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Abstract. A realistic fully time-dependent computer model, low-latitude ionosphere for a given longitudinal region, for
denominated LION (Low-latitude lonospheric) model, that different seasons, geophysical conditions and solar activity,
simulates the dynamic behavior of the low-latitude iono- at each instant of time, showing the time evolution of the low-
sphere is presented. The time evolution and spatial distrifatitude ionosphere, between about 20rth and south of the
bution of the ionospheric particle densities and velocities arenagnetic equator. This paper presents a detailed description
computed by numerically solving the time-dependent, cou-of the mathematical model and illustrative computer results.
pled, nonlinear system of continuity and momentum equa-
tions for the ions O, OF, NO*, Nj and N, taking into ac- 2" = :
count photoionization of the atmospheric species by the solar g
extreme ultraviolet radiation, chemical and ionic production
and loss reactions, and plasma transport processes, includ-
ing the ionospheric effects of thermospheric neutral winds,1 |ntroduction
plasma diffusion and electromagnetitx B plasma drifts.
The Earth’s magnetic field is represented by a tilted centeredhe distribution of ionization in the low-latitude ionosphere
magnetic dipole. This set of coupled nonlinear equationsis characterized by the presence of the so-called Appleton
is solved along a given magnetic field line in a Lagrangiananomaly or equatorial ionospheric anomaly. Since the iono-
frame of reference moving vertically, in the magnetic merid- spheric ionization is produced as the result of photoioniza-
ian plane, with the electromagnetix B plasma drift ve-  tion of the atmospheric species by the solar extreme ultra-
locity. The spatial and time distribution of the thermospheric violet (XUV) radiation, a maximum of ionization would be
neutral wind velocities and the pattern of the electromagneticexpected around the sub-solar point in the low latitudinal re-
drifts are taken as known quantities, given through specifiedyions, where the ionization production is a maximum. How-
analytical or empirical models. The model simulation resultsever, when measured values of the electron number density at
are presented in the form of computer-generated color mapghe F2-peak are plotted as a function of magnetic latitude, for
and reproduce the typical ionization distribution and time a given longitude and local time, a curve is obtained which
evolution normally observed in the low-latitude ionosphere, shows a minimum (trough) over the magnetic dip equator,
including details of the equatorial Appleton anomaly dynam-with two maxima (crests) at dip latitudes which may vary
ics. The specific effects on the ionosphere due to changegetween 10 to 20° north and south of the dip equator, de-
in the thermospheric neutral winds and the electromagnetigending on local time and season. This anomalous ioniza-
plasma drifts can be investigated using different wind andtjon distribution extends into the topside ionosphere where it
drift models, including the important longitudinal effects as- gradually diminishes. At the magnetic equator the F2-peak
sociated with magnetic declination dependence and latitudiheight is a maximum and the peak electron density is typi-
nal separation between geographic and geomagnetic equaally about 20 to 50 percent less than at the crests.
tors. The model runs in a normal personal computer (PC) and This equatorial ionospheric anomaly was first recognized
generates color maps illustrating the typical behavior of thepy Appleton (1946) and has since been investigated by many
workers. It shows rather different features depending on
Correspondence tal. A. Bittencourt longitude, local time, season and period of the sunspot cy-
(jabittencourt@hotmail.com) cle. The diurnal development of the equatorial ionospheric
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anomaly has been studied in some detail for both sunspdfirst one, since few negative ions exist at F-region altitudes
maximum and sunspot minimum conditions (Rao, 1962;due to a low production rate and loss by photodetachment.
Lyon and Thomas, 1963; Thomas, 1968; Rastogi, 1966; In the F1-region and below, a photochemical equilibrium
Rush et al., 1969). Lyon and Thomas (1963) analyzed so€ondition exists during the daytime, since the recombination
lar maximum ionosonde data, and showed that the anomalyime constant is sufficiently small and transport processes are
is enhanced just after sunset, for several hours, and it existelatively unimportant. The recombination time constant in-
throughout the night and sometimes until sunrise. There isreases with altitude, whereas the time constant for loss by
also considerable longitudinal variation in the developmentdiffusion (zp) decreases with increasing altitude. In the F2-
and decay of the anomaly. It shows marked differences in theegion, due to the longer recombination lifetime and smaller
various longitudinal sectors, depending on the correspondingliffusion lifetime, transport of ionization plays a dominant
magnetic declination of each sector. A latitudinal asymme-role. Laboratory and ionospheric measurements of the re-
try in the electron density, as well as in the F2-peak height,combination rates appropriate to the F2-region indicate that
at the north-south crests has also been observed, and it showtse lifetime of an ion-electron pair is about one to two hours
different behavior in the various longitudinal sectors, at the(Ferguson, 1969). At an altitude where these recombination
same local time. time constants are approximately equal, both processes are

This anomalous ionization distribution at low latitudes has comparable and, consequently, the electron density as a func-
been explained in terms of plasma transport processes th&on of altitude reaches its maximum at approximately this
move the ionization to regions other than that of its produc-altitude.
tion. It has been investigated theoretically over the past sev- The three relevant transport processes that move the ion-
eral years by many researchers (eg Martyn, 1953; Bram|eilzati0n to regions other than that of its formation are plasma
and Peart, 1965; Hanson and Moffett, 1966; Bramley angdiffusion along the magnetic field lines, electromagnetic
Young, 1968; Baxter and Kendall, 1968; Abbur-Robb and Ex B plasma drifts, which transport the ionization perpen-
Windle, 1969; Sterling et al., 1969; Anderson, 1973a, b; Bit- dicularly to the magnetic field lines, and thermospheric neu-
tencourt and Tinsley, 1976; Bittencourt et al., 1976, Bitten-tral winds, which drag the ionization in the direction of the
court, 1996). The transport processes affecting the ionizawind component along the field line. The plasma drift due to
tion distribution in the low-latitude ionosphere are plasma an east-west electric field moves the low-latitude ionospheric
diffusion, electromagnetic plasma drifts, and thermospheridonization perpendicularly to the magnetic field lines, in the
neutral wind drag caused by the meridional and zonal globalvell-known fountain effect This transport process, com-
pressure gradients. A review on the electrodynamics ofPined with plasma diffusion along the magnetic field lines,

the equatorial ionosphere-thermosphere system was recentfaused by gravity and pressure gradients, produces a sym-
presented by Abdu (2005). metrical ionization distribution about the magnetic dip equa-

tor. Two crests of plasma concentration are generated around

+15° (north-south) on either side of the magnetic dip equa-

tor. The latitudinal position of these ionization crests vary
2 Physical processes with local time and season, depending on the time variation

of the E x B plasma drift, as well as with longitude. Han-
The physical processes involving production, loss, and transson and Moffett (1966) illustrated the plasma flow associated
port of ionization in the low-latitude ionosphere have dif- with the equatorial fountain effect as a result of the com-
ferent degrees of importance, depending on the altitude rebined effects ofE x B electrodynamic plasma lifting across
gion and the local time under consideration. The ionosphericthe magnetic field lines and plasma diffusion along the field
sources of ionization include both electromagnetic and cordines. The third process is transport due to thermospheric
puscular radiations. Because of magnetic shielding effectsneutral winds. The neutral-ion collisional drag transports the
corpuscular radiation is important only at high latitudes as anionization along the magnetic field lines, in the direction of
ionizing source. Since in the ionosphere the principal neutrathe wind component along the field, producing an interhemi-
constituent is atomic oxygen, at least 13.6 eV is required forsphere transport of ionization at the same time that it moves
each ion-electron pair created and this energy can be supplietthe ionization upward in the upwind side and downward in
by the solar extreme ultraviolet (XUV) radiation with wave- the downwind side of the magnetic field line, into regions
lengths shorter than 91.1 nm. The ionization produced in aof different recombination rates. This process results in an
given volume of the ionosphere may leave it either by recom-asymmetrical ionization distribution about the magnetic dip
bining or by moving outside it. The ion and neutral species,equator, with unequal values of the electron densities and
and the electrons may interact as a result of chemical andheights of the F2-peak at the ionization crests aro#tA8°
ionic reactions such as electron-ion recombination, involv-either side of the magnetic equator. The ionospheric plasma
ing electrons and either atomic or molecular positive ions,vertical drift produced by a horizontal thermospheric neutral
or as ion-ion recombination, involving positive and negative wind at low latitudes was illustrated schematically in Bitten-
ions. This second loss mechanism is small compared to theourt and Sahai (1978).
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At low latitudes these transport processes are greatly deunit volume, due to transport. For tlith ion species, the
pendent on the geometry of the magnetic field lines at acontinuity equation can be expressed as (Bittencourt, 2004)
particular region. The longitudinal variations of the mag-
netic declination and of the latitudinal separation between? +V-(njv)=P —L; (1)
the geographic and the geomagnetic equators play importan®?

