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Midlatitude F region peak height changes in response
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[1] The response of the electron density peak height of the F2 region, hmF2, to
geomagnetic storms has been investigated and a characteristic behavior of the peak height
disturbance in relation to local-time, season and conditions of the interplanetary magnetic
field has been obtained. The experimental results support the storm scenario which the
change in the thermospheric wind is the main physical mechanism raising the ionospheric
peak height. A real-time forecasting tool modeling the hmF2 disturbance, AhmF2, by
analytical time-dependent functions has been developed. The empirical model predicts
AhmF?2 for latitudes of the Iberian Peninsula with an 86% of success and without false
alarms. The behavior of the model fits to the experimental observations at other latitudes
and longitudes within Europe which would allow extending its usefulness at wider

latitudinal ranges.
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1. Introduction

[2] Geomagnetic storms and their effects on the iono-
spheric behavior are generated by the changes in the solar
wind and interplanetary magnetic field (IMF) interacting with
the magnetosphere. Several mechanisms are involved to
explain the ionospheric effects occurring during geomagnetic
storms. These mechanisms mainly fall into two categories;
Joule heating of the high latitude thermosphere [e.g., Fuller-
Rowell et al., 1994] driving neutral wind surges and causing
composition changes [e.g., Prélss, 1993], and electrody-
namics processes [Heelis, 2004] driven by the penetration of
electric field [Spiro et al., 1988] and the disturbance dynamo
[Blanc and Richmond, 1980]. To date there exist many arti-
cles and reviews devoted to geomagnetic storms and their
effects on the ionosphere [e.g., Rishbeth, 1991; Prolss, 1995;
Buonsanto, 1999; Kelley et al., 2004; Mendillo, 2006; Balan
et al., 2010]. These ionospheric effects are typically known
as positive or negative ionospheric storms according to the
increase or decrease of the electron density respect to the
quiet average behavior and they are dependent of the local
time. Negative storms are predominantly observed during
nighttime, while positive storms are usually associated with
daytime periods [e.g., Lu et al., 2008]. Positive and negative
effects also have a seasonal dependence [e.g., Fuller-Rowell
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et al., 1996]. Although negative effects are mostly observed
at night in summer midlatitude, both positive and negative
storm phases in winter midlatitude have been observed dur-
ing large geomagnetic storms [Araujo-Pradere et al., 2004].
The effects of geomagnetic storms on the ionosphere are not
limited to density perturbations but also in its vertical struc-
ture, causing variations in the height of maximum density,
hmF2, which uses to increase systematically few hours after
the onset of the storm at midlatitudes [e.g., Prolss, 1993;
Prolss and Ocko, 2000; Paznukhov et al., 2009].

[3] Nowadays emphasis is put not only on the knowledge
of the physical mechanisms causing ionospheric storms but
also on the modeling and prediction of these effects. Many
efforts have been done in the recent years to model and pre-
dict the effects of geomagnetic storms on the electron density
both empirically [e.g., Araujo-Pradere et al., 2002; Tsagouri
and Belehaki, 2006] and physically based [e.g., Fuller-
Rowell et al., 2007; Lei et al., 2008; Balan et al., 2010].
However, fewer investigations have been made to develop a
height disturbance model or to validate the storms effects on
the height with the physically based models. The empirical
STORM correction model [Araujo-Pradere et al., 2002]
included in the International Reference Ionosphere model,
IRL, [Bilitza, 2001] is insensitive to height disturbances [e.g.,
Paznukhov et al., 2009]. Deminova et al. [1998] constructed
a global empirical model for the variations of the ionospheric
characteristic h'F2 (the virtual height of the F2 layer) caused
by geomagnetic storms and magnetospheric substorms but
the model is only valid for the nighttime sector when varia-
tions of h'F2 are similar to those of hmF2. Fedrizzi et al.
[2008] have demonstrated the appropriate use of a physi-
cally based model to simulate the effects on the hmF2 caused
by two strong storms. The shortage on modeling the height
disturbances caused by geomagnetic storms is mostly due to
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Figure 1. Diurnal variation of hmF2 for the reference quiet
day as obtained from the four quietest days adjacent to the
disturbed day (black line), the full month average profile
(black dots) and the IRI predictions for Ebro station (dashed
black line). The rectangles indicate the year and month when
particular storm events had occurred (Table 1).

the scarcity of true height data and to an inaccurate formu-
lation of the hmF2 characteristic [e.g., Shimazaki, 1955;
Prélss and Ocko, 2000].

[4] The aim of this work is to investigate the behavior of
the hmF2 disturbances caused during intense geomagnetic
storms and to develop an empirical model able to predict
such height disturbances at midlatitudes in near real time.
Our study takes advantage of the large amount of data
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recorded by Digisondes located in Spain over significant
time interval which encompasses from 1995 to 2007. Thirty-
two intense storm events which occurred for 1995-2007
have been analyzed and allowed to obtain the typical
behavior of the disturbed hmF2 in relation to local-time,
season and conditions of the IMF.

