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An algorithm is proposed which uses data from sequential TRANSIT passes

over a limited portion of the field of view of each ADCOM radar, to adapt the
AWS/GWC prediction for the entire field of view. From the available i
TRANSIT data, it is estimated that the rms refraction error may be reduced

by a factor of 3 to 4 by this technique.

i ol

The principle problem which must be addressed by an adaptive technique is
the inherent temporal and spatial variability of the ionosphere. The expected |
day-to-day variability is about 20 to 25 percent of the monthly median over a
solar cycle for stations from the equator to auroral latitudes. In using
TRANSIT data to adapt a local estimate of the ionospheric refraction correc-
tion, it is suggested that:

1. The adaptive techniques proposed, using TRANSIT data, should be
tested against archive data. -

2. Techniques using other sensors of the ionosphere, such as measure-
ments of total electron content to synchronous satellites, should be developed |
and tested against archive data, and the results should be compared with the
technique using TRANSIT data before a final method of correction is adapted.
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Considerations Relative to Adapting TRANSIT
Observations to Predicting Radar
Range Correction

1. INTRODUCTION

Ionospheric refraction introduces uncertainties in the output data produced
by radars which track space objects. The prediction of the monthly median of the
ionospheric effects, used in the tracking algorithms within radar processors,
substantially reduces theze refraction errors. The day-to-day variability of the
radar metric errors may be reduced to 25 to 50 percent of the uncorrected errors.
In many present ADCOM radar systems, this residual day-to-day variability of the
refraction effect about the predicted median is greater than the radar system goals.
Tests have shown that measurements of the ionosphere, for example by TRANSIT
satellites, may be used to adapt the predicted ionospheric refraction effects to the
current local conditions. Reduction of the variability then depends on the spatial
and temporal availability of the TRANSIT data in the pertinent region of the radar
field of view. If the TRANSIT data is taken close enough to the target, the vari-
ability may be reduced to about 5 percent, which may meet some ADCOM mission
goals as well as long-term average system goals.

2. PRINCIPLE I0ONOSPHERIC PROBLEMS OF AVAILABLE CLIMATOLOGY

The requirement, at the radar processor, is to provide a necessary descrip-
tion of the refraction effects of the ionosphere over the entire field of view of the

(Received for publication 12 January 1977)
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radar. For single frequency radars, this requirement is first met by predicting

a monthly average of ionospheric effects based on simple models which are

supported by a source of ionospheric climatology. Millman!’ 2 has shown that

radar range and elevation angle errors may be specified from an estimate of the

integrated electron content (TEC) along the line of sight to the radar target.

Second order effects (Savich and Vaslyev;

3 Tucker and Fannin?) are generally

much smaller than the day-to-day variability about the monthly median and hence

can be neglected at this stage. The range correction for the ADCOM radars is

inversely proportional to the square of the radar frequency and directly propor-
tional to the TEC along the line of sight to the radar target. At 425 Mhz, this
results in a range error of 7. 32 ft for each TEC unit of 10“’ electrons/mz,

2.1 Smoothed Prediction

There is never enough data to derive a worldwide time~-dependent model to

predict any ionospheric parameters. The accepted basis for predicting median

values of some of the ionospheric parameters — the coefficient tapes for foF2 and

M3000 supplied by NOAA — are the result of a great deal of interpolating and

extrapolating of world data of variable quality. While there were data on the

strong variation within the ionosphere for different longitudes, there was no choice

but to extrapolate into major geographic areas where no ionospheric measurements

existed. This is particularly true for radar sites in the Pacific. Ordering of the

basic ionospheric measurements in the polar-subauroral region precluded dis-

playing the details of the trough in electron density or of the enhancement in the

active auroral region. Despite this, predictions of monthly median of TEC are

very close to actual observed medians. Figures 1-6 show comparisons for sta-

tions at low, mid- and high-latitudes. The model used was the Air Weather
Service — Global Weather Central (AWS/GWC) — Bent program with ionospheric
parameters derived from the NOAA coefficient tapes in the same manner as would

be used in an actual forecast condition.

1.

Millman, G.H. (1966) A Survey of Tropospl.eric, Ionospheric and Extra-
terrestrial Effects on Radio Eropa ation Between the Earth and Space
EGGETVIFL

Vehicles, General Electric., TIS

Millman, G.H. (1974) An Analysis of Ionospheric Electron Content Measure-
ments Utilizing Satellite Emitted Signals, General Electric Co. ,

R74EMH24.

Savich, N.A., and Vaslyev, M. B. (1972) Second order corrections for
radio wave propagation through the ionosphere, Geomagnetism and Aero-
nomy 12 (No. 6):897-901.

Tucker, A.J., and Fannin, B. M. (1968) Analysis of ionospheric contributions
to the doppler shift of cw signals from artificial earth satellites, Geophys.
Res. Space Physics 73(No. 13):4325-4334.




9EE3JV3p UOOUJIIYR Y} FUlIND SINDD0 gYET YOJBy 10} Selq dD13ewalsks 3sadaer ayy] ‘Arewoue [eixojenba
Y3 jo jead ayy aapun pajenyis s1 Juoy Suoy -weadoxg UG -OMD/SMV UM PRI (H) mcowuoﬁcum
03 paxedwo) Juajuo) UOIIOATF [BIOL JO (O) SUOIBAIISQ JO UBIN ATyuo jo uonelIE \ TRUINIY ‘T 2andig

e
e
)12
nets
1068
364
1°rg
eoc
et0
ye0a
st
1062
Nt 28
nege
nese
128
ALY}
arga
1eqc
aoge

Neg2

vivo

s*1¢
6°6¢
9°0¢

0°09

182
6°18
9°%6

5e6R

£2

22

02
(34
[}
2
ar
ST
L3 4

£7

1T

8T

¥NOW

INIL V01 INOX ONOW 961 HONWH
~2 12 o1 st 21 6 9 5 0
e e R R Rt ROy EETy PTS PES Er PR T Tepy I PO i S uny S R SR S S S
L z
. -
(RN =
2 -
o e &
o e -
e -
-s2
[ e
o - =
- O
0= G
0w ~ W
8 - i “u
9 & gy
g
o -
- 5
(] & =
- o
@ « 0 - m
® i -n...
. w3
o s
€ a B
0 o iR
- ~
6 8 - o
e 8 o
. - @
v -
9 0 ® 63t
NOILOIQ3¥d LN38-OM9 @ 5 ] "
NV3N ATHLNON o© o
-521




