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. A Semi-Empirical, Low-Latitude lonospheric Model

1. INTRODUCTION

1.1 Background

Current empirical models of the low-latitude ionospheric F-region (Llewellyn
and Bent;l (Thiu;2 and Rawors) can severely underestimate the daytime plasma
density scale-height and total electron content (TEC) when compared with actual
observations, As illustrated in Figure 1, the International Reference [onosphere
(IRI) described by Ra&wor3 vields daytime TEC values which are 50 percent lower
than observed TEC values at Manila (dip 14,5° N) in January 1982 (1\1(‘Namara4).
Some improvement occurs when the Bent topside model is incorporated with the IRI
bottomside models but the predicted values are still lower than observed. Substantial
improvement is achieved when theoretically calculated profiles (Andersons) are
used to predict TEC values, The reason is that vertical plasma transport by upward
E X B drift produces both topside and bottomside profiles which are much broader
(thicker) than Chapman-like profiles,

To calculate electron density profiles whenever thev are needed, however, is
prohibitively time -consuming 0 cven the fastest computer,  An alternate solution

to this problem is to theoretically caleulate electron density profiles as a function

of latitude and local time and then generate coefficients which reproduce these profiles,

(Received for publication © Octorer 10345)

{(Due to the large number of references cited above, thev will not be listed here.
See References, page 101,)
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The coefficients themselves are easily stored, quickly retrieved and form the basis
for a fast, portable, semi-empirical computer code which will produce realistic
low -latitude F-region electron density profiles, The results of this technique are

called the Semi-empirical [LLow-latitude lonospheric Model (SLIM).
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Figure I, A Comparison Between Qbserved, Predicted,

and Theoreticallv Caleulated Total Flectron Content

(RO Values at Manila as a function of LLocal Time -
tor Januaryv 1182

Using the techniques jescribied by Anderson,  electron densities as a function
Foaltitude, Tatitude and local time arve caleuliated by =olving the timoe-dependent
.
ton (0 continuity equation numericallv, The offects of production by photo -

contzation, bhss through chavge exchanoe with .'\'.,

and ().) and transport be Jdiffusion,




neutral winds and vertical E X B drift are included., Because E X B drifts play such
an important role in determining the electron density distribution (Hanson and
Mot‘fett6 and Ander‘sons) and have a seasonal and solar cycle dependence (Fejer
et al7). the calculations are carried out for equinox and solstice conditions for both
solar cycle maximum and minimum periods.

Once electron density profiles are obtained, they are normalized to the peak
: . electron density, Nmax and appropriate coefficients which reproduce the
normalized profiles (180-1800 km) every half-hour local time and every 2° dip
latitude are calculated. To regenerate density profiles simply requires specifying

max

N internally (that is, re-use of the theoretical Nmaxvalues) or by externally
using an empirical model such as CCIR, 8 or observed foF2 values, and then applying

the calculated coefficients applicable to the specified latitude and local time location.

T

In the following sections, we describe briefly the various input parameters which

were used in calculating theoreticallv the electron density profiles from the time-

dependent continuity equation. ‘The last section compares the current (Chiu and Bent
empirical profiles with SLIM profiles at specific latitudes and local times for

equinox, solar cycle maximum conditions,
1.2 Model Calculations
The ion (Of) continuity equation is given by

. aN. _
LI Ve (NV) =P - L (n

\ at— i i

where Ni(= Ne) is the ion density; Pi, the ion production rate; Li’ the ion loss rate;
and Vi' the ion transport velocity. In the ionosphere, plasma is transported
along geomagnetic field lines by diffusion and neutral winds and perpendicular to
field lines primarily by E X B drift (Kendall and Pivkeringg). Solving Eq. (1) at
low -latitudes is facilitated by transforming the independent coordinates v, ¢ and ¢
to a coordinate system parallel and perpendicular to B (sce Andersons).

