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The Conversion of Off-Vertical Observations
of Total Electron Content Into Equivalent

Vertical-Incidence Values

I. INTRODIUCTION

Observations of tile total electron content (TEC) of the ionosphere have been

made over the past two decades and have been used extensively to improve our

knowledge of the ionosphere and to cf)rrect for its effects on signals propagating

through it. MAost observations of TiCC are made using a satellite not (irectlv over-

head of the observer, vielding what can be called TEC s, the total electron content

along a slant path. To be more readilv understood and more useful in studies of

the ionosphere and for updating models of the ionosphere for operational purposes,

these observations must be converted to a vertical incidence value, TEC , corres-
v

ponding to a vertical profile at some point in the ionosphere along the ground-

si -ilite path. This conversion is by necessitv an approximate procedure, the limits

of which will be described in this report.

An approximate relationship between TEC and 'I:(V may be established by a5 As

little geometrv, as illustrated in Figure 1. Wqe have

liS

'IIC - f N (1,
0
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TECS fec Ndh. (4)
0

The integrand on tire right hand side of Eq. (3) is just the vertical incidence total

content, TEC , so we have

TEC b7677TEC (5)

The se f a avragevale o se 1.with sec I being evaluated at an appro-

prite alitdely mpicilyasume tatthe inerndNb seI(. E) peaks fairly
shaplyat I*Sine sc Iis slwlyvarying function of h, the integrand in fact

peak arund he eakof te Nh) istributien tnd h Ishould be set to an altitude
nea- mF2 Te ,orI-CL~tin fom heuse oEq(5wildepend to an important

Traitonal., mstobsrvttinsofTEX have been made using the Faraday

rottin tchiqe ad eotatonrYsatellites, o is observations, the ob-

servd vlue ofTIVcorespnd o te ttalconentup o 200 niand are applied

420 krin. This procedure was roconinended bvTteridge. IThe altitude of 420 km,
th n~z field h(eight''. is tpprop!-ite unde r such conditions because the amount

of arada\* rotation depends on Vth oa h's ninignetic field, as well as on the ionos-

peeand geometry of the ray path.

The same Choice of a I tltude is not no r-essa rilY appropriate for, the conversion

of TEL( to F A when diffe rent nlWaSUrkcmient techniquos, n ot affected by the

e;irth's ma~ngnetic field, are emploYed. I.loi~ ellvyn and P~ent, -for example, set h

equal to hrl-12, the height of the 1 2 Liver peaik, for their, model studies.

Ioc rea sonably,. high angles of elevation (saY 30 to P400 ) the exact altitude at

whlich sec I is ca lculated land which is used to determine the ionospheric point with

which Ti-t' is to be associated) is not important beause Tl) is not a sensitive
% s

function of this altitude. However for ver% low aingles of incidence, such as can be

encounte red using pola c-orbiting satellites a-nd h-igh- latitude ground stations looking

at geostAioa. raclit see I aries Y wit height and the value of TEC
determined from a value of TEl( depends stronglY on the choice of height at which

sec I is evaluawted.

1.Tithe ridge. J. L. 0 97 2) IDotel-mnation oif ionospheric electron content from the
la radav r -totation of geostationlarv% satellite signals, PlIanetary and Space Science.

20(3):353-370.

2. Llewellvn, S. K. .,and Bent. R. I3. t 1973) Documentation and lDescription of the
B1ent Ionospheric Alodel. AFCI).-TIH- i3-0657, AD 772777.



A second problem encountered %aith low elevation angles is that the trans-

ionospheric path is so lung that horizontail gradients become important and the

simiplifYing assurmptions on which Eq. (5) are based no longer apply.

'This report therefore investigates the range of validity of Eq. (5) for low

elevation angles. The errors in Eq. (5) are studied as a function of station loca-

tion. az l uth. elevation, local tine,* season, aind solar aictiv ity, as well as eleva -

tion aingle. For i those regions in v' Iiich large erTrorTs are encounte red, Eq. (5)

Should not be used. [he monst ,pprop riate altitude at which sec I should be evaluated

is also studied.

Section 2 descriibes the nuuijericai I methods used in thi s an.llvsis. Section

discusses the errors assooia ted with the use of diffe rent values of h Iand the most

iLliP ropCr jte V: I 'S to choose-;,. [hie conversion e rroris obtained using Eq. ) 1aie

dIISCUSSed in S'eCtionis 4. 5. and 6 fou tYpical. low, Iiigh, anmd mid- lti tude stations,

while Scetion Tdis' tisses !1ie oerrors fo i, L hain of stations at 7 5-% The cases

studied aTenot exitiivc nd aire 1102011 to be repr'e sentative oni 'v. M~ore detailed

a ul speC(ifi(c irSUaits 111J", he lb ta [nit b'% I-u nuing *1he conipa Lte pg a S A NT LU

which is aivailtble- fromi thie a ttl'. lilt Ie~itS , I'c SUni I'ized in Sction 8.