2. Data and Methodology

[5] To carry forward this research, we have analyzed
hourly values of the vertical electron density profiles N(h)
calculated from the vertical incidence ionograms with the
true height profile inversion tool “NHPC” [Huang and
Reinisch, 1996a]. The ionograms have been recorded at
Spanish stations “Observatorio del Ebro” (OE; 40.5°N,
0.5°E) and “El Arenosillo” (EA; 37.1°N, 353.3°E). These
stations have furnished the ionograms revised and scaled
manually from 1995 to 2007, allowing to compute accurate
N(h) profiles and to obtain accurate values of the true iono-
spheric peak height, hmF2. The hmF2 disturbance, AhmF2,
has been obtained as the differences between the hmF2
values measured on the event day and the reference quiet day.
The ionospheric reference quiet day for each storm event has
been obtained by applying the averaged representative profile
(ARP) [Huang and Reinisch, 1996b] to the four quietest days
closest to the disturbed one. Figure 1 shows that the results
are equivalent using as reference day the average profile for a
full month of revised data or the IRI prediction (for Spanish
latitudes). We did consider a disturbance in hmF2 to be sig-
nificant when AhmF2 > 20 for at least 2 consecutive hours,
where o means the standard deviation at a given time of
the quiet days in relation to the average reference quiet day.
The reason of using the four quietest days adjacent to the
disturbed day to obtain the reference quiet day is due to a
compromise between working with good quality data and data
process needed. Though Ebro and El Arenosillo furnished
revised data, this is not the case for most of the ionospheric
stations which provide automatic scaling only. However, we
pretend to apply this kind of analysis to any available station.
Therefore, it would be required to revise large amount of data
to get a reference quiet day based on the monthly average
profile for other ionospheric stations, making this not doable in
a reasonable time. Moreover, averaging over available auto-
scaled profiles to obtain the reference quiet day might provide
biased and noisy diurnal variation, especially during summer
when the occurrence of the sporadic E layers might corrupt the
quality of the auto-scaling.

[6] The helio-geomagnetic data used here, encompassing
the same interval as above, 1995-2007, have been obtained
from several sources with a data sampling of one hour. The
geomagnetic activity indices AE (auroral electrojet) and Dst
(disturbance) have been obtained from Kyoto WDC (http://
swdewww kugi.kyoto-u.ac.jp/) and the solar wind and IMF
data have been obtained from OMNI database (http://omni-
web.gsfc.nasa.gov). We have applied the criterion of
Gonzalez and Tsurutani [1987] (IMF Bz < —10 nT lasting for
interval > 3 h) to identify the time intervals when intense
geomagnetic storms [Gonzalez et al., 1994] might occur,
leading to more than 70 intervals. Keeping in mind the pic-
ture of a typical geomagnetic storm as seen by the Dst index,
those intervals in which the main phase of the storm develops
into two steps [Kamide et al., 1998] have not been taken into
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Table 1. List of the Disturbed Periods Analyzed in this Study®

Dst Min.

Disturbed Days Station (nT) To Quiet Days
18-19 Oct 1995 EA —127 20 25,26,28,29 Oct 1995
15-16 May 1997 OE,EA  —115 6 12,13,19,23 May 1997
10-11 Oct 1997 OE,EA  —-130 21  5,15,16,19 Oct 1997
06-07 Nov 1997 OE —-110 24 19,21 Oct 1997

2,21 Nov 1997
10-11 Mar 1998 OE —116 16 7,8,9,18 Mar 1998
06-07 Aug 1998 OE —138 8 27 Jul 1998
9,15,16 Aug 1998
18-19 Oct 1998 OE,EA 112 3 4,5,14,16 Oct 1998
13—14 Jan 1999 OE,EA  —112 16 3,19,26,30 Jan 1999
18-19 Feb 1999 OE,EA  —123 6 2,9,20,26 Feb 1999
22-23 Sep 1999 EA —173 20  8,20,24,25 Sep 1999
06-07 Apr 2000 OE, EA 288 17 26,27 Mar 2000
14,18 Apr 2000
15-16 Jul 2000 OE, EA —301 19 6,7,24,25 Jul 2000
17-18 Sep 2000 OE, EA  —201 21 10,11,14,22 Sep 2000
28-29 Oct 2000 OE,EA  —-127 22 20,21 Oct 2000
2,3 Nov 2000
11-12 Apr 2001 OE —271 16 26 Mar 2001
19,24,25 Apr 2001
18-19 Apr 2001 EA,OE —114 2 19,24,25,27 Apr 2001
21-22 Oct2001 EA —187 17 17,18,24,26 Oct 2001
28-29 Oct 2001 OE —157 4 25,26,27 Oct 2001
3 Nov 2001
06-07 Nov 2001 OE —292 2 25,26 Oct 2001
3,14 Nov 2001
04-05 Sep 2002 OE —109 2 24,25 Aug 2002
20,23 Sep 2002
07-08 Sep 2002 OE —181 18 24,25 Aug 2002
20,23 Sep 2002
01-02 Oct 2002 OE —176 8  23,24,25,29 Sep 2002
29-30 May 2003 EA —144 18 16,17,18 May 2003
5 Jun 2003
17-18 Aug 2003 EA —148 4 4,5,16,27 Aug 2003
20-21 Nov 2003 EA —422 12 8,27,28,29 Nov 2003
22-23 Jan 2004 OE —149 11 12,14,29,31 Jan 2004
22-23 Jul /2004 OE —101 20 9,21 Jul 2004
3,4 Sep 2004
07-08 Nov 2004 OE,EA 373 20 2,5,6,15 Nov 2004
12-13 Jun 2005 EA —106 17 10,20,27,28 Jun 2005
24-25 Aug 2005 OE,EA 216 9 11,12,20,28 Aug 2005
31 Aug—01 Sep 2005 OE —131 13 20,28,30 Aug 2005

8 Sep 2005

14-15 Apr 2006 OE, EA —111 3 1,2,3,12 Apr 2006

*The ionospheric stations having contemporary data with the storms
events are indicated (OE and EA mean “Observatorio del Ebro” and “El
Arenosillo” stations respectively). The value of the minimum Dst is
provided as indicator of the storm intensity. Ty means the time (in UT)
when IMF Bz < —10 nT (the so-called reference time). The four quietest
days adjacent to the disturbed day used to obtain the ionospheric
reference quiet day are also indicated. Note that the data consist of 45
samples of 2-day ionospheric data intervals: 25 samples for OE and 20
samples for EA.

account to simplify the analyses. Those storms having slow
varying main phase have not been considered either because
we have observed that AhmF2 never raises 20 for two con-
secutive hours, i.e. this type of storms do not produce sig-
nificant disturbance in hmF2 according to our criterion.
Moreover, not all the above intervals have contemporary
ionospheric and solar wind data. That is why the analysis has
been limited to thirty-two storm events.