FEquation (1) can be written

6. Hanson, W.B., and Moffett, R..J. (1966) lonization transport effects in the
equatorial F-region, J. Geophvs, Res., M:SSSU,

-1

t'ejer, B.G., Farlev, D.T., Woodman, R, ., and Calderon, C, (1070}
Dependence of equatorial F-region vertical drifts on season and solar cvele,
J. Geophys, Res,, &1«:5702_

8. International Radio Consultative Committee (CCIR) (19078) CCIR atlas of
- ionespheric characteristics, Rep, 340-3 Recommendations and Reports of the
CCIR, Vol, 6, International ‘Telecommunications Union, Geneva,

. Kendall, P.CL, and Pickering, WML (1067) AMagnetoplasma diffusion at
2 -region aftitudes,  Planet, Space Sei.,  15:825,
R W,
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,ﬂ—‘ +'\71L. _V'Ni = P, - L, - T (Ni\—/i')-NiG- viJ. (2)
where Vi is given by E X B/ B2 and Vi" includes the effects of plasma diffusion and
neutral wind, The right-hand side of the equation involves terms which are second
order in the coordinate parallel to B. The left-hand side of Eq. (2) is the time rate
of chauge of plasma density in a frame of reference which drifts with the E X B
drift velocity. Equation (2) is solved numerically to give ion densities as a function
of altitude, latitude and local time [see Moffett10 for a review of transformations
and numerical solutions]. )

The set of coefficients for the ion continuity equation is obtained from models
of the neutral composition, ion and electron temperatures, and production, loss
and diffusion rates as well as E X B drift and neutral wind models. Briefly, the
models are the following:

(1) The MSIS (Hedinll) neutral atmospheric model is used to calculate
NZ' 02, and O densities and the neutral temperature, Tn, as a function of altitude,
latitude and local time., An F10.7 ¢m flux of 180 units is chosen to represent solar
cycle maximum period, and 70 units for solar minimum conditions, Average
geomagnetic conditions were chosen by setting Ap = 15 in the MSIS model,

(2) Production and diffusion rates are similar to those used by Anderson. 5
For the photoionization rate at the topofthe atmosphere, P_, a value of
5.5 X 10_7 soc'l represents solar cycle maximum conditions, with a value of
2.3 X 10_7 ser‘-l, for solar minimum conditions. The loss rate coefficient are
adopted from Torr and Torr, 12

(3) Plasma temperatures were chosen by adopting 'I‘e/Tn and Ti/’I‘n ratios as
a function of local time, altitude and season from the IRI model and then applying
those ratios to the Tn results obtained from MSIS. Figure 2 illustrates the ratio

behavior for the sunspot maximum FEquinox case.

10. DMboffett, R.J. (1879) The equatorial anomaly in the electron distribution of
terrestrial F-region, Fund. Cosmis Phys., ‘4‘:313.

11. Hedin, A.E. (1983) A revised thermospheric model based on mass
spectrometer and incoherent scatter data:; MSIS-83, J. Geophys. Res.,
ﬁﬁ:lo, 170

2. Torre, M,R., and Torr, D.G. (1979) Chemistryv of the thermosrhere and
ionosphere, .J. Atmos. Terr. Phys., uﬂn?.
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Figure 2. lon-neutral and Flectron-neutral Temperature Ratios
as a Function of Altitude,  The neutral temperature is adopted
from the MSIS model atmosphere (see text for details)

(4) The vertical £ x B drift velocity observed by \\/’omlxrnz«m13 is essential in
producing and maintaining the electron density distribution observed near the mag-
netic equator,  We adopt six vertical drift models to represent, respectively,
three seasons (equinox, summer and winter solstices) at solar cvele maximum andd
solar cvele minimum periods, The different drift patterns are based primarilv on
the Jicamarca incoherent scatter radar observations reported by Fejer et al, “we
have assumed the vertical drift velocity is independent of altitude. ‘The cast-west
component of T < B drift reported by Pejer et alH is neglected in the calculations
because its effect on electron density profiles is negligible (Andm‘sonln). Figures
3a, 3b and 3¢ display the diurnal variation in drift for the Fquinox, June solstice
and December solstice cases, for solar maximum and minimum, respectively,

13, Woodman, R, . (19070) Vertical drift velocities and cast-west electriv ficlds at
the magnetic equator, I, Geophvs., Res.,, Q:GZ%*.