COPY

Loded
el
-

-
-
[ ¥
.ID!IM”“
:\“V.
«”)
=
pos———}

-

Aep aa13ua 3y} 1940 Mo K1aa S1 8961 aunp J03 selq 3y -Arewoue [BlI0jEnba

Uy} jo jead ayy xopun pajenyis s1 duoy Fuoy

~egy

~eer

TET

reng

109e

Aeas

RRY T

nreg

LRUE

*NOw

12 LR

m.u:.--.uua-m|n.uc|um||nmanln-l»muu--¢:uo-;mv||mul:mlonm'vlmlltmlllmlnamnulmv"mulambo'mlloyuln.

o

NOILDIG34d LN38-OM9 @
NV3IN ATHINOWN o

‘Wizagodd puag-HMD/SMYV WA SPEIN (g) suono1ipaag
pazedwoy) Juajuo)) uoa3OaT 1810 JO (0) suoneAIssqQ jo ueajy ATYIUOI\ Jo uoljelIe 5 Teuanicy

‘g 2and1yg

INOX UNOH w961 nnr

3wl vo0o1
st 21 3 9 i 0

8 g 6=
T a -2
sy
® € -
- 3
o o - >
5 AN
0 0 - m
. %
o - m
8 <O
o ¢ o -0s 3 e
M -
& « -0 - 2 ¥
) " -
8 o i
o o = ¥
- 3
- m
- 4
- -
i@
- <
- &
. > £
= B
- L]
-e3t
-s21
ot
a e



9SBIIOAP UOOUIS}JE B} Fulanp sanooo

Sulang

vivon

‘weagoad juag - Hmo,
‘uonjels epmiyBIpIN Ysiyg e

VAR Ss £2
e 22
Te6T 12
1eeT 02
227 (34
1022 o1
Teag 2T
as1s ar
225 s7
Begs R
2 ne £7
2+28 2t
LA 1 34
92 a1
22 6
wegr 9
st ]
6°9 9
9%z s
arg »
L £
"6 2
16 1
"
BNOK

21q D1)BWa}SAS 3safael ayl ‘ZLET YOoJB\ 243y ‘xouinba ayj
SMYV 2y} £q [[9m 931nb payojews s1 (O) Suo1}BAI3S(O JO ueaw ATyjuow ayy

SSE]N "UOJ[1WEH }B JU3IUO)) UOI}OI[H 18101 JO UOlBlLIBA leuanlq g aandig
|
WE_F J<UOJ NOLTIWVH 2461 HOdVW
%2 12 8T st 27 6 9 £ ']
T-._-..T--TTT--T--..--.....T-L.--.---7--T--.---.--c_.un.-»-...--T--T--..17--7.-.---.
8 ] ”
8 L
8 B © =L
] o B~
o iy
8 8 2 0 =
8 o o=
- |
N )
5 o - B
N
o 8 o - m (
=i
- m —
o = K» —
- =
¢ - i
o . S |
- (o]
0
S =
|
8 =iz2m
- Z
o o - -
- Wl |
8 - b
- 3
8 - ~
- > £
0 . - 8 ‘
(] - 1
& .
] - -
8 -
NOILDIQ3¥d LN38-OM9 @ S . 3
NV3IN ATHLNOW o P .
0 -
-5:
“\\
7
) %




SUO131puUOd JEJOS ueaw Aq payy

-10ads jou aue ‘safueyo uol31sodwod IO SpPUIM SB YONs ‘asned 3y} Apyusaeddy -aeak o3 geak woaj suone
-1IBA 3318 2ARBY JUIUOD UOIIOIT3 303 Ul SaFuUBYD UOOUIS}JE 33B] Ay} ‘ZL6I dunp a8y ‘syjuouwl JaWWNs
duuang  weaSoad UIG-OMD/SMVY 33 £q (194 331nb paydjew ST () SUOIIEAIISQO JO UBdW ATYjUOW ayg
‘uonelg SpMYEIPI Y31Y B ‘ SSBIN ‘UOI[IWEN B JUSJUO)) UOJ}O[F [BI0], JO UOHJBIIBA [BUINI] ‘§ aangi g

NOLVINVH 2461 iNne
3NIL V20T
e st 2t 6 9 £ [
B Rt Bt B R e B Rt EE TS RSN ET T PR DT DR PED P Sy S SR S
2 2ent £2 ¢
b b 2 2°€3 2 1
Vat asgr 1 s
Sl 34 £°67 02 =
L] 8 8 -
T ot 8 o0 8 =2
6 Ll Ch 3 o 5
o R
i SR =% - 0] o =
o~ =%
o
1 *6 2c22 91 [} R
A ] 0 |
— Trer BAT ST =
n glor 3 . -
g £°RT L34 [} -
8 0 - m
16” 6°61 £t 0 ° z m
L} . R
"6 261 2 e o
] el
L = o L 81 8 8 . -
e 8 8 TR - m
i 9Lt Lk 1 0 o [} R
0 = sy
L] PAT R (3 -izm
0 o
°S3 Tegr ] 0 o 1
o o <ty
o= 2°41 ¢ - <
- 3
o1 22t ) T
- X
¢ 29 S =
s a
asg 1°9 . -2 ®
9 T £ -
o S 5 NOILJIG3¥d LN38-OM9 @ -
NV3N ATHLINOW o -
*d 5'6 T 5
“E 5%01 0 =
vivo H¥NOW =-s8

12

>




Kep ayj jo jead ayj je seiq o1jrwWa}SAS agaey

8 S19d9Y) gL61 YOJIBN Ul 3I3y wedoxd juag -OMOD/SMV 2U UM 3PEN () UB3A 3yl JO UO1OIPaId 3y}
wou g A3uedijludiy syareda(] jey] UOIIBIIE A [BUINI(] © 9ARH U330 JU3UO)) UOJIIOIF [BI0], JO UOIBAISISq() JO
(O) ueay AYIuoy ay3 ‘uoiday resouny a3y jo adpyg uIaynog 3y JeaN ‘aopeaqer] ‘Aeqg aso0r) 3}y ‘G aandig