roles in the drift and wind effects on the ionospheric plasma.where p; and L; are the production and loss rates per unit
For this purpose it very convenient to separate the tropical,glume, respectively. The macroscopic charge neutrality

1976, 1992), based on the value of the magnetic declinatiofye given by

at a given longitude, namely:

: . =) m 2)
(a) Atlantic Sector, from-65° W to 0°, where the magnetic ;

declination is west and takes its maximum value (about
20° W) at the magnetic equator. where only singly charged positive ions are considered, since

negative ions are scarce in the ionosphere.

(b) Indian Sector, from Dto 150 E, where the magnetic  The charged particles in the low-latitude ionosphere may
declination is everywhere near zero at the magnetichave a common drift velocity due to an external electrostatic
equator. field E, not parallel to the geomagnetic induction figkd

such as that associated with the wind-driven dynamo cur-

rent system of the E-region, which is very effective in trans-
porting ionization across the magnetic field lines, as well
as a diffusion velocity along the magnetic field lines aris-

The great advantage of using this classification of longitudi-iNg from non-electromagnetic forces, namely those due to
nal sectors, in terms of magnetic declination, is that it allowsdravitation, pressure gradients and collisions. Although non-
us to separate the specific ionospheric effects of the zonatlectromagnetic forces, like gravity and pressure gradients,
and meridional thermospheric wind components, as well agifé able to transport ionization across the magnetic field
the effects associated with the seasonal dependences of tHges, the associated drifts are usually much weaker than the

vertical electromagnetic plasma drift velocities. electromagnetic drift. o _
For calculation purposes it is convenient to separate the

. _ particle macroscopic velocity; into components parallel
3 Basic transport equations and perpendicular to the local magnetic field line,

(c) Pacific Sector, from 15CE to —65° W, where the mag-
netic declination is close to & at the magnetic equa-
tor.

The appropriate equations governing the spatial and time disy; = v + v, 3)
tribution of the electron and ion densities in the ionosphere

are the time-dependent continuity equation, the momentunivhere v, corresponds to the electromagnetitx B/B?
conservation equation and the energy conservation equatioplasma drift velocity. In addition, the natural frame of ref-
for each charged particle species. The continuum approximagrence for expressing the charged particle motion is a coor-
tion to the Boltzmann equation holds under the assumptiorflinate system moving with the plasma drift veloaity with

that collisions between the particles are so frequent that théespect to a fixed Earth-centered system. The divergence of
ions and electrons can both be treated as fluids. Normallythe plasma flux perpendicular to the magnetic field can be
this assumption is very well justified for thermal particles in separated into two parts

the ionosphere. Above about 600 km, in the exosphere, the

neutral particles move in balistic orbits and suffer few colli- ¥ ~ (%iV1) =v.1-Vni +n;V v, )
sions. However, the plasma fluid approximation is still appli-
cable to even higher altitudes because of the large Coulom
Cross sections. Dn;  0n;

2o -V 5
D1 97 +v n; ()

é\dding the advective part téw; /orgives

3.1 The plasma continuity equation
which is the total rate of change in the particle number den-

The continuity equation relates the rate of change in the parsity in a frame of reference moving with the plasma drift ve-
ticle number density to the rate of production and loss perocity v .

unit volume, and to the divergence of the particle fluxu;If The great advantage of using this Lagrangian reference
andv; denote the number density and the macroscopic (loframe is that in this system all plasma motions appear to be
cal average) velocity of thih ion species, respectively, then field aligned. This approach was first used by Moffett and
the quantityn; v; represents the flux of this charged particle Hanson (1965) in solving the time-dependent electron conti-
species and its divergence gives the resulting loss rate peawuity equation including the effects of diffusion, plasma drift,
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production, and loss. Therefore, in the drifting coordinate wheret represents a unit vector along the magnetic field line,
system, the continuity equation for each ion species becomedefined such that for points in the Northern Hemisphere it is

above the horizontal and towards the geomagnetic equator,
% +V. (ni”ill) +n;V-v, =P —L; (6) and s is the arc length along the field line measured in the
Dt same sense a Since the cyclotron frequency greatly ex-
An expression for the flux parallel t8, for each ion con- ceeds the collision frequency with neutrals throughout the
stituentn; v;|, is derived in the next section starting from the F-region, the non-electromagnetic forces will transport the
equations of motion for the electrons and ions. The diver-ionization essentially along the field lines. Thus, taking the
gence term involving the plasma drift velocity, as well as the component of Eq. (7) parallel to the magnetic field, using the
production and loss terms, will be considered subsequently.expression in Eg. (9) and rearranging, we obtain

. . 1 ;
3.2 The Equation of motion Vi = (S Vin 3 ) [ —migsinl—

The forces acting on the ionospheric plasma include gravi-ki T 4T — kledne _ KT dn;
; fel : Bs( et ’) ne os n; ds (11)
tational, collisional and pressure gradient forces, as well as ¢ i
electric and magnetic forces. The equation of motion for
each ion species can be expressed as (Bittencourt, 2004)  + 3" m; vi, |uy| + X mivij v |] t
n

ov; _
mi (8_; + (v; - V)vi> =e(E+v; xB)+mg— where —g sin/=t. g and] denotes the magnetic dip angle.

1 . .
;V(”likTi)_ Zmiuin(vi —u)— Z’j mivij (v —v;) (7) 3.3 The energy conservation equation
l n

For each ion species the energy conservation equation, con-
and for the electrons, sidering an isotropic distribution function such that we can
9v, 1 replace the stress tensor by a scalar pressyrei(k7;), can
Me (——i—(ve . V)ve> =—e (E4v,xB) ——V (n.kT,) (8) be expressed in terms of the temperatfjras (Bittencourt,
ot e 2004)
where it is assumed that, in the equation for the electronsg
both the gravitational and the collisional terms are very small5nik [
compared to the remaining terms and can be neglected (Rish-
beth and Garriot, 1969). Also, a scalar presspge={ny KT, M; —m;v; - A; + <1-m,~v-2 — §kTi) (Pi—L)+S: (12)
wherea=e, i) replaces the stress tensor, since the velocity 2" 2
distribution function is isotropic. Subscriptsi, andn refer whereg; denotes the heat flux vecta; represents the rate
to electrons, ions, and neutrals, respectively. Mgss and temys¢ eneréy density change due to collisiods,stands for the
pera_tur_e are represented;h)andT,_ the acc_eleranon dueto .qiision terms appearing in the equation of motion (),
gravity isg, e denotes the electronic charges Boltzmann's ;. are, respectively, the production and loss terms of
constantu is the thermospheric neutral wind velocity, and 4 continuity Eq. (1), and; represents any external energy
vin @ndv;; are the effective collision frequencies between iy, (such as solar radiation, for example). In order to use
ions and neutrals, and ions and ions, respectively. (12), we also need expressions fprand M; in terms of
The acceleration term on the left-hand side of the equationnown quantities.
of motion for both electrons and ions (in Fhe moving refer—. Equations (1), (7) and (12) constitute a coupled set of non-
ence frame) can be set equal to zero, being generally neglijnear equations to be solved simultaneously in order to de-
gible for the large scale motions that constitute the main in-iermine the spatial and temporal distribution of the particle
terest here. _Howeve_r, they might not be negligible for small-, mber densityz; (r, £), macroscopic velocity; (r, 1), and
scale wavelike motions. Taking the component of Eq. (8)temperaturer; (- t), for each species. In order to simplify
parallel to the magnetic field lines, the_polgrlzatmrj electric matters, instead of solving the energy Eg. (4.3.1), a usual
field generated between electrons and ions is obtained as  gnproach consists in considering the temperature distribu-
1 tion for each species, as a function of space and time, as
E\| = ——V| (nkT,) 9) a known quantity. With this approach (considered in the
ele present model), the problem reduces to the solution of the
Adopting the convention previously used by Kendall (1962), coupled nonlinear set of continuity and momentum conser-

