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Abstract. A short-term ionospheric forecasting empirical cially in the eastern part of the European area during the
regional model (IFERM) has been developed to predict thesummer months (May, June, July, and August) and equinoc-
state of the critical frequency of the F2 laydoK2) under tial months (March, April, September, and October) under
different geomagnetic conditions. disturbed and very disturbed geomagnetic conditions, re-
IFERM is based on 13 short term ionospheric forecastingspectively. The performance of IFELM is also very good
empirical local models (IFELM) developed to predioE2 at  in the western and central part of the Europe during the
13 ionospheric observatories scattered around the Europeggmmer months under disturbed geomagnetic conditions.
area. The forecasting procedures were developed by takin§ TORM.foF2yvep, iri performs particularly well in central
into account, hourly measurements fof2, hourly quiet- Europe during the equinoctial months under moderate geo-
time reference values ®F2 (foF2gt), and the hourly time- magnetic conditions and during the summer months under
weighted accumulation series derived from the geomagnetivery disturbed geomagnetic conditions.
planetary index ap, (ap)), for each observatory. The forecasting maps generated by IFERM on the basis of
Under the assumption that the ionospheric disturbance inth€ results provided by the 13 IFELM, show very large areas
dex InfoF2foF257) is correlated to the integrated geomag- located at middle-high and high latitudes whereftte2 pre-
netic disturbance index ag) a set of statistically significant dictions quite faithfully match théoF2 measurements, and
regression coefficients were established for each observatorg,onseq‘{e”“y IFERM can be used for generating short-term
over 12 months, over 24 h, and under 3 different ranges oforecasting maps doF2 (up to 3 h ahead) over the European
geomagnetic activity. This data was then used as input téif€a.

compute short-term ionospheric forecastingabi2 atthe 13 Keywords. lonosphere (lonosphere-magnetosphere interac-
local stations under consideration. tions; lonospheric disturbances; Modeling and forecasting)

The empirical storm-time ionospheric correction model
(STORM) was used to predi¢dF2 in two different ways:
scaling both the hourly median prediction provided byl
IRI (STORM_foF2yep,iri model), and thefoF2gt values

(STORM.foF2qt model) from each local station. A large number of global (Jones and Gallet, 1962;
The comparison between the performance of Comite Consultatif International des Radio Communica-
STORMfoF2yvep,iri, STORMfoF2gt, IFELM, and  tions (CCIR), 1991; International Telecommunication Union
the foF2g7 values, was made on the basis of root mean(|TU), 1997) and regional models (Bradley, 1999; Hanbaba,
square deviation (rm.s.) for a large number of periods1999) have been developed over the years to predict the
characterized by moderate, disturbed, and very disturbegnhonthly medians of the key ionospheric characteristics of
geomagnetic activity. the F2 layer, including its critical frequend@F2, and oblig-
The results showed that the 13 IFELM perform much bet-uity factor for a distance of 3000 kriv)(3000)F2 Other long
ter than STORMOF2vep, iri and STORM foF2gt espe-  term prediction models like the IPS-ASAPS and ICEPAC are
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also able to predict sky wave communication conditions inditions. These changes are denoted as negative or positive
the HF radio spectrum. The IPS-ASAPS (Advanced Standonospheric storms, according to whettieF2 is below or
Alone Prediction System) is based on ITU-R/CCIR modelsabove its “quiet value”, respectively.

(Rec. ITU-R P.533-8, Rec. ITU-R P.372-8 and CCIR Reports The long term prediction models féoF2 are not able to
322) and on an ionospheric model developed by the IPS Raprovide reliable forecasts during ionospheric storms, when
dio and Space Services of the Australian Department of In-considerable reductions d&F2 can occur. During these
dustry, Tourism and Resources (IPS-Radio and Space Seevents, rather than the monthly median models, like AS-
vices, undated). The ICEPAC (lonospheric CommunicationsAPS and ICEPAC, nowcasting models are more appropri-
Enhanced Profile Analysis and Circuit) is a full system per- ate for forecasting depletion of MUF (Pietrella et al., 2009),
formance model for HF radio communication circuits (Stew- which represents a serious drawback for maintaining effi-
art, undated). As recent studies have shown, ASAPS andient management of HF radio communications. As a re-
ICEPAC provide good guidelines for the choice of maximum sult, there is a need to develop nowcasting models (Araujo-
usable frequencies (MUF) for use in radio communicationsPradere et al., 2002; Zolesi et al., 2004; Pietrella and Per-
under “quiet” ionospheric conditions (Zolesi et al., 2008). rone, 2005) and short-term forecasting models (Cander et al.,
The situation is completely different under “disturbed” iono- 1998; Muhtarov and Kutiev, 1999; Oyeyemi et al., 2005) for
spheric conditions related to geomagnetic storm events. Ahe prediction offoF2 for a few hours ahead. This would
large number of studies on ionospheric storms have beeprovide HF operators with real-time or quasi-real-time assis-
carried out in the past. Several experimental and theoretitance in choosing optimal frequencies for radio links, even
cal studies have defined a phenomenological scenario of thim the case of a strongly disturbed ionosphere. The problem
ionospheric response to geomagnetic storms (see reviews bgf forecasting the ionospheric disturbances associated with
Prolss, 1995, 1997; Fuller-Rowell et al., 1997; Buonsanto,geomagnetic storms has already been examined in the past.
1999). It is well known that solar wind particles of increased Many geomagnetic indices were studied in order to estab-
speed and/or density, caused by solar disturbances like cordish which of them could best forecast the ionospheric re-
nal mass ejections, captured by the Earth’s magnetosphersponse to geomagnetic storms (Mendillo, 1973). Changes in
cause changes in the Earth’s magnetic field and result in théoF2 measurements, with respect to estimated quiet-time val-
so called geomagnetic storms. During these events large emues, were used as an ionospheric disturbance index (IDI) for
ergy inputs, in the form of enhanced electric fields, currentsdefining a predictive scheme féoF2 (Wrenn et al., 1987;
and energetic particle precipitation, cause a noticeable joul&/renn and Rodger, 1989). lonospheric disturbances during
heating of atmospheric gases. The resulting expansion oéxtreme geomagnetic storms were studied with the aim of de-
the thermosphere at high latitudes alters the composition ofreloping local forecasting models (Cander and Mihajlovic,
neutral air, especially atomic oxygen [O], molecular nitro- 1998). More recently a short term ionospheric forecasting
gen [N], and molecular oxygen [§). The vertical motion  empirical local model to predidoF2 over Rome during sig-

of these species can result in a decrease in the [Q]4Nd nificant geomagnetic storm events was developed by Pietrella
[O)/[O2] ratios (Rishbeth et al., 1987), which strongly in- and Perrone (2008).

