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Abstract

Empirical ionospheric local models have been developed from long-term datasets of seven
incoherent scatter radars spanning invariant latitudes from 25 to 75° in American, European
and Asian longitudes at Svalbard, Tromsa, Sondrestrom, Millstone Hill, St. Santin, Arecibo and
Shigaraki. These models, as important complements to global models, represent electron density,
ion and electron temperatures, and ion drifis in the E and F regons, giving a conprehensive
quantitative deseription of lonospheric properties. A case study of annual lonospherie variations
in electron density and ion temperature is presented based on some of these models. Clear
latitudinal, longitudinal, and altitude dependency of annual and semiannual canponents are
found.



1. Introduction

Lomg-term Ingolerent s¢atier radar (IHR) observa-
tons provide an extremely valuable data souree [or
addressing slgnificant selentifi: lsspes mlated 1o lone-
spherie and thermgspherk climatoksgy., The aliltwde
de pendence, for Instanee, of varims varlations in the
electimon density, thermal statis, and dynamks are
subjects not well sulted lor other Instruments on the
gronnd or on satellites 1o pursiee In a oom prele nsive
manner. Snee the development of Incolerent scat-
ter radars In the 1965, a ong-term observatlomnal
datasel has been acenmulating. Among the existing
e operational ISRs, gver M) yeas worth of data In
mexdern digital lorm are avallable Trom Arecibo amd
Millstome HIill radas and over T years worth of data
are avallable lor the Svalbard radar; other sites, In-
clisdimg tle 5. Santin radar, which was ¢losed In
1984, encompass at least ome solar ¢yele. Table 1 lsts
the SR slies and the time ¢owverage of the data in-
clisded In this study.

Empirical models are Important tools for many
resparch efforts. The Intermational Releronee Tono-
sphere (IRI) [Bilitra, 2000], as a global lonospherie
mxdel, has been med widely, s electron demsiiy
component was derived largely om onesonde ob-
servathons, In particular, the peak density and lis
eight as well as the belght varlation at the bottom-
sile, whereas very lew ISR proflles have been taken
into acpount. ER provides Important information
about the E-valley structure, which can mot be ac-
curately dedueed rom bnosondes. The TRI's plasma
temperature oom ponent was conicributed by satellite
data [of cowse with limlted helght variations) amd
by some ISR data which, however, came [mom ear-
ller observations mom tle L9T0-805 Local empirical
musdels from long- term datasets lave many Important
aspects, such as valldating theoretical and empirical
gobal modek (see Zhang and Holt [30M] and Zhang
et al. [2NM] for some initial comparkions hetween
the ISR amd TRI madels); as average misdels they can
be also used for lomsplerk cdimatolegy studies, as
we shall present here. Holt e al  [2002] have re-
cently meported kecal and reglonal models hased on
Millstone Hill ISR data. Zhang and Holt [2004] and
Zhang et al [3WM] have reported plasma tem pera-
ture climatokgy amd model studies lor Millstone Hi
amd 5t Santin. The present work mepresents a sub-
stantial development In modeling Ne, Tl, Te and lon
drifis rom ISR observatlons at seven sites spanning
Imvarianmt latitwdes om 25° 1o T8, Presented as ex-
amples of model guipuis are resulis for the anmaal
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and sem lanmsal lomspherie varlations of the modeled
paramelers

The anmeal varlation of lpnespherie electron den
gty Ne ls largely cawsed by the anmal change of
splar senlth angle and of the newtral compositon,
Prior studies hased on lomssmde and TEC data and
theoretical modeling have Indicated tle varlation of
annmal changes with longitude and latitude [Fuller-
Roller et al, 190 Millward ef al., 1995 Rishbeth,
1998; and references therein]. ISR data at Shigaraki
showed e varlatlon with helght in tle F reglon
[Balan et al., 1998; Kowamura et al, 2002]. Fu-
ther studies are meeded 1o pesolve Bsues on the al-
titude dependence lor multipls parameters. A lomg-
term database from a varlety of latltedes and longl-
tudes coverlng an appropriate alttude range 1s essen
tlal, amd las been comsidered In this paper.

2. Data and Modeling

We use data from the Madrigal distributed data
system. Table 1 lkts the time coverage of data lor
ench glte. As this study kB concerned primarily about
logal measurements lor the E amd F oreglons, we see
legt data betwesn L0 - 60 km helght for most sites
(p e LOKAD Jemy Tor Millstone) fom radars’ high eleva-
tlon (EL) measirements. Data [rom Svalbard Radar
(operational snee 195G and Tomss UHF and YHF
(1981} Radars amw [om EISCAT Common Program
(CP) experiments with EL> Th*. Sondmstrom radar
(1983) data are [mom its ACPORT Res correspond-
lmg to a varlety of antenna modes with EL> 80F, and
its l-baud alternating oode data are all exelsded.
Milktone Hill radar (196 data contain all experd-
meents from both zenith and steerable antennas with
ELZ45%%. 5t. Santin data are from both histatk and
quadristatle measurements [rom Namcay as well as
the Montpazler and Memde recelvers, Areciho Radar
(193] data are largely [bom 1ts World Day exper-
iments. Shigarak] Middle and Upper Atmosphers
(ML Radar [ 1986) data econtaln all ex periments ob-
talmed with lts power profile, 4- pulse temperatume and
2-pulse line-ol-sight modes; dee to eguent. contami-
nation of meteorie ecloes, we exclude data = HE km
helght, therelore prodscing only the F2 reglon mod-
als. Using a varlety of pulse lengtls, tlese radars
provide typleally 2550 km helght resolution lor the F
region olservations, and 1015 km belght resolution
for tle E reglon obsera tlons, Most temperatume and
veloclty data and some eleciron density data come
with an error estimate; for these without the ermor



