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ABSTRACT

Since- tite- be-ginning of tite- ionaspite-ric discavery, ianosphe-ric mapping ano] made-
lling itas be-en tite- subject of an intense- ano] cantinuous work by geapitysicists and radio-
use-rs witit tite- aim to understand bette-r aur environment ano] to improve o]ive-rsity ab ap-
plicatians in radia-propagatian. ‘me evalutian in the last faur decades of tite-se studies,
brom HP system design, circuit planning and perfonnance- predictions ta real-time
control of tite ianosphe-ric paraine-te-rs lar space- we-athe-r purposes ano] Earth satellite-
communications, itas be-en reporteo] itere by a sitart revie-w of tite- principal ano] accepted
metbods. Changes of tite needed appflcations, fram global ta regional madelling ano]
from long ta shart-term or e-ven instantane-aus ano] now-casting mapping, connected
with rapid progre-ss of titecompeter sysLems bave- be-en e-ansio]e-re-d tao.

Key words: Lanaspite-re-, Madelling, Mapping, Pre-dictian, Fare-casting.

1. INTRODUCTION

Tite impact of solar pitenamena ano] assaciated ge-omagnetic, magnetosp-
he-ric ano] ionospite-ric activity on tite near-Eartit space e-nviranment is an ¡m-
partant tapie- un ge-opitysics. Terrestrial ano] Eartb-space- tele-communicatian
systems, electric pawer netwarks, geophysicai exploration, spacecraft control
ant] scientific researcit campaigns are- itiglil>’ affecte-o] by salarterre-sírial activit>’
(e.g., Míen e-t al., 1989; Bote-ler, 1990; Garney, 1990). Terrestrial ionaspitere is
a calo] magne-Lised plasma environme-nt envelaping tite Eartit wide-it be-itaviour
is strongly influenced bath by magne-tospite-re aboye- ano] by tite- neutral at-
mospitere belaw. Togeter wit te ionospiteric aeronomy, te- itigitly variable
electric cune-nt ¡u te- ionosphere ano] magne-tosphe-re-, conne-cting unto currents
¡u inte-rplane-tary space that are- carneo] by tite plasma of te solar wind, ano]
tite-ir assaciaLe-d electric fields have a strang impacLs on tite ¡anosplie-rie- struc-
ture- ano] dynamic (Ricitmano], 1995).
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In aH lonaspiterie niodelling studie-s, tite-re- have- be-en twa distinct de-velop-
ments under way. ‘me f¡rst focuses upan effarts to improve e-xisting physical,
empine-al ano] semiempirical mode-Is be-yant] tite-ir climatalogical level (Sojka,
1989). ‘me se-cono] is associate-d witit te realtime- use- of data re-sulting from im-
praving technique-s bar salarterrestrial monitoring (Cande-retal., 1999). Consi-
de-ring tite- evolution of tite- ionospite-ric mapping ant] mot]elling during tite last
faur decades in tis paper, an attempt is made- to answe-r tite- following titree-
questions: (1) Witat maps ant] mode-Is are available for ionosphe-rie- long-te-rin
predictian ant] sitort-te-nn forecasting, mainly propagation, purposes, (2) Witat
re-se-arcit efforts are nee-ded for tite- improveme-nt of such maps ant] mode-Is, ant]
(3) Are tite-se maps ant] modeis sti]l needed?

‘me paper presents a subjective- view of past, prese-nt ant] future- ionospiteric
prediction ant] forecasting mapping ano] madelling from tite- perspective- of tite-ir
evolution during tite- last faurdecades. After tite- introduction, lang-term rnapping
ant] mode-iling are- presente-o] in tite ne-xt section toge-titer witit a brie-f outline of tite
data ana¡ysis te-eitnique-s. Section 3 discusse-s tite main re-sults fnom tite stndy of
tite- mapp¡ug ant] modelling witit sitort time- horizan. Results support tite view that
t]ay-to-t]ay E re-gion ianosphe-ric variability is esse-ntially altered duning ve-ny
disturbe-o] canditions ano] titerefare- tite- consequences of titase- effe-cts bar short-
te-rin madelling purposes are discusse-d. A possible way to transform te- e-xisting
global, regional and/or local maps ano] madeis ta tite servíce praducts ano] de-ve-
iop tite new ones is discussed un section 4. It describes alsa deve-lapme-nts iii aur
ability to forecast tite- pote-ntially damaging space- weathereve-nts. Ge-ne-rally, it is
concluded that tite- model sitaulo] be time-depende-nt witit input parameters that
must be- determine-o] direetly froro local abservatians. Local, re-al-time- observa-
tions applied to regional modeis are nee-e-ssary. men, by combining tite pitysical
ant] regional madeis, jonospiterie prediction ano] fore-casting will be- substan-
tially improved. Only ne-ce-ssary re-fe-rences are given to complete- te- paper.

2. LONG-TERM MAPPING AND MODELLING

Long-tenn prediction of tite- se-le-cte-o] ianospiteric citaracteristies constituted
in te last decades tite- first ano] principal step for e-ver>’ peiformance- pre-diction
me-titad of tite HP radio systems. Tite-se pre-dictians needed for radio syste-m de-
sign, for circuit planning ano] frequency management we-re- base-o] aix tite anal>’-
sis of long series of montitly median ar mean values e-oue-late-d witit tite- le-ve) of
solar activity indices. Usually geopitysicists ant] radio- use-rs itave considere-o]
tite median montly conditions of the ionospiteric citaracte-ristics as reference-
bar tite- normal or quiet ionospite-re. l4aweve-r. tis is not e-xactly true-. Firstiy, be--
cause- titis parameter was introduce-o] by radio use-rs to make sure- tbat a given
value- sitaulo] be excee-decl it>’ tite 50% of tite- values, at tite same time- in tite-
manth. Se-condí>’, be-cause- it refe-rs to tite- annual month so its geopitysical me-
aning is ratiter discussible-.
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computer to map, in universal time (UT), tite- principal ionospiteric characte-
risties use-o] to pre-dict tite- radio propagat¡on frequencies, vaho] for any location
at tite- Earth ant] for any montit ant] haur of tite- day ano] solar epocit (ITU-R,
1997; ITU-BR, 1997).