aT;
a_;“l‘(vi-V)Ti:| =-ni kT (V-v)) = V.-q;+

we can write vation equations for each charged patrticle species.
~0
Vi=t— 10
=1t (10)
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3.4 The divergence terms Thus, p = constant defines the family of curves which rep-
o resent the magnetic field lines, while the family of constant
We shall assume that the Earth’s magnetic field can bemagnetic potential surfaces is represented; by constant.

approximated by a centered magnetic dipole, thus havingalong a given field line f = constant) we have
only radial and meridional components. In a region free

from electric currents the magnetic induction field can be 9 _ 99 9 (23)
described in terms of the gradient of a magnetic scalardr  9r dg
potentia}, according to R o
B=-Vy (13) 90 30 dgq
For the geomagnetic dipole approximation we have and using Egs. (21) and (22), together with (17) and (18), the
4COS0 operatorV;, given in Eq. (20), becomes
Yy =805 (14)
r A Lol?r2 9
so that, Vi=t@v)=—t—3y % (25)
cosf sing A
B = 2,3 —F +gord '3 P (15) As Kendall (1962) has shown,
r r
n 1
where# andd are unit vectors along theand® directions ¥ = 75372 (9 cosf + 15 cos$ 9) (26)
of a spherical polar coordinate system €,4) in which 6 . . .
denotes the colatitude and the ag&is0° passes through the and using the vector identity
north pole. Hereg denotes the Earth’s radius agglis the v (niviy)) = (niviy)) V -2+ (£ V) (n; viy)) (27)
dipole coefficient, approximately equal t€0.31 gauss.
In addition, the equation of a magnetic field line is the expression for the divergence of the charged particle flux
) parallel to the magnetic field lines can be written as
r=resinto (16)

2_1/2
r2ot

1 a
wherer, represents the radial distance to the point of in- V.(zvij)= [mww cosf+15co$ 6)— 3 8qi| (i vy (28)
tersection of the field line with the geomagnetic equatorial
plane. The sense and magnitude of the magnetic dip dngle The expression fos;);, given in Eqg. (11), can easily be trans-

is taken such that formed using (26) and the result incorporated in (28).
. 2 cosé . . i
sin(l) = 17 a7 3.5 Coupling to the neutral winds and electric fields
sing Since the collisional terms in the charged particle momentum
codl) = —35 (18)  conservation equations involve the thermospheric neutral

wind velocity u, we must consider the corresponding trans-
whereo = (1+3cog 6). These expressions can be obtained port equations for the atmospheric neutral species, which are
from Eq. (15), noting that tai=B,/B6. Therefore, we have  coupled to the charged particle equations through the col-
lisional terms. The ion drag produced by the neutral wind
modifies the ionization distribution, which in turn modifies
cogl) 9 the neutral wind pattern. Thus, for a self-consistent treatment
@) (20) this coupled system of nonlinear equations must be consid-
ered simultaneously. Also, the electric field responsible for
Kendall (1962) has shown that the basic transport equathe plasma drift in the F-region arises as a result of dynamo
tions for the low-latitude ionosphere are greatly simplified action in the E-region, as well as in the F-region.
by transforming from the spherical coordinate systen®( The E-region dynamo is controlled by the atmospheric
¢) to one whose coordinates define directions parallel andides, and it moves the ionization across the magnetic field
perpendicular to the magnetic field lines. Accordingly, we lines, since at E-region altitudes the ion collision frequency
define a system of orthogonal curvilinear coordinaigsy(, is much higher than the particle cyclotron frequency. The

i = sin(I)# + cos1)6 (19)

\Y —Ea =1 sin(])a +
= ds ar

@) by electric field thus generated maps to the F-region through the
r high electric conductivity along the field lines.
p= Sr2 o (21) The thermospheric neutral winds are responsible for the
To F-region dynamo. However, during the daytime, due to the
2 cosf high conductivity of the E-region, the F-region dynamo is
q=-"= (22)  short-circuited through coupling with the E-region via the

r
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highly conducting magnetic field lines. But, at night, when (e.g. Heelis et al., 1974; Batista et al., 1986). In this case,
the E-region conductivity drops drastically, the circuit is open simplified equations or empirical formulas are used for the
allowing the development of polarization electric fields in ionospheric parameters and conductivities, in order to sim-
the F-region. Again, the electric fields produced modify the plify the computational treatment.
ionization distribution in the low-latitude F-region, which  In the low-latitude ionospheric (LION) computer model
in turn modify the pattern of thermospheric neutral winds described here we consider the spatial and time distribution
through ion-neutral drag and, consequently, the electric fieldof both the thermospheric neutral wind velocities and neutral
Therefore, a complete self-consistent formulation requiresdensities, and the ionospheric electric fielddor B plasma
the inclusion of this electrodynamical coupling between thedrifts, as known quantities, specified through analytical for-
E and F-regions, responsible for the generation of the Fimulas or empirical models.
region electric fields.

To build a complete self-consistent ionospheric model is
an extremely complicated task, requiring the simultaneous# Thermospheric neutral winds
numerical solution of a large number of coupled nonlinear ) o )
differential equations. Furthermore, in the usual approachf* theoretical description of the global thermospheric neu-
considered so far, the plasma equations are referred to a L4/@! wind system requires the numerical solution of a large
grangian geomagnetic coordinate system (in order to simhumber of coupled ionospheric and atmospheric equations,
plify the computational procedure), whereas the neutral gadnvolving the time-dependent continuity equations, the mo-
equations are referred to the normal Eulerian geographic coM€ntum conservation equations and the energy conservation
ordinate system. Usually, the ionospheric computer model€duations fo_r.each of the ion species as well as fo_r the neutral
consider the spatial and time variation of both the thermo-9@S- In addition, to understand also the longitudinal behav-
spheric neutral wind velocities and the ionospheric electrici®h: & three-dimensional solution of this problem is required,
fields as known quantities, specified either through analyticaf@king into account the dependence of the Earth’s magnetic
formulas or empirical models (e.g. Sterling et al., 1969; An- field on the geographic coordinates. The forces acting on the
derson, 1973a; Bittencourt and Tinsley, 1976; Anderson eheutral air are the pressure gracﬁent force, grawty, fnctlonal
al., 1987, 1989; Bailey and Sellek, 1990; Batista et al., 1991;forces due to viscosity of the air and due to collisions be-
Bailey et al., 1993). Also, the early thermospheric neutral™V€en the neutral gas particles and the ions (ion-drag), and
wind models considered the spatial and time variation of thetn€ Coriolis and centripetal forces due to the Earth's rotation.
ionospheric parameters as known quantities, specified eithepinCe the ion-drag force is proportional to the collision fre-
through analytical formulas or empirical models (e.g. Fuller- duéncy and to the difference between the wind velocity and
Rowell and Rees, 1980). Fuller-Rowell et al. (1987) con- the ion drift velocity, the various forces that cause ion motion

structed a coupled thermosphere-ionosphere computermodETUSt also be considered simultaneously in a self-consistent
for high latitudes but, for low latitudes, they still used ana- Way-

lytical formulas for the ionospheric variables, given by the
empirical ionospheric model of Chiu (1975). Nevertheless,
modgls that trgat the fully coupled dynamics and eIectrody—The atoms and molecules in the atmosphere collide so fre-
namics of the ionosphere and thermosphere have been pre-

sented by Richmond et al. (1992), Roble and Ridley (1994),g“ﬁ;%cth:tSnﬁ)ﬁgrﬁaggscrﬁgsédgd & i‘lﬂ':l " 'gf:étmzrmg
Peymirat et al. (1998) and Millward et al. (2001). Also, more y g ' y y Y