wir asslgn a large value close to the masimum error
In the eorresponding data. The modeling prooediane
takes Into acopint thess ermors.

Table 1. Infoberent Scatter Badars and Data

Statlon Lat® Lon® Inv.® Coverage
Swalhard TA.l G0 T4.9 1947 -
Sondrestrom 670 3000 T2 194K -
Tromss e 192 664 1984 -
Milkiome 4246  2EEL 53A 1970 -

5t Haniin A4 22 46.3 1973485
Arecibao 183 2932 322 105 -
Shigaraki HE 1ML 2GS 1984 -

Lat. and Lim. are geodetic latitude and longitude.
I, is mvariant latitude.

Mesdel parameters are Me, Te and Ti. Parallel on
driflt modek are also developed [or Sondrestrom, Mill-
stone and Arecibo, The modeling technigue Is an im-
proved version of Holt e al. [2002] and & similar to
that in Ehang et al. [2NM]. The data for each site are
himmed by month and local tme with Foonth asd 1-
lour bin slees. Assuming a limear variation hetween
amy two oonsecutive altiiude podes [ plecewlse-lnear
Tunetlon), we obialn ceefliclents for the helght varia-
ton., These coelliclents am assumed 1o be lisear In
the solar activity ndex FLOLT and magnetic activiiy
index Fhourly ap, where FIOT s [or the previos
day and ap s for the previous 3 hows |[Hedin, 1983;
Hecht et al, 1991]. The choice of the previos day's
F10.7 was based on Buonsanto and Pohlman [1998]
and Reemer [1967] who suggested that the thermo-
spheric response tme o the solar activity s mearly 1
day, Tests with Millstome MNe, Te amd Ti data span-
nmimg about 3 solar cycles show that tle corpelations
of each parameter with diferent F LT valies (Ior the
curment day, 1 or more days earller, and & l-day aver-
ages) are not significantly diferent. Therelore we use
the previous day's FLOLT In acoord with prioe studies.
The wse ol ap Index ere represents a slmple approach
o representing the magnetk activity controls on the
ongsphere. A more sophiscated approach, however,
B to comsider the time hBtory of magmete activity
ellects, such as that developed by Arawio-Pradere el
al  [2002] for the F2 peak density modeling during
storms. Similar eonsideration should be taken into
apeount In our Tuture update when sufllclent storm
timee ISK data have been collected.

A seqgueentlal least squares it to the solar activ-
ity depemdence and plecewlse-limear aliltude depen-
dence lmctlons & performed, generating opelliclents
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for the comstant, FLOLT and ap terms lor each of the
12 [monthly hins) = 24 (howrly hins) = 288 hims and
each of altitude nodes. T lirther smoooth diurnal and
seasonal arlations, we apply a 3 (month) = 3 [Tour)
medlan flter in season and local time to the ooefll-
clente. Lastly, a cubl B-spline Iz it to glve twice
differentiahle helght varlations, a feature very wselil
for helght gradiont calenlations.

The helght nodes are at L0, 110, 130, 130, 140,
L, 180, 2060, Z25, 250, 300, 250, 400, 450, 5, 550,
and §E km, except for Millstone with additional T80
and L0 ke mosdes, and lor Shigarakl with nodes he
twoeen HEH - G0 km at & very loe 1003 km spacing
below faboyve 400 km hecase of tle wae of the Barker-
ooded power profile experiments. These nodes apply
to all parameters, eocept lor Shigarakl wleme Te and
Ti profiles have nioe modes at 230, 275, 3N, 365, 410,
ARG, B0, 545, B0 km, eorresponding to average alil-
tudes of gates used In the standavd MU radar 4-pulse
measirement. Due to the relatively lmited amomi
ol plasma temperature data for MU radar, we lave
wsed a Fhour bin slee o Improve tle statkiies.