Conside-ring tite complex morpitology of tite F2 layer ayer tite globe, titat
cannot be describe-o] by an analytical function as for a Chapman layer as it is for
tite Pl ano] E laye-rs, tite numerical metitod adopte-o] by ITU-R is titat derive-o] by
tite me-titad de-ve-lope-dat ITS by Janes ant] Gallet since 1960 (Janes ant] Galle-t,
1960 ano] 1965). Figure lis an example sitawing tite de-gree- of ge-agrapitical
structure- repre-sented.

-5

Tite term numerical map is use-o] to denote a funetion, Q(2, 0, 7) of tite
titree- variables: latitude 2, longitude O ant] time T. Tite function QQL, 0, $t) is

obtained by fitting certain polynomial series of functions of tite Linee variables
to tite basic lonospiterie data. Tite general form of tite numerical map funetion,
~2(2,O , 7) is tite- Fourier time series:

J~1

= a0(X,0) + L[cxjUtO)cos(jT) + bj(Á,0)sin(jT)]
j~I

(1)

Longitude

Figure 1. Numerical map of MUF(ZFRO)F2. June 1983.UT=18. Values are given in MHz.
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wite-re a ~s Lite- ge-ograpitie- latitude- (~9flO <,% < 900) 6 is tite- east geagraphic
longitude (00 <6 <3600), Tis tite universal time- e-xpressed lix an angle (~1800
— .c T c + 1800), H is te- maximum number of itarmonics use-o] to represe-nt te
diurnal variation.

‘me Fourier coefficients, a9. 6), vary with tite geograpitie co-ardinates ano]
are re-presente-o] by series of tite bonn (~90o <2 < 900):

k

aJ(a,6)=XU2JkGk(2,6), j=0,1,2 H (2)
a

a

b~Gt6)= ~ U2~í~0~Gt6)~ j = 1,2 H (3)
k=0

‘me-refore-, a numerical map can be written more- explicitly in tite form

a
£XX, 6, T) = Y +

a (4)
0(2,+~ (IT) U2~, ~ (2, 6) + sin (jT)2 U2j1~

k~0 .1

wite-re- G~ (2,6, 7) — 5j~qi X cas 2~ sin iB, is tite geograpitic co-ordinates func-
tions. Tite modified magnetic dip X follows tite re-Jatian

x=g’(í¡ cosa) (5)

on tite- place witere liste magnetic t]ip. He-re- tite- integer q~, i = 0,1 m, de--
notes tite itighe-st power of sin X bar tite- i-tit-orde-r harmonics in longitude-,
ano] ni denotes tite itighe-st arder of longitude.

Tite caefficients of numerical maps of tite montitiy median values of boF2
ano] M(3000)F2 were presente-o] un tite Re-pon 340 of CCIR (CCILR Report ix.
340, 1988). ‘me- coefficie-nts U~, witicit de-fine tite function, CAQ., 0, 7) of tite
numerical map of tite given citaracteristie bar tite indicated mantit ano] level of
solar activity. are given bar eacit montit of tite- year bar foF2 ano] M(3000)F2
ant] for twa le-ve-ls of solar activity: R12 = O ano] R12 = íoo. me R12 is tite
tweive--mont smootited mean of sunspat numbe-rs ant] is use-o] as salar index
altitougit otiter kino]s of smaated means caulo] itave be-en use-o]. For e-ve-ny R12
different from O or 100 tite cae-bicie-nts U8~, may be- evaluated by an interpa-
lation of tite- previous values bar R12 = O ano] R12 = 100 or by an extrapolation
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lar R112> 100. Far a synthe-tic description of tite- me-thod se-e- Sun X. ant] Pan
Z., 1987.

Tite advantage of titis nume-rical mapping me-titad is tat wite-n new data
be-come available-, an electronic computer can e-asily revise tite coefficients.
Howe-ver, tite- accuracy of tite- global re-presentation of tite- F2-Iaye-r characte-
rístics abta¡ued from tite- maps depends mastly on tite geograpitical t]istribu-
tion of tite ionospiteric stations tite data of witicit were use-o] un tite gene-ration
of numerical eaefficients. Tite- montitly median values of foF2 witicit were
use-o] to develop tite global maps were- obtaine-d from ayer 100 vertical saun-
ding ianospite-ric statians operating in difIere-nt times. Figure- 2 sitows tite- map
of tite- stations.
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Figure 2. Map of slations, A data, A B data, xC data.

By abserving tite-se- stations, it is clear titat tite- best-generated maps of tite
ianospite-ric citaracteristics are at tite- regions for which data were available-. On
tite otiter hano], tite degree of accuracy of maps is quite law lar titase regians
sucit as de-se-ns or ace-ans lar witicit data were not available from ah sort of re-
asans. Janes ant] Oalle-t demonstrated successfuily titat tite usage of a set of
functions, witich adequately represent tite me-asure-o] ionospiteric data, cocí]
te-a] to instabilities in are-as for witicit data are- sparse or missing altogetiter.
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To avaid tese instabilities it was necessary to collect as many ianospite-ric
data as passible-, titat is itow, aix)>’ after tite IOY (hUy 1957 to Decembe-r 1958)
witen te number of te stations was almost triplicate-, tite numericalrepresen-
tatian of tite- ionaspheric eitaracteristics was passíble-. Figure- 3 shaws foF2
met]ians for Mare-it 1958.

Figure 3. Map of monthly medians foF2, March 1958, UTOO.

