence of at least 6 h, followed by quiet foF2 conditions.
A strong positive variation, with a persistence of at least 3 h,
preceding a deep decreasing of the foF2 (< �22% with respect
to the 27 days running median), is here considered as Type II
ionospheric storm. In Table 3, we report the percentage of
Type I and Type II ionospheric storms, related to enhanced geo-
magnetic activity, and observed during the low solar activity

periods at the turn of solar cycles 21–22, 22–23 and 23–24.
The percentages have been computed over the total number
of foF2 anomalies observed per year.

Table 3 shows that the maximum percentage of Type I
ionospheric storms is recorded in 1995 while the minimum
percentage is found in 1986. Concerning Type II disturbances,
the maximum percentage is found in 1986 due to the higher
geomagnetic activity. For the case studies here presented,
manually scaled foF2 hourly values, provided by Juliusruh
ionospheric station, have also been considered. Such data are
provided by the Australian Space Weather Services data archive
(http://www.sws.bom.gov.au/World_Data_Centre/1/3). Besides,

Fig. 3. In the panels are reported the percentages of both positive and negative foF2 anomalies, for the analysed years of the turn of solar cycles
21–22, 22–23 and 23–24.

Fig. 2. In panel (a) is reported the yearly average value of the solar flux F10.7, for the considered years of minimum of cycles 21, 22 and 23.
Panel (b) shows yearly average value of ap index, for the same years.
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hourly values of IMF magnitude, and IMF Bz component,
retrieved from the NASA Omniweb database (https://
omniweb.gsfc.nasa.gov/form/dx1.html), have been analysed
for each presented ionospheric storm.

4.1 The 13th July 1985 Type II ionospheric storm

A strong Type II foF2 storm has been observed by the
AIS-INGV ionosonde of the Ionospheric Observatory of Rome
on 13th July 1985 starting at 13 UT (14 LT). For the analysed
period strong disturbances in the geomagnetic field are
recorded, as reported in Figure 4b. Indeed, the high values of
the ap index, classified in the G3 category of geomagnetic dis-
turbances, together with the decreasing in the Dst index,
describe very perturbed geomagnetic conditions, especially the

day before the considered ionospheric storm. The variation of
the hourly values of the critical frequency foF2 (red line) with
respect to the background (green line) is presented in Figure 5b.
We note that the initial phase of the strong ionospheric distur-
bance, characterised by a strong enhancement in the foF2, is
followed by a remarkable decreasing of the ionospheric param-
eter foF2. The same trend is clearly visible in Figure 5a, where
foF2 data recorded at the Juliusruh ionospheric station (54.6� N,
13.4� E) are reported. The lower panel of the same figure
represents the percentage variation of the foF2 observed by
the two ionospheric stations, with respect to the background
values. The splash of auroral activity is evident in the AE data
which have values up to 1000 nT on 12 and 13 July 1985
(DoY192–193), as can be seen from Figure 4a; coherently to
this situation, TAD are expected to be produced. A further
analysis of the solar activity in the days preceding the storm,
shows an increase in the solar flux F10.7 index, as reported in
Figure 4a, therefore, we conclude that conditions of more
intense solar activity were present the day before the observed
ionospheric storm. Furthermore, values for IMF-B magnitude
exceeding 13 nT and a long lasting southward turning of Bz
are observed for the analysed period. Such variations are typi-
cally related to geomagnetic storm occurrence (Tsurutani &
Gonzalez, 1995), which, in this case, directly induce the strong
variations in the critical frequency of the F2 region recorded.
The TAD, induced by the strong auroral activity, first arrives
at Juliusruh latitude, where the positive phase of the storm is
recorded starting from 11 UT; then it is observed at the
Ionospheric observatory of Rome, with a delay of a couple of
hours. The blue vertical lines in the plots of panels a) and b)
of Figure 5, represent the onset of the strong positive phase
of the ionospheric storm recorded in the two observatories. In
both the ionospheric stations, a negative phase of the storm is
observed on 14th July (DoY 194), characterised by a sensitive
decreasing in the foF2 values, which last for many hours
(almost all day). After the negative phase, a recovery phase
starts from the first hours of 15th July (DoY 195).