. . . . . conservation equations. Furthermore, the neutral air can be
general ionosphere models that include mid and high Iatl'treated as a single fluid, since the macroscopic differential
tudes have been developed. The SAMI2 model calculates 9 ' P

: . ) . motion of its various constituents is very much less than
the evolution of the low- to mid-latitude ionosphere and was Y

presented by Huba et al. (2000). The Utah State Universitythe overall macroscopic wind velocity. The set of equations

Time Dependent lonosphere Model (TDIM) was initially de- ?slvsirgé?g t;l;a?dz);'namlcs of the neutral upper atmosphere are
veloped as a mid-latitude, multi-ion model by Schunk and @ The, contiﬁuity equation for the whole neutral gas
Walker (1973), and later as a mathematical model of the mid-WhiCh express the law of mass conservation '
dle and high-latitude ionosphere (Schunk, 1988). The theo- '
retical development of the TDIM was described by Schunk 3p
(1988), while comparisons with observations were discussed;, +V.(pu) =0
by Sojka (1989). ] ) ) )
Regarding the computation of the ionospheric electric(?) The Navier-Stokes equation of motion, which express the
fields, some low-latitude computer models have been built/2W of momentum conservation (assuming the air to be in-
Usually, they solve the equation of motion for the neutral gasCOmPressible and with constant viscosity),
together with the equations for the electric fields considering gy,

electrodynamical coupling of the equatorial E and F-regions - +@Vu+2@Rxu)+Qx(Rxr)=

4.1 Basic equations

(29)
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—%Vp — Z vni (U — v;) + %vzu +g (30) the lower atmosphere (troposphere), which are controlled by

the Coriolis force and the difference is attributed mainly to
y1e importance of ion-drag and viscosity in the upper atmo-
Sphere (thermosphere).
To calculate the thermospheric wind velocities from
o (B—T+u.VT) +pVau — V. (KrVT)=Pg—Lp (31) Eqg. (30) it is necessary to know the horizontal pressure gra-
oT dients that provide the driving force for the winds. Clearly,
(d) The ideal gas equation of state, which relates pressuré,he pressure gradient involves the addiptive effects of a den-
density, and temperature for the neutral air, sity gradient and a temperature gradient, as can be seen
from Eq. (32), so that a specified numerical model giving
p =nkT (32) the spatial and time variations of these quantities is required.
The global models of the thermosphere usually assume fixed
boundary conditions (temperature and neutral species densi-
ties) at a lower boundary, often taken as 120km. The neu-
tral temperature vertical profile is assumed to have a certain
shape, tending at great heights to a limiting value, the exo-
spheric temperaturélf,), which is a function of local time,
fatitude, longitude, season, solar activity and magnetic dis-
turbances. The number density vertical profile of each neu-

ficient, g represents the acceleration due to gravityis the tral constituent is computed using the diffusive equilibrium

specific heat at constant volum&y is the thermal conduc- €duation.
tivity coefficient,  is Boltzmann’s constant anfly andL g One of the most well known global neutral atmosphere

represent sources and sinks of energy density. The viscou®0dels is that of Jacchia (1965, 1971, 1977), whose gen-
term in Eq. (30) must be modified if the viscosity coefficient eral approach is to determine empirical temperature profiles
has spatial gradients. which yield density distributions in agreement with satellite
Since the ion-drag term depends on the ion densitie§_rag measuremer)ts. Jacghia’s model provides the global dis-
(through the collision frequency) and on the ion velocities, tribution and vertical profiles of the temperature and neu-
the continuity, momentum, and energy equations for each iorifa! species densities, with their corresponding time depen-
species must be considered simultaneously with the neutrdf€NCces, solar cycle variations, as well as geomagnetic storm
gas conservation equations. There has been several numermospheric effects. Other neutral atmosphere models, based
ical model analysis of thermospheric motions. In some ofon satellite and ground-based observations, are available
them the temperature field is regarded as a fixed input quanioday, such as the MSIS-86 thermospheric model (Hedin,
tity, usually taken from some phenomenological atmospherict987), s well as models which give the thermospheric neu-
model, such as that of Jacchia (1965, 1971, 1977). In thesgal wind vel'ocny distribution (e.g. H'edln etal., 1988, 1991)
cases a treatment of the energy conservation equation is nénd theoretical global thermospheric models such as that of
required. Also, in some cases simplifying approximations Fuller-Rowell and Rees (1980).
are made regarding the ion densities and the ion velocities,
which are considered as known fixed quantities, specifiecf"3
as a function of space and local time through a parametriﬁvI

model. Hence, only the set of simplified conservation equa- any atmospheric models US_Ed for wind computatlon_s as-
tions for the neutral air is solved, so that these models aré" ™€ that the pressure, density and temperature are fixed at

not self-consistent in the sense that the wind pattern modiﬁeﬁon,nle lower boundary Ievgl, often_taken at 120 km, so that th.e
the ionization distribution through ion-drag, which in turn orizontal pressure gradient vanishes at this bou_ndary. Itis
modifies the wind pattern. To build a complete and detailedtherm‘ore generally assumeq that the horlzpntal \.de compo-
self-consistent model is a formidable task, which requiresn©NtS aré equal to zero at this level, viscosity being too weak

the simultaneous solution of the three-dimensional system of° vertically transmit any significant horizontal velocity from
equations just indicated greater heights. This assumption of unvarying conditions at

the lower boundary cannot be expected to be realistic (Chan-
4.2 Global pressure gradients dra and Stubbe, 1970). If the atmospheric parameigys
andT were assumed to vary at the lower boundary, as they
In general the thermospheric neutral winds blow away fromprobably do in reality, some effect would be observed in the
the hottest part of the thermosphere, in the afternoon sectogomputed winds at greater heights.
towards the coldest part, in the early morning sector, across Since the kinematic viscosity.(p) becomes very large at
the polar regions and zonally around the Earth at low lati-great heights, the derivative4u /3z%) must become small at
tudes. This behavior is quite different from that of winds in these heights, in order that the viscosity term in the equation

(c) The energy conservation equation, neglecting the energ
dissipated by viscosity and ion-drag,

In this coupled set of equations,denotes the neutral wind
velocity, p is the neutral air mass density such thanmnz,

n is the neutral air number density, is the average neutral
particle massy; is theith ion drift velocity, 2 is the Earth’s
angular rotation velocity; is the radius vector from the cen-
ter of the Earth to the point where the equations are applied
p stands for the scalar pressurg; is the effective neutral-
ion collision frequencyu/p is the kinematic viscosity coef-

Boundary conditions
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of motion (30) should not become overwhelmingly large. al. (1991, 1988), based on satellite and ground-based obser-
This implies that we must hav®du/dz) — constant. Fur-  vations. A very simple analytical expression for the thermo-
ther, to maintain a finite velocity gradient there would have spheric wind velocity field, represented by an asymmetrical
to exist a shearing force which neither the pressure gradicosine function in the local time dependence, with an ampli-
ents nor the Coriolis force nor ion-drag can provide, so thattude which increases with latitude (Bittencourt, 1996), may
in fact, du/9z=0 at great heights, i.e« becomes height- also be considered,
independent, which is the upper boundary condition for the [1 —sin@® — A)
Up = uQ

neutral air equation of motion. Tmeo} [cos(¢ + ¢o)+ €] (37)