‘me probiem was partially solved by Janes ano] Oalle-t (Janes ano] Galle-t,
1965) by adding, to tite obse-rved median mantitly data coming bram re-al ver-
tical saunOing staLians, re-ferre-O Lo as points A, tite daLa evaluated anO coniing
brom twa sets of virtual po¡uts re-ferre] to as paints B ano] C (Fig. 2). ‘me- data
com¡ug from te points 8 were obtaine-d by a prediction using a correlatian ob
tite available- data at tite sanie statian. Tite-y use-o] a me-titad (Craw ant] Zacitari-
san, 1960) tat applie-d an interpolation of te- ionaspiteric characteristic by a
polynom of tite first or secano] orde-r va. aix index of tite salar activity. Ob-
viously data caming bram te points A ano] 8 we-re available- only bar tan] base-
re-gions. Witereas te C data, use] as re-ference pa¡uts, were abtaineo] by an in-
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terpolation of tite- ionospite-ric citaracteristie considere-o] as a variable of anly one
ca-ardinate, i.e-. tite- latitude-. Tite diumal variatian of tite citaracteristics at tite- E
ant] C paints itas be-en represente-] by Fourier series. Titat is itaw, as a whole,
tite data distribution from A, B ano] C paints cantributed to de-termine tite- mt-
me-rical coefficie-nts. Altitaugh, titis me-titad witit its following improveme-nts
gaye- goad re-sults espe-cially from tite- ionospiteric predictors point of view, tite-
maps of foF2 still lack tite- required precision.

A ver>’ important improve-ment was proposed by Rusit et al. (Rusit et al.,
1983; 1984) in arder to salve titis problem. Tite-y decide-o] to employ a titeare-
tical model of tite ionosphere to ge-ne-rate values of foF2 in ah mid-latitude- re-
gians inclwding titase lacations witere observations are not available. Tite va-
lues determined by me-ans of tite tite-oretical model were- addet] to tite- ones
drawn from tite observations, titus contributing to ge-ne-rate tite- nume-rical ca-
e-fficie-nts, witicit produce global maps of tite F2-layer critical frequency for a
specific montit. Tite results of titis me-titad shaw titat tite descriptian of tite- glo-
bal beitaviaur of tite foF2 is consiste-nt witit tite structure- of tite- mid-latirude F2-
layer ano] agrees with oter obse-rvations sucit as topside- soundings. Rusit et al.
use-o] tite- time--depende-nt ion continuity equation describe-o] by Anderson (An-
derson, 1973a; 1973b) to calculate tite tite-ore-tical values of foF2.

If tite- ion density N~ is e-e-pial to tite- electron de-nsity N tite- values obtained
by tite solution of tite ion continuity equation can be used to determine directí>’
foF2 as follows:

N =1e .24- lO$foF2)2 (6)

where N is e-xpre-ssed in e-le-ctron/cm’ ant] foF2 in MHz. Canside-ring that tite
contínuíty equation is given by

L+v.(Ng»JL%L, (7)
&

wite-re- Pi tite ion productian rate, L~ tite lass rate ant] 1/jis tite transport velocity.
Tite- transport of tite ionospiteric plasma is due principail>’ to diffusion ano]
neutral winds along tite Unes of tite geomagnetic fiel] ant] to electromagnetic
drift perpendicular la tite fiel] lunes. Mode-Is of tite neutral composition are titen
use] ta obtain parame-ters sucit as neutral tempe-rature-, production, loss ano] t]if-
fusion rates, neutral winds and geomagnetic he-id, alt of titem ne-ce-ssary lar tite-
solution of tite ion continuity equation.

Tite effects of neutral wint]s ant] tite-ir corre-lation witit tite ge-omagnetic fie-Id
are- ve-ny important for tite- solution of tite continuity equation. Tite values of me-
ridional ant] zonal winds are- inferreo] fallowing tite- me-titad describe-] by Rusit
etal. by fitting calculated values of foF2using tite- continuity equation ano] cam-
paring tite-m witit tite available- ant] observe-o] data. Tite- southe-m wind campo-
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nent was adjuste-d in arder ta abtain an agreeme-nt be-twe-e-n observe] ant] cal-
culated data. ‘me same- operatian was re-peated for anotiter location placed at te
same- magnetic latitude- but wit a dibfe-rent de-clination. Using te same- sout-
ite-rn wind tite zonal wino] compone-nt was adjusted so that tite calcuiated values
ab foF2 sitaul] agree wit tite- observe] data.

‘me- numerical caefficients, re-pre-senting te global variatian of baF2, de--
ve-lope] by Rusit et al. ano] tat are- consiste-nt witit pitysicai processes titat go-
vera tite- F-re-gion, we-re put ¡uto te- same format as tose- of CCIR ant] Janeset
al. (Janes et al, 1969). ‘me-se- new coe-fficie-nts derive] brom observe] data ab te
world-wide network of vertical incidence ionosonde- stations (A data) were-
titen use-o] to pre-dicted data (B o]ata) ano] teoretical data points (D data) obtai-
neo] from tite- time continuity equatian at mio] ano] itigit-Iatitudes.

Various comparisans be-tween te diunial beitaviour of te- foF2 abtaine-o] by
new coefficie-nts, ano] tat obtaine-d by tite oid CCIR coefficients demanstrate
titat new me-tito] gives be-tte-r re-sults. ‘mis is particulariy true ¡u re-gions for
witich observe-o] data are availabie- (Matuura, 1983).

A furtiter improve-ment un ionospiteric mapp¡ug itas ten provided by Fax
ano] McNamara (Fox ano] McNamara, 1988). ‘me-y de-ve-lope-] a me-titad witicit
merged te fe-atures ab tite- Australian Ionospiteric Prediction Service JPS maps
ano] tite- maps obtained wit tite- Janes ano] Oallet me-titad modified ano] imple--
mente-o] by Rusit et al. Examining te advantages ano] limitations of te existing
ITS ano] IPS mapping me-tods tite-y stateo] tat tite maps are- itano]-o]rawn ano] as
sucit te-y cannot be easily re-vise-o] ano] are subje-ctive-, altougit, wite-n itano] dra-
wing, it is possibie- ta take- into account tite- importance- of same- points or same
pitysical insigitts. On te otiter itan], PS maps are o]rawn aix an extended bank
of clata ano] base-o] an te ionospite-ric ¡ude-x T titat gives regre-ssion fines of baF2
vs T wit a better correlation tan otiter indexes, (Turner, 1968; Wilkinsan,
1982). Regarding more-ayer te- improved flS maps, Fax ano] McNamara obje-ct
to decision take-n by Rusit e-t al. to use- data fram only twa se-le-cte-o] ye-ars, one- at
a le-vel of salar activity ano] te atiter at a iower le-vel. For tite New World maps
of boF2 tite-y itave applied a linear regre-ssion analysis of tite- montly median
values against te solar index T titus obtaining te- values of foF2 at T = O ano]
T=100.