2. NIl'TIIOI) OF ANAI S1$

In 0 ide'! to (Ileter ie tilet te Ti ro's in [IAo , o FIA' conver['ion, it is necessa ry

to have(' a ccurae valuke5 ioi' eac. genil, this cain be done only bv model studies,

sic c'3si11U iItane0US obse Tiations of TEiK a ;nd [I-.C' are veery difficult to arrange.

[he miodel of the- jonosil: are which is used M list be as faithful a repL sentation of

thle rea l Iouospate Lis possible, especia llY in [regarId to the vairiation of electi'on
9

densit% witit height. The Bent niode I is such a itodel, having been constructed so

as to 'epr'oduice [ICobservations oiverT a wide i'ange of conditions. Consequently,

this i iodcl has been used in the lp ie.-ent strud%.

The ca' -lcultiojn of ThU.' for a given location is readily achieved using the tech-

niqUes used by lent-C.1caLrlate fol'"2 and hmF2 using spherical harmionic expansions;

determine the corr'espondling vertical N~h) profile using an empirical model; tite-

g rate the )analvtic) vertical Nh) profile to obtain TEC

The calcuIlation of FECs (in the other hand, is more complex because the inte-

g['ation is no longer analytic aind mnust be replaced by a numerical integration. We

h1ave

[is

TihU =, f N~h, O seclPh. E dh (6)
0

12
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where (a) 0 denotes that N can change with latitude and longitude, (b) I is the angle

of the incidence at the height h. corresponding to the elevation angle E, and (c) the

integration is performed from the ground (h= 0) to the satellite (h= HS).

Equation (6) can be replaced by

M

= CS " N. sec I. w. (7)
i--I

that is, by an M-point quadrature with the integrand being evaluated at the heights

hi and with quadrature weights w.. The values of h. depend on the quadrature

method and its order. and also on the limits of the height integration. We have

chosen to use Gauss-l.egendre quadrature (for example, Abramowitz and Stegun) 3

of different orders. The quadrature points and weights for this method correspond

to integration limits of - 1 to + I so the method must be generalized for use with

limits a to b. [his is achieved by changing the integration variable:

b

I f fy (I . (8)

-JDefine

Sb - a b j (9)
2 2

then

b -

I fvx)1 -]---- dx

+1I

b- f fl('xfl dx
-7-l

b ( f i x q 10)

2 i I

The x. and a te the (;aussian quadrature points and weights, vx.) is evaluated

using lq. !)) and f is evaluated zit lx.\). In the present example. f= Nsec 1.

3. Abramowitz, Al., and StCgun, I. A. (1964) Htandbook of Mathematical Functions.
NBIS Applied Mathematics Seties No. 55, U.S. Govt. Printing Office,
Washington, 1). U.

13
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In practice, the value of TEC 8obtained by numerical integration will have

some error, the size of which will depend on the order of integration chosen. The

error will decrease as the order increases, but the computation time will increase,

so it is necessary to choose as low an order as possible, commensurate with the

desired accuracy.

The required order of integration may be reduced by working in terms of the

error itself. This error is defined as

L1101=sec I TL(- - TlC 5(- (11)
V V s

Al Al

EItlO.)i secte 1 IvN) V (.Nsec 1) .

V. e I (N V-(sec I N). (2

In thre firust te rit, siec I is :i consta nt. N is thre ve utica rfl p. ssirtg throutgh

thre point :it which sec % Iis cilk tLcited, cind is evalicted ait h rrf the Al quadratic-

heights. InI the se-cond trii, N is tire vertical profile (iissiiag trrogh each qurrdrr-

to re point riling theo alteglcrtion pa th. sec I and N :, re- 1bath evauated ait eaoch

quadrature. height.

l'he reqiired order oit irteg r ziori nraY be fur rthe r reducred by rnoting that the

e uro u teral Ircllnges sign ait the heighit it which secl I is eicitizcrted. Conseq uentiv,

it is ao rie cn!:ite to rise tw o rainges oif integ ration, Ill tcr II and h . tor MI , where

Ill. ci nd 1iL airt, thre Iiwe r and upper limlits of tie full integ ration.

Once Ote error termn has been cciIc Ulated, the Correct VAle of TEC Can be

obtained front 1-q. (1 1). Most of the discuIssion Of erro rs in this report is con-

cei-ned wkith the erCror

sec TI A rix .
C, I.'r T I, 100

E, I? H( Mi
rX, 100 .

This e rror is positive if the s irtrpie see I approiw at ron vied- his t Wel v(Igia result.

and vie versa.

Vigure 2 shows sortie tvjieci iriteg racnds i terrtts of' l~q. 112). It can be seen

that the error changes sign at h,. whricth is 420 knr in tis ease. T'he limits of

14



integration are 200 and 2000 km and 8-point quadrature is used in both integration

ranges. Since the error is an oscillating function of height, some cancellation

occurs, the over-all error depending on the extent of the cancellation. The upper

limit of integration could be lowered to 1200 km without introducing any appreciable

errors, since the contribution to the integral from 1200 to 2000 km is negligible.