14, Fejer, B.G., Farlev, DT, Gonzales, CoA,, Woodman, R ., andCalderon,

(1781) F-region Fast-West drifts at Jicamarca, 1, Geophvs, Res,, 86:215,
1H, Anderson, DoN, (1981) Madeling the ambient low -latitule I -region ionosphere -
A Review, JJ. Atmos, Terr, Phes,, 43:753,
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(5) The geomagnetic field is represented by a dipole model whose axis is f::
aligned with the earth's rotational axis. We incorporate B X B drift models appro- :
, priate to the American sector where the dip equator lies 12° south of the geographic \:

equator, and thus longitude effects are not addressed at this time. Further

- development of the model will include a tilted dipole geomagnetic field with declina- :_
tion specified over the regions of interest. -’_b
(6) A simple analytic formulation for the meridional neutral wind field is <
- adopted which makes use of observations and theory. It is constructed on the basis :-
af observed mean (1)C), diurnal (24 -hour), semidiurnal (12-hour), and terdiurnal
- (8 -hour) harmonics 1t Arecibo (18° N), Millstone Hill (42° N} and St, santin (45°),
- with latitude variations of amplitude and phase obtained from theoretical (numerical)
¥ simulations (I’Orb(’sls’ 7y, The general latitudinal pattern assumed is guided by
16, torbes, J. M. (18982a) Atmospheric Tides 1. Model description and results for
> for the solar diurnal component, J, Geophvs, Res,, 87:5222,
: 17. Forbes, J.3. (1982b) Atmospheric Tides 2, The solar and lunar semi-diurnal -
y components, I, Geophyvs, Res., 87:5241, .
v Wi .
’
4



AL AL AP, d L M Al

e a8,

« e b 8 ¢ W

- g

18. Roble, R.G., Dickinson, R, E., and Ridley, E,C. (1977) Seasonal and

the tidal calculations of Forbesls’ 17

Roble et al. 18 The analytic expressions, valid only for latitudes \9‘ £ 45°, are

and the zonal mean velocities presented by

given in Table 1 for Equinox, Dec2mber solstice and June solstice periods.
For solstice conditions, the diurnal component, VA4,11;55 shifted 10° in latiltgde
). The Roble et al
mean meridional winds, Vg during solstice are shifted downwards by about

in the direction of the solar bulge (consistent with Forbes

40 m/sec so that the transequatorial amplitudes are of the order 50 n/sec and
the winter hemisphere reversal occurs near Millstone Hill,

The solsticial modifications to the mean and diurnal components adequately .
account for the main features of the observed seasonal-latitudinal dependence of the
meridional wind for our purposes., Seasonal variations in the semi-diurnal and
terdiurnal components are neglected, Figures 4a, 4b, and 4c give contour plots of
the overall wind model spanning the simulation region where positive values
represent north-to-south winds, Finally, it should be noted that while EUV varies
markedly over a solar cycle, the associated variations in ion drag suppress solar
cycle variations in the tidal winds, although neutral temperatures vary consider-
ably. Therefore, we have assumed the current wind model parameterization to
be independent of solar activity,

and solar cycle variations of the zonal mean circulation in the
thermosphere, J, Geophys. Res., 82:5493.




Table 1. Analytic Wind Equations

Equinox 6 is latitude in degrees
-3 2 9
= *
VO 8.61 X 10 6 m
. 2n Lol
\724 = 26 cosﬂ (t - 16 - 7—)
. ] w10 27 lo]
\12 = 5Osm(m*—3—9)cos—1—2-(t-9-—r2—)
v = 0.388cos 2% (¢t - 8.2 + 0,079 |8
8 . - . .
v = v

+V‘4+V +V

TOT 0 2 12 8

December Solstice

Vo = 3.116x 107 % 6% (6 + 45) - 49

v = 20 cos 2n (t - 18 - ‘8241) where ¢,, = 6 + 10
24 24 L 7 24

., . . 7, 10 2n _ R 181

\/12 50 sin (TB'O' = g) cos Pl (t 9 1-2-)

Vg o.3sacos%”<t-8.2+o.o79!e|)

Vior = VotVaost Vipt Vg

June Solstice

v, = -3.116x107%x 0% (45 - 6) + 49

v = 20,, cos 2T (¢ - 18 - IG“‘) where §.. = @ - 10
24 24 PL —r 24

. , i @, 10 27 lo
\12 = 50s1n(-1—8-0-*—3~0) cos-I-g-(t—Q——m—)
Vg = 0.38 9cos%‘7(t-8.2+0.079|9h
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Table 1. Analytic Wind Equations (Contd)

) where

VTOT = VO + \24 + Vlz + “8 (m/sec) .