fluences the electron density of the F2 region. When the Inspired by the latter, an ionospheric forecasting empirical
heating events are impulsive, the expansion of the atmoregional model for the prediction 66F2, based on a certain
sphere also produces winds that transport the compositionumberN of local models, has been developed.

changes from higher to lower latitudes manifesting them- During a geomagnetic storm, the level of geomagnetic ac-
selves as motions of the neutral atmosphere on a large scat&ity changes from place to place. Consequently, since the
(Richmond and Matsushita, 1975; Roble et al., 1978; Burnseffects of the ionospheric storm correspond closely to the
and Killen, 1992; Hocke and Schlegel, 1996). These mo-level of geomagnetic activity, the most important factor for
tions, more properly called gravity waves (GW), have their discriminating the diverse effects that a storm has on the
origin in the auroral zones. Testud (1970) and Titheridgebehaviour of the ionospheric F-region is the difference in
(1971) demonstrated that GW are observed much more frelatitude.

quently when geomagnetic activity is particularly marked, Therefore the idea forming the basis of this new work is
i.e. in the course of geomagnetic storm events. Observationthat, given a certain numba¥ of local models for the predic-

of the oscillations of electron density suggest that GW ac-tion of foF2 suitably dispersed in latitude, and each of them
tivity occurs in the F-region of the ionosphere (Pietrella et able to adequately “capture” the local effects of a storm on
al., 1997). GW activity generates wavelike motions calledfoF2, then using these simultaneously makes it possible to
travelling ionospheric disturbances (TIDs), which can play “reproduce” the effects that a storm has on the behaviour
an important role in changing ionization, making HF com- of the F-region on a spatial scale larger than the local one.
munications difficult. Therefore, during geomagnetic stormIn other words, theV local models, taken together, may be
events important changes in electron density content can alappropriately used to produce forecasting map®B2 dur-

ter day-to-day F-region ionospheric variability. lonization ing geomagnetic storm events over the area including\the
density can either increase or decrease during disturbed comodels.
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Table 1. List of ionospheric stations used for the development of § 7 Kiruna
IFERM: the range of years considered to obtain the set of regressiors MenE
coefficients (column A) and the range of years taken into account %7 " Lyckesele
for testing (column B) are shown for each ionospheric observatory.
604 = Uppsala
Station Latitude Longitude A B Juliusruh
554 N =Kaliningrad

Dourbes 50.17N 46 E 1957-1987 1988-1997 { Slough

Juliusruh 586N 1¥4E  1957-1990 1991-2003 504 «Dourbes —

Kaliningrad 54.7N 20°.6 E  1964-1986 1987-1994 ®=| annion

Kiruna 678N 20°.4E 1957-1985 1986-1998 s Bl

Lannion 48.1N 2°3E 1961-1987 1988-1997

Lyckesele 646N 18°.8E  1957-1987 1988-1998 w0l =Tortosa *Rome

Poitiers 48.6'N 0°.3E 1957-1988 1989-1998

Pruhonice ~ 50.0N  14°.6 E  1958-1984 1985-1999 I & ° & n E - 2 ° &

Rome 429N 125E 1957-1990 1991-2000 longitude

Slough 525N —0°.6W 1957-1989 1990-2003

Sodankyla 674N  26°.6E  1957-1987 1988-1997  Fig. 1. Geographic area showing the 13 ionospheric observatories

Tortosa 40.8' N 0°.5'E 1955-1986 1987-2001  for which the local forecasting models were developed. The blue

Uppsala 598N 17.6E 1957-1988 1989-1998  dots mark the western and eastern parts of the area under consider-

ation; the red dots mark the central part of Europe.

The ionospheric observatories utilized to develop the 13

With these considerations in mind, 13 ionospheric fore-|Fg| M, are located at middle, middle-high, and high lati-
casting empiricg! local models (IFELM), for predicting the y,des (Table 1) and so a preliminary study was conducted
state of the critical frequency of the F2 laydnF2, at {5 jnvestigate whichr value is most suitable for each sta-
13 ionospheric observatories scattered over the Europeagy. Taking into account the previous results, the values
area (Tortosa, Rome, Poitiers, Lannion, Pruhonice, Dourbes, — 0.7, 1 — 0.8, andr = 0.9 were considered and the best
Slough, Kaliningrad, Juliusruh, Uppsala, Lyckesele, So-fit was found for two different values of: t = 0.8 for
dankyla, and Kiruna) (Fig. 1), were developed with the as-the three stations located at higher latitudes (Lyckesele, So-
sumption that th_ere i; an empirical relationship between |D|dankyla, and Kiruna)t = 0.9 for the stations located at mid-
and geomagnetic activity. dle and middle-high latitudes (Tortosa, Rome, Poitiers, Lan-