INIL Vo0 AVE 35009 w46l HO¥VW
.2 12 LA st 21 6 9 £ 0

fessmioocjocajoccjoccloacicmcfencjoncfecciaccjoccjocnjocn jencjoscjornfocefjoncjmcnjoncjenafoccjone]

s
~
~
-
-
~
©
©
LR R I I I}

0
(- " iae L TRRET R R
e ol ]
nv..s 3 G g o 2 & & @ -
et 1] -
s } aeer w2t o1 0 =
8 ol
sey Toet 2 .
8 o & =
F-.I(‘v H il A4 eest ar & m
o T
iy yer2 09t 51 g o g —
0 : - =
e by ) S .
- o
a2 2°§7 £1 X AIJ.
- - -
-
- —eet 6t 21 i W
» 5 .
g LT S} 1 ° =
- O
Suly. - Azt o 8 5 . 8
& \
— 66 - E R
g R
nery 9L 1] [} DT | ]
8 o B
ey 249 2 oy
- - 3
e ~eg 9 AE |
g x x
seg 9°2 s i o ‘ ;=
=
g 9°2 . o = -
Tt . NOILOIO3dd LN38-OMO @ . :
NV3WN ATHINON o a = <.
S 3o 3 -
€ -
oy neg 1 -
e 1 8 ki .
vivo wnnw e S s
|
[




rpé

S1 YolBW 3Y3 Z161 aunp ul aIay
woua g Apuedtyiudig syaedsq 1By}
(O) ueapy A(yuopy ayy

segt
ey
neet
Sepr
Acer
Aemr
Negt
e
~eay
1021

seny

vive

Ll

Lepprw Jeau juagayyip 231nb aae s

adeys 1euanip ayj 3nq Lep ayj Jo }SOW I3A0 a1qejdaonoe
‘WeIFOIg UG -HIMO/SMY AUl USIM IPBIN () UB3Jy Y3 JO uondIparg 3yl
UOjElIB A TEUINI(] B 9ABH U3}J() JUIIUO)) UOIIDATH TPI0] JO UOIIBAIIST() JO
‘uorfay reI0any 3y} yo a8pq UIAYInOg Ay} IeIN ‘ropeaqer] ‘Aeg 9soon 1y ‘g aundig

INIL Y01 AVE 35009  .467 anne
.2 12 (1 st 21 6 3 i 1
R e e R R L B B B e LT D P T DUy PRy (s (U U R U Ry U S
v & s
0 <
B
o-
0 . -
o
° =
6 o s
o
] b =g
o ¢ - H
o - m
- 0
|
8 b H MW
¢ =
° = 0
0 & i
L] € e -] Ll oN—m
- m
B ' 0 =
€ Gl . [¢ - -
~ o
e e L
|
- ~
)
-1 0
NOILDIQ3¥d LN38-OM9 @ T
NV3WN ATHLINOW o -
T4

14




R

.

Hong Kong (Figures 1 and 2) is under the peak of the equatorial anomaly; the
afternoon gradient is often steep and its position is known to be variable over the
solar cycle. The systematic bias over the whole day for these samples is not
surprising since the measurement of the only parameter used in the model to
specify the current state of the ionosphere is the estimated 12 month running mean
of solar flux and/or sunspot numbers. Hamilton, Mass. (Figures 3 and 4) is at the
auroral edge of the midlatitude ionosphere. The low systematic bias over most of
the day and a prediction that is too low over the night hours, are typical of data
taken 1968 through 1975.

Although the Bent program was not designed for use at high latitudes, its
predictions for Goose Bay Labrador (Figures 5 and 6) are useful. The possibility
of large bias is displayed by the early day portion of Figure 5. In general, TEC
at Goose Bay is predicted about as well as at Hamilton; Goose Bay nighttime is
predicted better than Hamilton nighttime, but in daytime the Bent model predicts
Hamilton more accurately than Goose Bay in months when the differences in the
observed means of Hamilton and Goose Bay differ by 20 percent or more. Note
that at the peak of the day in March the vertical range correction for a 425 MHz
radar would be 732 ft at Hong Kong, 256 ft at Hamilton, and 124 ft at Goose Bay.

For targets near the horizon, these could increase by a factor of 3.

2.2 Day-to-Day Variability

When the monthly median refraction effect is predicted along the ray path to
the target then the system error, on a monthly basis, is directly proportional to
the day-to-day variability of observed values compared to the predicted median.

If the bias of prediction is small enough, then that error may be estimated from
the day-to-day variability of observed values compared to the observed median.

A separate study (Mulkern®) of TEC from world stations from low (Hong Kong) to
high (Narssarssuaq) latitudes suggests that the rms variability is about 20 percent
of the mean value during the daytime and about 30 percent of the mean value during
the night hours. Greatest variability appears near sunrise and after sunset, and
during equinox transitions. Figures 7 and 8 are multiple plots of daily observa-
tions of TEC derived from Faraday rotation studies of the radio beacon on the
geostationary satellite SYNCOM III during the last solar maximum. The rms vari=-
ability with respect to the sample median is about 12 percent in the day and about
30 percent at night. Figures 9 and 10 show reduced data for Hamilton and Goose
Bay. The rms variability is about 20 percent during the day, greater than the
equatorial region, but comparable to it at night.

5. Mulkern, F.A. (1976) Comparison of Predicted Monthly Medians of Total
Electron Content with Field Observations, AFGL- I'R-ES-OI%.
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Figure 7. Overplot of Daily Observa-
tions of Total Electron Content for
October 1967, at Hong Kong, Under
the Peak of the Equatorial Ionosphere.
The day-to-day variability is maximum
at midday. There are often large
increases of total electron content in
late afternoon and late evening

. \MONTHLY MEAN
TEC, JUNE 1972

HAMILTON

o
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Figure 9. Diurnal Variation of Monthly
Mean Total Electron Count and of the
RMS Variation About the Mean. For
June 1972 both Hamilton, Mass., at
midlatitudes, and Goose Bay, Labrador
at the edge of the auroral zone, have
comparable behavior. The day-to-day
variability is about 20 percent
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Figure 8. Overplot of Daily Observa-
tions of Total Electron Content at Hong
Kong for April 1968. The large in-
crease in late afternoon and evening
may be 30 to 50 percent of the monthly
median
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Figure 10. Diurnal Variation of Month-
ly Mean Total Electron Content and of
the RMS Variation About the Mean Dur-
ing an Equinox Month, March 1972,
Goose Bay, Labrador is at the edge of
the aurorally disturbed ionosphere and
Hamilton, Mass. is a subauroral sta=
tion. Both have about the same be-
havior with a day-to-day variability of
about 25 percent at midday
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The variability of TEC for each hour of each month over the descending phase
of the solar cycle for 8 years of data taken at Hamilton, Mass. — including sunspot
maximum to near sunspot minimum - is shown in Figure 11 (left). The pattern
of variability is similar for each year; it is the absolute value that varies over the
solar cycle, correlating with the variation in the mean value of TEC as shown in
Figure 11 (right). The variability maximizes in daytime near the equinoxes,
decreases somewhat in winter, and minimizes in summer. The nighttime vari-
ability follows the same seasonal behavior with the maximum values equivalent to
the minimum values of the daytime variability. There is a rapid increase in
variability after sunrise which peaks in midafternoon, then rapidly decreases after
sunset. This seasonal, diurnal variation is also in close correspondence with the
variation in the monthly mean TEC. Both the mean TEC and the day-to-day
variability change by a factor of 4 over the solar cycle, thus maintaining a constant
percentage variability which is approximately 20 to 25 percent of the mean.