[7] The study of the AhmF2 for each storm event consist
on the analysis of 2-day intervals (starting at 0:00 UT) in
which the initial and the main phases of the storm develop
during the first day of the interval. This way we can fully
observe the effects caused in the hmF2 for the main phase of
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the storm and, at least, for the following 24 h of the recovery
phase. Table 1 lists the thirty-two 2-day intervals of the
storm events analyzed in this study as well as the four
quictest days used to obtain the respective ionospheric ref-
erence quiet day. Note that although the database consists of
32 storm events in fact it consist of 45 samples of 2-day
ionospheric data intervals because two different ionospheric
stations have been analyzed (OE and EA).

[8] In order to obtain the response of hmF2 to intense
geomagnetic storms and to model it analytically we first
look for a reference time, then we obtain the pattern of the
response of hmF2 (i.e., the typical behavior of AhmF2) and
finally we examine the relationships of that response to the
behavior of the solar wind (dynamic pressure, plasma
velocity and density), interplanetary magnetic field and other
parameters derived from them and geomagnetic activity
indices (AE and Dst).

3. Typical Behavior of the hmF2 Disturbance

[9] Recent experimental studies show systematic rising of
the hmF2 occurring during disturbed geomagnetic condi-
tions. Denton et al. [2009] have analyzed changes in hmF2
occurring after the onset of magnetospheric convection
associated with high-speed solar wind streams arriving at the
Earth’s magnetosphere. They have found that hmF2 increa-
ses by approximately 20 km at convection onset. Paznukhov
et al. [2009] have reported experimental evidence that hmF2
at midlatitudes systematically raises (well above the refer-
ence quiet day values) short after the beginning of an intense
geomagnetic storm. Figure 2 depicts the behavior of hmF2
for a particular storm showing the significant rising of hmF2
respect to the reference quiet day. The disturbed behavior,
AhmF2, for this event shows two consecutive pulses (in the
shape of a bell), the first coinciding in time with the main
phase of the storm and the second happening when the sta-
tion gets the dusk sector. In addition, Paznukhov et al.
[2009] have reported some dependence in the time of the
ionospheric density reaction with the local time and have
indicated the potential usefulness for predicting the iono-
spheric storm effects. They took into account the storm
commencement (SC) as the reference time to get a first
approach of the response-time of the ionosphere.

3.1.

[10] The search of a reference time for the hmF2 distur-
bance caused during storms is associated with the phases of
a geomagnetic storm. The development of a typical geo-
magnetic storm as seen by the Dst index usually shows three
distinct phases [e.g., Parkinson, 1983]: 1) the initial phase,
which does not always occur, begins with a sudden impulse,
called storm commencement (SC) and it is attributed to a
compression of the magnetosphere by an interplanetary
shock wave; 2) the main phase, which is attributed to an
enhancement of the magnetospheric ring current produced
by the injection of energetic particles into the inner magne-
tosphere; and 3) the recovery phase, which is related to the
decay of the ring current.

[11] The SC is often chosen as the reference time of the
origin of a geomagnetic disturbance but not all geomagnetic
storms are preceded by this impulse. Moreover, the begin-
ning of the main phase of the geomagnetic storms can be

Time of Reference
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Figure 2. Example for the geomagnetic storm effects
occurred on 24 August 2005 as seen from “Observatorio
del Ebro” station. From top: interplanetary magnetic field
(Bz component), magnetic activity index Dst, comparison
of experimental hmF2 during the disturbed day (dotted line)
with the quiet hmF2 pattern (black thick line) and hmF?2 dis-
turbance with respect to a quiet day. The thin gray lines indi-
cate the standard deviation expected for a quiet day. The
white and black suns in the horizontal axis indicate respec-
tively the sunrise and sunset at ground level.

significantly delayed from the SC, this delay may be larger
than ten hours. We did evaluate the time delay of hmF2
disturbance from the time of the SC and get to the conclu-
sion that this delay does no present any characteristic timing.
Those storms with long initial phase bring about longer
delay of the hmF2 disturbance compared to the storms
having short initial phase. Thus, the SC is not a good choice
as reference time for hmF2 disturbance because of both it
cuts the sample to only those geomagnetic storms having SC
and the delay of the disturbance from the SC depends on the
length of the initial phase of the geomagnetic storms.