4.2 The 7 November 1997 Type II ionospheric storm.

From the Dst values plotted in Figure 6b, it can be seen a per-
turbed geomagnetic condition, which persists for several days.
This evident geomagnetic activity is probably the cause of differ-
ent ionospheric disturbances which, following one another, are
recorded from the two ionospheric stations. Instead of a single
storm event, we can see in this case a “train” of ionospheric dis-
turbances, with a peak in the strong ionospheric storm recorded
7th November 1997. Such long-last ionospheric disturbed condi-
tions can be considered as an example of mixed ionospheric
response: effects of different types are taking place successively
for the same location. A strong positive phase, with a duration
greater than 3 h, of a type II ionospheric storm, has been detected
by the AIS-INGV ionosonde of the Ionospheric Observatory of
Rome, starting on 7th November 1997 (DoY 311). In Figure 7 is
reported the enhancement of measured foF2, expressed by its
deviation from the background level, measured both by Juliusruh
and Rome ionospheric observatories. As showed in Figure 7c, an
increasing greater than 50% is observed during the first phase of
the storm. Looking at the auroral electrojet index AE, it can be
clearly seen an increasing in the auroral activity starting from
the 6th November 1997 (DoY 310), characterised by AE up to

Table 2. Percentages of positive and negative foF2 anomalies, with a
minimum duration of 3 h, observed by the Rome ionospheric station,
computed over the total number of foF2 anomalies observed during
night-time hours and day-time hours respectively.

Positive foF2
anomalies (%)

Negative foF2
anomalies (%)

Winter Equinox Summer Winter Equinox Summer

1985 Night-time 15.5 11.2 24.4 24.4 11.2 13.3
Day-time 13.5 27.0 32.4 8.1 8.1 10.9

1986 Night-time 8.6 14.9 19.1 17.1 12.7 27.6
Day-time 17.6 11.7 52.9 11.7 5.9 0.0

1987 Night-time 20.9 18.7 32.5 2.4 6.9 18.6
Day-time 25.9 25.9 29.6 7.4 3.8 7.4

1995 Night-time 7.4 3.7 14.8 11.2 29.6 33.3
Day-time 20.0 10.0 20.0 0.0 30.0 20.0

1996 Night-time 16.2 18.9 27.1 5.4 10.8 21.6
Day-time 21.5 35.7 28.5 0.0 14.3 0.0

1997 Night-time 20.8 4.1 33.4 20.8 8.4 12.5
Day-time 29.5 29.5 23.5 0.0 11.7 5.8

2007 Night-time 11.2 20.0 20.0 17.8 15.5 15.5
Day-time 25.0 50.0 25.0 0.0 0.0 0.0

2008 Night-time 29.1 16.1 16.1 22.5 0.0 16.2
Day-time 0.0 100.0 0.0 0.0 0.0 0.0

2009 Night-time 33.3 12.8 10.3 20.5 7.7 15.4
Day-time 37.5 50.0 12.5 0.0 0.0 0.0

Table 3. Percentage of Type I ionospheric storms and Type II
ionospheric storms observed by the AIS-INGV ionosonde at the
Ionospheric Observatory of Rome during the minimum of solar
activity at the turn of solar cycles 21–22, 22–23 and 23–24.