Since geomagnetic activity can be described with indicesnion, Pruhonice, Dourbes, Slough, Kaliningrad, Juliusruh,
that can be predicted for a few hours in advance, the 13nd Uppsala).
IFELM could be used for the short term ionospheric fore- In this study it is also of crucial importance to define the
casting offoF2 during non quiet geomagnetic conditions. representativdoF2 values for the undisturbed ionosphere.
However, there are two very important factors: the choiceAlthough the monthly median valuesfol2 are usually con-
of the most representative index of geomagnetic activity andsidered as representative of a quiet state of the ionosphere
the definition of the reference quiet-time values. Some stud{Cander and Mihajlovic, 1998), in reality it is very difficult to
ies have shown that the extent of significant storm effects dedefine a parameter that accurately represents a “quiet” iono-
pends more on the average value of the geomagnetic index sgphere (Kouris and Fotiadis, 2002). A review of literature in
rather than the peak value. This means that the magnitude dhis field shows that the monthly median value$ai2 give
main phasdoF2 deviations could be better described using rise to many artificial effects (Kozin et al., 1995). They are
an integration of ap that takes into account the recent historynadequate to describe “quiet” ionospheric behaviour and al-
of geomagnetic activity (Wrenn et al., 1987). The geomag-ternative quiet-time reference values are required (Wrenn et
netic index used in this study is the ap(ndex introduced al., 1987). In fact, many attempts have been made in the past
by Wrenn (1987). It reflects an integration of geomagneticto define a suitable index for characterizing the “quiet” state
activity over a number of 3-h intervals, giving more weight of the ionosphere (Wrenn et al., 1987; Cooper et al., 1993;
to the recent past and less to measurements from earlier perZolesi and Cander, 1998; Belehaki et al., 2000).
ods. Studies concerning the correlation coefficients from lin- In order to develop the forecasting procedure, hourly
ear fitting of the IDI and geomagnetic activity as a function of quiet-time values ofoF2, foF2gT, estimated for each in-
7, have shown that for the southern high latitude ionospheraividual station following a procedure similar to that de-
the best fit is obtained for = 0.80 (Perrone et al., 2001) vised by Wrenn et al. (1987), the hourly measurements of
and fort =0.75 (Wrenn et al., 1987) while for the middle- foF2 from each ionospheric observatory, and the hourly time-
high latitude ionosphere the best fit was foundfet 0.815  weighted accumulation series derived from the geomagnetic
(Wrenn and Rodger, 1989). planetary index ap, apj, to take into account the recent
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history of geomagnetic activity (Wrenn, 1987), were consid- ThefoF2gt were calculated for each specific ionospheric
ered over the years as shown in column A of Table 1 (solambservatory adopting the procedure described in detail in
cycles 19, 20, 21, 22, and 23). Pietrella and Perrone (2008), following a method analogous
Based on previous studies (Perrone et al., 2001, and refto that elaborated by Wrenn (1987).
erences therein; Wrenn et al., 1987), all data considered was )
selected on the basis of three different ranges of geomagé-1 Forecasting procedure and STORM model
netic activity: moderate # ap( = 0.8/t = 0.9) < 20; dis-
turbed 20< ap = 0.8/r =0.9) < 32; very disturbed ap(=
0.8/r = 0.9)> 32 excluding from the entire data set all
the periods occurring over the years shown in column B
of Table 1, which were subsequently used to test IFELM
performance.
Since the 13 IFELM, taken together, can be considered a

a single short term ionospheric forecasting empirical regiona n Tortosa. Rome. Poitiers. Lannion. Pruhonice. Dourbes
model, hereafter they are also referred to simply as IFERM. Slough, Kaliningrad, Juliusruh, and Uppsagagroup) in or-

For each range of geomagnetic activity selected and folyg 1g select data relative to various disturbed geomagnetic
each month, a statistically significant linear correlation wasg,ngitions for each ionospheric observatory.

found between IfoF2foF2gr) and apt = 0.8/z = 0.9). Each bin included a large set of hourly time-series
The coefficients of linear regression obtained for dlfferentof In(foF2foF257) — apg = 0.8) for « group, and
months, hours, and ranges of geomagnetic activity, and th?n(foFZ/foFZQT) ~ apt = 0.9) for 8 group on which a lin-
predicted ap{ = 0.8/r = 0.9) values, were utilized as in- o5, regression analysis was performed.

put to calculate a short-term ionospheric forecastféd2. On the basis of the procedure described above, 864
STORM is an empirical storm-time ionospheric correction o4 3 ranges of geomagnetic activieyl2 months) pairs
model developed using data from 43 storms that occurreqt regression coefficients were calculated for each single ob-

in the 1980s (Araujo-Pradere et al., 2002). This model Wasseryatory assuming the following statistical model:
included in the new International Reference lonosphere (Bil-

itza, 2001). It provides an estimate of the expected changg, fOF2 _ A+ B-ap(r) B
in the ionosphere during a period of increased geomagnetic foF2gTt

activity. STORM provides as output the correction faCtorswherer — 0.8 andr = 0.9 for the stations of the: and 8
to “adjust” the quiet-time values dbF2. A few compar- o ’

. groups, respectively.

isons between the performance of IFERM, STORM, and the The numerical coefficientst and B were calculated by

foP2gr values are shown in terms of r.m.s. error for very dis- means of the least squares method. Each pair of coefficients

turbed geomagngtlc conditions. represents a potential model to use for short-term forecasting
Some comparisons between the maps basddfthmea- ¢ topo.

;urements and the maps generated from IF.ERM’s predic- A Fisher's test with a confidence level =95 % was per-
tions, are also shown for a few days characterized by modertomeq for each model to check its statistical significance.

ate, disturbed, and very disturbed geomagnetic activity. Another Fisher's test was performed on any discarded co-
The data analysis and model description are described igfficients to establish if these coefficients could be accepted

Sect. 2. The testing procedure, the comparisons and the regjth a confidence level=90%. In this way, it was possi-

sults are presented in Sect. 3. Concluding remarks on th@je to select 11 232 (864 13) pairs of statistically signifi-

IFERM approach are summarised and possible future develeant regression coefficients. These are referred to hereafter

opments are outlined in Sect. 4. as (A1s h.m.rga» Bis.hm.rga), indicating that they depend on the
local station, hour, month, and range of geomagnetic activity.
The 11232 pairs of coefficientsi(s nhm,rgar Bis,h,m,rga) COl-

2 Data analysis and model description lectively constitute the IFERM model and they are the input

to the following prediction algorithm

The IFERM (ionospheric forecasting empirical regional B ap(t
model) was developed usifigF2 measurements taken at 13 foF 2predictedis h.mga = fOF2qT - explnmiost fsnmea 30 (2)
ionospheric observatories over an extended period of yearsettingr = 0.8 andr = 0.9 for the stations belonging t®
(Table 1, column A). group and group, respectively.