2 123LT

000 000 500 2000
ALTITUDE (kM)

-2

-4

ERROR IN TEC.-16%

T -

-zV ERROR IN TEC 6%,

2 ILT

6

4 -

2

500 000 1O0 2000

ALTITUDE 1km)

ERROR IN TEC * 18%

Figure 2. Variation of the Error Integrand With Integration
Height for Three Local Times (Kwajalein, March, R= 100,
h= 420 km, Elevation= 10 ° )
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3. SELECTION OF THE HEIGHT h

The errors in the conversion of TEC5 to TEC are found to be a complicated

function of all variables-station location, solar activity, month, time of day,

azimuth, elevation, h -and these variations are inter-dependent. Consequently,

in order to investigate each different variation it is necessary to hold all other

parameters constant or to average the errors over the ranges of these other

paramete rs.

The first variation which must be considered is that of the errors versus the

choice of h. Ideally, a single value of hI should lead to the smallest possible

errors under all circumstances. However, this is found to be not the case.

The conversion error hais been studied as a function of h,, for three stations,

four months of the year, and for low and high solar activity. The stations chosen

are representative low-latitude (Kwajalein), mid-latitude (Cape Canaveral), and

high-latitude lGoose Bay) ,stations. Values of hI have been taken from 320 to

460 ki, in steps of 20 kmi, and values related to hml:2 have also been used; hmF2

plus 0, 50. 100 and 150 kin. The use of a fixed altitude, rather than one related to

hnil-2, seems preferable because it obviates the need for a knowledge (most likely

from an lonuspheric model) of hml2. ()n the other hand, however, the appropriate

valu of II would be expected to be relted to hml2 and have similar diurnal and

other variations.

Table I shows the lI~lS errors for K%%ajalcin, ('ape Canaveral and Goose Bay,

for March, June, September, and Dleceutber, and for R 12 100 and 10 (corres-

ponding fluxes of' 150 and 75). ()niy those errors necessary to define the pattern

have been cAlculated. The errors have been averaged over the day (00, 06, 12,

18 liT), azimuth (0*, 900, 180', 270") and elevation angle (0', 100, 200, 30°). The

entries underlined in the table are the minimum values for each case. Clearly,

there is no single height, h I , which should be used in all circumstances. For

(ape (anaveral, the error minimizes at 380 t 20 km, while for Kwajalein it

minimizes at 400 * 20 km (approximateMvt. For Goose Bay, low solar activity,

the error minimizes at 380 ± 20 kin, but for high solar activity, there is no obvious

est ,.hoice of h I . 'This indicates the presence of a systematic error in the conver-

sion which ( annot be overcone by using n suitable h

\When h I is related to hmlF2. the errors are least for hmF2 + 50 or

hml12 100 ki, but have not been investigated in great detail. This result is

readily explained by noting that the centroid of the Bent Nth profile is about 50 km

above hnl '2. Two things can be noted about the restlts for h related to hmint2:

16
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Table 1. RMS Percentage Conversion Errors Averaged Over Elevation Angle
(0, 10. 20. 300), Azimuth (0. 90. 180. 270 ° ) and Over the Day (0, 06, 12,
18 UT). The errors are given for different values of hl. four months, two
levels of solar activity and for stations at three latitudes. The underlined
values are the minimum errors as a function of h, for each set of hI
(hrnF2 0. 50. 100, 150 km; 320-460 kin)