4.4 Thermospheric neutral wind models In this expressionyg is a constant velocityd is the mag-
netic colatitudefy is a normalization constant, the parame-

As mentioned before, in the low-latitude ionospheric com- ter ®o determines the local time at which the wind achieves
puter model described here, the horizontal thermospheridts maximum velocitys permits a choice of smaller veloci-
neutral wind velocity field is considered to be specified ties during the daytime as compared to the nighttime, allow-
through some analytical or empirical expression, or evening for the effect of great ion drag during the day, and
given through a numerical model, such as the MSIS-86 therfepresents the latitudinal difference between the position of
mospheric model (Hedin, 1987). As the atmosphere underthe magnetic equator at a particular longitude and the lati-
goes thermal contraction and expansion, the vertical velocityude to which the winds converge or diverge in their global
of a surface of constant pressure is given by (Jacchia, 1977)pattern. Thus, for equinox conditions, represents the ge-
. ographic latitude of the location of the magnetic equator at
Uy = Q@r igdz/ (33)  afixed longitude. Further, up to 14an be considered for
§ Jyo T?0¢ the separation between the magnetic and geographic equa-
tors, depending on the longitude chosen, and anotifefa23
ture T, independent of altitude, we have athe movement of_ the _sup-solar point, depending_ on the sea-
son. An expression similar to Eq. (36) was previously used
Q 0T (z—z0)7 by Sterling et al. (1969), and by Brasher and Hanson (1970)
Too 3¢ (RE + 20) G4 on previous tropical F-region models, but only for the simple
case of equinox and coincidence of geomagnetic and geo-
graphic equators.
(35) Different wind representations (considered as input pa-
rameters specified as a function of space and time) can be
Hereu, is the radial velocity of the neutral air due to the di- used in the LION model in order to analyze the wind effects
urnal expansion and contraction of the atmosphere, given byn the low-latitude ionospheric ionization distribution at the
expression (33), andy is themagneticnorth-south compo-  various longitudes, and for different seasons and solar activ-
nent of the horizontal thermospheric neutral wind velocity, ity.
relative to the Earth.
The horizontal wind velocity component along the mag-
netic meridian 4¢) can be expressed in terms of the geo-

graphic components of the horizontal thermospheric WInOIIn the ionospheric E-region the motions of the neutral air,

velocity as caused by atmospheric tides, are able to transport (through
Ug = u), COSSy, + u;} sins,, (36) pollisions) the ionization acrgss'the magnetic field Iine.s caus-
ing currents to flow. Polarization fields (electrostatic) are
whereu;, represents the geographic meridional wind compo-generated which affect the motion of the charged particles in
nent,uy, represents the geographical zonal wind componenthe ionospheric F-region and in the magnetosphere. Since the
ands,, stands for magnetic declination, which is greatly lon- electrical conductivity along the magnetic field lines is very
gitudinal dependent. high, they can be thought of as equipotential wires which
Notice that the ionospheric plasma equations are solvedransmit electric fields from one region to another (Farley,
along a given magnetic field line, so that the proper wind 1959).
componentto be used in the plasma equations is the magnetic Rishbeth (1971) suggested that thermospheric neutral
meridian componenty, with its longitudinal dependence on winds may generate F-region currents (see also Rishbeth
magnetic declination already included according to (35). 1977, 1981). The resultant polarization fields may or may
A number of thermospheric neutral wind models, giving not be shorted out in the E-region. During the day the E-
the space and time dependencexpfanduy,, can be con-  region ionization is sufficient to short circuit these polariza-
sidered for the present ionospheric model calculations. A retion fields, but at night the very low E-region electron den-
cent one is the global thermospheric wind model of Hedin etsities allow the field to develop. Consequently, a vertical

Taking the temperature T as being the exospheric temper

Ur =
The neutral air wind velocity alonf can be expressed as

u) = (uy Sinl +ugcosl) ¢

5 Electromagnetic plasma drifts
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electric field is established in the equatorial F-region, by theSterling et al. (1969) showed that the effectvgfin the so-
zonal thermospheric winds, causing the ionization to drift in lutions is negligible so that in the numerical computer calcu-
the east-west direction. This plasma driftis in the same direcdations it can be assumed thg=0. Therefore, only drifts in
tion as the neutral wind that produces the polarization field. the magnetic meridional plane, due to an east-west electric
The electrostatic componet#t of the total electric field field, are considered in the LION model, even though east-
(E+uxB) gives rise to the drifts of the F-region plasma. west plasma drifts are known to exist.
At the magnetic equator, the east-west componei#t gén- The divergence of the component of in the vertical
erates the verticaE x B ionization drift, which is upwards plane can be expressed as (Baxter, 1964; Moffett and Han-
during the daytime and downwards at night. The north-southson, 1965)
component of the E-region electric field when transmitted to
the F-region, over the magnetic equator, points in the verticak;  (,, »)— vy | 4vp _ _
1€ - N, over : (vat) =2+ (6 co$9—3cod h—4cod 9-|—1) (45)
direction, giving rise to an east-weBtx B plasma drift. Re- r, ro?
view articles on the equatorial ionospheric electric fields and 0 ) . .
low-latitude electrodynamic plasma drifts were published by Wherevs is the equatorial value oy, r. is the radial dis-

Fejer (1981, 1991, 1997). tance.from t.he center of the Earth to the field line’s equatorial
crossing point and=(1+3 co$).
5.1 Divergence of the plasma drift velocity The radial dependence of the vertical drift at the dipole

equator is given by (Sterling et al., 1972)
In the F-region, the electric fiel# that exists normal to the

L o i 2
magnetic field, as a result of dynamo action in the E-region

r

' i _m,? =V (46)
produces a drift velocity of the plasma across the magnetic (ho + ro)
field lines given b . . :
! iNes giv y whererg denotes the Earth’s radius anglis the plasma drift
_ExB (38) velocity athp=300 km above the surface at the dip equator,
VL= B2 i.e., the drift velocity normally measured at Jicamarca with

dthe incoherent scatter radar, for example. This radial squared
dependence im,? is chosen so that the magnetic flux in the
field tube is conserved as the plasma moves vertically.

The electric field responsible for this drift can be separate
into two parts

E=Ec+ Eq (39) i i
5.2 Plasma drift velocity measurements
whereE ¢or is such that the velocityK ¢orx B)/B? gives coro-

tation with the Earth, i.e., Measurements of vertical plasma drifts at the magnetic equa-
E- % B tor have been reported by Woodman (1970) and Fejer et
% =rsingQ ¢ (40)  al. (1989, 1991), obtained using the incoherent scatter radar

at Jicamarca, Peru. Typically, upward velocities of 20 m/s

whereQ denotes the Earth's angular velocify,represents {0 25m/s are observed during the day and downward veloc-
a unit vector in thep-direction andE, is the electric field ~ ities of about the same magnitude at night. A rapid increase
normally associated with the ionospheric dynamo system. in the upward velocity, commencing around sunset and last-

The plasma drift velocity can be resolved into the form  ing between one to two hours, is also observed which is a
consistent feature appearing every day with regularity, after

vy =it + (v + rsin99)$ (41)  which the velocities reverse to downward. Typical veloci-

R ties at this pre-reversal peak may be as high as 40m/s. The
wheren=cosl7—sinI6, which represents a unit vector in  amplitude and duration of this pre-reversal peak in the up-
the vertical plane, normal to the magnetic field line, aad  \yard velocities vary from one longitudinal region to another
andvg are the components af, in the vertical plane and  ang with season, showing a marked dependence on mag-
in the east-west direction, respectively, relative to the Earthnetic declination. Woodman (1970) found that the spread
Therefore, in the velocities at any one time, for different days, is as