Some of the variability of the TEC may be accounted for with variations in
solar activity. While the principle solar agent may be EUV, there are no con-
sistent long-term EUV measurements. Long-term studies have shown a useable
correlation between solar radio flux measured at 2. 8 GHz and the major iono-
spheric parameters. However, most of the variability of TEC has a period of less
than 15 days. The fluctuations of 2.8 GHz solar radio flux is small for such small
periods and therefore day-to-day variation of TEC does not correlate with daily
observations of solar flux. Instead, the day-to-day variations are apparently
reflections of changes in the loss rate caused by erratic motions of the neutral
winds, discussed further in Section 2.4

23 Small Scale lrregularities

If an actual sequence of observations is compared to what might be expected
from some (normalized) smooth diurnal behavior of TEC, then any deviation can
be considered an irregularity. Figure 12 shows very clearly the restless nature
of the ionosphere at midlatitudes, as does Figures 7 and 8 for the equatorial zone.
The synchronous satellite, Early Bird, was the source for the TEC data of
Figure 12, the ionospheric intersection being slightly south of Hamilton, Mass.
Note that some of the shorter period variations (the sample rate was 5 min) seem
quasiperiodic is nature. For some of the literature, the short period variations
are often selected to conform to what the analyst decides a priori is a ""travelling
disturbance''; therefore, quasiperiodic on the record. Synoptic studies (Kane®)
suggest that short period variations are about 2 percent or less of ambient;

6. Kane, R.P. (1976) Day to day variability of ionospheric electron content at
midlatitudes, Geophys. Res 80 (No. 22):3091-3099.
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Figure 11. Variation of Monthly Mean Total Electron Content and of the
Standard Deviation Over a Solar Cycle. Hamilton, Mass. is a subauroral
station. The ratio of the two is nearly constant over these years
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Figure 12. Small Scale Irregularities in Total Electron Content

in the Ionosphere Slightly South ¢f Hamilton, Mass., June 1965.
Derived from Faraday measurements each 5 minutes of the

137 MHz beacon on the Early Bird synchronous satellite.
r variations grom a smooth diurnal curve may be

that irreg\%a
2 to 5% 101% electrons/m

Note

for periods of one to two hours

it is the nonperiodic variations from an expected smooth diurnal behavior that
carry most of the short period energy. This of course means that variations
having irregular forms, found in the daily records for almost any station, have
not been given the detailed study accorded "TIDs. "

Individual observations can easily depart 10 to 50 percent from the predicted

values.

If an attempt is made to normalize a monthly median curve to each daily
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observation, then, in the general case, the departures from the median are
sufficiently large and irregular, so as to make the possible normalization proce-
dures highly subjective. That is, there are no a priori grounds for normalizing
over specific time segments.

In operationally defining irregularities, first a prediction is made of the
smoothed behavior of the ionosphere over some period of time and then the radar
system defines any departure from that prediction as an irregularity. This is
quite different from the experimental approach behind most research reported in
the literature, where the definition can be classed in several general ways:

(1) Most popular for verification of analysis, an a priori mental model of a
particular deviation, such as a quasiperiodic amplitude variation, is used to sift
examples from experimental observations;

(2) A segment of some analytic function (say a third order polynomial) may
be fitted in an rms sense to a short time sequence of observations and then the
deviations from the smooth function are considered as irregularities;

(3) Additional data such as simultaneous observations from three stations may
be used to select a particular class of irregularities, such as travelling iono-
spheric disturbances. In any case, the results reported in the literature can only
be used in a qualitative sense in the radar prediction.

If only a monthly median prediction is used at the radar, then the main source
of error arises from median scale local features. Kane" has shown that these
features have correlation sizes less than 3000 km in both longitude and latitude,
and that they may easily fluctuate 150 percent on quiet as well as disturbed days.
Figure 13 from Hamilton, Mass., is a sample which illustrates the severity of these
disturbances. Noting that a 7 day centered mean is nearly coincident with a
monthly median predicted from climatology, it is apparent that even an adaptive
update of a prediction will be seriously affected by these large scale variations.

16 electrons/m? at the

For times as short as 1 hr, the error may be 2 to 5x 10
local vertical. At 425 MHz, for targets near the horizon, the range errors would
be 40 to 100 ft.

Cole” has shown that a heating in the auroral electrojet regions during mag-
netically disturbed periods could cause a flow of the atmosphere away from the
electrojet in the upper thermosphere, forming large convection cells. Kane has
suggested that this may occur at any time, causing the neutral wind structure to
always be erratic so that large scale ionospheric turbulence appears randomly in
different geographic regions with slow motion in both latitude and longitude. This
would then change loss rates, both by changing the atmospheric chemistry and by
redistributing existing ionization in height. If some feature of the erratic neutral

7. Cole, K.D. (1971) Thermospheric winds induced by auroral electrojet heating,
Planet. Space Science 19:10i0-1017.
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behavior could produce large range errors

21




RUI 80+
<704 avol
- 74 -
60+ ‘sr}
J l J
W W
JUNE 27. 1972 JUNE 28, 1972
@507 HAMTL ToN FARADAY fsoT HAMILTON FARADAY
- ‘ -
540+ (!ALrT-
— I —- |
304 .30+
F | N e |
20 ———— “20h, L
N o AN e
i “\/’v 10+ v\/"f‘/wr\/
SV PP Jn R CH Gk s
M B R 0 R T RS I R R T
U.T. u.T.

80~
370
-
L
60
b

1 JUNE 28. 1972

@507 HAMILTON FARADAY
-
&40+
30+
k;l NS
Wop (:_7‘:'«
- ,\ 7//5/

104 =

L~
ST e R e s )

Figure 13. Observations of Total Electron Content at Hamilton, Mass. Compared
to the Monthly Mean for June 1972. Large deviations from an expected smooth
behavior could produce large range errors (Cont.)

wind structures could be observed systematically, then perhaps it could be used
to account for some of the large day-to-day variability of TEC which cannot be

accounted for by the small daily variations of the solar radio flux.

3. ALGORITHM DERIVED TO MODEL THE MONTHLY AVERAGE CLIMATOLOGY
OF IONOSPHERIC REFRACTION

Basic programs, such as the ITS-78 computer program available from NOAA,

predict the monthly average statistics for the principle ionospheric parameters.