The other two parameters utilized for data analysis were The pairs of regression coefficieniig hm,rga, Bis,h,m,rga)
the hourly time-weighted accumulation series derived fromwere utilized in Eg. (2) to obtain an ionospheric forecast-
the geomagnetic planetary index ap, @p(and the hourly ing of foF2 at the 13 ionospheric observatories over mod-
quiet-time reference values fufF2 foF2gT). erate (7< apk = 0.8/t = 0.9 < 20), disturbed (26 ap =

For any hour of any day of any month over the years re-

ported in the column A of Table 1, the ratiosfloft 2foF2qT)

were calculated and binned in terms of three different ranges

of geomagnetic activity: % api = 0.8) <20, 20<ap =

0.8) <32, and apf = 0.8) > 32 for the stations in Lycke-

sele, Sodankyla, and Kiruna group); 7< ap = 0.9) < 20,
O<apk =0.9)< 32, and apf = 0.9) > 32 for the stations
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0.8/t = 0.9)<32), and very disturbed (ap= 0.8/t = When this happens, it is assumed that the local model can
0.9 > 32) periods selected over the years and reported in colnot be used for prediction d6F2 and it is discarded.
umn B of Table 1. This is not a serious problem because with 13 IFELM

The predictions ofoF2 provided by the 13 IFELM for a  available, there are always a certain numbeof IFELM
given epoch (hour, day, month, year) represent the IFERMoperating simultaneously (see Table 4, last column) making
prediction for that epoch. it possible to forecagbF2 over the area in question.

The global model STORM, implemented in the global IRl The cases in which it is possible to consider the different
model (Bilitza and Reinisch, 2008), provides a correction|FELM simultaneously operative for forecastifigF2 over
factor for each houk, depending on the geomagnetic latitude the European area are shown in Table 4 for each month and
(CFwe 1), and this is used to “correct” the quiet-time value of ynder different geomagnetic conditions.
foF2. Therefore, for a comparison with the predictions pro- Figures 2, 3, and 4 show comparisons between the maps
vided by the 13 IFELM , the correction factors were calcu- pased onfoF2 measurements (Figs. 2a, 3a, 4a) and the
lated for all 24 h of the day for all the ionospheric observato- toFo forecasting maps (Figs. 2b, 3b, 4b) obtained using
ries under consideration. Since STORM can scale the outpu§,e |FERM model for three different epochs characterized

of any quiet-time ionospheric model, the 24 hourly median by moderate, disturbed, and very disturbed geomagnetic
measurements dbF2 predicted by IRI, foF2vep,ir1), as activity.

well as the 24 hourly reference quiet time values calculated
for each ionospheric observatorfpk2gT), were considered
as the quiet-time ionospheric levelsfof2. Therefore, the
prediction at a given houk, was calculated in two different
cases by the Eqs. (3)—(4).

4 Discussion of the results and future developments

A careful analysis of the performance of the various models

STORM foF2yep, iri.h = CFe i - foF2vED.IRI.h (3) reported in Table 3, leads to the following conclusions.
As regards the western part of the European area
STORMfoF2gt h = CFe p, - foF 20T 1 (4)  under consideration, (including the stations of Tortosa,

Poitiers, Lannion, Dourbes, and Slough), extending in lat-
itude from 40.8 N to 51°.5'N and in longitude from
—0°.6 W to 4.6 E, the IFELM perform far better than
STORMIfoF2yep Iri- In this area, IFELM predictions were

The performance of each local model calculated in termsP€Uer in 71 % of cases, while the STORWF2vep iRl pre-
of root mean square deviation (rm.s.) was compareod'Ct'onS were better in only 23 % of the cases analysed.
with the performance of the STORM model obtained scal- In the winter months the performance of IFELM is far
ing both the hourly median prediction provided by IRI better than STORMoF2yvep,iri, both under moderate ge-
(STORM.foF2yep iri model) and the quiet time reference omagnetic activity (IFELM predictions were better in 70 %
values offoF2 from each local station (STORK6F2qr  Of cases, while STORMOF2vep,iri predictions were better
model). For a further comparison the predictionsfaf2  in 10% of the cases analysed) and under very disturbed ge-
provided by each local model were also compared with theomagnetic activity (IFELM predictions were better in 74 %
hourly series ofoF2qT. of cases, while STORMoF2yiep |r predictions were better
All the periods characterised by moderate, disturbed, andn 5% of the cases analysed). Under disturbed geomagnetic
very disturbed geomagnetic conditions, were selected fofonditions, the performance of IFELM is slightly better than
each ionospheric observatory over the years reported in th& TORM.foF2vep,iri, providing more accurate predictions
column B of Table 1, and then grouped together. Subsein 65% of cases, while STORNbF2viep,iri produces bet-
quently, these data sets were binned by single month, anter predictions in 30 % of the cases analysed.
performance was calculated for all the months in terms of In the equinoctial months it emerges that under mod-
global r.m.s. error under moderate, disturbed, and very diserate geomagnetic activity, the 13 IFELM and the
turbed geomagnetic activity. STORM.foF2yep, iri model offer about the same level of
As an example, Table 2 shows the comparisons inperformance (IFELM predictions were better in 50% of
terms of global r.m.s. error between some IFELM, cases, while STORMoF2yep,ri predictions were better in
STORMfoF2yvep, iri, and STORMfoF2otr models, and 45 % of the cases analysed).
foF2gT under very disturbed geomagnetic conditions. IFELM perform much better than STORKF2yeD IR
Table 3 indicates the models that produce the smallestinder disturbed geomagnetic activity (IFELM predictions
global rm.s. error, i.e. the best performance, for each stawere better in 85 % of cases, while STORNMF2vep ir| pre-
tion, month, and all the three selected ranges of geomagelictions were better in 15 % of the cases analysed). IFELM
netic activity. This table clearly shows that in some casesperform better than STORNbF2yvep jr1 under very dis-
STORMIfoF2vep, Irl performs better than the local model. turbed geomagnetic activity (IFELM predictions were better

3 Testing procedure comparisons and results
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Table 2. Performance in terms of global r.m.s. error for very disturbed geomagnetic activity-£ep8/r = 0.9) > 32) for some stations

located in the western (Lannion and Slough), central (Rome and Juliusruh), and eastern (Sodankyla and Kiruna) part of the area under
consideration. The numbers in black bold indicate the number of samples considered for the calculation of the global r.m.s. error. The cases
in which the IFELM, and STORMoF2yep ri, provide the best performance are reported in blue and green, respectively.

