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0. Abstract (Cont)
An algorithm is proposed which uses data from sequential TRANSIT passes
over a limited portion of the field of view of each A DCOM radar , to adapt the
AW S/GWC prediction for the entire field of view . From the available
TRANSIT data, it is estimated that the rms refraction error may be reduced
by a factor of 3 to 4 by this technique.

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
TRANSI T data to adapt a local estimate of the ionospheric refraction correc-
tion, it is suggested that:

1. The adap tive techniques proposed , using TRANSIT data , shoul d be
tested against archive data.

2. Techniques using other sensors of the ionosphere, such as measure-
merits 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 TR A NSIT data before a final method of correction is adapted .~~~~~~
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Considerations Relative to Adapting TRANSIT
Observations to Predicting Radar

Range Correction

I . ~NT R OflUC TI O~

Ionospheric refraction introduces uncertainties in the output data produced
by radars which track space objects. The prediction of the monthly median of the

ionospheric effe cts , used in the tracking algorithms within radar processors ,
substantially reduces the°’e 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 A DCOM 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
satelli tes , 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 availabilit y 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 A DCOM mission
goals as well as long-term average system goals.

2. PK i~~;ii’ i F Ifl\U~sP IIEHIE PROI3I .EM S OF’ tVAII , -tBLE Ct ,I%I -tT(JLffl ;Y

The requirement , at the radar processor , is to provide a necessary desc rip-
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 firs t met by predicting
a monthl y average of ionospheric effects based on simple models which are
supported by a source of ionosp heric climatolo gy. Millman 1’ 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 4 ) are gene rally
much smaller than the day-to-day variability about the monthl y 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 directl y 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 i016 electrons/rn 2 .

2. I  Smoothed Pred iction

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
M30 00 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 withi n the ionosphere for different longitudes , there was no choice
but to extrapolate into major geographic areas where no ionospheric measurements
existed. This is particularl y 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 den sity or of the enhancement in the
active auroral region. Despite this , prediction s 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 ac tual forecast condition.

1. Millman , G . H. ( 1966) A Survey of Tropospheric, Ionospheric and Extra-
terrestrial Effects on Radio Propagation Between the Earth and Space
Vehicles. Gene ral Electric. , TIS T66EMH .

2. Mi llman , G . H. ( 1974) An Analysis of Ionospheric Electron Content Measure-
ments Utilizing :~atellite Emitted Signals, General Electric Co.
R74 FMH24.

3. Savich , N. A . ,  and Vaslyev , M . H. (1972 ) Second order corrections for
radio wave propaga tion through the Ionosphere , Geomagnetism and Aero-

12 (No. 6) :897-90l.
4. Tucker , A . J. , and Fannin , B. M. (1968) Anal ysis of ionospheric contributions

to the dopp ler shift of cw signals f rom artificial earth satellites , Geophys.
Res. Space Physics 73(No. 13) :432 5-4334.
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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 sys temat ic  bias over the whole day for these samples is not
su rprising since the measurement  of the only pa rameter  ust ’d in the model to
specify the cur rent st ate of the ion osphere is the est imated 12 month running mean
of solar flux and/or sunspot numbers.  H a m i l t on , Mass . (Fi gures 3 and 4) is at the
auroral ed ge of the midla titude 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 1~’~i8 through 11175 .

Al though thc f3ent program was not designed for use at high latitudes , its
predictions for Goose Bay Labrador (Figures 5 and 6) are useful. The possibi l i ty
of large bias is disp layed by the early day portion of Figure 5. In general . TEC~
at Goose Bay is predicted abou t as well as at Hamilton;  Goose Bay night t im e is
predicted better than Hamil ton nig htt i m e , but in daytime the Bent model predicts
Hami l ton  more accura tely than Goose Bay in mo nths when the differences in the
observed means  of Hamil ton 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
rada r would be 732 ft at Hong Kong, 2 56 f t at Hamilton , and 124 ft at Goose Bay.
For targets near the horizon , these could increase by a factor of 3.

2. 2 I ) &n— t t , — I Pa~ % a rm ~tIii ii

When the monthly median refraction effect is predicted along the ray path to
the target then the sys tem er ror , on a mon thly basis , is direc tly proportional to
the day-to-day variability of observed values compared to the predicted median.
If the bia s of predic tion is small enough , then that error may be estimated from
the day-to-day variability of observed values compared to the observed median.
A sepa rate stud y (Mulkern 5) of TIC from world stations from low (Hong Ko ng) to
high (Narssarssuaq) latitudes suggests that the rms variability is abou t 20 percen t
of the mean value during the daytime and about 30 percent of the mean value during
the nig ht hours. Greatest  variabili ty appears near sunrise and after sunset , and
during equinox transit ions.  Figures 7 and 8 are mult iple plots of daily observa-
tions of T J (  derived from Faraday rotation studies of the radio beacon on the
geostationary satellite SYNCOM III during the last solar maximum . The rms van-
abUity 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 rrns variability Is about 20 percent during the day, greater than the
equatorial region, but comparable to it at night.