Year Percentage
of Type I storms

Percentage of Type II
storms (%)

1985 3.9% 5.2
1986 1.4% 13.3
1987 8.9 10.3
1995 8.3 0.0
1996 3.7 2.8
1997 6.9 9.9
2007 4.6 1.8
2008 5.2 7.8
2009 3.6 0.0
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500 nT, so sensibly higher than quiet condition values (<100
nT), and reaching a peak of 992 nT on 07 November 1997
(DoY 311). Also the solar index F10.7, has values greater than
100 s.f.u. on 06 November 1997, before a decreasing to lower
values in the next days. Because of the joule heating produced
in the high latitude atmosphere, and described by these indexes,
a TAD has probably been produced. Such a perturbation can be
the reason of the increasing in the critical frequency of the F2
layer during day time hours, measured by the ionospheric sta-
tions of Juliusruh and Rome (Prölss & Jung, 1978; Bauske &
Prölss, 1997). foF2 data observed by the two observatories, show
an enhancement in Juliusruh on the 6th of November (DoY 310)
at 13:00 UT, while in Rome, a strong positive phase is observed
starting from mid-day hours of November the 7th (DoY 311).
A second phase of the foF2 storm is described by the decreas-
ing in the critical frequency of the F2 layer recorded on 8th
November 1997 (DoY 312). This behaviour is represented also
by the plots in Figure 7b, where the red line represents the trend
of the hourly values of foF2, recorded by the Rome observatory,
while the green line is the hourly running median. Even if in
Juliusruh a positive enhancement in the foF2 is observed the days
before the considered storm, the strongest variation in the critical
frequency of the F2 layer is due to the considered Type II storm.
Indeed a strong positive deviation is followed by a deep decreas-
ing in the foF2 starting from DoY 311. The same behaviour is
observed at Rome latitude, though less evident.

A recovery phase characterised by small variation of foF2
with respect to the background level, is observed starting during
the first half of 9th November 1997 (DoY 314), when the
ionosphere reaches a quiet status. The increasing in the foF2 val-
ues recorded at Rome, corresponds to a sudden enhancement of
the geomagnetic index ap, as well as to a deep drop in the Dst
index, as reported in the plot in Figure 6b. In the same panel,
a strong geomagnetic disturbance in action, is also highlighted
by a remarkable auroral activity as it can be deduced by the
AE index. Values for B magnitude exceed 15 nT are observed
for the analysed period, together with a southward turning of
Bz with values up to �15 nT, which confirm the storm

conditions revealed by the geomagnetic indexes, preceding the
ionospheric disturbance recorded by both Juliusruh and Rome
observatories. The observed ionospheric storm is strongly
connected with the intensification of geomagnetic activity,
probably as a consequence of the enhancement of the solar
activity reflected by the F10.7 solar flux, and probably related
to a strong CME recorded on 6th November 1997, as results
from the CACTus CME Catalogue (http://sidc.oma.be/cactus/
catalog/LASCO/2_5_0/1997/11/latestCMEs.html).

4.3 The 16 December 1987 Type I ionospheric storm

A Type I ionospheric storm has been observed by the
AIS-INGV ionosonde of the ionospheric observatory of Rome,
on 16 December 1987 (DoY 350). The study of the geomagnetic
conditions at the time when the Type I storm is detected shows a
moderate activity (see Fig. 8b). Indeed, the ap index is classified
in theG2 level, and a smooth variation in the Dst index is visible.
However, the high values of the auroral electrojet index, reveal
an intense auroral activity just before the occurrence of the Type
I ionospheric storm. A strong enhancement in the critical fre-
quency of the F2 layer starts on 11:00 UT, as can be deduced
from Figure 9b, and also showed in the Figure 9c, where the
percentage variation of the foF2 observed by Rome and
Juliusruh ionospheric stations is reported. A recovery phase for
the considered ionospheric parameter is observed in the next
days. As discussed above, this kind of storms differs from the
Type II ones since they are characterised only by a strong
positive variation in the foF2, followed by a recovery phase,
without any particular decreasing in the critical frequency foF2.

Although the lack of data regarding the magnitude and the Z
component of the IMF, as can be seen from the lower plot of
Figure 8a, does not allow any particular interpretation on the
interplanetary conditions, a quite intense solar flux F10.7, for
some days over 90 s.f.u, is recorded in the analysed period.
These values of the F10.7 solar flux reflects some solar activity
beside the disturbed geomagnetic conditions described by
the indexes ap and AE in the upper plots of Figure 8b.