Station Month R HM 50 100 150 320 340 360 380 400 420 440 460

Kwajalein MAR 100 9.3 6.3 6.3 8.0 12. 1 10.4 9.2 8.4 7.9 7.7 7.8

,1LN 9.5 5.8 5.3 7.2 12.7 10.9 9.3 8.2 7.5 7.1 7.1

SEP 8.8 5.4 5.1 7. 1 10.5 9.1 8.0 7.2 6.8 6.9 7.2

DEC 8.8 4.8 5.8 8.6 10.9 9.0 7.6 6.8 6.8 7.1 7.7

M AR 10 10.7 6.4 5.8 8.0 7.5 7.0 6.9 7.1 7.8 8.6 9.6

,1UN 11.9 7.0 4.9 6.1 7.7 6.5 5.9 5.9 6.3 6.9 7.8

SEP 12.1 7.0 5.6 7.8 8.0 7.0 6.6 6.8 7.6 8.5 9.6

)EC 10.3 5.4 4.4 7.0 6.5 5.4 5.0 5.3 6.1 7.2 8.2

('ape MIAR 100 6.0 2.8 3.6 6.0 5.6 4.2 3.2 2.9 3.2 4.0 4.9
Canaveral

iUN 6.5 3.3 3.3 5.5 7.3 5.7 4.2 3.0 2.3 2.4 3.1

SE 11 6.0 4.5 3.3 2.7 2.8 3.5 4.4

DEC 3.6 2.9 3.0 3.9 4.9 6.1

MAR 10 9.9 4.8 2. 1 4. 1 5.7 4. 1 2.9 2.5 2.9 3.9 4.9

IUN 9.4 5.1 2.7 3.7 6.1 4.6 3.4 2.6 2.5 3.0 3.8

SE'P 6.2 4.6 3.3 2.7 2.9 3.7 4.7

DEC 3.6 2.7 2.8 3.6 4.7 5.8

Goose Bay MAR 100 12.1 3.4 4.0 3.5 11.5 9.5 7.8 6.2 5.0 4.2 3.8

.I UN 10.0 8.4 6.9 5.5 4.3 3.3 2.5

SEP 9.4 7.7 6.2 4.9 3.8 3.2 3.0

)EC 12.6 10.2 8.2 6.6 5.4 5.0 5.2

MAR 10 8.7 4.2 2.2 4.1 3.6 2.4 1.9 2.4 3.3 4.3 5.3

.JUN 4.3 3.0 1.9 1.6 2.1 3.0 4.0

SEP 3.2 2.2 2.0 2.5 3.4 4.4 5.4

iii

DEC 2.4 2.2 2.9 4.0 5. 1 6.2 7.3

17



(1) For Kwajalein. at least, the RMS errors are lower for h = hmF2 + 100 km
than for h I = 400 km. This indicates that the former would be preferable, provided

that hmF2 were known reliably.

(2) The choice of hmF2 + 50 or + 100 km is usually far superior to the use

of hmF2 itself, which is the procedure adopted by Llewellyn and Bent. 2

The diurnal variation of the error for values of hI of 400 km and hmF2 + 50 km

is shown in F'igure 3, for four ;izimuths. The results are for Kwajalein, March,

R -- 100, elevation angle equal to 100. The largest errors are obtained looking

north and south (the reasons for this are explained in Section 4) and are greater in

general for hI = 400 ki. Thete errors tend to be positive during the day (h I is too

lw ind negative at night (h I too higlh. When h is allowed to follow the variation

of hnil2, the .ri-,rs generally decrease below those for h = 400 km and to have a

less definite diur'nal variation.

12 16 20 00 04 0830 - T ' LT

S 400 kon

0 ---- t 1 UT

IOi

- -O ,f

-20

1S

0 22UT

-2 0 20 00 04 06

Figure 3. Diurnal Variation of the C'onversion E~rror for North, South, East,and West Azimuths, for h I 400 km and hml'2 + 50 km 4Kwajalein, March,

1€= 00, Elevation = I0
°
')

1810 -SoE .

0 UT



Figure 4 illustrates how the error depends on the choice of h ,. for four azi-

muths and four local times. The error is plotted as a function of elevation angle

and the results are for Kwajalein. March, R = 100. It can be seen that the error

is a complicated function of azimuth, elevation, local time, and h I, at least for low

elevation angles, but it is the variation of error with hI which is of immediate con-

cern here. This is especially important for low elevation angles, whereas for

higher elevation angles (greater than 20 ° or 30 ° ) the errors are fairly insensitive

to the choice of hI. Only for low elevation angles is it really necessary to attempt

to minimize the errors by choosing the "best" value of h .

0 20 40 0 20 40 0 20 40 0 20 40

20 20-,

0 - 0

0 / - 0 I ! LT
-,0J -10-

10 1 0

0 - "40 17LT

-*0 -*0

-20 -20
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2020

20-

0 " 0 23LT

-10 10 - 0

-20 -20
, /

20 /20

1 0 *0

0 -- ---- 0 OSLT

-0 -10

-20 L -20

G. 20 40 0 20 40 0 20 40 0 20 40
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Figure 4. Variation of the Conversion Error With Elevation Angle for North,
East, South, and West Azimuths, for Four Local Times (11. 17. 23, 05). and
for Three Values of hl. (360, 400 and 440 kn) (Kwajalein, March, R - 100)
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The other variations implicit in Figure 4 are discussed in the next section.

The results discussed in the remainder of this report were obtained using

h I = 400 km. This seems a good average of the best values and is an appropriate

height for F-region studies. For the results presented in Table 1. the average

error is 4. 7% for h I = 400 km. It should be noted that the errors do not increase

dramatically for other values of h -frthe results prvesented in Table 1, the errors

increase only to 5. 5% for h I= 360 and 440 kmi.

4. (XN VERiSION ERRORS FOR, LJOW-iLATITl'JDE ST %1'10N

Kwajalein (4.30 N, 16-47E'. 8. 6 dip) li-s between lthie C ests of the equatorial

anomaly and can be regardeA; here as a tyvpical low-L:,titide station. The variation

of the conversion errors fer Mlarch, R - 100 have been given inl Figure 4. for- four

az iniuiths and fUUi' local tinies. The er ror isre c lea nv greatest xt i looking

north and South ait lOW elevitionl Angles. Figu re 3hotil te ci ias foi- Mi chi,

June. and Decenibe r, for, h1I 400 kill and for H~ 00, toci' aIzimullths and foul-r

local timies. 'te eri or, are again greatest t% hen looking no: lil rlul s-ath. the

greatest values being far baking smith in Na ien (it, ring thc- i *, , cirg 20'

As miight be expected, thle e rrors are 1i rg C St Wileln till :iC !I' I r-g C 3 nIZonta 1

gradients of electron dlensity adlng thle obe1C i - SA.trlite ) th. I- UMCut a - hott a

thle horizontal rangi's (il degrtees) at which a ray% froni tihe ;t tit(, ,%ill a t the

ionospher i at specified altitude, for- e leva tio ii anv' eat 4 0 to, WO .' Pupigation

is either niorthi-south or, soutti-north for. th' s ex:,11ple. since this- a tirriuttis corres-

pond to the greatest errors. A rat -it zeiro J,-tt! ts , tor exa!,il~lt.'. ill t rat l aibout