IFELM STORMfoF2yep ri  STORMfoF2ot  foF2pr

Lannion

April; N =379 1.12 1.40 1.50 2.33
June;N =357 0.98 1.15 1.31 2.69
November,N =222 1.63 2.60 2.10 2.17
Slough

August;N =443 1.22 1.68 2.70
SeptemberN =462 1.23 1.36 1.50 2.29
DecemberN =55 0.94 1.66 1.42 1.41
Rome

JanuaryN =14 0.66 0.69 0.80 0.87
May; N =371 1.17 1.21 1.54
October;N =406 1.90 2.03 2.88 2.72
Juliusruh

March; N =328 1.41 1.57 2.77
July; N =196 0.94 1.00 2.20
November,N =575 1.37 1.52 1.93 2.29
Sodankyla

April; N =63 1.00 1.28 1.85 2.72
July; N =52 0.79 0.81 151
DecemberN =40 1.70 2.31 2.70 3.01
Kiruna

January N =22 0.48 1.07 0.89 1.10
May; N =74 0.79 1.01 1.27 1.96
October;N =146 1.60 1.76 2.82 3.72

in 65% of cases, while STORNbF2yep ri predictions  14°.6' E, STORMfoF2yep, g performs better than IFELM.
were better in 35 % of the cases investigated). In this region, the performance of STORMF2yep Iri iS
better in 55 % of cases, while IFELM performance is better

In the summer months it is seen that IFELM perfor- .
mance is far better than STORMF2yep iri under mod- "M only 38 % of the cases analysed.

erate geomagnetic activity (IFELM predictions were bet- !N the winter months, the performance of
ter in 75% of cases, while STORKOF2yep.ri predic- STORMfoF2vep ri is always considerably better

tions were better in 15% of the cases analysed) and disth@n IFELM under moderate geomagnetic conditions

turbed geomagnetic activity (IFELM predictions were bet- (IFELM predictions were petter in 17% of cases, while
ter in 95 % of cases, while STOREOF2uep v predictions > 1ORMIOF2vep iri predictions were better in 67% of
were better in 5% of the cases analysed). Under very dist® cases analysed), and under disturbed geomagnetic
turbed geomagnetic conditions, IFELM perform slightly bet- conditions (IFELM predictions were better in 8 % of cases,

ter than STORMOF2uep ri (IFELM predictions were bet-  While STORMfoF2yep iri - predictions were better in

ter in 60 % of cases, while STOREbF2yep ri predictions 67 % of the cases analysed). Under very disturbed geo-

were better in 40 % of the cases analysed’). magnetic conditions, IFELM perform slightly better than
STORMfoF2yep, ri (IFELM predictions were better in

In the central part of the area (including the stationsgg oy of cases, while STORNbF2yep 1ri predictions were
of Rome, Pruhonice, and Juliusruh), extending in latitudeygtter in 27 % of the cases analysedj.

from 41°.9'N to 54.6' N and in longitude from 125 E to

Ann. Geophys., 30, 343355 2012 www.ann-geophys.net/30/343/2012/
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Table 3. The cases in which the local model (indicated with LM), STORW2yiep, r) (indicated with ST), and STORNbF25 (indicated

with ST_.QRV) models, and the quiet reference value$od® (indicated with QRV) provide the best performance in terms of global r.m.s.

error, under moderate (m), disturbed (d), and very disturbed (vd) geomagnetic activity are shown in blue, green, red, and purple, respectively,
for all the months and for all the stations. The symbol *** indicates that no data was available to calculate the global r.m.s. error.

Month Tor Poi Lan Dou Slo Rom Pru Jul Kal Upp Lyc Sod Kir
Jan (m) LM LM LM LM LM LM LM LM LM
Jan (d) LM LM LM LM  ST.QRV LM LM LM LM
Jan (vd) QRV ok LM LM LM LM LM LM LM LM LM
Feb (m) QRV QRV QRV LM QRV LM LM
Feb (d) LM LM LM LM LM LM LM LM LM
Feb (vd) QRV LM LM LM LM LM LM LM LM

Mar (m) LM STQRV LM LM LM LM LM LM LM

Mar (d) LM LM LM LM LM LM

Mar (vd) LM LM LM LM LM
Apr (m) LM LM LM
Apr (d) LM LM LM LM LM

Apr (vd) LM LM LM LM LM LM LM LM LM
May (m) LM LM LM LM LM LM LM LM

May (d) LM LM LM LM LM LM LM LM LM LM LM
May (vd) LM LM LM LM LM LM LM LM LM
Jun (m) LM LM LM LM LM LM LM LM LM LM LM LM
Jun (d) LM LM LM LM LM LM LM LM LM LM LM LM LM
Jun (vd) LM LM LM LM LM LM
Jul (m) LM LM LM LM LM LM LM LM LM LM
Jul (d) LM LM LM LM LM LM LM LM LM LM LM LM LM
Jul (vd) LM LM LM LM LM LM LM
Aug (m) LM LM LM LM LM LM LM LM LM LM LM LM LM
Aug (d) LM LM LM LM LM LM LM LM LM LM LM
Aug (vd) LM LM LM LM LM
Sep (m) LM LM LM LM LM
Sep (d) LM LM LM LM LM LM LM LM LM LM LM LM LM
Sep (vd) LM LM LM LM LM LM LM
Oct (m) LM LM LM LM LM
Oct (d) LM LM LM LM LM LM LM LM LM LM LM
Oct (vd) LM LM LM LM LM LM LM LM LM LM LM LM
Nov (m) LM LM LM LM LM ST.QRV LM LM LM LM LM LM
Nov (d) LM LM LM LM LM ST_-QRV QRV LM LM LM LM
Nov (vd) ST.QRV LM LM LM LM QRV STQRV LM ST.QRV LM LM