(a) (b)

Fig. 4. In panel (a), from up to down, are reported the Solar flux F10.7 from 09 to 16 July 1985, and the IMF magnitude and Z component
evolution for the same period. In panel (b), from up to down, are described respectively the AE index, the ap index and the Dst index, from 09 to
16 July 1985. (The hourly AE index data are retrieved through the Kyoto AE index service http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html.
Three-hour ap data are provided by NOAA ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/INDICES/KP_AP. Dst and Solar data are
obtained from NASA Goddard Space Physics Data Facilities OMNIWEB: https://omniweb.gsfc.nasa.gov/form/dx1.html).
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The perturbed foF2 conditions recorded, constitute the iono-
spheric response to such enhancement in the geomagnetic activ-
ity. From Figure 9 can be noticed that, while the Rome
ionosonde observes a strong Type I ionospheric storm
(Fig. 9b), starting from day-hours and lasting for several hours
(until 00:00 UT), in panel (a) of Figure 9 can be seen how, in
the same hours, a negative storm is recorded in Juliusruh obser-
vatory (see blue vertical line in the upper panel). This is probably
due to a transfer of disturbed composition (low O/N2 ratio) at
Juliusruh latitude which determines a negative storm. Such per-
turbation in the neutral composition with low O/N2 ratio, proba-
bly does not reach mid latitude, that is why no negative effects
are observed in Rome, while, for the mid latitude station, the
daytime poleward neutral wind determines a positive storm.

4.4 The 3 October 1996 Type I ionospheric disturbance

The ionospheric disturbances observed on 3 October 1996
cannot be clearly assigned to any geomagnetic activity effect.
Although the ap index is classified in the G0 level and no
particular variation in the Dst index is recorded, as showed in
Figure 10b, an intense auroral activity is underway, causing
perturbations in the geomagnetic conditions which are responsi-
ble of the ionospheric disturbances of the analysed period.
The solar activity levels are low, as described in Figure 10a,
indeed, the F10.7 solar flux and the IMF magnitude and Z com-

ponent, do not present any significant variations. As can be
deduced from Figure 11, similar ionospheric disturbances are
observed during a period of several days previous and next to
the considered event. The strong enhancement in the foF2 val-
ues recorded by the Rome observatory on 3rd October 1996,
should be considered, together with the less intense disturbances
of the whole analysed period (DoY 275–282) as examples of
disturbances occurred under G0 conditions.

The increasing in the foF2 recorded in Rome and not seen in
Juliusruh, could be also related to a plasmasphere plasma influx,
since it is observed during night-time when the plasmasphere
might be the only source of increased electron concentration
in the F2-region. Since the observed enhancement in the foF2
is followed by quite conditions in the analysed ionospheric
parameter, it can be compared as Type I ionospheric storm.

5 Discussion

Negative storm effects are related to enhanced auroral
activity (AE index) and corresponding geomagnetic activity
(ap index). Such negative anomalies are usually characterised
by a two-phase storm effect: a positive phase in the foF2 trend,
followed by a negative one. Joule heating in the auroral regions,
due to particles precipitation, produces pressure gradients in the

(a) (b)

(c)

Fig. 5. (a) Hourly values of foF2 as recorded at Juliusruh ionospheric station from 09 to 16 July 1985 (red line) together the foF2 running
median evolution in the same period (green line). The latter is considered as a background value of the ionospheric parameter. (b) Hourly values
of foF2 as recorded at the Ionospheric Observatory of Rome from 09 to 16 July 1985 (red line) together the foF2 running median evolution in
the same period (green line). The blue vertical lines in the plots represent the onset of the strong positive phase of the ionospheric storm
recorded in the two observatories. In panel (c) is reported the variation in percentage of the foF2 for the two ionospheric stations, for the
considered period.
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high-latitude ionosphere. As a consequence, equatorward neu-
tral winds reach mid-low latitudes, inducing the positive phase,
and altering the ionospheric and thermospheric O/N2 local ratio
(Fang et al., 2012; Yao et al., 2016). Low O/N2 rates are then
responsible for the negative effect on the ionospheric parameter
foF2. Our analysis showed that there is a pronounced seasonal

dependence in the occurrence of the negative storm-phase. In
particular, very few negative foF2 disturbances, are observed
by the Rome ionosonde, during winter season. This is due to
the fact that the strong northward thermospheric circulation
during winter months, locks the disturbed neutral composition
at high latitudes (Prölss, 1995) and, therefore, no modifications