22




Designed to cover the entire world and all temporal and solar conditions, they are
inherently large in computer storage and in production time. One intent of this
study is to provide a more restrictive model for predicting the local ionosphere.

3.1 Off Line Program Provides Base Line Prediction

From the viewpoint of the radar processor, the ITS-78 is excessively large.
This is not a fault, but rather a description. The FORTRAN program requires a
large storage and work area, and an additional large amount of data are stored on
a coefficient tape. While ITS-78 could be tailored to a smaller, faster program
for each radar, it is very doubtful if, even then, it could be used on a hit-to-hit
basis. The fundamental mapping routines are based on orthogonal expansions of
ionospheric data covering the whole world. To make a prediction at a single point,
a large number »f terms in the expansion must be computed and summed. Even
on the fastest con puters this requires more analysis time than the inter-pulse
period. The ITS-78 program is, in effect, an off-line or a research tool, which

is exactly its intent.

3.2 Proposed Numerical Mapping and Radar \lgorithms

In order to meet the metric requirements of the SPADA TS mission of the
ADCOM radars, it is desired to make a correction for ionospheric refraction
effects at the time when the radar echo is first being processed. For tracking
radars, the correction might be made on average over several returns, but for
phased arrays, such as Cobra Dane, this is not possible. Moreover, while the
basic technique need only deliver a monthly median correction with acceptance of
about 20 to 30 percent rms error, it is expected that in the future it can be adapted
to use as yet unspecified local measurements to make a localized correction. In
that case the error could be much smaller, possibly 5 percent rms over a month.

The problem then is not straightforward. The correction supplied the radar
processor has involved dependence on the interaction of spherical geometry and
the ionosphere over the field of view. The method in which a solution was derived
has been detailed in a previous report (Allens).

In brief the problem was separated into two parts, admittedly dependent.
First, a technique was developed to provide a grid of TEC for all hours of the day
for a single month and to cover an area somewhat greater than the radar field of
view. Then this grid was expanded in orthogonal functions of time and latitude

chosen to map the TEC in a least square error sense. Second, simple real time

8. Allen, R.S. (1976) AFGL Support to SPADATS, September 1975 to 30 June
1976, AFGL/PHP, Letter Report to ESD.
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algorithms were developed to take point values from the TEC map and convert
them into slant corrections for each radar hit. These were chosen to minimize
the maximum error. Figures 14 and 15 show schematically the correction that
would be computed at each point of the radar field of view at a particular UT for a
target at 1000 km. The radar algorithm reduces this correction for targets at

lower altitudes. The following requirements were satisfied:
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Figure 14. Vertical Range Error, in Feet at Clear, Alaska, Over the Coverage Area
of any 425 MHz Radar. Median values predicted by the AWS/GWC-Bent program for
an average solar cycle maximum, at 1000 local time, at Clear, during March
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(1)

(2)

(3)

(4)

The numerical map could be run off-line in low priority time at the Global
Weather Central.

As prediction techniques advanced, they could automatically be incorporated
in the monthly median maps sent each radar.

Only one program need be used by the Global Weather Central to service
existing and proposed radars.

The correction is made on each single radar return.
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(5) The correction could be updated by a numerical update derived from
worldwide data collected by the Global Weather Central.
(6) The mapping techniques would not limit adaptive correction using local

measurements.

Lo USE OF TRANSIT DATA TO MODIFY THE MEDIAN

In previous studies (Allen et al, ¢ Dulong and Allenl?) we have shown that an
improvement in prediction can be made if the median TEC (hence the median
refraction correction) is adapted to local conditions through use of a local iono-
spheric measurement. Those radars having TRANSIT receivers as part of their
calibration equipment (SPADATS Improvement Program) can substantially reduce
their metric error by using these receivers for TEC measurements. With these
measurements, for targets in the upper ionosphere, the day-to-day variability
with respect to the monthly median may be reduced by a factor of 4 to 10.

L1 Proposed Algorithm to Compare TRANSIT Observation to Base Line
Prediction of TEC

An algorithm which could be used with the TRANSIT data is to smooth the
original reduced data to provide estimates of equivalent vertical content at equal
increments of subionospheric latitude over the restricted portion of the TRANSIT
pass. As the TRANSIT sweeps across the radar field of view, the individual slant
measurements along the viewing ray path will map features of the near instantan-
eous ionosphere into one dimension (as seen in Figure 16) for a TRANSIT pass on
23 March 1973 observed at Millstone Hill, Mass. Note the wave-like variations
over the whole pass.

To our knowledge, there is no hard evidence for or against mapping these
features into the prediction, but an intuitive argument may be made against it.
The argument is as follows: postulate that the characteristic life time Avi of an
irregularity measured at a given position is directly proportional to its character-
istic size Axi

A‘ri = kAX i

9. Allen, R.S., Dul.ong, D.D., Grossi, M. D., and Katz, A.H. , (1976)
Ionospheric Range Error Correction in Precision Radar Systems by

Adaptive Probing of the Propagation Medium. AGARD Conference Pro-

ceedings, Propagation Limitations of Navigation and Positioning Systems,
Ankara, Turkey AGARD CP209.

10.  Dul.ong, D.D., and Allen, R.S. (1976) Specification of Navigation and Radar

Errors Caused by the Ionosphere, COSPAR Symposium Proceedings, the
Geophysical Use of Satellite Beacon Observations, Boston University.
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Figure 16. Latitudinal Variation of Total Electron Content Along a Single
TRANSIT Pass. Observation plotted at the location of the 420 km height
along the slant path from Millstone Hill, Mass. to the satellite

Then the irregularity either decays or moves a distance of a characteristic width
faster than the time between observations. If the irregularity is of acoustic-
gravity wave origin, then this follows from classical analysis. If it is a structure
of some production source, such as an auroral or plasmapause feature, then the
smaller scale structure is generally considered to be transient in space and time.

Lacking test data to check the usefulness of mapping irregularities, we
suggest the data be smoothed to prevent aliasing. The least amount of smoothing
that would be justified will depend on the confidence in the TRANSIT measurements
and on results of tests to determine the degree of curvature that may be specified
and used profitably over the field of view. This will depend on the time interval
between TRANSIT passes.