Dec (m) LM LM LM QRV LM ST_QRV LM LMQRV LM LM LM
Dec (d) QRV ST.QRV LM
Dec (vd) QRV LM LM LM LM ok LM LM LM LM LM LM

In the equinoctial months, the performance of In the summer months the IFELM perform much bet-
STORMIfoF2uep,iri iS always considerably better than ter than STORMOF2yvep, ri Under moderate geomagnetic
IFELM whatever the level of geomagnetic activity: under activity (IFELM predictions were better in 75% of cases,
moderate geomagnetic conditions, the forecasts provided bwhile STORMfoF2yep r1 predictions were better in 25 %
STORMIfoF2yvep IrI Were better in 92% of cases, while of the cases investigated) and under disturbed geomagnetic
IFELM perform better in only 8% of the cases examined; activity (IFELM predictions were better in 92% of cases,
under disturbed and very disturbed geomagnetic situationsvhile STORMfoF2yep ri predictions were better in 8%
the performance of STORNDF2yep |r| is better in 67%  of the cases analysed). In contrast, the performance of
of the cases investigated, while the performance of IFELMSTORM.foF2yep R is considerably better than IFELM un-
is superior in only 33 % of the cases analysed. der very disturbed geomagnetic activity (IFELM predictions

were better in 25 % of cases, while STORM-2yep r| pre-
dictions were better in 75 % of the cases investigated).
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Table 4. The cases in which it is possible to consider the different local models simultaneously operative (indicated with LM) for forecasting
foF2 over the European area are shown for each month under moderate (m), disturbed (d), and very disturbed (vd) geomagnetic conditions
The number of IFELM sites operating simultaneously in the western, central and eastern part of the European area under consideration, are
shown in red in the columns (W), (C), and (E) respectively. The empty cells indicate cases that were discarded because the performance o
IFELM was worse than that of STORKbF2\ep ri. The values in the last column indicate the total number of IFELM sites operating at

the same time.

Month Tor Poi Lan Dou Slo Rom Pru  Jul Kal Upp Lyc Sod Kir W C E T
Jan(m) LM LM LM LM LM LM LM LM LM 4 1 4 9
Jan (d) LM LM LM LM LM LM LM LM 4 1 3 8
Jan (vd) LM LM LM LM LM LM LM LM LM 2 3 4 9
Feb (m) LM LM LM 1 2 3
Feb (d) LM LM LM LM LM LM LM LM LM 4 5 9
Feb (vd) LM LM LM LM LM LM LM LM 4 1 3 8
Mar(m) LM LM LM LM LM LM LM LM 4 1 3 8
Mar (d) LM LM LM LM LM LM 4 2 6
Mar (vd) LM LM M LM LM 1 1 3 5
Apr(m) LM LM LM 2 1 3
Apr(d) LM LM LM LM LM 3 2 5
Apr (vd) LM LM LM LM LM LM LM LM LM 4 5 9
May (m) LM LM LM LM LM LM LM 2 2 3 7
May (d) LM LM LM LM LM LM LM LM LM LM LM 4 2 5 11
May (vd) LM LM LM LM LM LM LM LM LM 3 2 4 9
Jun(m) LM LM LM LM LM LM LM LM LM LM LM 4 2 5 11
Jun (d) LM LM LM LM LM LM LM LM LM LM LM LM LM 5 3 5 13
Jun (vd) LM LM LM LM LM LM 2 4 6
Jul (m) LM LM LM LM LM LM LM LM LM LM 4 2 4 10
Jul (d) LM LM LM LM LM LM LM LM LM LM LM LM LM 5 3 5 13
Jul (vd) LM LM LM LM LM LM LM 5 2 7
Aug(m) LM LM LM LM LM LM LM LM LM LM LM LM LM 5 3 5 13
Aug (d) LM LM LM LM LM LM LM LM LM LM LM 5 3 3 11
Aug (vd) LM LM LM LM LM 2 1 2 5
Sep(m) LM LM LM LM LM 2 3 5
Sep (d) LM LM LM LM LM LM LM LM M LM LM LM LM 5 3 5 13
Sep (vd) LM LM LM LM LM LM LM 3 4 7
Oct(m) LM LM LM LM LM 2 3 5
Oct (d) LM LM LM LM LM LM M LM LM LM LM 5 1 5 11
Oct(vd) LM LM LM LM LM LM LM LM LM LM LM LM 5 3 4 12
Nov(m) LM LM LM LM LM LM LM LM LM LM LM 5 1 5 11
Nov (d) LM LM LM LM LM LM LM LM LM 5 4 9
Nov (vd) LM LM LM LM LM LM LM 4 1 2 7
Dec(m) LM LM LM LM LM LM LM LM 4 4 8
Dec (d) LM 1
Dec (vd) LM LM LM LM LM LM LM LM LM LM 4 1 5 10

Regarding the eastern part of the area (including the stanetic conditions (IFELM predictions were better in 75 % of
tions of Kaliningrad, Uppsala, Lyckesele, Sodankyla, andcases, while STORMoF2yep ri predictions were better in
Kiruna), extending in latitude from 577N to 67°.8 N and 15% of the cases investigated), and under very disturbed
in longitude from 17.6' E to 26.6' E, the IFELM perform  geomagnetic conditions (IFELM predictions were better in
much better than STORNbF2vep iri. In this zone, the pre- 70 % of cases, while STORNbF2yep 1rI predictions were
dictions of IFELM were better in 72 % of cases, while those better in 25 % of the cases examined). Under disturbed ge-
of STORM.foF2yiep r1 Were better in only 26 % of the cases omagnetic activity, the IFELM again performed better than
analysed. STORM.foF2yep iri providing predictions better in 65 % of
cases while STORMoF2yep iri predictions were better in

In the winter months, the IFELM perform much better 30% of the cases analysed.

than STORMfoF2vep ri, both under moderate geomag-
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Fig. 2. (a)Map obtained fronfoF2 measurements affid) forecasting map fofoF2 two hours in advance generated using the IFERM model
on 8 August 1991 at 05:00 UT under moderate geomagnetic conditions=£dp8) = 14.37; apt = 0.9) = 15.6).
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Fig. 3. (a) Map obtained fronfoF2 measurements aifid) forecasting map fofoF2 one hour in advance generated using the IFERM model
on 11 September 1991 at 13:00 UT under disturbed geomagnetic conditions=(@8) = 26.3; apg = 0.9) = 27).