(a) (b)

Fig. 6. In panel (a), from up to down, the solar flux F10.7 from 03 to 10 November 1997, and, for the same time period, the behaviour of the
magnitude and the Z component of the IMF. Panel (b) shows, from up to down, the AE, the ap and the Dst indices, from 03 to 10 November
1997. (The hourly AE index data are retrieved through the Kyoto AE index service http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html. Three-hour
ap data are provided by NOAA ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/INDICES/KP_AP. Dst and Solar data are obtained from
NASA Goddard Space Physics Data Facilities OMNIWEB: https://omniweb.gsfc.nasa.gov/form/dx1.html).

(a) (b)

(c)

Fig. 7. In panel (a), the red line represents the hourly values of foF2, recorded at Juliusruh ionospheric station from 03 to 10 November 1997.
The green line represents the foF2 running median here considered as background value of the ionospheric parameter. In panel (b) the same
parameters, recorded by the Rome ionospheric station, are reported, considering the same time period. In panel (c) is reported the variation in
percentage of the foF2 for the two ionospheric stations, for the considered period.
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in the O/N2 ratios can spread to mid latitudes. Instead, during
summer months, the thermospheric circulation is pre-eminently
equatorward, and the disturbed thermospheric composition is
able to reach mid latitudes. Moreover, the possibility that
Joule heating and auroral electrojets could have caused the
expansion and rise of the neutral atmosphere, resulting in the
transferring of N2 molecules from the lower altitudes to higher
altitudes causing further decrease of the O/N2 ratio, should not

be excluded. Joule heating, produced by intense particle precip-
itations at auroral latitude, forces pressure waves to travel
through the thermosphere. Such waves, known as Acoustic
Gravity Waves (AGW), transfer energy and momentum from
high latitudes to low latitudes, and from the lower atmosphere
to the upper atmosphere (Karpachev et al., 2010).The positive
effect of the foF2 storm at Rome latitudes during night-time
hours, may result from:

(a) (b)

Fig. 8. In panel (a) is described, from up to down, Solar flux F10.7 from 12 to 19 December 1987, and, for the same time period, the behaviour
of the magnitude and the Z component of the IMF. Panel (b) shows, from up to down, the AE, the ap and the Dst indices, from 12 to 19
December 1987. (The hourly AE index data are retrieved through the Kyoto AE index service http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html.
Three-hour ap data are provided by NOAA ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/INDICES/KP_AP. Dst and Solar data are
obtained from NASA Goddard Space Physics Data Facilities OMNIWEB: https://omniweb.gsfc.nasa.gov/form/dx1.html).

(a) (b)

(c)

Fig. 9. In panel (a), the red line represents the hourly values of foF2, recorded at Juliusruh ionospheric station from 12 to 19 December 1987.
The green line represents the foF2 running median here considered as background value of the ionospheric parameter. In panel (b) the same
parameters, recorded by the Rome ionospheric station, are reported, considering the same time period. In panel (c) is reported the variation in
percentage of the foF2 for the two ionospheric stations, for the considered period.
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(a) a positive foF2 variation during day-time hours which is
kept until the sunset hours and therefore the night-time
foF2 variation starts from high foF2 sunset value
(the NmF2 night-time e-fold time is very large);

(b) a plasma influx from the plasmasphere, due to plasma
compression under the westward electric field (Mikhailov
& Forster, 1999).