. 1 1 1 n large as the velocities themselves, even during magnetically
it = 25 [(Eq x B)-F] F+ 52 [(Ed x B) '0] 0 (42)  quiet days, and that the daily behavior of the drift veloci-
ties is far from sinusoidal. Also, Fejer et al. (1979) inves-

tigated the effects of geomagnetic disturbances on the verti-
cal electromagnetic plasma drifts, finding that in general, in

most cases during geomagnetic storm conditions, the drifts

are somewhat inhibited. Woodman (1972) has measured the
1 vy 44 east-west electromagnetic plasma drift component, finding
rsing W (44) that the plasma drifts westward during the day with a typical

A 1 AT A
v = = |(Eax B)- 8| (43)

and the divergence of thiecomponent is

V.- (rsino2 + ved) =
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velocity of about 50 m/s and eastward at night with velocitiesradiation, can be expressed as
from 100 m/s to 150 m/s. 0
Bittencourt and Abdu (1981) found that when the F- Q;(r, x)= Y ®oo(ht) €Xp[—T (At 7, X)]a ;" (un j (r)(47)
layer is sufficiently high, such that transport processes dom- k
inate over recombination (above about 300 km), the Ve”'cal\/vhere@oo(kk) represents the incident solar extreme ultravi-

plasma drifts can be determined to good accuracy from theyjet (xUV) radiation flux, in the wavelength band specified

vertical motions of the F2-peak height, as determined fromby A, at the top of the atmosphere where the optical depth
ionosonde measurements. This technique allows the deter-

inati f th ical ol drifts in diff tl itudi T(Ak,rx) is zero,a(f) denotes the photoionization cross sec-
mination of the vertical plasma arifts in difterent longitudi- 4, i the wavelength bang, for the jth absorbing atmo-
nal regions to investigate their magnetic declination and sea- heric species, r is the radial distaneg(r) is the number

sonal dependence, at least in the hours near sunset and eaagnsity of thef' speciesy is the solar zenith angle and the

evening when the F-Iayer IS sufflc_lently high. Tr_us method, summation applies over all wavelength bands of incident so-
however, underestimates the vertical plasma drifts when th(?ar XUV radiation. The total photoionization rate per unit

F-layer is not high enough, due to the effects of plasma re- | : . :

e . - t Eq. (7.1.1 I -

combination (Bittencourt and Abdu, 1981; Fejer et al., 1989;}/O ume 1s obtained by summing Eg. ( ) over all absorb
. ing species,

Batista et al., 1990).

LX) = (7, 48
5.3 Theoretical models Or(r, x) ;Q](r %) (48)

Some theoretical models involving the calculation of elec- The exponential part in (46) represents the attenuation of the
tric fields, and the corresponding electric potentials, in thesolar radiation produced by the atmosphere above the altitude
low-latitude ionosphere have been developed (e.g. Heelligonsidered. The optical depth can be expressed as

et al., 1974; Batista et al., 1986). These models consider ~

that the equatorial F-region electric field is generated by @ , , ,

the atmospheric tides, through the E-region dynamo, and by & 7 X) = Z / 0" nj(r)Ch(r’/Hj, x)dr'  (49)

the thermospheric winds, through the F-region dynamo and o

the electrodynamical coupling between the E and F—regionswh

The basic equatlons mcIuQe the con_se.rva_non. equations fof?h(r’/Hj,X) denotes the geometrical Chapman function
the neutral air and for the ionospheric ionization, Maxwell . . ) - )
which takes into account the Earth’s sphericity aﬂﬁ

equations and the equation for the electric current flow that/\ . o

provides the electrodynamical coupling between the E an x)stands for thhe absorp_tlon cross section n the wavelength
F-regions. The models developed by Heellis et al. (1974) andA, for the f absorbmg Species. Eq”?‘“°"‘. .(48) can be
and by Batista et al. (1986) assume various simplifying ap_rgplaced by the following approximated simplified expres-

proximations for this set of equations in order to reduce the>'on

complexity of its numerical solution. A global vertical drift T, 1y x) = Z(T;a)()\.k)l’lj(r)HjCh(r/Hj, x) (50)
J

ere H; is the scale height of thejth constituent,

model for the equatorial F-region was recently published by

Scherliess and Fejer (1999). Fejer et al. (2005) presented an

empirical model of equatorial zonal plasma drifts near theFor each of the absorbing species, taken to be £ar@ N,

F-region, over Jicamarca. the photoionization rate per unit volume is computed from

In the LION model we consider the F-region electromag- €xpression (46), considering 62 discrete wavelength intervals

netic plasma drifts as known quantities and specified as dn the range from 3.0 nm to 102.6 nm.

function of space and time through analytical or empirical The incident solar XUV radiation fluxb.(1x) and the

formulas, based on incoherent scatter and ionosonde obseabsorption and ionization cross SGCtiOﬂ#I,) (M) ando}’)

vations, as well as on numerical modeling. Different drift (A«), used in previous models were taken from the results

models can be considered in order to provide an adequatpublished by Hinteregger et al. (1965), which are based on

representation for the drift dependence on longitude (magsatellite and rocket observations. Hinteregger (1970) has

netic declination) and season, as well as on solar activity. suggested that these solar XUV radiation fluxes, measured
under solar minimum conditions (in 1963), are probably
more representative of solar maximum conditions. Solar

6 Photoionization and ion chemistry EUV flux models have also been published by Tobiska and
Barth (1990) and by Tobiska (1991). The solar fluxes and
6.1 Photoionization rates ionization cross sections published by Tobiska (1991) have

been used to generate the results presented here.
The photoionization rate per unit volume for each of the ab- The optical depth for each wavelength band is calculated
sorbing atmospheric species, produced by the solar ionizingdrom expression (49), considering the summation (ingex
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over the atmospheric species Oz &hd Nbo. Due to the pre- ¢ = (A — 8p)/2 (53)
dominance of atomic oxygen above about 250 km, it con-

stitutes the dominant term in the calculation of the opticaland the parameter is a function of local time defined ac-
depth. cording to

6.2 lon chemistry T=H+B+psin(H+y)(-r <t <m) (54)

T . . . where H represents the solar hour angle measured from
Loss of ionization in the ionospheric F-region is controlled . : . .
R . .~ noon, in radians, and, p and are constants which specify
by recombination processes such as electron-ion and ion-io . X
o i . ; e phase of maximum exospheric temperature and the shape
recombinations. The pertinent reactions in these loss mecha- ! .
of the isotherms of exospheric temperature over the globe.

nisms include radiative and dissociative recombinations. Ion—_l_he quantityZy is dependent on solar activity.

atom interchange and charge exchange reactions are also ef- ! .
- . . : The temperature profile can be calculated, according to
ficient and must be considered in both production and I03§N

. : . . alker (1965), from

rates for the ion species. lon-atom interchange reactions are
generally more rapid than charge exchange reactions (Bateg; = 7., — (T, — T120) eXp(—0§) (55)
1955).

The ionization production and loss rates per unit volume,WhereTizo is the temperature at 120 km ands an analyti-
resulting from ion chemistry, are governed by the rate coef-cal function of7, given (in knT*) by
ficients of the relevant ion-ion, ion-neutral and ion-electron 2 -1
processes. The ionic reactions considered in the LION model ~ 0.0291 exp—X*/2) + (ro + 120 (56)
and the magnitude of their reaction rate coefficients are prewherer is the Earth’s radius (in km) and
sented in Bittencourt (1996).