5 . Mulk ern , F .A . ( 1976) Comparison of Predicted Monthly Medians of Total
Electron Content with Field Observations, AFGL- TR -16-0158.
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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 min imum — is shown in Figure 11 (left) . The pattern
of var iabi l i ty 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 TE( as shown in
I~igu re 11 (right ) . The variability maximizes in daytime near the equinoxes ,
decreases somewha t in winter , and minimizes  in summer.  The nightt ime vari-
abili ty follows the same seasonal behavior with the max imum values equivalent to
the min imum values of the daytime variability. There is a rap id increase in
variabili ty after sunrise which peaks in midafternoon , then rap idly dec reases aft er
sunset. This seasonal , diurnal variation is also in close correspondence with  the
variation in the monthly mean TEC . Both the mean TE( and the day-to-day
variabili ty change by a factor of 4 over the solar cycle , thus maintaining a constant
percent age va r iability which is app rox im ately 20 to 25 perce nt of the mean.

Some of the v ar iabili ty of the TEC may be accounted for with variations in
solar ac tivity. 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 parame ters. However , mo st 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
pe riods and therefore day-to-day variation of TEC does not correlate w ith daily
observations of solar flux . Instead , the day-to-day variations are apparentl y
reflec tions of changes in the loss rate caused by erratic motions of the neutra l
winds , discussed f urther in Section 2 .4