[12] We get a different picture by relating the delay of
hmF2 disturbance to the behavior of the Bz component of
the IMF. Gonzalez and Tsurutani [1987] have found and
suggested that Bz < —10 nT lasting at least three hours may
be used to predict intense geomagnetic storms and they
related the moment when Bz < —10 nT to the onset of the
main phase. We have evaluated the delay of hmF2 distur-
bance in relation to the moment when Bz drops below
—10 nT and we have found this delay to be confined between
1 to 4 h approximately regardless of local time and of the
intensity of the storm. Thus, we have chosen as a reference
time the moment when Bz < —10 nT for those cases that
fulfill the criterion of Gonzalez and Tsurutani [1987].
Therefore, further analysis to obtain the pattern of the
response of hmF2 to intense geomagnetic storms consider
this moment as a zero time or time of reference (T).
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3.2. Superposed Epoch Analysis

[13] We have carried out a superposed epoch analysis to
investigate the typical pattern of the response of hmF2 to
geomagnetic storms; i.e., the expected average behavior of
AhmF2. The superposed epoch analysis has been performed
for 24 h intervals elapsed from the reference time defined
above (time when Bz < —10 nT). The 24-h intervals corre-
spond to the 45 ionospheric samples listed in Table 1. Note
that the position of each ionospheric station at the reference
time for all the events distributes over all the local time
sectors (Figure 3). The average behavior (X (£) = Y.X;(¢)/N)

and the standard deviation (0 (¢) = Y(X;(t) — X (t))2 /N) of
the distribution of AhmF2 have been calculated. The same
analysis has been also applied to the 32 events for the solar
wind, interplanetary magnetic field and geomagnetic activity
data to find a possible correlation with the behavior of
AhmF2. Figure 4 depicts the result of the aforementioned
superposed epoch analysis for some of the data series and it
clearly shows that the average behavior of all data sets
manifest significant rate of change nearby the so-called ref-
erence time. The latter is true except for the solar wind
related data; i.e., dynamic pressure, density and velocity (not
shown). Thus, the disturbance in hmF2 correlates with the
IMF and geomagnetic activity data better than it does with
the solar wind. The average height disturbance lags behind
the reference time by two hours approximately whereas the
averages of the IMF and of the geomagnetic activity indices
react quasi-simultaneously with the reference time. There-
fore, the behavior of the IMF and the geomagnetic activity
can be useful for predicting AhmF2.

oLT

Figure 3. Position, in local time, of each station at the
moment when IMF Bz < —10 nT (reference time) for each
storm period analyzed (Table 1). The open circles corre-
spond to the events recorded at OE and full dots to those
recorded at EA. The radius indicates the intensity of the
storm (Dst minimum).
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Figure 4. Superposed epoch analysis corresponding to the
24-h intervals listed in Table 1. The axis time elapses from
the moment when Bz component of the IMF drops below
—10 nT. From top to bottom: Dynamic pressure, total inter-
planetary magnetic field, Bz component of IMF, auroral
electrojet index, Dst index and hmF2 disturbance. Black
thick lines correspond to the average behavior and black thin
lines denote the region within one standard deviation of the
mean for each parameter.

[14] The results show that the average disturbance of
hmF2 is well correlated with the averages of the IMF and
geomagnetic activity data and that AhmF2 has better
agreement with the AE index and the IMF data than it has
with the solar wind and Dst index. As it is well known, the
AE index is frequently used to monitor the substorm activity
and it is a good proxy for energy deposition at auroral lati-
tudes [e.g., Rostoker et al., 1980]. In addition, changes or
fluctuations in the solar wind electric fields are responsible
for initiating magnetospheric substorms [Kamide, 2001].
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Thus, our results suggest that substorm expansions play sig-
nificant role on the hmF2 disturbance caused during intense
storms and this fact should be taken into account for modeling
purposes.

3.3. Physical Mechanisms

[15] The changes in the solar wind and interplanetary
magnetic field interacting with the magnetosphere causes an
increase of the energy input at high latitudes driving con-
vection electric fields and ionospheric currents. This energy
input added to particle precipitation results in a heating of the
auroral region by Joule dissipation which in turn produces
traveling atmospheric disturbances (TADs), wind surges,
changes in the global wind circulation and in the neutral gas
composition [e.g., Prolss, 1993; Fuller-Rowell et al., 1994]
and electrodynamics processes [Heelis, 2004]. There are two
main mechanisms to explain the height changes at midlati-
tudes occurred during geomagnetic storms. The heating of
the high latitude thermosphere generates wind surges driving
horizontal equatorward-directed winds [e.g., Prélss and
Ocko, 2000] and causes thermal expansion driving vertical
winds also [e.g., Fedrizzi et al., 2008] which move the
plasma along the magnetic field lines and raise the iono-
spheric peak height. Electric field penetration can also cause
an uplift of the F2 layer at midlatitudes [e.g., Prdlss, 1995;
Huang et al., 2005] but the uplift resulting from the electric
field penetration must occur practically simultaneously with
the onset of the storm. However, our results indicate that the
height reacts by one to four hours after the onset of the main
phase and these results are consistent with the storm scenario
described by Prolss [1993] which predicts a pulse-like
increase of the ionospheric peak height at midlatitude from 1
to 3 h after the energy input at high latitudes. Though our
results do not exclude the electric field penetration as
potential mechanism for the AhmF2, we do not consider it as
the main mechanism at midlatitudes. These results are in
agreement also with those reported at other midlatitude sta-
tions for particular events [Paznukhov et al., 2009], where
experimental evidence of the equatorward propagation of the
AhmF2 was demonstrated. According to the main driving
mechanism for the AhmF2 which relates to the disturbed
thermospheric neutral winds, we should observe some
dependence on the local time and season [e.g., Fuller-Rowell
et al., 1994; Fedrizzi et al., 2008]. Overnight, the equator-
ward background neutral winds favors the penetration of the
thermospheric disturbances to the midlatitudes whereas the
opposite apply during daytime. The seasonal behavior of the
background thermospheric winds helps the equatorward
propagation of the disturbance at summer whereas they may
break the penetration of the disturbance to midlatitudes at
winter [Fuller-Rowell et al., 1996]. Araujo-Pradere et al.
[2004] have found a seasonal-latitudinal dependence in the
ionosphere response to storms that can explain the equator-
ward propagation of the disturbance at midlatitude winter
hemisphere.