3 t = hours, local time N

g ) = geographic latitude, positive northern hemisphere -

EQUINOX MERIDIONAL WINDS (m/s)

- T —
’

LATITUDE (deg)

A g
10
LOCAL TIME (hrs) =

# Figure 4a, Contour Plot of Meridional Neutral Wind as a Function "
of Latitude and Local Time for Equinox Periods, Positive values
represent north-to-south winds




avev 0 v, V Ty

JUNE SOLSTICE MERIDIONAL WINDS (m/s)

125

100

25 75

LATITUDE (deg)

40 s {
i 10
LOCAL TIME (hrs)

Figure 4b, Contour Plot of Meridional Neutral Wind as a Function
of Latitude and Local Time for June Solstice Periods. Positive
values represent north-to-south winds

2. THE SEMI-EMPIRICAL APPROACH

2.1 The SLIM Database

As described in Section 1.1, the theoretical model is used to produce six pre-
liminary databases. Three of these runs are for sunspot minimum (10,7 - 70,
Ap 15) during the June solstice, December solstice, and Equinox seasons. The
remaining three are for sunspot maximum (10,7 - 180, Ap - 15) during the same
seasons. FEach record of data consists of profile parameters stored for a fixed
geographic {(geomagnetic) point and fixed time, FEach database covers 25 latitudes
(24°S - 24° N, every 2°) and 48 times (0000h - 2330h, every 30 min). A subset of
the SLIN data set, using a more coarse resolution ('\Io(h) everv 4’ in latitude and
everv hour of local tim=2) is presented in tabular format for easv access and

reference (Table 2),
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. The core of the SLIM approach is to identify a relatively simple Ne(h) function -

‘ that will have a small number of coefficients and yet provide a good representation -
3 of the profiles calculated from the theoretical model. As puiding principles, it was
- decided that; (1) maximum accuracy was required near the I'-region peal: (in both "3
- density and height), and (2) while some errors in No could be accepted well below -
- or above hmax' the overall profile (as represented by the total electron content -
- (TEC) parameter) had to reproduce the theoretical results to within 5 percent or less. * ;
3 The Chapman profiles developed in the earliest days of ionogpheric physics
= ffer a simple way to explain the vertical structure of plasma in the upper atmosphere,
. They are based on relatively simple physics and thus cannot be used to represent * .-
. the entire No(h) profiles that emerge from the more sophisticated simulation tech- \:

i niques in use today. As simple mathematical formulas, however, they are well-
suited for representing portions of the ionospheric profile.  Specifically, while a B
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single Chapman profile cannot fit entire Ne(h) profile, separate Chapman formulas
can be used to reproduce the topside and bottomside components of the overall

profiles with good results. it was decided, therefore, to define a "'generalized"

ShAh)

or "'modified" Chapman formula with coefficients that vary for each topside and

bottomside component of the Ne(h) profile. The function used to fit the theoretically- "f
lerived profiles was thus chosen to be:

N (h) = N explc(l-z- e %)
h-h_ ) @ o
. - - Pmax e
A '
In using Eq. (3), six parameters (or coefficients) are needed to reproduce the .::
No(h profiler N h e o AL ¢ A The advantages of this method
are: (1) the fit achieves 100 percent accuracy at Nmax and hmax since they are ;-.
themselves input coefficients; (2) the topside and bottomside Chapman-type :
functions guarantee continuity of both density and its first derivative across the Ky
fit boundary; and (3) with a fit technique weighted by density values (see below), ::
the c's and A's chosen emphasize maximum accuracy in regions near the peak. tt
Included on each record of the database are two other numbers available for ,:
use and/or inspection. These are: (1) the total electron content (TEC) obtained
by integrating the SLIM profile from 180 to 1800 km; and (2) 6300 1§ emission ;
calculated from O; recombination chemistry only (and therefore, appropriate for :::
post-sunset airglow), b
k:
2.2 Production Details )
There are four steps and one version of the database is produced after each .t'
step. Initially, the theoretical model LOLAT is used to produce Database 1 (DB1). ':
DB1 simply contains the electron density and accompanying heights. The model ".~
solves the OF continuity equation, fieldline -by-fieldline, starting at the highest XN
altitude. The order of the density and height arrays are latitude, time, and ‘
fieldline. The computer file is sequential.
Database 1 is not organized into actual electron density profiles. It is the job .