¥ — (Too — 800
750+ 1.722x 1074 (T — 800)2

The geopotential altitudé, is given (in km) by

Several m_odel atmospheres, .based on experimgntal data (z — 120) (ro + 120)
from satellites and from the basic equations governing atmo$ = (58)
spheric structure, have been developed, which provide the (ro+2)
spatial and time dependence of the neutral gas temperatuiia which z represents the altitude, above the Earth’s surface,
and neutral species concentrations in the upper atmospheref the point considered.
including seasonal, solar cycle and geomagnetic activity de-
pendences (e.g. Jacchia, 1965, 1971, 1977; Hedin, 1987). 7.2 Neutral density profiles

A simple analytical model for the neutral atmosphere is o o ) )
that based on the Jacchia (1977) atmospheric model, Cothe d|ﬁgS|ve equilibrium equatlon. can be |r_1tegrated analyt-
bined with Walker's (1965) analytic expressions for the tem-ically using the temperature profile given in (54). Walker
perature and density profiles. The modification incorporated1965) obtained the following expression for the number
by Walker (1965) avoids the numerical integration of the dif- density of thex neutral species

(57)

7 Neutral atmosphere model

fusive equilibrium equations for each neutral species. An- (1—a) A+y)
other possible approach is to use the MSIS-86 thermospherig,, (z)=n, (120 |:—:| exp(—by,o&) (59)
model of Hedin (1987), which is based on satellite data. 1-aexp(—o8)

where
7.1 Temperature profiles

u— (Too — T120) (60)
Jacchia’s expression for the global distribution of exospheric T
temperatureT, is

_ Mgg120 (61)

v =
(COgn ﬂ—.Sl’ll"f W) cod (‘[)i| (51) 0 kTy
(L+Rsin" y) 2 k is Boltzmann’s constanigiog stands for the gravitational
acceleration at the 120 km base level angdis the mass of
the neutral constituet.
Values for the neutral atmospheric parameters used in the
LION model can be found in Bittencourt (1996).

Too=To(14+R sin" ). |:1+R

whereTy is the minimum nighttime exospheric temperature,
(1+R)Tp is the maximum daytime value of the exospheric
temperature, m and n are constantandy are functions
of geographic latitudeX) and solar declinatiorsg), defined

by
n=(A—2580)/2 (52)
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8 Diffusion rates and collision frequencies The second transformation maps the paramgtieto a pa-

rameterY, defined by
The general theory for diffusion of ions through a gas was .
originally developed by Chapman (1939). In the low-latitude y — M
ionosphere the relevant ions'©OJ, NO™, NJ and N' dif- sin(I"gmax)
fuse through the gases of the neutral atmosphere and throughherer is a suitably chosen number apglax is the value
each other. The force per unit volume acting on tffe i of 4 at the northern end of the field line, wherer,, and

(66)

species, due to collisions, is given by rp is some base value of This base level in the present
@ , model is taken at 120 km aric=10. Equal increments i
Seon =— Zj min;vij(v; —v;) — memn(vz’ —u)(62)  give too many points at high altitudes and not enough near
n

the F2-peak. This transformation maps the magnetic field

where the first summation is over all ion species, except"“es into straight lines witty =1 at the northern end (where
the ith, and the second one is over all neutral atmospheri¢ =9max), ¥'=0 at the dipole equator ant—1 at the southern
species. end (wherey=—gmax)-

The collision frequencies used in the present computer The third transformation replages the dependent variable
model are derived from the relationship ni(r, 1) by the variableG; (r, ), defined by

r dr/
kTin; A
vj = n;j (63) G; =n; exp(/r ozH,-) (67)

mib,-j 0

h hep: he bi lisi H | where a=(T,+T;)/T; and H; is the ion scale height. This
w erfet h i ;aret € ”'ln'ary coflision parameée.rs. h eL\I/g,;Itransformation improves the stability of the numerical solu-
ues for the binary collision parameters used in the tions since, at great altitudes whex&r, ¢) varies in an expo-

model are the ones given in Bittencourt (1996) and have beeﬂential mannerG; (r, 1) is essentially constant along a mag-

dgriveg fromlthe individual ion mobili:i]es in a neutral 9(;’15 aS netic field line. It can be applied to any of the ions considered
given by Dalgarno (1961, 1964). The temperature €PeNpere, but its use was restricted to the ©ns only, which is

dence of the ion-ion collision parameters was considered tQhe dominant ion above the F2-peak in the low-latitude iono-
be (7;/15009/2 and the dependence of the ion-neutral colli- spheric F-region

i /2 Wi - . . : .
sion parameters wad,(/300)"/2, with the temperatures ex These transformations are incorporated in the equations

pressed in degrees Kelvin. Furthermore, in all CalCU|at'°nsaccording to the details given in Bittencourt (1996). The

we take_Ti:Te_:T,,._ . . resultant system of coupled partial differential equations is

The ion diffusion coefficientD; and the collision fre- 5 eq ysing an iterative, implicit finite-difference method,

quencyv;; are related through the expression similar to method three of Crank and Nicolson (1947) (see
also Potter, 1980).

-1

kT;

Di = m = [Z (”f/bif)] 64) g2 Boundary conditions, spatial grid, and time step

J

The summation in Eq. (63) applies to both ions and neutralsz‘t alltimes the _boundary cond!tp_ns_ﬁtj_:l (_base_lev_el) are
n; (¢, y)=0, while atr=0 some initial ionization distribution

is assumed everywhere along the field line. After a few in-

tegration steps in time, the solution becomes independent of

the initial values adopted, because of the effects of photoion-

9.1 Variable transformations ization, ion chemistry and plasma transport.

After the transformation of the coupled set of non-linear

In order to simplify the equations and to put them in a form differential equations into a discrete numerical set of finite-
suitable for numerical solution, three variable transforma-difference equations, we must specify the time step and spa-
tions are made. These variable transformations are dictatetiel grid to be used in the numerical computations. A usual
mainly by numerical stability considerations, speed of com-step ing (local time) is T (corresponding to 4 min), but in
putation and convenience in interpreting the results. some cases a smaller step may be considered, depending on
The first transformation involves the change of the in- the ionospheric phenomena under analysis. Along the mag-
dependent variable time t, to longitulewhich allows a  Netic field line 99 steps are used)ir{50 in each hemisphere,

straightforward interpretation of the results at specified localWith one common point at the magnetic equator). Itis appro-
times, according to priate to start the time integration around 08:00 local time,

cover a full 24-h period, ending about two or three hours
past 08:00 local time of the next day, when the calculation re-
sults start to repeat themselves for the same local time. The

9 Computational procedure

Bni 1 ani

@ B (v¢/r +S2) ot (65)
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calculation results for the first two or three hours are then 1000 _
neglected in order to eliminate any possible influence of the | =
initial values adopted. In this sense, the results (densities anc 900 O A I A
velocities for ions and electrons) obtained for acomplete day _ gpp P2 Y G T
(24 h), along a given field line (moving vertically at the elec- & L T Iy i W
tromagnetic plasma drift velocity in the Lagrangian frame of = 700 A I FTTR ALY IO A
reference), must repeat themselves for the next 24 h, wher ';E 600 .-"-'o' — '.'-"-‘
the computer program is asked to run in sequence, so tha © ] o IR s %
there is a 24-h periodicity in the results. w 500 LA ' P "‘... . 5o

In order to be able to construct vertical profiles of the par- 400 +—+ ;’; iV 4 — "‘\\ s %’i 3
ticle number densities and velocities, over a latitudinal range 300 /f / P \ \\ ‘}\
between about-20(°, the integration inp is repeated over /// / / / /" "‘\\ \\\\\
the 24-h period for a given number of magnetic field lines 200 ’ll //// \\\\ \\\
(about one hundred or more field lines) with their equatorial 100 = ! 4 /\ ; . A
crossing altitude chosen in such a way as to cover the altitude 20 -15 10 5 0 5 10 15 20
range of interest, for all times, in the latitudinal range consid- MAGNETIC LATITUDE

ered, as illustrated in Fig. 1. The distribution in height of the
starting magnetic field lines (equatorial crossing altitude of
each field line) is selected such that the vertical ionizationFig. 1. Set of dipole magnetic field lines illustrating the height ver-
distribution in the region of the equatorial Appleton anomaly SUS magnetif: Iati_tude grid used in the LION model, with 99 points
(between at least15° north-south) can be accurately con- 2long each field line.
structed for alkp-steps.