[16] A detailed inspection on the average behavior of
AhmF2 resulting from the superposed epoch analysis
reveals that a two pulse-like pattern becomes apparent. The
zoom of the average behavior depicted in Figure 4 (bottom)
clearly shows this pattern (Figure 5). Moreover, the behavior
of AhmF2 for all the events reveals distinct pattern of time-
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Figure 5. Average behavior of AhmF2 resulting from the
superposed epoch analysis (gray dots) compared with the
best two-pulse time dependent Gaussian fit (black thick
line). The coefficients of the Gaussian fitting (equation (1))
and the coefficient of determination are indicated.

development which is in relation to the local time of the
ionospheric station at the reference time. Figure 6 depicts
several examples of this distinct pattern of time-development
of AhmF2: a) AhmF2 shows a sole uplift for those events
starting at the midnight-dawn sector (e.g., Figure 6a), b)
AhmF2 shows two consecutive uplifts for those events
starting at the dusk-midnight sector (e.g., Figure 6b), and ¢)
AhmF?2 shows two separate uplifts for those events starting at

Midnight - Dawn sector (a)
200

4-5/09/2002, OE
150
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the daytime sector (e.g., Figure 6¢). The only difference
between Figures 6b and 6¢ is the time lag between the two
uplifts; the second uplift recorded for Figure 6b occurs after
midnight and that recorded for Figure 6¢ does occur after
sunset. Moreover, such a distinct pattern which is local time
dependent also depends on the season. To some extent, the
later might reflect the effect of the seasonal behavior of the
background thermospheric winds [Fuller-Rowell et al., 1996].
[17] We suggest the following potential explanation for
arguing the above three distinct patterns of AhmF2. The
single uplift for the events Type A may result from the quasi-
simultaneous effects of the TADs and equatorward wind
surges. The first uplift for the events Type B and Type C may
result from the effects of the TADs and the second one
can result from the equatorward wind surges. Prélss
[1993, Figure 1] qualitatively explains the time sequence
of thermospheric-ionospheric storm and that storm scenario
agrees with the experimental results obtained here. In addi-
tion, the simulation by Fuller-Rowell et al. [1994] shows that
the storm surges can occupy a very large area 12 h after the
beginning of a storm, influencing practically the whole
nightside midlatitude ionosphere. Thus, those stations ini-
tially located on the day-time sector at the reference time
experience a first uplift as consequence of the storm-time
TADs of auroral origin. When these stations “drift” to the
nighttime sector later after the beginning of the storm they
experience the so-called second uplift as consequence of
a superposition of the background thermospheric winds
(equatorward at night) with the storm-time wind.

4. Modeling Approach

[18] In order to predict in near real time the height dis-
turbances at midlatitudes caused during intense storms, we
have first investigated the potential precursors that may alert
the development of the pulse-like disturbance observed
at AhmF2 (Figure 6). The events analyzed in this research
(Table 1) relate with disturbed intervals that fulfill the
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Figure 6. Behavior of AhmF?2 for three different local time sectors (a—c) (midnight-dawn, dusk-midnight
and daytime) and season (from up to down: summer, winter and equinox) for the indicated disturbed per-
iods. Shaded areas indicate the local time sector for each case. Vertical black lines indicate the reference
time. White and black suns in the horizontal axis mean sunrise and sunset respectively. Tilted arrows indi-

cate the observed pulses at AhmF2.
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Figure 7. Scatterplots of some of the Ai, Bi and Ci coefficients of the Gaussian function that define the
model in relation to the local time, season and interplanetary magnetic field. Solid lines depict the best lin-
ear fits of each data pair series, whose equations and coefficients of determination are indicated. ABz
means the rate of change of the Bz component of the IMF in nT as defined into the main text. T, is the

reference time, Tr and Tg are the sunrise and sunset times respectively in hours.

criterion of Gonzalez and Tsurutani [1987] for predicting
intense geomagnetic storms. However, this criterion is use-
less for real-time applications — Bz should have values less
that —10 nT lasting for 3 h or 2.5 h for solar minimum
[Zhang et al., 2006]. The STIM model forecasts ionospheric
electron density disturbances in response to IMF conditions
in near real time [Tsagouri and Belehaki, 2008; Tsagouri
et al., 2009] and it uses the total IMF magnitude (IMF B),
its rate of change and the IMF Bz orientation as precursors of
the storm effects on the ionospheric peak density. Saiz et al.
[2008] have shown that variations of Bz over a threshold
for a certain time interval successfully warns of large Dst
hourly variations and that it is possible to alert intense geo-
magnetic storms only with Bz. We have evaluated if the
triggering time criteria used in the STIM model may serve as
precursor for the peak height disturbances but the reaction
time of AhmF2 does not fit any clear systematic pattern in
relation to the STIM criteria. We have evaluated also differ-
ent thresholds for variations of Bz for certain time windows
and for the southern orientation of Bz as potential precursors
of AhmF2 obtaining good results and no false alarms. We
have empirically found that a change larger than 20 nT in the
Bz component of the IMF within a time window of 3 h and a
drop of Bz to —10 nT successfully alerts the pulse-like in the
AhmF2. Note that the moment when Bz drops to —10 nT
(Bz < —10 nT) is the so-called as reference time in Section
3.1, Ty. Thus we assume that it is necessary to accomplish
with the above criteria to predict the pulse-like of AhmF2;
otherwise no AhmF?2 pulse will occur.