The undertaken analysis based on the foF2 data registered at
the mid latitude Ionospheric Observatory of Rome (Latitude

41.8 N; Longitude 12.5 E) during the minima of solar activity
at the turn of solar cycles 21–22, 22–23 and 23–24, has revealed
1040 anomalies. Such anomalies, identified as strong deviations
of the hourly foF2 values from the 27-day running median, are
characterised by 656 positive and 348 negative variations, with
different morphology. The number of positive and negative
disturbances we identified in the current paper depends on the
median level used to compute the deviation of the hourly
foF2 values. Under solar minimum conditions, this is of high
relevance: the small number of negative disturbances in the

(a) (b)

(c)

Fig. 11. In panel (a), the red line represents the hourly values of foF2, recorded at Juliusruh ionospheric station from 01 to 07 October 1996.
The green line represents the foF2 running median here considered as background value of the ionospheric parameter. In panel (b) the same
parameters, recorded by the Rome ionospheric station, are reported, considering the same time period. In panel (c) is reported the variation in
percentage of the foF2 for the two ionospheric stations, for the considered period.

(a) (b)

Fig. 10. In panel (a) is described, from up to down, Solar flux F10.7 from 01 to 07 October 1996 and, for the same time period, the behaviour
of the magnitude and the Z component of the IMF. Panel (b) shows, from up to down, the AE, the ap and the Dst indices, from 01 to 07 October
1996. (The hourly AE index data are retrieved through the Kyoto AE index service http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html. Three-hour
ap data are provided by NOAA ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/INDICES/KP_AP. Dst and Solar data are obtained from
NASA Goddard Space Physics Data Facilities OMNIWEB: https://omniweb.gsfc.nasa.gov/form/dx1.html).
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critical frequency of the F2 layer, during deep solar minima (i.e.
2007–2009), may just reflect the low median level of the con-
sidered ionospheric parameter. Since a big part of the foF2 val-
ues used to construct the background is observed in periods of
low F10.7 solar fluxes and low ap, the frequent appearance of
events with positive deviations is more likely. Our findings con-
firm the results presented by Mikhailov & Perrone (2018), in
their study on the observed June monthly median foF1,
retrieved by the total EUV solar flux with k � 1050 Å for
the (1946–2015) period. Mikhailov & Perrone (2015, 2018)
showed that the deep and widely discussed solar minimum of
2008/2009 was actually the lowest among the last six solar
cycles minima, also in terms of EUV fluxes. The extremely
low number of foF2 anomalies in the time period 2008–2009,
identified in this work, together with the yearly solar index
and ap index information, confirm the existence of an
indeed very low minimum (see Table 1). Besides, no strong
geomagnetic disturbances, which could cause a decrease in
the NmF2, have been recorded during this deep solar minimum.
This might be the explanation for the lack of day time negative
foF2 disturbances in 2008 and 2009.

Furthermore, from our study, we observed how, during the
solar minimum periods analysed, the number of foF2 positive
anomalies, detected at mid latitude by the Rome ionospheric
station, is significantly larger than the number of negative ones.
This tendency is even more evident for the last analysed
minimum, 2007–2009, where the total number of observed
anomalies in the critical frequency foF2, is relatively low.

The study of the two Type II positive storms, occurring on
13 July 1985 and 7 November 1997, confirms the existing
formation mechanism (Prölss, 1995, 2004): after the geomag-
netic storm onset a TAD is generated due to auroral heating,
moving equatorward. The disturbed equatorward circulation
transfers, together with the perturbed neutral composition with
low O/N2 ratio at middle latitudes, result in a negative phase
of the storm. This means that the first positive phase of this
two-step disturbance, is strongly related to the equatorward
wind, and daytime positive storm effects are due to TAD
moving at the front of this wind surge. The investigation
conducted on the two positive foF2 disturbances of type I,
reveals the existence of a different and more complex mecha-
nism. The first analysed strong positive foF2 storm takes place
on 16 December 1987, starting during day hours, and lasting for
part of the following night. Whereas the activation mechanism
of the storm is similar to the one of Type II storms, we identify
the following observational fact: while in Juliusruh a negative
phase of the storm is evident, at Rome no negative phase takes
place. According to the well established Prölss phenomenolog-
ical model (Prölss 1993, 1995) the occurrence and the sequence
of positive and negative ionospheric storm effects depend
strongly on the latitude of the observation point and its local
time at the geomagnetic storm onset. Based on this dependence,
a specific ionospheric location may experience only positive,
only negative or a combination of positive and negative storm
effects for storm events initiated in different local time sectors.
Indeed, we observed that the onset of the storm event in July
1985 (Type II) occurred when Juliusruh and Rome were in
the prenoon sector, while the onset of the storm event in
December 1987 (Type I) occurred when Juliusruh and Rome
were in the morning sector. In this case, the detected differences
in the ionospheric response may be related to the local time