of program SEQDIR to sort the densities by height, time, and latitude,
SEQDIR creates Database 2 (DB2) as a direct access file,

In addition,

A direct access file is
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one in which each record of the file can be individually accessed without reading
any other record. In DB2, each record contains a profile of electron densities
and a height array for a particular time and latitude,

Database 2 has the disadvantage that the electron densities are given at
unevenly spaced height intervals. EVEN is the program used to interpolate between
the given values. The resulting profile records contain values at every 20 km from
180 to 1000 km and every 100 km from 1000 to 1800, The interpolation is done with
the National Center for Atmospheric Research (NCAR) family of cubic spline inter-
nolation, derivative and integration routines called CURV., The derivative routine
is used to determine the peak electron density by identifying heights where the
derivative changes sign., Arrays of the densities at these heights are scanned for

the maximum value, which is identified as N The density profile is stored

at predetermined heights so that the height arr?r(:_; is no longer necded, making
l.atabase 3 (DB3) much smaller than DB2, TEC from 180 to 1800 km is also
calculated using the CURV routines and included in each DB3 record.

Database 4 is the result of program CHAP fitting the profiles in DB3 to the
generalized Chapman formula [Eq. (3)]. N_ . and h_ ax 2re known from DBS.
Combinations of values of ¢ and A are tested until the sum of the square of the
Jifferences,

n

. 2
ole, A) = & {.\‘"ha"w, A h) - NPB3 (h.)}
i= 1 e 1 e 1

is minimized. The range of values for ¢ and A in the first loop is

¢ = T% + 2.0, Ac = -1-15 A = 10,0 = 200.0 km, Aa = 10.0 km .

If the minimum occurs at the endpoint of either range, the range is extended
and the cycle is repeated with the same Ac and AA., Once an initial ¢ and A are

selected (¢', A'), anew cvele is started where

c:(r"—]—]g\"‘(c'ér—l%), gcz§é_6.

A= (A" -10.0) = (A" + 10.0), AA =10,

To cave space, the C quoted in the SLLIM tables is actually

¢ o= 1000 * ¢ .
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The final ¢ and A values are added to DB4 and TEC is recalculated.
The end product is the SLIM database (DBSLIM), the ensemble of the DB4's for

the six conditions of solar cycle and season.

3. COMPARISON WITH EMPIRICAL MODELS

Figure 5 compares the Semi-empirical, Low-latitude, lonospheric Model (SLIM)
with the Chiu and Bent models for Equinox, solar maximum conditions at 1400 LT,
The daytime upward E X B drift pictured in Figure 3a causes the broad F-region pro-
file. Respective topside scale heights at 700 km are 540 km, 150 km and 115 km.
Integrating the electron density profiles with altitude give total electron contents (TT:C)
of 97, 48, and 61 (X 1012 el/cmz), respectively. The bottom portion of Figure 5
shows the comparison at 16" S dip latitude at the crest of the equatorial anomaly.
Although the SLIM topside scale height is not as large as at the magnetic equator, it
is still larger than those given by Chiu or Bent. In addition, the Nmax value of
3.5 X 106 el/vm3 is significantly larger than the value at the magnetic equator due to
the combination of upward and poleward E X B drift and downward diffusion. Note
that neither the Chiu or Bent profiles show any significant change with latitude,

The most dramatic differences between SLIM and the empirical models occurs
just after sunset around 2000 LT and pictured in Figure 6. At the magnetic equator
(top portion), the post-sunset enhancement in upward drift lifts the F-layer to 600 km
‘ompared to hmax values ot 450 km and 350 km for Bent and Chiu models, respectiovel_v.
Such differences in hmax would cause significant differences in the estimated 6300 A
airglow intensity and the ion-neutral drag coefficient in the neutral momentum equation.