[19] We have found different patterns of time-development
of AhmF2 depending on the local time of the ionospheric
station at the reference time and on the season (Figure 6); i.e., a
sole distinct pulse is observed for those events recorded at the
midnight-dawn sector whereas two pulses are observed oth-
erwise. Once we have fixed an alert criterion to predict the
pulse-like of AhmF2, we have evaluated different analytical
functions to simulate this two-pulse like behavior and con-
cluded that time dependent Gaussian functions provide the
best fits to behavior of AhmF2. Polynomial and cosine func-
tions have been evaluated also and they provided worse results
compared to the Gaussian functions. Thus, we have modeled
the AhmF2 disturbance through two Gaussian functions
(equation (1)):

2

AhmF2(t) = Ay-e 7B/ | gy B/ (1)

where A;, B; and C; are the heights, the center and the widths
of the Gaussian bells. Qualitatively, the coefficients A rep-
resent the strength of the height disturbances, coefficients B
relate to the time delay from the baseline to the maxima of the
disturbances and the coefficients C are a measure of the
duration of the disturbance.

[20] Prolss [1993] and Deminova et al. [1998] have deduced
previously that AhmF2 disturbances can be simulated using
functions whose morphology depends on the energy injection
at high latitudes. Moreover, an accurate modeling must
consider the main driving mechanisms which relates to the
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Table 2. Coefficients of the Gaussian Functions in Relation to the Local Time and Season®

Season LT Sector Coefficients
Winter Tr-Tg Al =6.09 - ABz + 19.17 A2 = —8.33 (Ts-Tp) + 92.14
B1 =0.55 (To-Tr) + 0.33 B2 =0.41 - ABz + 7.01
Cl =-0.21 (To-Tg) + 3.7 C2=0.098 (Ts-Ty) + 1.76
Ts-Tr Al =153.55
Bl =3.66
Cl=1.83
Summer Tr-Tg Al =273 - ABz + 81.27 A2 =238 - ABz + 67.34
B1=-0.076 - ABz +4.72 B2 = 0.44 (Ts-Typ) + 9.23
Cl =—-0.092 (Ty-Tg) + 2.7 C2=-0.036 - ABz +3.39
Ts-00 LT Al =6.22 - ABz +45.28 A2 =66.75
B1 =1.67 (Ty) — 30.92 B2=10.71
Cl =-2.5 (Tg) + 50.63 C2=—1.31 (Ty-Ts) + 5.43
00 LT - T Al =100.81
Bl =4.24
Cl1=243
Equinox Tr-Tg Al =110.01 A2 = —7.13 (Ts-Ty) + 164.64
B1=0.093 - ABz + 3.65 B2 = 0.6 (Tg-Tp) + 9.42
Cl=25 C2=13.64
Ts-00 LT Al =1.93 - ABz +41.51 A2 =1.28 - ABz + 60.92
Bl =3.65 B2 = —1.56 (Ty-Ts) + 15.24
Cl=25 C2=4.77 (Tr) — 27.98
00 LT -Tgr Al =4.68 - ABz + 50.13

Bl =—0.12 ABz + 6.67
Cl=1.1(Tg) — 451

#ABz is the absolute value of the rate of change of the Bz component of the IMF in nT as defined into the main text. Ty means the so-called “reference”
time, Tr and Tg mean the sunrise and sunset times respectively in hours. A; coefficients are expressed in km and B; and C; are expressed in hours.

disturbed thermospheric neutral winds and depends on the
local time and season [e.g., Fuller-Rowell et al., 1994;
Fedrizzi et al., 2008].

[21] Thus, we have fitted the 45 samples of hmF2 dis-
turbances to Gaussian functions which have furnished
45 pairs of coefficients A;, B; and C; (equation (1)). We have
investigated the potential dependence of these coefficients
with the local time, season and strength of the storm. The
45 sets of coefficients were grouped into different seasons
(Winter from December 21 to March 20, Summer from June
21 to September 20, and Equinox from March 21 to June 20
plus from September 21 to December 20) and into different
local time sectors (Daytime, Dusk-Midnight and Midnight-
Down) according to the distinct time-development observed
for the pulse-like AhmF2 (Figure 6). Aiming to obtain a
potential relationship of these coefficients with the energy
input at high latitudes (strength of the storm), several indices
and magnitudes have been checked (i.e., solar wind, IMF
and geomagnetic activity data). As pointed out earlier, our
experimental results are consistent with the storm scenario
described by Prolss [1993] in which the main driving
mechanism for the pulse-like AhmF2 relates to the disturbed
thermospheric neutral winds as consequence of the energy
deposition at high latitudes. Many studies have used the AE
index as a proxy of the energy input at high latitudes during
a geomagnetic storm [e.g., Prélss, 1993; Deminova et al.,
1998; Prélss and Ocko, 2000]. However, the auroral elec-
trojet tends to move to lower latitudes than usual during
intense geomagnetic storms and the AE index may be not
accurate enough [e.g., Meng, 1984; Khorosheva, 1986; Wang
et al., 2008]. The latter fact and that AE is useless for fore-
casting purposes convinced us to disregard bounding our
model to the AE index. It is well known that energy transfer
from solar wind to magnetosphere occur by the arrival of a
southern IMF via reconnection and large-scale convection
and because of fluctuations in the Bz. Kamide [2001]

proposes that quasi-steady component of the Bz is important
in enhancing the ring current during geomagnetic storms,
while changes, or fluctuations, in Bz are responsible for ini-
tiating substorms. Saiz et al. [2008] have shown that fluctu-
ation in Bz seems to relate with large Dst variations in the
main phase of intense geomagnetic storms. We have
observed that those storms with slow varying main phase do
not produce significant disturbances at hmF2 (Section 2).
This probably indicates the absence of significant changes in
Bz (in agreement with the results of Saiz et al. [2008]) and
consequently the absence of substorm activity (in agreement
with the results of Kamide [2001]). According to these
thoughts, we may speculate that the energy input at high
latitude is not enough to launch TADs and generate the pulse-
like AhmF2. Thus, we evaluated the potential relationship of
the Gaussian coefficients with the rate of change of Bz and
with the local time and seasons.