In the equinoctial months, under moderate geomagnetic In the summer months the performance of IFELM is far
conditions, the IFELM and the STORKb6F2yiep iri model better than STORMoF2yiep iri, both under moderate ge-
provided exactly the same performance (better predictions iromagnetic activity (IFELM predictions were better in 85 %
50 % of cases with both models). IFELM performed much of cases, while STORMoF2yep, |r1 predictions were better
better than STORMoF2yep iri, both under disturbed ge- in 15% of the cases investigated), and under disturbed ge-
omagnetic activity (IFELM predictions were better in 70 % omagnetic activity (IFELM predictions were better in 90 %
of cases, while STORMoF2yiep |r predictions were better  of cases, while STORMoF2yep |r1 predictions were bet-
in 30 % of the cases investigated), and very disturbed geoter in 10% of the cases analysed). Under very disturbed
magnetic activity (IFELM predictions were better in 80 % of geomagnetic activity, IFELM performed slightly better than
cases, while STORMoF2yep iri predictions were better in - STORM.foF2yvep g1 (IFELM predictions were better in
20 % of the cases investigated). 60 % of cases, while STORNbF2yep |r| predictions were

better in 40 % of the cases investigated).
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Fig. 4. (a)Map obtained fronfoF2 measurements aibl) forecasting map foioF2 three hour in advance generated using the IFERM model
on 2 May 1991 at 15:00 UT under very disturbed geomagnetic conditions&p8) = 45.3; ap{ = 0.9) =33.8).

It should be noted that the forecasts generated by the quiatbtained with thefoF2 measurements, and the forecasting
time reference values were only very rarely better than themap generated by IFERM hafeF2 values that differ by
other models as was expected considering that all the periodso more than 1.6 MHz. In the same zone of latitude, but in
analysed were to some extent disturbed. This is a confirthe two sectors extending in longitude approximately from
mation of the reliability of thédoF2ot values calculated for 9°.4 E to 13.4' E and from 17.4' E to 25.4 E the situation
each local station and on which the ionospheric forecastings somewhat better with a difference no greater than 1.2 MHz;
is based (Eq. 2). at middle-high and high latitudes, in a relatively large area,

Furthermore, the STORNbF2or model predic- extending in latitude from about 3 to 67°.4' N and in lon-
tions are almost always worse than those of thegitude from—0°.6'W to 26°.6' E, the IFERM performance
STORMfoF2yep,lri model. STORMfoF2ot performs  can be considered satisfactory because the differences be-
better than STORMOF2yep gl in only 11% of the cases tween theoF2 values on the map édF2 measurements, and
analysed under very disturbed geomagnetic conditionghose indicated on the map generated by IFERM, differ by no
(percentages slightly higher than 11% were found undemore than 0.4 MHz (in the central part) and 0.8 MHz (in the
moderate and disturbed geomagnetic conditions). eastern and western parts).

This occurs because the monthly medians are not rep- Under disturbed geomagnetic conditions (Fig. 3a-b), the
resentative of quiet time reference values but instead refecomparison between the map obtained with fble2 mea-
to a moderately disturbed ionosphere (Wrenn et al., 1987)surements and the forecasting map generated by IFERM is
Therefore, when at a given epoch the same scaling factor isery favourable over the entire geographic area under con-
used to scale both the monthly median value and the quietsideration. It emerged that in the region extending in latitude
time reference value, the STORMF2yep,iri model in-  from 46.8'N to 67.8' N and in longitude from-0°.6' W
evitably provides a prediction dbF2 “closer” to the value to 26°.6'E, large sectors can be distinguished where the dif-
of foF2 (measured under non quiet geomagnetic conditions)ferences betweefoF2 measurements arfdF2 predictions
than the prediction provided by STORMF2g7. are no greater than 0.4 MHz, moreover at lower latitudes,

Figures 2a, 3a, and 4a show the mapdgabi2 obtained in the region between 4@ N and 46.8 N, IFERM per-
from thefoF2 measurements. Figures 2b, 3b, and 4b showformance is still very good with these differences no greater
the corresponding forecasting maps foF2 obtained with  than 0.8 MHz.
the foF2 values predicted in th¥ IFELM operating simul- Also under very disturbed geomagnetic conditions
taneously. (Fig. 4a—b) the comparison between the map ofth@ mea-

The cells of these mapsq& 2°) were carefully analysed surements and the forecasting map generated by IFERM can
to assess IFERM performance on the spatial regional scale.be considered satisfactory over a relatively large area, ex-

Under moderate geomagnetic activity (Fig. 2a-b), ittending in latitude from about 3N to 67.4'N and in lon-
emerged that there is a zone extending in latitude approxgitude from—0°.6' W and 20.6' E. In this area small sectors
imately from 40.8 N to 46°.8 N and in longitude from can be identified where the differences betwéaf2 mea-
13°.4 E to 17.4 E, where the comparison between the map surements antbF2 predictions are no greater than 0.4 MHz
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and broader sectors where these differences are no greattire area under investigation providing simultaneous predic-
than 0.8 MHz. The performance of IFERM deteriorates tions offoF2.
slightly at lower latitudes, in particular in the zone extend- For example, in June under moderate geomagnetic con-
ing in latitude from 48.1' N to 52° N and in longitude from  ditions, IFERM might work withV = 11 stations excluding
4° 4 E to 1.4 E, where the differences between tiog2 the local models at the stations of Lannion and Pruhonice; in
measurements and tHeF2 forecasts are no greater than January under disturbed geomagnetic conditions, the num-
1.2 MHz. ber of stations utilized by IFERM to generdt#-2 forecasts
The quiet-time values dbF2 can easily be calculated at Would be N =8; in October under very disturbed geomag-
least 1 day ahead for all 24 h following the procedure de-N€tic conditions, IFERM might work withV = 12 stations
scribed in Pietrella and Perrone (2008). The forecasting alWith Sodankyla the only inoperative station.
gorithm (Eq. 2) depends on the geomagnetic index ap and Table 4 shows 14 cases in which IFERM could not rely
this can easily be derived from the Kp index, which is pre- On the stations at Rome, Pruhonice, and Juliusruffdeg
dicted for 3 h ahead (sdwtp:/www.swpc.noaa.goviwingkp/ forecasting (Table 4, column C). _
wingkp._list.txt). Consequently each local model can provide ~However, in all these cases, there are still enough IFELM

short-ternfoF2 predictions up to 3 h in advance. operating simultaneously both in the eastern part (Table 4,
column E) and in the western part of the area under consid-