Tite-y provided additional data un arder to fui te- gaps e-xist¡ug un tite world
distributionprior to te mapping, by using te ITS foF2 caefficients compute-o]
by Rusit et al. valí] far mid-latitude-. As it is we-ll knawn, tite- maps abtaineo] by
using tite observe] median data ano] tite ITS maps as ¡uputs failed to sitow an>’
equatorial anamaiy. Par low-and itigit-latitude- regions, tite data base was sup-
pie-mente-o] by me-ans of a procedure- knawn as «refiiiing» witicit derives from
IPS maps to witicit an interpolation aix geomagne-tic ca-ordinates at a given ma-
dified dip latitude is applie-].

A madified Janes ano] Gallet me-titad was applied ta tite- mentianed data ¡u
arder to produce tite- giobal maps. Twa impartant modificatians itave- be-en ¡u-
traduce-] ta tite- mentioned Janes ano] Galle-u me-tito]. Tite- first one is titat wit
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te- new me-titad tite data fram al! tite years are use-] to obtain maps at T = O ant]
T = 100 by an easie-r interpalatian or extrapalation. Tite secano] t]iffe-re-nce
canee-ms tite citoice of titebasic functions use-o] un mapping. In fact a goad des-
criptian of tite- be-itaviour of foF2 global distribution, autside tite- equatorial re-
gion, was given by means of lawer-order functions titan titase use-o] by Janes
ano] GalJet, witereas, wititin tite equatorial region, tite beitaviour is we-J1 descri-
be-] by using itigit-art]er functions. Tite-se consit]erations are applied by me-ans
twa kinds of functions, of whicit tite first one- is use-o] globally ano] tite- secano]
only be-low tite- same cut-off latitude-. Finatly new set of updated coe-fficients
itave- be-en calculated using also data tite-are-tically calculated ayer tite oce-ans by
Rush e-t al in 1989.

2.2. Regional methods tú map foF2 ano] M(3000)F2

The- study ano] tite applicatian of regional mapping te-citniques, batit lar ms-
tantane-aus or re-al-time- predictian as we-ll for median conditions, emerge- from
tite ne-ed ta imprave- tite-ir performances. It is possible- by use tite- available or a
more- dense- network of ionospheric stations ant], in a restricteo] are-a, by sim-
plifying tite- difficultie-s. On tite- atiter han], it is not cample-te-ly obviaus titat a
regional te-citnique- sitaulo] always give bette-r re-sults titan tite- global me-titao]s. In
fact an incorre-ct application of tite data bank or simply tite- use of non validated
me-asurements of a poar ne-twork of ionaspiteric statians may empitasise- «vir-
tual» local variations, ve-ny bar from tite re-al be-itaviour. ‘me study ano] de-ve--
lopme-nt of global me-titods were perfarmeo] in tite past due- to tite wide appli-
catian of tite- ionospite-ric mapping ta long distance 1-IT radio links. It is instead
re-lative-ly re-ce-nt tite treno] to ge-ne-rate regional methods in arder to obtain be-trer
re-sults witen te-se are- interfaced witit otiter ge-opitysical modeis botit lar te-le-
communicatians as for geopitysical mat]elling.

Tite purpose to propase- an organie study of difIere-nt regional mode-Is ta
apply in tite- Eurapean are-a was an important task of tite faur years Europe-an
projects COST 238 PRIME (1991-1995) ano] tite COST2Sl IITS (1995-1999).
‘men it was just during tite-se- twa projects life- times titat many regional mode-is
ant] mapping me-tot]s we-re- de-ve-lope-], examine-o] ano] teste-o] ¡u tite-ir application
to tite Burope-an are-a ant] fanally compare-] witit tite performances of tite- most
use-o] ITU-R global me-titad.

Some of tite-se- modeis as SIRM (Zale-si et al., 1993; 1996), PASHA (De-
France-sciti e-t al., 1994), MQMF2 (Mikitailov et al. 1990; Mikitailov ano] Mik-
itailov, 1993) ano] EOF (Dvinskikit, N, 1 ant] N.Y. Naie-t]oya, 1991) we-re- ini-
tiated befare tite PRIME project comnieneement ano] were improved hita on
using tite update-d PRIME data bank. Otiter modeis as KGRID, LINLAT,
ILCNN, SWILM, ISIRM, SAILT, MQMF2R ano] UNDIV we-re- gene-rateo] in
tite cante-st of te-se twa Eurapean actions PRIIvIE ant] IITS (Zoie-si ant] Cander,
1998). Tite- potential of tite-se- te-citnique-s we-re- sitown ta diffe-re-nt mid-latitude-
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regional are-as such as on Nort East ano] Saut East Ame-rica ano] aix Nortit East
Asia ant] Soutit Australia by Zalesi el al. (1996) ¡u case of tite SJRM model,
ano] aix EasternCit¡ua by Wang et al. (1997) ¡u case- ob tite adapte-o] PRIME mo-
del. It is important ta note- titat firstly during tite- PRIME action ano] titen later
o]uring IITS action a testing proce-dure was de-ve-lope-] ano] applie-d by an ím-
partial te-sting te-am to ve-rify ano] rank te performances of te difbe-re-nt met-
itods, including Lite- global ITU-R. ‘mis wark was performed by using tite im-
prave-] ano] valuo] data bank (Levy e-t al., 1998). Important canside-ratian was
given also ta tite bufbe-r zane between tite global ano] regional mode-ls in an at-
íe-mpt ta avaid largegradie-nts e-specially at high latitudes wbere a complex be-
itaviour of te- lonospiterie conditions exists (Leitinger, 1993; Hanhaba, 1999).

lii tite- COSi’ 251 proje-ct tite- be-st mapping me-titods appeared ta be- tite-
MQF2R for tite faF2 ano] te- UNDIV for tite M(3000)F2) (Bradley, 1999 ano]
re-ferences te-re-un). ‘me-y performed mucit be-tter titan te- global of ITU-R ano]
still bette-r Litan Lite otiter moJe-ls propase-O in COSi’ acLions. Howe-ver, aH Lite
difbere-nces, e-xpresse-d as standard deviatian of te e-rrars ¡u terms of MHz, we-re-
rater small especially from te- point of view of predictors of tite mantitly me-
dian conditions.