We suggest a study of sequential TRANSIT passes to provide a basis for
defining the required choices for smoothing the data. While isolated passes can
show the nature of an irregularity, sequential passes are needed to test its station-
arity. Figure 17 is an example of sequential TRANSIT passes taken at Lindau/
Harz, FRG on 10 December 1975. There is a pronounced local feature in the first
pass at 1120LT between 35° and 43° latitude. In the following pass which occurred
at 1240 LT, this feature has changed considerably. Obviously a smoothing of this
feature would be preferable for specification purposes.
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Figure 17. Difference in Latitude Vari-
ation of Total Electron Content for 2
Sequential Passes of TRANSIT Satellites
Over Lindau, FRG. Slant observation
corrected to equivalent vertical content
and plotted at the location of the 420 km
point in the ionosphere. While the mean
gradient is preserved, local features
change significantly
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Figure 18. Difference in Latitude Vari-
ation of Total Electron Content for
Sequential Passes of TRANSIT Satellites
Over Lindau, FRG, Slant observations
corrected to vertical. Both the mean
gradient and a local feature are pre-
served

An example of a stationary feature is shown in Figure 18 for the same day.

The first pass occurred at 1600LT with a local feature between 479 and 54°

latitude. The following pass exhibits the same feature relatively unchanged. Lack-

ing sufficient data for a comprehensive study, we would recommend smoothing the

data to remove components of a few degrees of latitude.

1.2 Use of Reduced TRANSIT Data Over the Field of View of the Radar

Smoothing the data can be done with a discrete filter approximating a gaussian.

This smoothed data is then filtered to obtain the discrete Chebyshev sequencies.

These are the unique fit to the data of Section 4.1 in a least mean square error

sense. If the smoothed data is output at equal intervals of subionospheric latitude,

then the FORTRAN form of the Chebyshev filter is the same as the one in the

July 1976 report, with merely the latitude interval and the latitude range redefined.
Consider a sample of TRANSIT data (Figure 19) taken 23 March 1972 at

Millstone Hill. When enough terms in the Chebyshev expansion are used, about

30 for this case, the data points are reproduced exactly. If we assume that the

wave-like variations between 28.7 and 40.7 degrees latitude are gravity waves
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Figure 19. Comparison of a Sample Latitude Gradient of Total Electron Content
Derived From a TRANSIT Pass With First the Monthly Median Predicted by the
AWS/GWC-Bent Program and Second That Prediction Normalized by a Scale
Factor at the Point of Closest Approach to Millstone Hill, Mass

with a characteristic half width of 330 km (3°LAT) and that they are moving
through the upper ionosphere with velocity about 200 m/sec, they will have moved
a half width in about 30 min. In this case, the wave-like structure should not be

included in an adapted prediction used at time delays greater than about 15 min.

L3 Filtering TRANSET Data

The TRANSIT information needed to adapt the predicted median ionosphere
should be reconstituted using only as many sequencies as tests on real data prove
useful. Using a small sample of TRANSIT passes, but extrapolating from a
detailed study of the time variability of TEC at a single station, (Dul.ong and
Allen, l0) it is concluded that using just the D.C. term alone to adapt the median
prediction produces a significant mission improvement. Day-to-day variability
could be reduced by a factor of 4 to 10. Figure 19 shows how well the predicted
median fits the pass of 23 March when it is adapted in this fashion. The variability

along the pass is very much smaller than the day-to-day variability indicated by
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the ATS-3 observations, and therefore is much smaller than the variability that
would be expected when the radar is used between TRANSIT passes. This is
apparent in Figures 20 and 21 where the first pass in each of Figures 17 and 18
was used to scale the prediction for the time of the second pass. The observation
for the second pass is shown with the scaled and the unscaled predictions. Using
the fact that the prediction at the time of the first pass was scaled to exactly pro-
duce the observations at that instant, which is equivalent to using higher order
sequencies, the error between the observations and scaled prediction shown in
both cases is an example of the decay in improvement that could occur between
passes. There is no indication that using higher order sequencies, rather than
just the linear gradient, would improve this prediction at any time other than at
the instant of the pass. A study of sequential TRANSIT passes is a necessity to
determine the extent to which the observations can be used to adapt predictions

with higher order sequencies.
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Figure 20. Improvement of Prediction Figure 21. Improvement Using Infor-
Using Information From a Previous mation From a Previous TRANSIT
TRANSIT Pass at 1120 Local Time to Pass at 1600 Local Time to Scale the
Scale the AWS/GWC -Bent Prediction Predicted Median. The basic latitu-
as a Function of Latitude. The major dinal variation and some long lived
differences in the basic latitude vari- local features have been specified

ation have been removed but small
local features have been specified
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Lt Adapting the Base Line Prediction of TEC

The filtered observations may be used to adapt the numerical maps which
provide ionospheric parameters over the field of view of the radar. Note the

P

qualifications in Section 5. A parsimonious algorithm would be to scale the
filtered TRANSIT observations (defined in the algorithm of Section 4. 1) against
similar values derived from the numerical map of median TEC. The variation of
scaling factor over the restricted latitude of the TRANSIT pass is used to modify
predicted values over the equivalent latitude portion of the field of view, that is,
for all longitudes. This may be done hit-to-hit outside of the numerical mapping
algorithm. The scaling factors would be changed with each new TRANSIT pass.
Extrapolation of the TRANSIT data into latitudes not reduced from the original
TRANSIT data may have higher risk than extrapolation in longitude across the
field of view. However, both need to be tested against actual field observations.
A preliminary study of 10 TRANSIT passe.s (DuLong and Allenl9) compared with
single station observations of TEC, indicates that the error grows to the same
order in 15 degrees of latitude as it does in about an hour displacement in time.
Many questions need to be answered before TRANSIT data can be effectively
used in adapting numerical models. From the available TRANSIT data, it appears
that the effectiveness of scaling a numerical map is dependent on the diurnal vari-
ation. A clear dependence cannot be determined from the analyzed data, but
examples are apparent from the curves of Figure 22. Each curve represents the
scaling that would be necessary at each point in latitude to reproduce the TRANSIT
observations from the prediction for that time and latitude. The passes repre-
sented here are 6 consecutive TRANSIT passes observed at Lindau/Harz, FRG.
(Leitinger!!) on 10 December 1975. The difference between scaling factors from
one pass to the next is the error that would occur in using one pass to scale
another. The difference from 1 on the scale for each curve, simply represents
the difference between observation and prediction. It is obvious that using any of
the first three passes to scale the latter three, would introduce new errors at
midlatitudes. A similar example for 4 consecutive passes observed at Boulder,
Colorado on 13 October 1974, covering a comparable span of time shows (Figure
23) that in nearly all instances the scaling would produce an improvement in the
prediction. The factors on which these variations depend can only be determined
through a study of a statistically valid data sample.