dependence, which also supports the hypothesis of the impact
of TAD in the middle latitudes at specific local time sectors
as background mechanisms. The second case study, recorded
by the Rome observatory, on 3rd October 1986, cannot be
clearly assigned to any geomagnetic activity effect. This
Type I ionospheric disturbance is characterised by a positive
enhancements in the foF2 frequency, observed during a period
of several days previous and next to the considered event both
by Juliusruh and Rome ionosondes, during evening and night-
time hours. Although the ap index is classified in the G0 level
and no particular variation in the Dst index is recorded, an
intense auroral activity is highlighted by the AE index, causing
disturbed geomagnetic conditions and consequently ionospheric
perturbations. Such increasing in the foF2 observed during
nighttime, could be also related to a plasmasphere plasma influx
in the F2-region: an electric field, originated in the magneto-
sphere, drives the plasma from the higher shell to the lower
shell. This produce a compression of the plasma in the iono-
sphere, which turns into a strong enhancement in the electron
density at mid latitudes.

6 Conclusions

In accordance with the results presented in previous papers
(Cander & Mihajlovic, 1998; Tsagouri et al., 2000), a strong
dependence has been observed between foF2 strong distur-
bances, and perturbed geomagnetic conditions. However, in
our work, we find that positive Type I ionospheric disturbances
can be observed also during quiet geomagnetic condition, as
illustrated for the 3rd October 1996 ionospheric storm. A further
interesting feature we found is that, at mid latitudes, positive
enhancements in the critical frequency foF2, are mostly
observed during low or moderate geomagnetic activity, with
apparently no dependence on the time of the day.

The obtained results can be summarised as follows:

1. The study of ionospheric storms during years of low solar
activity, allow us to construct a reliable background level
of the parameter foF2, suitable for space weather applica-
tions, such as the foF2 Alert, under development at INGV
and soon available on the ESWA-INGV web portal.

2. The 1040 foF2 anomalies observed at Rome latitude,
during the minimum of solar activity of the last three solar
cycles, consist in 656 positive ionospheric storms and 348
negative ones.

3. The comparison of the numbers and percentages of the
detected anomalies in the critical frequency of the F2
layer, put in evidence the peculiarities of the last deep
solar minimum, which is characterized by very few
ionospheric anomalies and, among them, negative distur-
bances have been observed only during night hours.

4. The foF2 anomalies observed by the Rome ionospheric
station, confirmed the existence of two types of positive
F2 layer disturbances, with different morphology and
physical mechanisms.

5. Type I positive perturbations are referred to those followed
by quiet ionospheric conditions while positive distur-
bances of Type II are followed by negative storm. The dis-
turbances of Type I, in which positive ionospheric storms
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are followed by a recovery phase or by a slight positive
enhancement in the foF2, occur during low or moderate
geomagnetic activity at any time of the day, and are more
frequent recorded during night-hours (19–06 LT), while
Type II ionospheric storms are more often observed during
daytime. The duration of Type II perturbations is shorter
than Type I ones, but characterised by a larger amplitude
(Zevakina & Kiseleva, 1978). Negative ionospheric
storms are generally preceded by a positive enhancement
in the foF2. They occur as a consequence of strong
geomagnetic disturbances, especially during night-time
and in summer/equinox season.
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