MQMF2R (Muitiquadrie- Me-tito] of spatial inte-rpalatian base-o] aix baF2 vs
MF2 Regressian) is an irnprave-d version of MQMF2, a long-term prediction
me-titad frrst de-ve-lope] for world wide- median mapp¡ug (Mikitaulav ano] Mik-
itailav, 1993; Mikitailov e-t al., 1990) ano] ten applied ta tite- Eurapean re-gian ta
¡nodel faF2 ano] M(3000)F2 ionospiteric characteristics (Mikitailov anO Ter-
yakit¡u, 1992). Data bank use-o] ¡u MQMF2R bar baF2 cansists of aset of nume-
rical coe-bficíents calculatedayer a range- of ianaspiteric stations, as far a single
station madel, ¡uside tite regional are-a ano] ¡u te- buffet zane, by a foF2 polyno-
mial regression vs salar activity ¡ude-x MF2. ‘me- MQMF2 meto] is base-] aix te-
multiquadric (MQ) algarithm of spatial ¡uterpalatian (Te-ryokitin ano] Mikhailov,
1992) for witicit a se-le-cte-o] ianospite-ric citaracteristic is represente]Uy:

f=XC~[1—se-nGcos6i cas(9—q~)--cos6cos6,j +b (8)
~=1

witit

(9>
i=1

witere Gis tite geagrapitic colatitude, q, is tite- geograpitic longitude- ano] Ci are- a
set of numerical caefficie-nts ano] b a constant. Titis me-tao] draws a surface-
strictly ayer given set of points lix distinctian fram oter metitads adopte-o] bar
ionospiteric mapping. ‘me whole Jata bank inside regional are-a as we-1l as lii tite
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Figure 4. Example of MQMF2R map, for foF2, over the COST 251 region, in winter and solar mini-
mum (R12=10} conditions. (*3 Are- the COSTZS 1 are-a ground-base-d lonosondes.

bulfer Zane- was use-o] lar drawing tite- surface- so titis approacit always provides
a smoatit interfacing to tite ITU-R global model outsit]e- tite regional area. Tite
MF2 montitly ionospite-ric index (Mikhailov e-tal., 1990; Mikitailoy ant] Mik-
itailav, 1995) itas be-en produce-o] for tite past epocits. Pre-dicte-] MF2 inde-x can
be- calculated so long as tite-re-Me- available 10 ionospiteric stations at Ieast witit
foF2 neon values ta whicit a regression analysis may be applieo] using tite
McNisit Lincoln pracedure-. A canversian proce-dure from Rl 2 ta MF2 is adop-
te-o] in tite model MQMF2R. An example- of a regional map obtaine-d witit
MQMF2R proce-dure- is given in Figure 4.

MQMF2R is a mapping me-titad titat be-longs, as ITU-R, PASHA, KORID
ant] otiters, ta titase- proce-dures that were- gene-rateo] for world-wide- mapping
ant] titen at]justed to be applie-] in restricted re-gions. Other ¡nade-ls as tite-
SIRM, ISIRM, tite- many Single- statian Made-Is ant] tite- UNDIV we-re ¡astead
devise-o] to be vaho] only in a re-strict are-a witateve-r it may be- tite-ir simple or
cample-x application.

Tite- UNDIV model was tite- long term mapping procedure-, first recam-
mended by tite- C0ST238 PRIME for use in tite- Eurapean regional are-a, bath
for foF2 ant] M(3000)F2 ianospiteric median conditions, ant] titen adopte-o],
afte-r tests in comparison witit atiter de-ve-lope-o] methods, also by tite COST25 1
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only for M(3000)F2. Accor]ing to tite Kouris ano] Bradley re-suits, (Kouris et
al., 1994; Bradley et al., 1994) tite- solar cycle de-pendence- ob M(3000)F2 itas
be-en convenie-ntly quantifaed for e-acit station, montit ano] itour by refe-rence- va-
lues wititin te low ano] itigit e-pocit bands bar R12 = 35 ano] R12 = 135, making
no distinction betwee-n solar cycles, no distinctian be-tween rising ano] falling
parts of tite cycles ano] no accounting for ityste-resis effects.

Consi]e-ring tat un te European region tite- use of geomagnetic ca-ordi-
nates or tite madified magnetic dip gaye- not important improve-me-nts, due- to a
weak ge-omagnetic control un comparison witit ve-ry itigit latitude or extended
regions, te simple- geograpitical co-ordinates were adopte-o] un alí PRIME ano]
IITS studie-s. ‘mcix assuming titat ¡u te same are-ano fsrst arder longitude- ebfe-ct
may be taken into account anly a linear dependence- on ge-ograpitical latitude-
was adapte], adde-d to a linear depende-ncc aix geagrapitic longitude; tat is bar
a constant local time (LT) ano] montit of te- year a bu-linear re-gressions un lati-
tude- ano] longitude. Using tite montitly medians of M(3000)F2 taken from tite
database, linear re-gre-ssions for te- R12 depende-ncc of M(3000)F2 were- cons-
tructed far e-acit montit ano] for e-acit itaur ¡IT of e-acit station, not reserve-o] for
te-sting. Titen level values of mantly medians were- calculateo], brom tite re--
gre-ssions, far tite- twaR12 le-veis ab solar activity ano] transforme-o] from ¡IT to
LT dependence- applying a Fourier interpolatian of tite- diurnal vanation. Fi-
naliy, for se-yeral diffe-rent sele-ctions of stations biline-ar re-gressians we-re- cal-
culated bar eacit R12 le-vel, for eacit montit ano] for e-acit LT itaur. lun Figure 5
tite regional map of tite- ionospite-ric citaracteristic M(3000)F2 for 1800 ¡II, as
obtained from UNDIV model, tite- COST 251 re-conimended mapping proce--
dure, is sitown.