20' in latitude before encoiunte ring thle inn s-pie re a t 400 kill. I iglirca --: aind 7

show how the ionosphere varPies along- thet integ ration p [Ii for M a 0. N 100,

h I _ 400 km., elevation = 10', localI timie -- 1100. which i s xhen ila i nver1sionl , pro01

has somec of its highest talIuies . It cain he at-en that under these coniditi ons the iray

passes right through a large parit of the t teats of thle eqzauto iia I anomla!v . intdicating

that it is the presence of the a nonia Iv which cair se tne targe e rrors. Fihe e p ii s

are significatntlyv lower for- thle east nitd tt est direc tionis (Figu re

Evidence supporting tilte contention that it is ho rizontal g r,,idietts 0Oich cause

thle large errors is shown in F-ig iire [8. k hi cl shltx ant itits of peitigo error, te sus

gradient for the four azimiuthis i'March. H = 100, eti %atitin 10-, h I - 400 kil. The

gradients are represented by the change ,f inil 12 .. rid fo I 2 over thle h( ight iangv of

the first integral (200 to 400 kni). Each data point is for- a particula'r timle of day%

from 0 to 22 ViT, in steps of two hours. Trhe tw.o boxed v-alues corresponld to thle data

plotted in Figures 7a and 7b, and the straight lines a irv the least squares fit lines, of

error on gradient. The co rrela tion coiffic ie'nts are tir ihIiighi for- north iO. 971 anil
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Figure 5. Variation of the Conversion Error With Elevation Angle for
N orth, EList, South, and West Azimuths, for Four Local Times (11, 17,
2:3, 05). aind for Three Seasons (March, June and December) (Kwajalein
Hj 100, 11  400 kmn)

south (0. 95) azimuths when thle gradient in hmF2 is considered. For east and west

azimuths, the correlations aire lower, being 0. 72 and 0. 23, respectively. The

correlations are much lower when the gradient in foF2 is considered, except for

north azimuth, for which it is -0. 87. The correlation for east azimuth increases

from r = -0. 40 to r = -0. 85 if the t o data points corresponding to dawn (0. 5 and

0. 7 .T) are ignored, suggesting that these two points represent a separate

phenomenon (which they do).
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0
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l-igur, 8. \ i.ruotion, of Ehe Kwajalcin Conversion Errors WVith. Gradients in
hii,2 ( top picnel) and foF2 (bottom panel), for, North, South, East, and West
A\ZihiothIS. THe( straighit lines are the least squares fit regression lines and
co re-sp nd to, the l inea r correlation coefficients, r. (Mlarch, Ri = 100.
l"levtior - 10(

*1 ew L rzohs -i tzu re 8t Suipport the coniten tion that the conversion errors are

,i i ots; alon! !he path fI hmFi2 and foF2. especially the former. The

Me ISt j )os oSt Irori )LIng-d tor' north and south azimnuths. The correlation with

it 12 ba e explained inualitativrlv by nioting that if hrnF2 increases as the integra-

*1 1r ieITi n-reAse-s, t he -iure N (h) pro file will, for a given altitude below hm F2,

el I lo)we-r dens;ities for the hit,,he r values of hmF12. It is difficult to be specific

;tout hfe ,-xacf so)urce of the conversion errors, because the net error is a result

of caine' Ilotion W) tween the errors above and below hand each of these depends

)n he ,,radients in foF2 and hm F~2.
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5. CONVERSION ERRORS FOR A HIGH-LATITUDE STATION

Having found that the conversion errors at a low-latitude station are mainly

due to the presence of horizontal gradients associated with the equatorial anomaly,

it is logical to choose as a representative high-latitude station one which can "see"

the main feature of the high-latitude ionosphere, the high-latitude trough. Conse-

quently Goose Ba, (53. 3° N, 299. 5' E , 65* N geomagnetic) has been chosen as a

representative high-latitude station. Its position relative to the trough under cer-

tain conditions is shown in Figure 9.

90"

501.

Figure 9. Location nl' the High Latitude Trough
for Magneticallv Quiet Conditions (March. R - 50.
06 UT). After Halcrow an(i Nisbet 4

4. Halcrow, B. M. . and Nisbet, J1. S. (1 977) A model of the F2 peak electron den-
sities in the main trough region of the ionosphere, Radio Science.
12(5):815-820.
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The range of latitudes which can be seen fromn Goose Bay is illustrated in

Figure 10. (It should be noted here that the Bent model of the ionosphere is uncer-

tain for very high latitudes. ) Figures Ila and Ilb show how hmnF2 and foF2 vary

along the integration paths for four azimuths (March. R = 100. h = 400 km * 0* eleva-

tion, 06 UT). The associated errors exceed 101/ in all cases.