11. Leitinger, R., and Hartmann, G, K. (1976) Time and Latitude Dependence of
Ionospheric Electron Content from the Combination of NNSS and A TS-6
Data, the Geophysical Use of Satellite Beacon Observations, COSPAR

Symposium Proceedings, Boston University.
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Figure 22. Scaling Factors Along Figure 23. Scaling Factors Along

4 Consecutive Passes of TRANSIT

the Latitudes for 6 Consecutive
Near Boulder, Colorado, 13 October

TRANSIT Passes Near Lindau,

FRG for 10 December 1975. The 1974. The difference from pass to
difference from pass to pass in- pass indicates the error that would
dicates the error that would re- remain when each was used to scale
main when each was used to scale the prediction for the next pass

the prediction for the next pass

5. CONSIDERATIONS IMPORTANT TO ANY TECHNIQUE USED TO ADAPT
MONTHLY MEDIAN PREDICTIONS

Tests have shown that many different ionospheric measurements may be used
to adapt the predicted median to current conditions. Each procedure will have a
residual error of prediction arising from the inherent limitation of the procedure
coupled with the variability of the ionosphere. Klobuchar and Allen!? have shown
that point measurements of TEC or of the peak density of the F region may be used
to significantly reduce the monthly rms error. This discussion will be concerned
with utilization of TEC data from TRANSIT passes.

12. Klobuchar, J., and Allen, R.S. (1970) A First Order Prediction Model of
Total Electron Content Group Path Delay for a Midlatitude Ionosphere,
AFCRL-70-0403.
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3.1 Percentage Coverage of Field of View

The percentage, ®, of the total radar surveillance area (Figure 24) which can
be specified by real time TRANSIT observations, depends on the zenith angle to

which reliable measurements can be made. We may define

- 2
@ (%) = (92/00) < 100

TRANSIT COVERAGE OF FIELD OF VIEW

Figure 24. Coverage Diagram for a Radar Located at Clear, Alaska. The field
of view is defined by the most distant observation of TRANSIT at 1000 km and zero
degrees elevation. If the observation of total electron content to TRANSIT can be
used down to 60 degrees zenith angle then the coverage area within the inner circle
can be specified. The ionospheric region which can be adapted by such measure-
ments is indicated by the dashed circle
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where 00 is the earth angle distance between the radar position and the subsatellite
position of TRANSIT at the horizon, and f, is the subsatellite position at the
largest acceptable zenith angle. Figure 25 shows the percentage coverage, ®, as

a function of useable zenith angle when

the TRANSIT satellite is at the nominal

1000 km altitude. It also shows the per-

centage of an ionospheric map, whose i M
centroid is at 420 km, and which may be 90+
specified at the same time. Note, for
instance, if the reduced TRANSIT data

may be used reliably down to 60 degrees

3

3

zenith angle, then at the height of
TRANSIT, 1000 km, the percentage of
the surveillance area which can be spe-

cified is

o = (11. 5/30.2)2 ¥ 100 = 15%

FRACTION, ®, OF FIELD OF VIEW
»
o
T

Since the centroid of the ionosphere is i
about 420 km, then culy about 8 percent 30 40 50 60 70 80 90
" a s ZENITH ANGLE AT RADAR

of the ionospheric map can be specified.

Conceptually, ® is the percentage of the

‘ . : : Figure 25. Function of the Radar
potential TRANSIT information which Coverage Area for Targets at
may be used by the radar processor 1000 km and of the lonosphere

Which May be Specified by a Slant
Observation to a TRANSIT
a basic parameter which can be used to Satellite

without extrapolation, and is therefore,
compare different specification techniques.

5.2 Assigning TRANSIT Observations to a Specific Point in the Predicted
Numerical Map

It is assumed that the algorithms designed to reduce the raw TRANSIT obser-
vations to estimates of slant and vertical electron content use 2 iixed value, such
as 420 km, for the height of the centroid of the slant distribution of electron density.
From monthly median climatology, and from a model study based on profile para-
meters derived from incoherent scatter measurements at Millstone Hill, we expect
that the actual height of the centroid is dependent on both location and time. For
instance, at midlatitudes and for ionospheric conditions representative of an
average solar maximum, the expected height of the F region during the daytime
would be about 290 km, based on the Millstone Hill observations for the years 1968,
1969, 1970, and 1971 (Figure 26). Using profile parameters, also derived from
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Figure 26. Mean Height of the F Region Peak
Determined From Incoherent Scatter Observa-
tions at Millstone Hill, Mass., 1968 Through
1971

those observations (Allen et 3113) a slant profile of electron density would have an
expected daytime height near 335 km. This suggests that using 420 km would
produce a mean bias of about 85 km over the year at solar maximum. The
Millstone Hill measurements suggest that the average bias computed at a given
hour-month would have an expected range from -180 to +110 km. Individual days
would, of course, exceed these values.

The uncertainty in the value of centroid height may be translated into the un-
certainty in the reduced TRANSIT data in two steps: the uncertainty of the sub-
ionospheric location (ATL) and the uncertainty of the equivalent vertical electron
content (ATV). Using the correlated profile parameters derived from the Millstone
Hill observations, we computed the expected variations of subionospheric position
with elevation angle and height of the centroid. Over the region 0 to 30 degrees
elevation by 300 to 700 km height of centroid, we find

T
0.015 = S =0.025
cent
4
1 or for simplicity
AT, (earth angle) ~0.022 Ahcent(km)
.
13. Allen, R.S., Connelly, J. M., and Vesperini, R. (1975) Specification of
the Thickness of the Topside of the Ionosphere, AFCRL-TR-75 0529
Oct 1975.
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Therefore, for 85 percent of the radar field of view, that is for zenith angles
greater than 60 degrees, the uncertainty of subionospheric locations, averaged

over the year, could be
YR
ATL >~ 0.022 ¥ 85. > 1. 9 earth degree

while the expected range of monthly average could be

aT, MO

7 >~ 0.022 ¥ 180. >~ 4.0 earth degrees.

Again, it is worth noting that individual days could be displaced by much more
than this.

This uncertainty in location of the TRANSIT measurements may be reduced
if an expected height of the centroid of the monthly median profile is used for the
time and the location of the TRANSIT measurements. In that case, there will
still be a day-to-day variability about the expected monthly value. Considering
that hmF2 is an expected variability of about 7 percent, then

ATers ~ 0.022 x 0.07 hmax ~ 0.44 earth degrees.
The error that this uncertainty in the height of the centroid introduces into any
technique for adapting monthly median refraction correction will depend on radar
location, time of day, and solar conditions. In general, it will maximize during
the afternoon decrease of TEC, expecially during the equinoctial periods. On
average, it is estimated that for each degree of earth distance, there will be
introduced an uncertainty of about 1 percent of the daily maximum TEC. This
could be serious for individual observations.