2.3- Single Station Modeis

lix te past mapping tecitniques base-] on single statian models we-re tite ty-
pical itome made mapp¡ug me-tods produce] in many ionospite-ric pre-diction
services batit bar long-term ano] sitort-te-nn predictians (Hanbaba, 1988; Sta-
nislaswka ct aI.,1991; Moraitis e-tal, 1991; Cande-retal, 1993; Vasiijevic e-tal.,
1995). ‘mese- mode-Is we-re- ve-ny importaixt not only for local ar me-dium distance-
telecommunications purpases be-cause of tite-ir accuracy, but also be-cause of
te-ir ability to be interfaced with oter ge-opitysical mode-Is sucit as electron
density proflies mode-Is ar total electron cante-nt de-termination. ‘me mode-Is are
obviously base-o] aix tite- accurate- study of tite be-itaviour of one statian citarac-
terised by a long itistony of obse-rvatioixs (Dominici ano] Zole-si, 1987) 50 tite-y
may be- considere-o] te extreme- limitof a regional madel. In te last de-cade- Sin-
gle Station Mode-is (SSMs) itave be-en widely use-] un se-yeral ater appiications
as to buí data gaps un active statians ar ta produce- new scre-e-n points for map-
ping ionospite-ric citaracte-ristics (Mikitaiiov ano] Mikitailov, 1993, Bradiey,
1999). Tite- largest number of te-se mode-is applie-] a polynomial ore-ven a li-
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Figure 5. The regional map of dic ionospheric characteristic M(3000>F2 for 1800 Es UT, as obtained
from UNDIV model, the COST 251 recommended nsapping procedure.

near regression of tite montitly median values vs tite- solar activity or vs a
more or le-ss comple-x ionospite-ric int]ex, lar eve-ry itaur ant] for e-ve-ny montit of
tite- ye-ar. As for examples tite polynomial regression given by Xenos etal (Xe--
nos e-tal., 1996):

foF2=a+a,S+a
2S

2 (10)

wite-re S is an ionospiteric int]e-x. More- re-ce-ntly tite- polynomial regre-ssion is gi-

ven by Solé (Solé, 1998) as fallows:
foF2=a+bT+JAP+eAP2 (II)

witere- tite Australian T index ano] tite- geomagne-tie inde-x Ap itave- be-en
use-o].

2.4. Modelflng of other ionospher¡c Iayers: foFí, ToE and foEs

Pl ano] E ianaspite-ric laye-rs are- well known as Citapman laye-rs. ‘mis me-
ans tat tite-ir spatial ano] temporal be-itaviour may be- modelled it>’ aix analy-
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tical expressian as function of tite solar zenitit angle cos(. lix tite past man>’
local modeis we-re produced it>’ national prediction services, vallo] un tbe vi-
e-mit>’ of tite- ionaspite-ric station, as it was bar tite- F2 layer by SSMs (Domi-
nicí ano] Zoiesi, 1987; Davies, 1990). Tite most use-o] expression to pre]ict
median values of bali was given by Du Charme et al. first ¡u 1971. Titen, ab-
ter a more accurate statistics, it>’ tite same autitor in 1973 using data from
>954 lo 1966 ant] from 1967 to 1969 (Du Charme et al-, 1971; 1973). ‘me
method adopte-] by IRI (Bilitza, 1990) consiste-o] in a sedes of expressions
cantaining te solar zenith angle cas x and te salar activity smoothe-d index
R12 depende-nee:

foFí =fs cas~~ (12)

fs =f0(fl00 —f) R12/100 f = 4.35 + 0.068 Iq~1 — 0.00012@ (13)

= 5.348 + o.Ñ 1 Iqfl + 0.00023 q~

n = 0.093 + 0.0046 IquI — 0fl00054 q9 + 0.0003 R12 (14)

ano] providing also tite crftical salar zenit angle ( bar tite- accurrence proba-
bility of tite Fi fe-ature. Tite-Fi layer ma>’ exist aní>’ witen tite salar zenitit aix-
gle is smaller titan a given x. Recentí>’ te Du Citarme- formulas itave be-en
teste-o] again o]uring sorne- ¡Rl Task Force- me-etings for tite Fi iaye-r he-lo] at
ICTP un Trieste- un 1996 ano] 1996 (Radicella e-t al., 1997; 1998) aix a more ex-
tended data bank titat lix tite original studlie-s confirming tite- same re-sults. Aix
imprave-ment to this formula was given so perbarming a prabability fune-tion
ta predict tite Pl layer occurrence including L conditions, (Se-otto e-t al.,
1997; 1998).

‘me- re-presentation of foE adapte-o] by ¡RL was given it>’ Kouris ano] Mug-
gleton un >973 (Kouris amI Muggle-íon, 1 973a; ¡<otitis, 1981; Davies, 1990> ano]
titen re-commendedby 1TU-R (Kauris ano] Muggle-tan, 1973b). It is a comple-x
analytieal expression depending aix solar zenitit angle x. an tite- 12 mants
runn¡ug mean of te- solar 103 cm radio flux, on se-asan ano] aix geodetie- lati-
tude. The- model is veiy accurate- excepÉ bar tite sunrise ant] sunset witen tite- so-
lar zenith angle is large or proxy ta 90 de-ge-es. Se-vera> different improvements
itave be-en introduce] especialí>’ far te- nigitt itaur con]itions by Wakay in
1971, by Leftin ¡u 1976 ano] by Rawe-r ano] Bilitza (Wakay, 1971; Leftin, 1976;
Huitza, 1990). Morerece-ntly a model to describe te ixigitt itaurly variatiaixs itas
be-en propase-O it>’ BradIe->’ (1993) anO adopted in tite PRIME COST 238 pro-
ject.

Janes ano] Oalle-tt’s mapping procedure itas be-en alsa applie-d ta perborm
predictions ayer te globe bar te median canditions ab te- sporadic E laye-r crí-
tical breque-no>’, faEs, of it>’ Leftin et al. un 1968 using a set of separate mime--
rica> caefficients bar tite minhmum ano] maximum salar activity (Leftin et al.,
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1968). Unfortunately, due to tite- uncertain determination of titis parameter ant]
to tite- dufficult predictable- occurrence- of titis layer jome-o] ta tite- poar data
bank, tite- me-titad still does not give- goad performance- ayer tite- e-mire- globe.
Sligitt be-tte-r re-sults itave be-en obtaine-d mapping tite- percentage of occurrence-
witen tite foEs excee-ds a given value (Smith, 1978).