80
GOOSE BAY

800

200 so8

0, 600
- - - - - -- - - - - - - - - - go

0
a 40 00.......... 0

200

0f
0 400Bo

HEIGHT ALOtnG PAT" (kn'

I'tguir( 10. Latitudijnal (iave~age, iF the lonosuphere tt'rolr
G1 oose Bay, for D~ifferent V levation .. ngle-s -it Io~nspheric'
Altitudes

The errors arc sho%%n as a tunctlon i)f azimilith. V 10 fJ' ,llt~

and season in Fi gure 12 ( h I- 400 kin t. In Lzene ia . the ni aio e rrt'or ar eic II

west and so uth pronaitatiin at around 02 I , wOlen :he tin.' of, -oght nt s' ' p o!t

the troul~h. F~or north azimuth, the onosnoheric part 'df 110' rav path tip.s tiirtti

~the trough ant- the errors are' somrewhat sniatlk'r. 'Ihere lt's not 10ni t h"

atny sin JiC relationship between ihe erriirs andt ;'iaditli ii either hn 1 2 iiv !1.
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E ERROR

CY340 

W 1 y

320 
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HEIGHT ALONG PA~TH (km)

1ig r11. Variations of fol'2 and hm F2 Along the
Integration Path 1 rum (,ose lBav for Vour Azirnvahs.
(March. R 100, 11 400 kmr. 02 LT)

[h le conversion, errors plotted in Figure 12 show a consistent positive bias,

or rsp~n~i g ) sew. I - I( being too large. The bias could be removed to some

,,xtent by using a value of h I greater than 400 kmi (smaller sec 1). However, as

mdwate'd by I able 1, Ihis is not an appropriate procedure for low, solar activity,

a ion aI lower valuk, of 1' (3810 km)I gives the smallest errors.
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Figure 12. \ariatiins ,)I the Goose Bay Conversion Errors With Elevation
Angle for North, East. South, and West Azimuths, for Four Local Times
(20, 02, 08, 14) and for Three Seasons (March, June, December),
(lH 100. h 400 knr

6. (1)NVERSiON ERRORS FOR A MIl)-I.ATITUDE STATION

tape Canaveral (28.4' N. 279.40 E, 39.6' N geomagnetic) has been chosen -,s

a typical mid-latitude station. The part of the ionosphere covered by looking north

and south from Cape Canaveral is illustrated in Figure 13. Figures 14a and 14b

correspond to the cases with largest errors (for March, R = 100, hI 400 kin).

The large error obtained looking south is a result of the ray passing through the

northern crest of the equatorial anomaly, while the large error looking north is a

result of the lowering of the ionosphere with increasing latitude.

SThe general correlation ofr the conversion error with gradients in hrnF2 and

toF2 is illustrated in Figure 15 (March, R - 100, hI = 400 km. 00 elevation) for four

azimuths. The gradients are represented by the changes of hmF2 and foF2 over the

27
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Figure 13. l,atitudinal Coverage of the Ionosphere From
('ape Canaveral for Different Elevation Angles and Ionospheric
Altitudes

first integration range, while the azimuths are represented by the letters N, E. S

and W. There are four data points (00, 06, 12, 18 UT) for each azimuth. The re-

gression lines plotted are for all 16 data points and show a much higher correlation

-)f error with the gradient in hmr 2 (r - 0.68) than with foF2 (r - -0. 15). Note that

hm 1'2 changes by )nlv 13 km at most (when looking south) in the 5 degrees of latitude

(ncompassed bv the Iirst integration range. The correlation with the gradient in

hm F2 is highest when looking south (r - 0. 89) and lowest when looking west (r = 0. 20).

The boxed data points for south and north azimuth correspond to the cases shown

in Figures 14a and 14b.

The conversion errors for Cape Canaveral are summarized in Table 2. which

shows the smallest elevation angle for which the errors are less than 5% at 00. 06,

12 and 18 UT (LT U' - 18. 5), and the error corresponding to an elevation angle

,)f 20'. Both of these levels are arbitrary, but reasonable choices. The parameter

h I has been set to 400 ki. and the results are four azimuths. four times of day,

hree seasons, and two levels of solar activity.
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Table 2. Conversion Errors for Cape Canaveral Showing the Smallest Elevation
Angle for Which the Error is Less Than 5% at 0. 06, 12 and 18 UT
(LT = UT + 18. 5). and the Error Corresponding to an Elevation Angle of 200

Elevation Angle at Which
Error < 5% Error at 200 Elevation

0 90 180 270 0 90 180 270

March 0 20 20 0 0 -3 -4 -1 -1

R=0 6 0 0 0 0 3 2 5 0

12 10 0 10 20 -1 2 0 4

18 0 0 0 0 -2 0 2 0

H 100 0 30 20 10 0 -5 -4 -1 0
6 0 0 40 0 -1 2 6 1

12 0 0 10 0 -3 3 0 -3

18 0 0 10 0 -2 1 -1 2
Aver.

RMS 2.8 2.6 2. 9 2.0 2.6

June 0 0 0 0 0 -2 - 1 2 - I

R 10 6 0 0 40 0 5 0 7 1

12 0 0 0 0 1 1 3 0

18 0 0 0 0 1 1 0 2

R = 100 0 0 0 10 0 -2 0 1 0
6 0 0 40 0 3 1 6 2

12 0 0 40 0 -1 1 5 1

18 0 0 0 0 -1 2 1 2
Aver.