As_regards the prediction of geomagnetic acfuwty, many eration (Table 4, column W), so that an appropriate interpo-
algorithms have been developed. For example, linear predic:-

9 : " ! lation between the values 66F2 predicted by the IFELM
tion filters have been applied for self-predicting the Ap index :
. . .~ . located in the eastern and western parts of Europe can gener-
(Thomson et al., 1993) and some improvements in prediction .
atefoF2 values at the stations of the central area.

accuracy were achieved using a neural network algorithm In the particular case of December under disturbed geo-

(Thomson, 1993). Nevertheless, a few studies carried out tQ . " .
. . .. magnetic conditions, only the local model at Kiruna can be
verify the forecasting accuracy have shown that, especially in . . . .
. " . - considered as operative, and so interpolation can not be used
disturbed conditions, geomagnetic index prediction tend to . .
. — . to calculate predicted values fufF2 at the other stations on

be disappointing (Joselyn, 1995). This probably occurs be-

: . . the basis ofoF2 values provided by the Kiruna station alone.
cause the forecasting technigues do not include an appropr

ate knowledge of the solar phenomena and magnetospher‘n this single case IFERM is not capable of providiiog2
.#%recasts for the European area.

influences that cause the geomagnetic activity. However, i In general, when stations are excluded, theF2 values
might be hoped that in the future the prediction of geomag- re forecast }n the remaining/(— M) workstelltions

netic activity based on observations of solar phenomena and Based on the predicted valuesfoE2 at a given époch by
above all the use in real time of near-Earth observations of th?he (V— M) IFELM, it is then possible, considering the Eu-
approaching solar wind (nowcasting) might considerably im_ropean area as a :qrid of equi-spacea points in latitude and
prove geomagnetic activity forecasting and as a Consequenq%ngitude, also to calculate the valuesfoff2 at theM iono-

the perf(_)rmance of IFELM. _ o spheric stations that were initially discarded, along with the

Even if alocal geomagnetic activity index would be prefer- ya1yes offoF2 at each grid point by means of an appropriate
able for better “capturing” local storm effects and so increasejnterpolation algorithm, thus obtaining a short-term forecast
the capability of each local model to provide more reliable map, offoF2 at that epoch.

predictions, the tests carried out to evaluate the performance Regarding at least for the thréaF2 forecasting maps anal-
of all the IFELM results revealed that tii@~2 forecasts pro- ysed (Figs. 2—4), at middle latitudes in the central part of
vided by the various ionospheric stations must be considere¢he area under consideration, the performance of IFERM
very satisfactory when compared with the forecasts generyoes not produce good results. Nevertheless, the forecast-
ated by the STORM model (Table 3). This means that thejng maps generated by IFERM show very large areas located
13 IFELM results, as a whole, can constitute the result of they; middle-high and high latitudes where flo&2 predictions
ionospheric forecasting empirical regional model (IFERM) qyite faithfully match theoF2 measurements. This can be
which can be used for short term forecastinga@#2 up 1o considered a very satisfactory result because it is not easy to
3h ahead in the European area, on the basfef predic-  provide reliabléoF2 predictions during geomagnetic storms,
tions produced by those stations that can be considered @Sspecially at high latitudes.
simultaneously operative (Table 4). Therefore, with regard to future developments, IFERM
Table 4 shows that, excluding the month of August undercould be used to generate short-tdioR2 forecast maps up
moderate geomagnetic conditions, and the months of Jundo 3 h in advance over the European area that includes the 13
July, September under disturbed geomagnetic conditions, itonospheric observatories considered.
is never possible to use all the 13 IFELM simultaneously. Moreover, the development of other local models which
Nevertheless, the strength of IFERM lies in the fact that it isare able to provide a short-term forecasting of M3000F2
almost always possible, even excluding certain IFELM, that ain the same area considered in this study, could constitute
specific numbelN < 13 of IFELM can still adequately cover a further empirical model for the regional forecasting of
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M3000F2, which could be used in connection with IFERM ical Monograph 98, American Geophysical Union, Washington,
to produce short term predictions fif-2 and M3000F2 at D.C., 1997.

a given epoch over the European area under consideratiofianbaba, R.: Improved quality of services ionospheric telecommu-
The value pairs ofoF2 and M3000 thus predicted, could be ~ nication systems planning and operation, Cost Action 251, Final
used as input to the IRI model to generate short term forecast- RePOrt, Published by Space Research Centre,Warsaw, Poland,

. - . . . 999.
ing of 3-D matrices of electron density following a technique Hocke, K. and Schlegel, K.: A review of atmospheric gravity waves

alrea.dy.adopted f(?r obtaining nowcasting maps of electron and travelling ionospheric disturbances: 1982—-1995, Ann. Geo-
density in the Mediterranean area (Pezzopane et al., 2011). phys., 14, 917-94@0i:10.1007/s00585-996-0917-F296.

The achievement of short-terfioF2 forecast maps to- |nternational Telecommunication Union (ITU): ITU-R reference
gether with 3-D matrices of electron density for a few hours  jonospheric characteristics and methods for basic MUF, opera-
ahead in the European area is the goal in the future. tional MUF and ray-paths predictions, Recommendation ITU-R

P. 1239, Geneva, 1997.
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