5.3 Potential Improvement Over Prediction of Basic Climatology

The day-to-day variability about the predicted monthly mean values for the
refraction corrections will be at least as large as the day-to-day variability of
TEC. For the sample shown previously, Figures 7-11, this was about 20 percent
of the daytime values. When TRANSIT observations are used in an adaptive tech-
nique, such as that discussed in Section 4.2, the improvement will be limited by
several factors.

A basic limitation is the accuracy which may be obtained along the satellite
track, discussed, in part, in Section 5.2. For targets at the same altitude and in
the same region as the TRANSIT data, the improvement immediately after the
measurement may be a factor of 4 to 10. This improvement decays in that region
with time.
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An examination of the decay in time of any improvement in prediction was
made using single station measurements of TEC. Some of the results are shown
in Figures 27a, b, and ¢, where measurements of TEC were used to update the
prediction of TEC for the station at 30 min, 1 hr and 2 hr, after the measurement.
The results for the year 1972 for measurements at Hamilton, Mass. show the decay
in time in terms of percentage error. Within 30 min the error grows from 0 to
5 percent in daytime and up to 10 percent or more near sunrise. After an hour
the error is about twice the 30 min error, and in 2 hr time it is about 3 times the
30 min error. Except for the hours near sunrise, the error is still less than that
expected using the prediction without an update.

In most cases the location of the target will not be close to the location of the
latest TRANSIT pass and the ionwspheric model will have to be adapted by extra-
polation in longitude and/or latitude. From the study of TEC at midlatitude
stations, it is known that sunrise and sunset gradients are very variable, but there
has not been enough TRANSIT data available to determine if they can be used

across these longitude gradients.

5.4 An Estimate of the Uncertainty in the TRANSIT Update

It is assumed that the principle sources of variability of the update are un-
correlated and that therefore the total system variability (OR) is the root of the sum

of the squares of all variables which can be identified as

2 = 2 2 2 2 2 2
P Sl g ¥ St b | I T Gt Bgy * Oxa
where
brm  is the fundamental TRANSIT measurement error,
51, is the variability due to assignment of location,
5 Thm 18 the variability due to position for targets at heights different from
TRANSIT,
Scp 18 the error of truncation of the mapping of the median ionosphere,

6SY is the error in the radar refraction algorithm,
SAA is the error introduced by the adaptive algorithm, and

¥(L, T)is the increase in variability as the target is different from TRANSIT

in location and time.

The amount of available TRANSIT data was not adequate for a thorough eval-
uation. It is estimated that 6y, 18 about 2 percent of the total ionospheric correc-
tion (Section 5.2). In a previous in-house study for the SPADATS Improvement
Program, it was estimated that  hm would be controlled by the variability of
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Figure 27. Results When Observation of Total Electron
Content at Hamilton, Mass. in 1972 are Used to Scale the
10 day Predicted Median. The RMS percentage error
represents the difference between the actual observations
compared to the median scaled with a previous observa-
tion ((a) 30 minutes, (b) 1 hour, (c) 2 hours previous ).
The interval around sunrise (dashed curve) has the
largest percentage variability
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hmF2 and could be about 7 percent of the total ionospheric correction for targets
near hmax. Since only about 1 percent of the SPADATS targets are below 500 km,
the system variability 6 Thm will be less than this. Profiles of electron density
at midlatitude taken by the incoherent scatter radars generally have at least two
thirds of their TEC below 500 km, so it is estimated that ("I'hm will be nearer

2 percent than 7 percent.

5.5 Potential Areas for Further Study

The interim suggestion, that TRANSIT data may be used to adapt a prediction
of the monthly median ionosphere to provide a significant reduction of the day-to-
day variability of the refraction correction, should be verified.

(1) A verification could be made with archive measurements of TEC at fixed
locations. Figure 28 shows such measurements made at four stations with nearly

the same longitude. An analysis of groups of local measurements, such as these,

THULE
40 \_\/
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TOTAL ELECTRON CONTENT el/m2X 10'€
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0 2 4 6 8 10 12 14 16 I8 20 22 24
LOCAL MEAN TIME

Figure 28. Latitude-Time Variation of Total Electron Content
Derived From ATS-3 Observations. Continuous data at these
fixed locations near 60°W longitude could verify predictions
extrapolated in space and time from TRANSIT observations.
Note the differences in the basic shapes of the diurnal curves.
Cusves for stations north of Hamilton displaced by multiples
of 10 total electron content units
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would determine the usefulness of adapted predictions which are extrapolated in
space and time between TRANSIT calibration passes. The period between passes
may be as long as several hours and it is unresolved at present for what period of
time the adaptive prediction should be used between distant passes and when it may
be more useful to return to a simple baseline prediction.

(2) A second verification could be made with the test data from the calibration
program planned for Clear Alaska during 1977. The result of using TRANSIT
passes to adapt a prediction of radar refraction error should be compared to re-
sults when only the prediction is used. In addition, field data from local ionosondes
and from local measurement of TEC to geostationary satellites could be used to
adapt the same prediction. A comparison should then be made between the day-to-
day variabilities of each of the predictive techniques. Special emphasis should be
given to separating out gross effects, such as sudden ionospheric storms which
can not be specified in advance with any of these simple adaptive techniques, since
the major variations during storm periods could overwhelm the statistical results.

(3) A large number of sequential TRANSIT passes obtained at Lindau, FRG
and reduced to absolute TEC are available spanning November 1975 to the end of
February 1976, including nearly all passes which had zenith angles down to 60
degrees. These would permit the study of: the persistence of features in the
latitudal variation; optimizing the number of terms in the filtered TRANSIT cali-
bration data discussed in Section 4, the time delay of the adaptive prediction.

(4) Finally, all observers agree on the presence of large (5 to 10 percent
amplitude) wave-like disturbances, indicators of large localized cells covering
several hundred kilometers. The specification of these, particularly the extra-
polation of such major features in latitude, longitude and time, needs serious
attention. The afternoon "bite-out" in Figure 28 may be such a feature. If it is
either neutral winds moving ionization or an increase in the chemical loss rate, it
is stronger at low latitudes than at high latitudes. The predictable features of such
an etiect can be examined from archive data. This is necessary to any program
to implement TRANSIT adaption of a refraction correction since such cell-like
disturbances, with major amplitude changes, are the principle source of day-to-

day variability.
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