[22] We have empirically found that the rate of change of
the Bz is the proxy that better relates with the strength, delay
and duration of the pulse-like AhmF2 which are represented
by the coefficients A;, B; and C; respectively (equation (1)).
In particular, the absolute value of the rate of change of Bz for
the one hour interval preceding the reference time Ty (i.e., |A
Bz| = |Bz(Ty) — Bz (Ty_1)|). Moreover, we have also found
that the coefficients A;, B; and C; depend on the local time
and season as well. Figure 7 depicts the relation of some of
the coefficients with |ABz| and with the local time for dif-
ferent season and local time sectors. Those coefficients that
do not present any linear trend with these parameters have
been considered as a constant value equal to their respective
averages. Although our findings have been obtained empiri-
cally they have physical meaning. As pointed out earlier, the
fluctuations in the solar wind electric fields are responsible
for initiating magnetospheric substorms [e.g., Kamide, 2001 ]
which play significant role on the hmF2 disturbance and the
Bz component of the IMF is the main contributor to the
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Figure 8. Experimental behavior of AhmF2 (dotted line)
and AhmF2 model prediction (black line) in comparison
with IMF Bz component and Dst index for indicated dis-
turbed time intervals. Shaded areas indicate the local time
sector for each case. Vertical black lines indicate the refer-
ence time. Error bars correspond to the range of expected
variation for a quiet day. White and black suns correspond
to sunrise and sunset at ground level respectively. (a) An
example of two successive events that occur closely in time;
first one of Type A and second one of Type C events. (b) An
example of an event that was not used to construct the model
(Bz < —10 nT for only one hour) but IMF Bz accomplish the
conditions to trigger the model. It corresponds to an event of
Type A. (c) An example of an event that corresponds to a set
of time interval different from that used to construct the
model. It corresponds to an event of Type C.
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effective solar wind-magnetosphere coupling [e.g., Gonzalez
and Tsurutani, 1987]. Moreover, the main driving mechan-
isms for AhmF2 which relates to the disturbed thermospheric
neutral winds depends on the local time and season [e.g.,
Fuller-Rowell et al., 1994; Fedrizzi et al., 2008]. Table 2
shows the coefficients defining our model for AhmF2. The
few number of samples recorded during winter compared to
the other seasons makes not possible getting a more detailed
pattern than two LT sectors.

[23] In summary our model for AhmF2 works as follows.
First, the model evaluates the conditions of Bz to alert if the
pulse-like in the AhmF2 can occur (a change larger than
20 nT in the Bz within a time window of 3 h and a drop
of Bz to —10 nT). If the above criteria are not fulfilled, the
model gets no alarm and it outputs zero values of AhmF2. If
the above criteria are accomplished the model gives a posi-
tive alarm and it predicts the pulse-like in the AhmF2
according to the analytical function described in equation (1)
with the coefficients listed in the Table 2. Once the model
gives a positive alarm, it cannot provide a successive alarm
until the first pulse-like of AhmF2 had ended. This “standby”
time is related with coefficients C; and B;. The latter is a
compromise to prevent the model reacting for a two-step type
storms [Kamide et al., 1998] but to record two consecutive
storms closely in time.

5. Modeling Results

[24] The above analysis has determined the characteristic
behavior of the pulse-like AhmF2 during intense geomag-
netic storms and obtained an analytical model that success-
fully simulates and predicts the pulse-like AhmF2 according
to interplanetary magnetic field conditions in near real time.

[25] The model provides no false alarms using the criteria
to alert the model but it reduces the number of detected
events. According to this, the model alerts 38 times for the
time interval from 1995 to 2007 (i.e., it detects 38 geomag-
netically disturbed periods in which the ionosphere should
raise). However, only 28 of these intervals have contempo-
rary interplanetary magnetic field and ionospheric data
available. In addition, either of the ionospheric stations, EA
or OE, report data gaps in some of the above intervals
resulting 35 samples that record pulse-like AhmF2 (12 at EA
and 23 at OE). As a result, the model successfully predicts
30 of the 35 samples of pulse-like AhmF2. Thus, the near real
time prediction model has a 86% of success in the event
detection. Figure 8 depicts some examples of the model
performance for particular events which are observed for
different seasons and local time sectors. Figure 8a shows an
example for two successive events that had occurred closely
in time; the first one of Type A and the second one of Type C
events (Section 3.3). Figure 8b shows an example for an
event that was not into the statistics, although it occurred for
the time interval 1995-2007, because Bz < —10 nT lasted for
one hour only. However, Bz accomplish the criteria to posi-
tively alarm the model and it fits to an event of Type A.
Finally, Figure 8c shows an example for an event that has
occurred recently and outside the time interval of the statis-
tics, corresponding to an event of Type C.