At 16° S dip latitude (bottom portion of Figure 6) the same upward drift causes an
enhancement in N . The calculated value is 5 X 10 el/cm3 compared with
2 X 106 el/(‘,m3 fo;ni‘)l(qiu and 8 X 105 el/cn13 for the Bent model. Respective TEC
values (X 1012 el/cmz) are 139, 48 and 19. Finally, Figure 7 gives a comparison
between SLLIM, Chiu and Bent at 0500 L'T. The calculated profiles at the magnetic
cquator and 16° S dip latitude are much more Chapman-like and in reasonable agree-

ment with the empirical models in both N h and topside scale height. The cal-

. o . max’ max ) . 12 3 ‘

culated value of TEC at 16°S dip latitude (bottom portion) is 5 X 107" el/cm”™ which

compares favorably with the Bent value of 3.5 X 1012 and a Chiu value of 9X lolzel/cmz.
Figure 8 compares electron density profiles measured on 5 March 1969, using

the Jicamarca incoherent scatter radar facility with calculated density profiles at

1400 1.1 and 2000 L'T. ‘The comparison demonstrates that both the large Jdavtime

plasma scale height and the calculated value of hmax at 2000 L'l are in reasonable

agreement with observed values., Again, it should be emphasized that the profiles

are sensitive to the vertical X B drift velocity whose diurnal variation mav have

significant day-to-day changes,
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4. CONCLUSIONS

A very brief description of the generation of a Semi-empirical, Low -latitude,
Ionospheric Model has been presented in which theoretically calculated electron

density profiles are approximated by a Modified Chapman function given by Fq. (4).

t - N _ - -z
L\e(h) = Nmax exp [c{l -z -e )] (4)
where
. - h - hmax
—
and N and h represent the peak electron density and the altitude of the F2
m max h - h
rak, re ‘tivelv. Above the peak altitude, z = M3X and c = ¢ and below
pea spe;] ve p up T up

- max N = al
peak, Z, s T and ¢ Clo
are Nmax’ hmax’ Aup’ ?up' Alo and 0 Appropriate coefficients which regenerate
electron density profiles (180-1800 km), every half-hour local time and every

2° dip latitude between 24° N and 24" dip latitude have been calculated. Six cases

The six coefficients which describe each profile

have been generated, both solstice periods and one equinox period for solar cycle
minimum and solar maximum conditions.

A subroutine which is able to quickly generate realistic electron density profiles
has a number of applications. By providing diurnal Ne(h) and TEC values at any
specified dip latitude or slant path, SLIM could be used to examine propagation
effects determined by lonospheric structure, SLIM has several possible applica-
tions related to so-called "active experiments' where ambient ionospheric condi-
tions need to be specified for pre-experiment planning and post-event analysis. In
addition, such a model would yield flux-tube integrated Pedersen conductivity and
electron content values which are important in determining and predicting low -~ ‘
latitude, instability growth rates. Finally, the program would be capable of
supplying airglow intensities both in the vertical and at any slant viewing angle

desired,
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Table 2. FElectron Density Profiles and Chapman Parameters

o\ N

»

. .

Each page of Table 2 provides the following values for a -
specified latitude, season and solar cycle: ;":
. L

1., Electron densities (103/(:m‘5) from 180 to 1800 km.
‘ ! 3, 3 .
2. ‘\max (10" /em™) and hmax (km). :‘::,

¢ ¢

4, 8,

3. The four Chapman parameters Aup (km), Cup'
Alo (km) and C

T vt
e
[N

lo”

D) 9
- 4, Total electron content - TEC (101“/<~m“) and

630 nm O+ recombination airglow (Rayleighs).

The above values are listed every hour local time and

cover the latitude range from 24° N dip latitude (+24°) to

24° S dip latitude (-24°) in 4°-increments, The table is

grouped by solar cycle (maximum and minimum) and within

each solar cycle by season (Equinox, June Solstice and .

December Solstice)., Remember that Cu = 1000 * “up

lc lo i

and Cl = 1000 * ¢, where ¢ and ¢, are defined by q. (3).
O ) up
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