For each step i (local time) a two-dimensional inter-
polation scheme is employed to transform the particle num-etal. (1996), which are based on Jicamarca incc_)herent scatter
ber densities and velocities along the magnetic field linesmeasurements (Woodman, 1972, 1970), and ionosonde ob-
into a uniform grid in height and magnetic latitude. A two- Servations over the Brazilian sector for the pre-reversal peak
dimensional grid is then constructed at 5km (or less) incre_velocitie_s. For the _neutral wind mo_del we used the analytical
ments in height and 0°Gncrements in magnetic latitude us- €XPression given in Eq. (36), taking into account the sep-
ing a three-point Lagrange interpolation scheme. This in-aration between the geomagnetic and geographic equators
terpolation is carried out first in height along each field line @nd the magnetic declination for the longitudinal region con-
and then in latitude for each height level using the varioussidered (eastern Brazilian sector). For more details on the
field lines. These results are then graphically processed witivind and drift models, refer to Bittencourt (1996). It must
appropriate softwares in order to generate different types ope stressed, however, that the LION model allows the inclu-
color graphic representations for adequate visualization ofsion of external empirical wind models based on satellite and

terest. tral wind velocity distribution (e.g. Hedin et al., 1988, 1991)

and theoretical global thermospheric models such as that of

Fuller-Rowell and Rees (1980). Figure 3 shows similar re-
10 Model results sults, but for equinox conditions. Similar maps can also be

generated for all the ions considered in the model, as well
In this section we shall give some idea of the typical resultsas maps showing the density and velocity variations in dif-
generated by the LION model, in order to illustrate its po- ferent space and local time grids. The F2-peak ionospheric
tential applicability in the study of a variety of important electron densityr(,) as a function of magnetic latitude and
ionospheric phenomena at low latitudes. The model runs irflocal time, generated by the LION model for average solar
a normal personal computer (PC) and outputs the results igonditions in the Brazilian longitudinal region, is shown in
numerical format as well as in graphic form for each instantFig. 4 (for summer conditions in the Southern Hemisphere),
of time, thus allowing a continuous visualization of the time and in Fig. 5 (for equinox conditions).
evolution of the ionospheric ionization distribution in space.  The electromagnetic vertical plasma drift at low latitudes

For illustration purposes, Fig. 2 shows the spatial variationis the main process responsible for the formation of the Ap-

of the F2-region electron density in a height and magneticpleton ionospheric equatorial anomaly, as discussed earlier.
latitude grid, for various local times, generated by the LION In general terms, as the vertical upward drift increases, the
model for average solar conditions in the eastern Brazilianatitudinal separation of the anomaly north-south crests in-
longitudinal region, during summer in the Southern Hemi- creases, at the same time that the crest-to-trough ratio in
sphere. In the results shown here we have used the electréhe electron density also increases. The enhancement in the
magnetic vertical plasma drift velocities published by Batistavertical plasma drift that occurs just after sunset (known as

www.ann-geophys.net/25/2371/2007/ Ann. Geophys., 25, 23392-2007
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Fig. 2. lonospheric electron density distribution as a function of height and magnetic latitude for various local times generated by the LION
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Fig. 3. lonospheric electron density distribution as a function of height and magnetic latitude for various local times generated by the LION
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equator, when a thermospheric neutral wind is not included.
One of the important effects of the thermospheric wind

6,2 velocity along the magnetic field line is to produce a north-

20p

w10 Is,1 south asymmetry in the ionization distribution about the
2 6,0 magnetic equator. The neutral wind moves, through ion-
E ::: drag, the ionization upward in the upwind side of the mag-
o 0 5.7 netic field line, into regions where the recombination rate is
& 5,6 lower, and downward in the downwind side of the magnetic
é :i field line, into regions where the recombination rate is higher,
= 10 = 5:3 at the same time that it promotes an interhemisphere trans-
= 5o port of ionization. Also, the peak height of the ionospheric
Véo | |5,1 F-layer is very sensitive to changes in the wind velocity di-
720 S W20 rection so that when the there is a reversal in the wind ve-

06 08 10 12 14 16 18 20 22 24 02 04 06

LOCAL TIME

locity the north-south asymmetry in the F-layer peak height

distribution is also reversed, showing a very fast response of
Fig. 4. lonospheric electron density peak) as a function of mag- the |0nospher|c peak height to changes in .the yvln_d d|_rect|on.
netic latitude and local ime generated by the LION model for av- 1€ Same is not true for the electron density distribution due
erage solar conditions in the Brazilian longitudinal region, during t0 the combined effects of recombination. In this sense, the

summer in the Southern Hemisphere.

Fig. 5. lonospheric electron density peaig{) as a function of mag-

06 08 10 12 14 16 18 20 22 24 02 04 06
LOCAL TIME

height difference in the F2-region peak heights at conjugate
magnetic latitudes, near the anomaly crests, can be used to
infer the neutral wind velocities along the magnetic merid-
ian (see, e.g. Bittencourt et al., 1976; Bittencourt and Sahai,

164

6,3 1978).

6,2 The north-south asymmetries in the ionization distribu-
w 6,1 ; : : H
a |5’° tion, prese_:nt in the color maps sh_own_ in Figs. 2, 3, 4 and
E 59 5, are mainly due to thermospheric wind effects and, to a
9 5,8 smaller extent, also due to neutral atmosphere asymmetries
2 5,7 associated with the seasons. The asymmetries produced by
= gg the thermospheric winds are also strongly dependent on the
- 5:4 magnetic declination and, therefore, on the longitudinal re-
. 5,3 gion considered. Depending on the season considered, and

5,2 on the separation between geographic and magnetic equators,

Ig; very strong thermospheric wind velocities can be responsible

for large asymmetries in the ionization distribution and for
fast decay (or not) of the ionization after sunset. Different
wind models, as well as drift models, can generate different
shapes of north-south asymmetries and ionization distribu-

netic latitude and local time generated by the LION model for av- tions as a function of latitude and local time.

erage solar conditions in the Brazilian longitudinal region, during
equinox.

Similar maps can also be produced for different solar con-
ditions, different longitudes, and for various different geo-
physical parameters (such as plasma drift velocities, thermo-
spheric wind velocities, ionization rates, collision frequen-

the pre-reversal enhancement) produces a more pronounceges, and so on), in order to analyze the ionospheric behavior
ionospheric anomaly in the early part of the night, and, inynder various circumstances.

some cases (depending on other simultaneous conditions),
is responsible for the generation of plasma irregularities
and large scale plasma bubbles (depleted plasma regions) il Summary and conclusions

the low latitude ionosphere, through plasma instability pro-

cesses. When there are no vertical plasma drifts, the peakhe low-latitude ionospheric (LION) computer model pre-
electron density maximizes near the magnetic equator in theented here generates the spatial distribution and time evolu-
late afternoon hours and the ionospheric equatorial anomaltion of the number density and macroscopic velocity of the
is not generated. Also, because of the large electrical conelectrons and the ions'Q O}, NOt, Nj and N' in the
ductivity along the magnetic field lines, the vertical plasma low-latitude ionosphere, considering various different geo-
drift, through the so-called fountain effect, produces a dis-physical and solar conditions. It permits the study of the
tribution of ionization that is symmetric about the magnetic ionospheric changes related to solar activity, including the

Ann. Geophys., 25, 2372392 2007 www.ann-geophys.net/25/2371/2007/
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solar cycle variation and changes due to geomagnetic stormsnosonde measurements in the Brazilian longitudinal re-
to seasonal and neutral atmosphere variations, to plasmgion, as well as a comparison with empirical models such
dynamical processes such as electromagnetic plasma drifts the IRI model.
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ion density distributions generated by the model, the inten-their help in evaluating this paper.
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