[26] We have computed the Root Mean Square Error
(RMSE) between the predicted AhmF2 and the experimental
data to assess the goodness of the real-time prediction model.
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Figure 9. Comparison of the RMSE provided by IRI predictions (light gray) with the RMSE provided by
the real-time disturbance model (dark gray). OE corresponds to the events observed at the “Observatorio del
Ebro” and EA to those observed at “El Arenosillo.” Black boxes indicate those cases in which the model
prediction fails. The minimum Dst is depicted in the upper part of the panel showing the storm intensity.

The RMSE was calculated for a time interval of 24 h elapsed
from the reference time:

Yf) = vl

n

RMSE = (2)

where n is the total number of data, f(x;) is the function value,
and y; is the corresponding experimental value. The RMSE of
the real-time prediction model have been compared with the
RMSE provided by the STORM correction model of the IRI
[Araujo-Pradere et al., 2002; Araujo-Pradere and Fuller-
Rowell, 2002]. Figure 9 depicts the above results for all the
samples detected by the model. Note that the RMSE provided
by the real-time AhmF2 model is lower than 40 km for most
of the samples. This value is equivalent to the value of 20,
where o is the standard deviation of the quiet days in relation
to the average reference quiet day. Therefore, the application
of real-time empirical model for predicting AhmF2 gives
satisfactory results.

6. Summary and Concluding Remarks

[27] Little number of investigations has been made to date
to develop a hmF2 disturbance model caused by the geo-
magnetic storms or to validate the storms effects on the hmF2
[e.g., Deminova et al., 1998; Fedrizzi et al., 2008]. The
shortage on such hmF2 disturbance modeling is mostly due
to the scarcity of true height data and/or to an inaccurate
formulation of the hmF2 characteristic [e.g., Shimazaki,
1955; Prolss and Ocko, 2000]. The large amount of data of
good quality recorded at midlatitude stations in Spain make
possible obtaining the characteristic behavior of the hmF2
disturbance caused by intense geomagnetic storms in relation
to the local-time, season and conditions of the IMF. The good
correlation between the pulse-like AhmF2 and the proxies of
the energy input at auroral latitudes jointly with the delayed
response of the ionosphere respect to the disturbance of the
IMF support the storm scenario proposed by Prolss [e.g.,
Prolss, 1993; Fuller-Rowell et al., 1994]: the TADs of
auroral origin and changes in the thermospheric wind are the
main physical mechanisms driving equatorward-directed and

vertical winds which in turn move the plasma along the
magnetic field lines and raise the ionospheric peak height.

[28] The systematic pulse-like shape of the AhmF2 caused
by the geomagnetic storms has been related to the local time,
season and conditions of the interplanetary magnetic field.
This resulted in a real-time forecasting tool which models the
AhmF2 by analytical time-dependent functions (equation
(1)) whose coefficients depend on the configuration of the
IMF, the local time and season (Table 2).

[29] The obtained empirical model predicts the pulse-like
AhmF2 with an average RMSE comparable to 2 times the
values of the standard deviation of the quiet days in relation to
the average reference quiet day and without false alarms. This
empirical model can be used as a prediction tool for real-time
Space Weather applications due to the current availability of
satellite records of IMF in near real time. To best of our
knowledge, this fact would place this model as unique in its
category. It should be noticed that the current model pretends
modeling and predicting the AhmF2 during intense geomag-
netic storm. However, it is known that current IRI model
works reasonably well predicting hmF2 under quiet conditions
for midlatitudes [e.g., Magdaleno et al., 2011] and it fits rea-
sonably well to our experimental reference days (Figure 1).
Adding the results of our AhmF?2 to the quiet time prediction
of the IRI one would obtain a real-time tool for predicting
hmF2 under both, quiet and disturbed conditions. The latter is
out of the scope of the current investigation and might be
evaluated in future studies.

[30] Although this analysis has been carried out with iono-
spheric data gathered in the Iberian Peninsula, the behavior
of the pulse-like AhmF2 during geomagnetic storms has
been found to be equivalent to other midlatitude stations [e.g.,
Paznukhov et al., 2009]. We have evaluated how behaves the
AhmF2 model at other latitudes and longitudes of Europe for
several geomagnetic storm events. We have analyzed the
pulse-like AhmF2 observed from the ionospheric stations at
Chilton (51.5°N, 359.4°E), Pruhonice (50.5°N, 14.6°E), San
Vito (40.6°N, 17.8°E) and Athens (38.0°N, 23.5°E) for the
storms occurred on 20-21/11/2003, 22-23/01/2004, 07-08/11/
2004 and 24-25/08/2005. The results indicate that the model
fits the pulse-like AhmF2 for whichever of the above
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Figure 10. Experimental behavior of AhmF2 (dotted line)
and AhmF2 model prediction (black line) in comparison
with IMF Bz component and Dst index for 24-25 August
2005 disturbed period at different European locations.
Shaded areas indicate the local time sector for each case.
Vertical black lines indicate the reference time. Error bars
correspond to the range of expected variation for a quiet
day. White and black suns correspond to sunrise and sunset
at ground level respectively.

ionospheric stations and storm events but exhibits slight
shortcomings for the stations located at higher Ilatitudes
(Figure 10). Thus, this empirical model can be extended to a
wider latitude range. However, further analyses of good quality
of hmF2 data, provided by either ionosondes or satellite, are
needed to assess the latitude range of validity of the currently
presented modeling approach.

[31] Another improvement of the model can result with the
analysis of higher sampling data for both ionospheric and
IMF magnitudes which are of 1-h sampling in the present
investigation. The later would be possible with the advent
new data and with the available data of recent times.
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