RIMS 2.4 1. 1 4.0 1.4 2.2

Dec 0 10 20 0 0 0 -4 0 2

R = 10 6 0 0 10 0 2 2 3 0

12 20 0 10 30 -3 2 1 -5

18 10 20 20 10 -2 -3 -3 -2

R 100 0 20 20 0 0 -4 -4 -2 1

6 0 0 0 0 -4 2 4 1

12 20 30 10 20 -4 5 2 -4

18 20 10 30 10 -4 -2 -6 -1
Aver.

RIMS 3. 2 3.2 3. 1 2.5 3.0

Aver. 2.8 2.3 3. 0 2.0
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Consider first the elevation angles. A count of the number of times each

elevation angle occurs in the table shows that elevation angles of 400 are required

o)nlv when looking south (azimuth = 180°), and that all four cases occur at 06 or

12 UT (0030, 0630 LT). In the opposite sense, a zero elevation angle produces

errors less than 5% on most occasions when looking west.

The variation of error with azimuth is better studied using the errors corres-

ponding to an elevation angle of 200 , also shown in Table 2. RMS errors have been

calculated for each azimuth and month (N = 8) and then averaged across the azimuth

values for each month and across the months for each azimuth. It can be seen that

the errors are greatest when looking south; greatest during December (winter);

least when looking west; and least during June (summer). In general, the errors

are lower when looking east or west than when looking north or south.

The conversion errors are also illustrated in Figure 16. which shows the

xariation of error with elevation angle for north, east, south and west azimuths.

for four local times (19, 01, 07. 13), and for three seasons (March, June and

tecember). The error, do not show the larger values attained near the equatorial

anonialy (Vigure 5) and high latitude trough (Figure 12) (R 100. h 1 400 km).

7. (NVERSION ERRORS FOR STATIONS AT 75 ° W

This section describes in a broad fashion the variation of the conversion error

for stations at 285' E (75' W and at latitudes of -10' to 70 ° (geomagnetic latitudes

of - 1' and - 82' N). The results thus include the effects of the high-latitude trough

and tile equatorial anomaly, as well as illustrating the errors encountered when

neither of these ionospheric features need be considered. The results are all for

hI - 400 km and H - 100, and are given separately for four azimuths. Table 3. for

example, gives the results for March. and includes (a) the elevation angle required

to be exceeded in order for the RMS error (averaged over the eight times

01, 04 ... 22 UT) to be - 3%. or for all eight errors to be I 5% in absolute values.

Elevation angles between 20 ° and 50 ° inclusive are considered; (b) the RMS errors

at 200 elevation. This elevation is a likely operational minimum set by antenna con-

siderations; (c) the RHMS errors at 30* elevation. This elevation would allow stations

10' apart to have overlapping fields of view.

Trables 4 and 5 give the corresponding results for June (summer) and December

(winter). The three tables present no surprises and the broad picture is the same

as that deduced from the results for Kwajalein, Cape Canaveral and Goose Bay:

(a) the errors are least when looking east or west, except at high latitudes, where

the trough is encountered; (b) for north and south azimuths, the errors are greatest

when the trough and equatorial anomaly are encountered; (c) the general level of
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Figure 16. Variations of the ('ape Canaveral Conversion Errors With Elevation
Angle lor North, Last. South. and West Azimuths, for Four Local Times
(I. 0!. 07. 13) anid for Three Seasons (March, June. December). (R = 100.
1 1 400 kin)

er-ror is greatest in December (winter) and least in June. Quantitative estimates of
the errors mav be obtained from the tables.

The use of RMS errors averaged over the eight local times hides any diurnal

variation of the error which at times is very significant. Accordingly, the diurnal

variation of the error has been plotted in Figures 17. 18 and 19 for each azimuth

and station latitude and for March, June and December. The plots also show up

any tendency for a systematic error to occur. The results shown are for R 100,

h 400 km and an elevation of 200.
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The most significant diurnal variations occur for low-latitude observatio,.s

affected by the equatorial anomaly (looking north or south in any month). Significant,

but somewhat smaller variations are found for nigh-latitude stations affected by the

high-latitude trough (for example, looking east or west in December). Systematic

errors occur for a station at 100S (geomagnetic latitude -00) when looking south

in March and June. and in general for stations north of about 500. Some of the

svstematic errors could be removed by a different choice of hI .

A third source of gradients which might be expected to yield significant errors

are the sunrise and sunset transitions, especially the former. Such errors are

not obvious in the results although there are suggestions of dawn effects on some

diurnal plots. For example, Figure 3 for h I 400 km does show a local change of

error between 0,100 and 0600 LT when looking east. Similar local increases can be

- een in Figures 17 (March) and 19 (1lecember) for station latitudes of -10' to 30,

looking ,ast at 0500 LT, but not in Figure 18 (.1une).