3. Annual Variations

Ag an example of the mode]l output, anmeal elee
tron density vafdations ve elght, as shown In Flg-
um 1, are caleulated or moon with FLHLT = 135 and
ap = L% representing comditlons of median solar activ-
Ity during quiet magmetle activity, Tle wpper atmg-
sphere meridional creulations, caused by upwelling
dise 1o solar EUY heatlng amd awroral Imating, result
in latitudinal and anmealfsemianneal changes of the
com position [Rishbeth, 1998]. In the auroral and po-
lar¢ap area [Svalbard), while auroral heating appears
pesistently over the wear and the O/N4 ratio shows
less winter-summer difference, tle anmual varlation of
il golar zenith amgle plays a major role so that there
s a slmple anmeal change with maximum Me o sum-
meer. Tromss, at a lower latitude, shows lower Me In
summer than in winter [ “winter anomaly™) with the
highest In equinex (semiannal chamges). The winter
anomaly In Me s an Indleation of the large winter-
sumnwr composition difference with Of/Ns higher In
winter, 5t Santin, at midlatitedes In tle same lon-
glitude sector, shows well delined semianmual chamges
with Me higher In early March than in late Oetober
(equimeetial asymmetny ), In additlon to the winter
anomaly. The asymmetry ls partieularly poomeonced
above the F2 peak helghis.

In the American sector, Sondresivom has just a
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glightly lower Imvarlant latitude and a msch lower
gooddetle latitude than Svalbard, howewer, 8 well de-
fined semianmual varlation s seen with a simiar
eqiilmoetial asymmetry but higher F2 peak helghts as
compared 1o Tromss at wearly an ldentleal geodetic
latitisde. Such a semianminl variation may be cased
by the eombined effe¢t of anmeal changes In the solar
wenith angle and In the ¢ompesition, which may be In
the middle way hetween Svalbard amd Tromss., Will-
stome Hill, with a similar gesdetle latitede but in the
subauroral area as compared to 5t Santin, temds 1o
show a prominent winter a pomaly as well as higher Ne
in the secomd hall of tle year. The semlanmial oom-
ponent B larger above the peak helght. Ne & lower
in American lomgiivdes [Sendrestrom and Milktone
exclisding in winter for Millsone) than In Eurgpean
omes [ Tromss amd 5t Santin). This might be due io
thelr higher magnetic latlindes causing lower OFN .
Well defined semiannual patterms oeccur at Arecibo
amd Shigarakl at lower midlatitudes. Magnetle lati-
tudes for both sites ape ~ 287, however, Arecibo me-
celves stronger solar lrradiation as 1t Is In tlse equa-
torial slde of the trople @one: (herdore Ne s higher.
The equingetial asymmetry s most evident at Shi-
garaki [Balin e al,, 1988. Ne above the F2 peak
appears higher In spring than in antumn gver thoss
mid- amd lower mid-latitudes, with a noticeable ex-
ception at Millstome HILL

MNeutral winds alsg modily the semianmeal varia-
tlon divectly through meving loms 1o regloms of hgher
or lewer loss rates thus decreasing or Inereasing Ne
[Balan e al, 1998; Kawamura el al., 2002), and in-
divecily throueh atmospherle prevalling Bows carry-
Ing the neutral gas of rich nitrogen [Rishbeth, 1908].
Eflects of winds and opm pesition should vary with
altitisde regimes. The somewhat wmswal belavior
ol higher Ne ln the secomnd hall of the year at Mill-
stone negds further Investigations, which may requine
meistral eomposition and wind Information specific lor
the reglon. Sweh Information on tle neutral atmo-
gphere may be partly obtainable from the ISR long-
term database. However, the lelght of the F2 poak,
suggestive of the meridional peutral wind, differs little
over the year Indieating me or only weak equingetial
asymetry 1n the wind.

O the otler hand, varlations in T and the mewiral
temperature can provide some hints about the oom-
posltion I tle uwpper atmoesphere Is assumed 1o he In
diffisive equilibrium as expressed in the Bates Tume-
ton, A higher pewiral temperature implies a larger
seale helght and lower 0Nz, Flgure 2 shows an-
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mgal Tl varlations lor three sltes (Resulis lor Shigaraki
showed a spmlannual compoment in Tl see Ralan el
al. [1998]1. At Swalhbard and Tromss, Ti & high
est In summer. At Millstone the maximum oceurs 1n
later spring and earlier summer [May ). Ti at aroiand
200300 km 15 a good measue of the exospherle tem-
perature for midlatitudes |Buonsanto and Pohlman,
1998], thus we might expect the atmospleric asym-
metry about summer with a corresponding mea xlmm
neutral temperatum and kowest OFfNs In May, con-
tributing to the equinoetial asymmetry in Ne men-
e alave.

4. Summary

Local emplirical lomspleric models have heen de-
veloped [rom long-term dataseis of seven [SRs In
American, Ewopean and Aslan bogliodes at Sval-
bard, Tromss, Sondrestrom, Milktone Hill, 5t. Samtin,
Arecibo amd Shigaraki., These mosdels, as important
com plements 1o global mesdels such as IRI, repre-
sent Me, Te, Tl and lon drifts in the E amd F ope-
glons, giving a quantitative description of bonospheric
pooperties. A case study of annsal varlations s pre
sented based on some of these medels. Clear latite
dinal, longliudinal, and altiiude dependency of an-
nmigal and semlannual compomenis are oumd. The
mpdelk are available fom tle autlors or o-line at
htep: S fwww.opemmadrigal .org, where virtual I5Rs
for each site are also provided hased on thess models
and near meal-time values of FLOLT and ap.
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