3. SHORT-TERM IONOSPIIERIC FORECASTINO

In tite- last faur de-cades, tite- HP radio ope-rators often ne-eded to plan fre-
quencies a fe-w itours in advance, witicit required a sitort-te-rm fore-casting of tite
ionospheric characte-risties like- foF2 ano] M(3000)F2. lde-aliy, titis e-aulo] have
be-en done using a global nume-rical madel of tite- caupleo] tite-rmospite-re-/ia-
nospite-re-, but un practice, tite- necessary input data we-re not available ano] tite
running times were proitibitive. A simpler solution consiste-o] un using empine-al
metitods ta forecast tite be-itaviour of ionospiteric fe-w itours ahe-ad at a given la-
cation. Currently one- possibility caulo] be to use an artificial ne-ural ne-twork
(Cano]er, 1998a), whieh has tite- advantage of taking into aecount tite non-line-
ar ionospite-ric pitenomena.

A citaracte-ristic of tite terrestrial ianospitere t]uring solar-terrestrial ac-
tive as weU as most of tite quiet perioo]s is tite great de-gte-e of variability.
Sitortterm ionospiteric mo]e-lling is usually de-fine-o] as a quantitative- mdi-
cation of tite- ionosphe-ric citaracteristic variatians up to twe-ntyfour itours
ahead. Tite main problems associated witit tite sitort-term foreeasting mode-Is
ant]/or algorititms are titase of specifying tite dramatic e-fíe-cts in tite- io-
nospiteric re-gions produced by geamagne-tic storms. Tite ionospite-ric storms
result from tite- input of solar wind e-nergy capture-o] by tite Eartit’s magne-
taspitere, release-o] ant] dissipate-] unto tite- auroral ionospite-re witicit set up a
comple-x marpitalogy of tempe-rature-, win]s, electric fie-lds ano] composi-
tion citanges (Prólss, 1995). An exatnple- of tite- Total Electron Cante-nt
(TEC) starm variations is given un Figure- 6 toge-titer witit associate-d Dst va-
riatbons.

lanosplie-rie storms continue- from a few hours to se-yeral days. Tite-se
le-a] to signifieant citanges un tite plasma parame-ters during witicit time- tite
ban] of available fre-quencies forradio waves propagating by ionospite-ric re--
flection is re-duce-o] while otiter e-bife-cts can be particularly o]amaging to both sa-
te-hite- ano] grount]-based systems. Question arises itow e-ircumstances under
witich tite-se pite-nome-na are- re-peatable- can be spe-cifie-d precisely ano] fore-cast
successfully. During tite years varjaus studies itave- be-en made sitowing titat
an ade-quate- unde-rstant]ing of tite- variability of electron t]e-nsity as weB as
electric curre-nts and re-al-time- data access may e-ve-ntually produce- tite suc-
ce-ssful fore-casting of sitort-te-rm ionospite-ric citanges (FullerRowell, 1996).
First ste-p alang titat Une is instantane-aus mapping of tite- ionospite-ric citarac-
te-ristics.
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3.1. Ionospher¡c ¡nstantaneous mapping

Lonospiterie instantaneous mapping is a tecitnique that, using a set of si-
multane-aus obse-rvatians unte-grate-o] by calculated values, is able- to ge-ne-rate a
map of te- re-quired citaracteristics at a single mame-nt of time lix a restrictedre-
gían ar e-ven globally. Although tite instantane-aus mapp¡ng may be- considere-]
as a now-casting tecitnique-, it is important, from tite- geapitysical point of
vie-w, bar retraspective analyse-s wite-re tite- median conditions are tao rougit to
de-te-ct local or temporal carre-latian ano] disturbances.

Instaixtane-aus mapping metitot]s, de-ve-lope-o] un tite- last fe-w ye-ars, cansist of
the numerical functions titat try to smootit te observe-] values me-asure-o] at a li-
mite-o] numbers of ianospiteric stations ano] tite additional scre-en paints values
wite-re- tite-re are no measure-me-nts (Bradle-y, 1996). Due- to an e-asie-r applicatian of
tese- metitads to a re-gian most of tite-se te-chnique-s have- be-en presente-] ano] de--
ve-lord inside- tite COSi’ activities (Bradle-y, 1999; Hanhaba, 1999 ano] refe-rences
titere-in). Titerefore-, it is impartant to mentian tite me-titad adopte-o] by tite-
COST2S 1 that was submitteo] to a complete te-st proceclure. Tite COST 251 me-t-
itad for instantane-aus values of fafl ano] M(3000)F2, known as PLES (Stanis-
lawska ano] Jucitnikawski, 1998), combines montitly median maps of manospiteric
citaracte-rístics ano] a set of screen points-me-asurements using twa interpalatian
me-titads madified for tis purpose-: Kriging ant] «fitting» (Hanhaba, 1999).

Krig¡ug is a tecitnique-, (Olive-rano] Webster, 1990), titat applie-s weigitted
¡uterpalation among adjacent data points using variagram, Le-. a function titat
illustrates tite- difife-rentiation of tite- value of aparame-ter depe-nding aix tite dis-
tance betwe-en tite different measure-me-nts. Fitting uses a set of we-igitting
functions, whicit are- a me-asure of tite- statistical de-pendence of foF2 ano]
M(3000) F2 between points on a spitere, (Hanbaba,1999).

3.2. STIF technique

Aix ope-ratianal sitort-te-rm ionospiteric fore-casting (STIF) toal for tite Eu-
ropeanregion base-] aix continuous manitoring of tite ianospitere- is available on
tite World Wide- Web for inte-raetive use-: http://wwwrcrusl.acuk/iono/
STIF.ittm (Lev>’ e-t al., 1999). A ne-twork of about 20 ionosande-s ¡u Europe pro-
vides te- basic ínput.s, me-asureme-nts of faF2 ant] M(3000)F2, bar tite re-gion of
unte-re-st (100 W — 900 E, 300 — 700 N). Data are currentí>’ updated every 24
itours. An auto-corre-lation procedure- was de-ve-lope-o] for te- sitart-te-rm fore-
casting ofianospheric characte-risties (Muittarov ant] Kutie-v, 1999; Kutie-v el
al., 1999) ano] apphie-d to produce fare-cast values of foF2, MUF(3000)F2 ano]
TEC at inte-ger itaurs UT up to 72 itours ahead at eacit vertical incidence station
whe-re sufbicient measurements are available.