The r:tpid ri orning increase of" fol-2 leads to significant gradients on paths

lookin, %kest, resulting at tierit e in noticeable e rrors. For example, the calculated

%all,'s of I (' based on fhe vertical in,'ilen'e value are too low near 08 LT in March

aII ) .(' l III),r- ( Fi-Ure 1 -11 I n I ). I hte e'rrors result from a decrease in foF2 and

n iet. ase in hlt2 alonc the integiration path, which looks towards earlier time

it. I)sC[ S I()N

The is in the .onversii m of slant 1 IC' to equivalent vertical incidence

. AlWs haO bee n found to varv with the elevation angle to the satellite, with the

a!titude at % hich sec I is 1.v a uated, with the presence of ionospheric gradients along

he ground -satvllit, path, al with the well-known variations of the ionosphere

tself--diurnal, sasonal, olar ( vcle, and location. If the elevation angle is re-

stricted to 20 ')r greater. the HIlS errors averaged over a day are usually less than

about 5' except where the ray path cuts either the equatorial anomaly or the high-

latitude ionospheric trough. In general, the largest errors are encountered near

the e'quatorial anonialv, Ahere they can exceed 150r for an elevation angle of 20'.

If elevation angles lower than 20' are onsidered, conversion errors in excess of

are possible near the anomalv, while errors of up to 20, are possible near the

high-latitude trough.

'[here are several practical considerations associated with the errors in the

onvei ion process. Consider firstly the situation of mid-latitude stations moni-

!oring beacons on geostationary satellites at other longitudes. In such cases, the

elevation angle can get very low, possibly resulting in non-negiligible conversion
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errors. If the elevation angle gets down to 100, a Itypical conversion error is 5%

(Cape Canaveral. Figure 16), but (-an reach 101' tor a fairly high mid -lati lode station

(Goose Bay, Figure 12, south azimuth). The error has a diurnal variation, which

must also be taken into account. Changes of TEL' less than 5 to 10'. are not sig-

nificant in such cases.

The next point to consider is the absolute size of the errors at different loca-

tions when the relative errors are the same. A 20";, eriojr at (;oose Ha% at 02 I.T
16 -2in December (R = 100) is equivalent to a change of 'PLC' oft -I. 3 10

wherpas the same percentage error at Kwaj1alein at IT II in MAurch M 100) is

equivalent to a much larger change of - 8 110 16 r -2. In g.'nerAl, the abhsolUte

e rrors at low- latitude stations avie higher than Mt higi- latituide st:tions beca use o

the higher electron densities involved.

The errors derived for low- and high- latitude stations aip;p. '), to the

age behavior of the ionosphere under miagnetically% quiet coidi ti' 'n.-;. t uld ! di stathed

geomagnetic conditions, the high-latitude troughi expands 11'q 1' aiaad 'n i

latitude'' station can come under the trough aind bee ,iii- higii-iati ad, st; tiona

far as TEL conve rsion e rrors are concerned. Sin ila ri , uad, ! diulh dtb Pt m'i.: ., -

netic conditions, the polewa rd expansion oif the t rc.sts ,f Il, hl qa 0:1 i:

is inhibited and a low-latitude Tit' station w ill sain: di' a swig fi c n tli dill i -ct

section of the ainomalyv. Since it is nut possible- to) yi.''del ld -1: .:1l -t,

day varnations of the ionosphe re and its graidienits, the' -nv-:~ r''~ -

with a location likelv to become aiffected b%- sarai yri 'tinp r a 1 i' -

pessimistically from those given in this riio rt. Inl !:fIt, 'i t is~r'~ ht'

'moved'' by ,n anmount comparable tor the mlmlin! byahc a-1i.rv'tt n

phere move. For the equatorial regions, this is bout t II ''-r -tiiad,

stations, account should be take n of hiow fr iqLi~ t ra: -Isdi. toga- l ti: r-a

4has expanded, which will depend directly on the level (,I ni ~i:.c t-tic 1 tvi'. v

trough may in fact be recognizable on the 1'IA 'eco-ds if 00'-- .,i-ld sufficie-ni

spatial coverag.

The results presented in this i'epr rt rI obtatined using Ia 'thic'r rauns of' the pro -

g rar, SEA NT E' may be used to t's tii a te the rionrl- st.tini si iia tion 'eqUII-I'rd to

yield acceptably small conversion errors. This spaicing %%ill c.hange withi iatitude,

and will also depend on what level of error is'''.:eptablv'. A point which Should be

remembered is that even if the Oon-.crsion irrors ir'e relativel.% iargc', say. 20' _ it

may be better to make use of the data rather than sinmph. rejecting them, beca use

they do, after all, contain some useful inform: tion. lIn urany% cases, the.% will be

the only such data available.
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,inali 5 , a weord should be said about the applicability of the present results to

real life. The results obtained and the conclusions drawn, are valid only in so far

as tile Bent ionospheric model is valid. While this model seems to be one of the

best available for the present purposes, it predicts only a monthly average varia-

tion of the ionosphere for magnetically quiet conditions. Consequently it is

recomnmendtd that the conve rsion errors discussed in this report be taken as lower

limits wlen being applied to reA time observations of Tl'l .
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