AH maps are drawn using tite- Kriging interpolatian te-chnique. Tite- grid re--
solution is 2.5 de-grees iii latitude- ant] 5 de-grees in longitude. Fallowing Sta-
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nisiawska e-tal. (1996) an anísatropy factor ab 2.1, witicit gives greater weígitt
to varíatioixs aiang tite longitudinal axis, was introduce]. Cantaur maps of fo-
recast values ano] of tite- most recently available measure-ments are produce-o]
whicit are updated dail>’ at fixed times. lun a]ditian to tite-se passive- maps, a fa-
cility itas be-en provided enabling a user ta inte-ractiveiy produce a map of
Ope-ratianal FOT (optimum warking brequency), again bar up to 72 itours aite-
a], for specífie] location. Examples of farecast ano] me-asure-me-nt maps of
faF2 are given ¡u Figure 7. Examples of forecast values of TEC ano] values of
TEC caiculated brom made-lled values are given ¡u Figure 8. No crosses are ni-
dicated ¡u Figure 8, as TEC is nat o]irectly me-asure-].

‘me TEC prabíler is a madified Di Giovanni - Radice-lla (DOR) moclei
(Radice-ila ano] Zitang, 1995) titat uses 5 semi-Epste-ín laye-rs ano] tite ionospite-
nc citaracteristics foE, boFí, foF2 ano] MUF3000(F2) as inputs. TEC maps are
calculateo] wit te last twa citaracteristics given by STIF ano] simplifiedmoo]els
bar boFí ano] faE. Tite probíler itas be-en adapte-o] from tite- Ne-Quick model
(ICfP ano] Unive-rsity of Onaz) de-ve-lope-o] wit ESA-ESTEC suppont.

3.3. Neural networks tecbn¡ques

Succe-ssful attempts to buil] diffe-nent artificial ne-ural ne-tworks modeis bar ia-
nospite-nie- iong-te-nm prediction ano] sitart-te-rm fore-cast¡ug itave be-en made by a
number of groups wit¡u ano] outside of te- COST 251 praject (Altinay et al.,
1997; Poale- ano] McKinne-ll, 1998; Canden et aL, 1998b, c; Lamining ano] Cander,
1999; W¡utoft ano] Cander, 1999)- NNARX - Ne-ural network base-] auto-re--
gressive model wit a]dítíanai inputs (X) is ane possible- appnoacit titat use- tite-
itybnid time-de-lay multi-layer percepton neural netwark witit only cnitical fre--
que-ncy of te F2 layer as input parameter to produce one output boF2 value at
itaur t+ 1. Inputs (X) ¡ucludefofl value- at time t, se-ven ]ays mean MfaF2 values
ano] apprapníate difference-s Delta MIoF2 at particularly se-le-cte-o] itaurs (t, t-1, t-

23, t-47) as we-ll MfoF2 at forecast time (t+l) caiculated usiixg only te le-arning
set of data to gene-rate- te backgrouno] daily variatiaixs of faF2. Detailed des-
cniption of tus type of te- neural ixetwork as far as its arcititecture, first ano] se-
can] itidderi laye-rs, learn¡ug ano] te-st data sets are cancerned can be fauno] ¡u
Cander et al. (1998b, c). An exainple of te- N?NARX result is given un Figure 9.

3.4. Ionospheric storm f’orecasting

Altitougit tite-re is special interest ¡u advance- storm warixings bar majar
storms (Ricitmond, 1996), le-ss is known abaut de-fm¡ug te ianospitenic fore-
casting modeis during great solar-terrestrial eve-nts. Case studies ano] teoretícal
results prave titat any alganitm bar sitortterm íanospitenic fone-casts during
storms simulo] consist at le-ast titree parts: (1) Qeamagnetic activity forecastíng,

145 Física de la Tierra
2000,12,127-154







Bruno Zotes! and Lj!Ijana R. Cander Evolulion of ihe ionospheric ansi modelling...

ci
Nu-
o

BaOS 99 991010101011111111 121212121313131314141414

t (days)

Figure 9. foF2 values measured and predicted one our ahead by neural networks during the period 8-
14 April 1990 al Rome ionospbericstations togeiher with their monthly median valties.

(2) Farecasting ionosphe-nic storms, ano] (3) Madelling lonosplie-nie parame-ters
fon a storni penad (Cander, 1993). Work is in progre-ss ana new tecitnique- de-
velopment for storni-time- farecasting ano] instantancaus mapping ayer Europe-,
base-] aix analytical pre-sentation of tite rnappe-d quantities (Muittarov et al.,
2000). In titis tecitnique diurixal ano] seasonal vaniations of tite- ianaspitenic
foF2 ano] M (3000) F2 citaracte-ristics are- represente-o] by a modified version of
tite regional model ISJRM adjuste-t] to tite- pastme-asure-o] data. An autaregres-
síve extrapolation of tite data fi-orn tite past month enables tite 15-day-aiteao] fo-
re-cast of tite quie-t ionospiteric distnibution to be performe-]. In addition, tite
sitort-te-rm variations t]ue to ge-omagne-tic activity are- define-] as aplane- surfa-
ce- supe-rimpased on tite quie-t distribution. ‘mis carrection is abtained by twa
plane- citaracteristics as functians of tite geomagne-tic titree--itaur Kp index. In
titis way tite- 24-itaur fore-cast can be- abtain t]ur¡ug quie-t as we-ll as disturbe-o] ia-
nospiteric conditions. ‘me- corre-spano]ing EIFM software- pravides varie-ty of op-
tions to perforín tite sitan-te-vm forecast o]epending aix availabihity of tite me-a-
sure-o] ionospite-ric data ano] predicted Kp values.

4. DISCUSSION AND CONCLUSIONS

A common me-titad use] in long-te-mi pre-diction ano] sitortte-rm forecasting
of lonospiterie citaractenisties is extrapolationfinterpolation of tite ionospheric

— measured — predictod by NN — nionthly median
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