-~ •mail ‘•ui~ Irrogularui.’ —

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 i r regular i ty.  Figure 12 shows very clearly the restless nature
of the ionosphe re at m idlatitudes , as does Figures 7 and 8 for the equatorial zone.
The synchronous satellite , Early Bird , wa s the source for the TL( data of
Figure 12 , the ionospheric intersection being sligh tly south of Hamilton . Mass.
Note that some of the shorter period variations (the samp le rate was 5 mum ) seem
quaslpe niodic is nature. For some of the literature , the short period variations

-
~~~~ are often selected to conform to what  the anal yst decides a pr ior i  is a “ tr ave l l i ng

dis turbance ’ ; therefore , quasi period ic on the record. Synoptic studies (Kane 1 )
suggest that short period variations are about 2 percent or less of ambient;

6. Kane , H . P. ( 1976) Day to day variability of Ionospheric electron content at
mldlat ltudes , Geophys. Res 80 (No. 22 ) :3091-3099.
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137 MH z beacon on the Early Bird synchronous satellite. Note
that irreg~~ar variations Jrom a smooth diurnal curve may be
2 to 51< 10~° electrons/rn ’ 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 form s, 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 month ly median curve to each daily
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observation, then , in the general Cast- , the I J t p . rtul - ’i .  f rom t in- ! , , t -~ l Ian ar e

sufficiently large and Irregular , so as to make  the possibl e- n o r m a l i z i t i o n  I I r ’) e -

dures highly subjective. That is. there ar r  no a pr io r i  grounds for  n o r i r i a l i z i n g

ove r specific time segments,
In oper at ionally defi ning irregulari t ies , f i rs t  a pred ictio n is m n a d e  of the

smoothed behavior of the ionosphe re over some period of t ime and then the radar
system defines any depa rture from that  prediction as an i rregulari ty.  l’his is

quite .~ifferent from the experimental approach behind most research re ported in
the literature , whe re the definition can be classed in several general ways :

(1) Mo st popular for verification of analysis , an a p riori menta l  model of a
particular deviation , such as a qua siper iodic amplitude v a r i a t i on , is use l to sif t
ex amples from experim ental observations;

(2) A segment of some analyt ic function (say a third order polyn o m i a l )  m ay

be fitted in an rms sense to a short time sequence of observations and then the
deviations from the smooth function are considered as irregu larities;

(3) Addi tional data such as simultaneous observations from three stations may
be used to select a particular class of irregularities, such as t ravel l ing iono-

sphe ric disturbances. In any case , the results reported in the l i terature can onl y
be used in a qualitativ e sense in the radar prediction.

If only a monthly median prediction is used at the radar , the n the mai n sou rce
of error arises from median scale local features. Kane 6 has shown that these
fea tures have correlation sizes less than 3000 km in both longitude and latitude ,
and that they may easily fluctuate ±50 percent on quiet as well as disturbed days.
Figure 13 from Hamilton , Mass ., is a samp le which ill ustrates the severity of these
disturbances. Noting that a 7 day centered mean is nearly coincident with a
mon thly median predicted from climatology, it is apparent that even an adaptive
update of a prediction will be seriously affected by these large scale variations.
For times as short as 1 hr . the error may be 2 to 5 ‘i 0 16 electrons/m 2 at the
local vertical . At  425 MHz , for targets near the horizon , the range errors would
be 40 to 100 ft.

Cole7 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
electro~et in the upper thermosphere . forming large convection cells. Kane has
suggested that this may occur at any tim e, 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 19:1013-1017.
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wind structures could be observed systematically, then perhap s 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 dail y variations of the solar radio flux.

:1. ~Ll.UIHTII%1 1fl KI~ El) 1(1 %IOUE I , IHF:  sIuvI III ~ ~~ F:Il t l ; F :  l:l , l%I ~TO LOl;~
- - I OF IU\O~P lIEfl I ( :  RE FI I U TIO~

Basic programs, such as the ITS-78 computer program available from NOA A ,
predict  the monthly average statistics for the principle ionospheric para m eters.
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Designed to cover the entire world and all temporal and solar conditions , they are
inherent ly la rge in computer storage and in production time. One intent of this
study is to p rovide a more restrictive model for predicting the local ionosp he re.

L I 0 1  I - in.- l’ro~ram l’ro~ ide’s ii, i—..- l ine- Prs-diet ion

From the viewpoint of the radar processor . the ITS-78 is excessivel y large .
This is not a faul t , but ra ther  a description. The FOR THAN program requires a
large s torag~ and work  area , and an addi t ional  large amount  of data are stored on
a c o e f f i c i e - r t  tape. While I’[’S-78 could be tai lored to a smaller , faster program
for each r adar , it is very doubtfu l if , even then , it could he used on a h i t - to -h i t

basis. The fundamen ta l  mapp ing rout in es  are based on orthogonal expansions of

ionosphe r ic  data covering the whole world.  To make a predict ion at a single point .
a la rge  number  ~f terms in the expansion must  be computed and s u m m e d .  Even
on the fas tes t  co, . pu t e r s  this requires more ana l ysis  t ime than the inter-pulse

period. The ITS-78 program is , in effect , an off- l ine or a research tool , which
is exact l y  i ts  in tent .

- .! l’res rsu ,se- d \ urn s- rue cii %lt eppi n~ and Itaulci r el ~ or i I hm

In order to meet  the i ,,etric requirements  of the SPPI DA TS mission of the
A D~~( ) M  radars , it is desired to make a correction for ionospheric refract ion
effects  at the t ime  when the radar echo is f i rs t  being processed. For t rack ing
radars , the correction might  be made on average over several re tu rns , but for

phased arrays , such as Cobra Dane , this is not possible. Moreover , while  the
basic techn i que need only deliver a mon th i  median correct ion wi th  acceptance  of
about 20 to 30 perc nt rms error , it is expected that in the fu ture  it can he adapted

to use as yet unspecified local measurement s  to make  a localized cor rect ion .  In

that case the error could be m u c h  smaller , possibl y 5 percent  rms over a month .
The problem t h en  is not st r a i g ht for~~ard.  [‘he correction supplied the radar

pr ) c e s s Or  has involved dependenc e on the in t er a c t i on  of spher ica l  g e o m et ry  and
the ionosp here ove r the field of v ,ea - [lie method in which  a solution was der ived

has been detailed in a previous report (A llen 8).

In brief the problem w a s  separated into two par t s , admi ttedl y dependen t.
Firs t , a technique was  developed to provide a grid of TE(’ 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 funct ions of t ime and la t i tude
chosen to map the TE(’ in a least  square error sense. Second , s imp le real  t ime

8. Allen , H . S. ( l 9 7 f ;)A F G L S up 2 o r t to Sl ’ADA fS , Sep t ember  75 to 30 June
1~ 7( , ~\ FGI ./PHP , Le t ter  Repor t  to 1~~ I) .
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algorithms were developed to take point values from the TE(’ map and convert
them Into slant corrections for each radar hi t .  These were chosen to min imize
the maximum error. Figures 14 and 15 show schematicall y the correction that
would be computed at each point of the radar field of view at a particular UT for a
target at 1000 kn i .  The radar algorithm reduces this correction for targets at
lower al titudes. The following requirements were satisfied:
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values f rom the previous figure have been corrected by the slant increase’
depen di ng on eleva tion ang le f rom the rada r at Clea r

( 1) The numerical map could be run off-line in low priori ty time at the Global
Wea ther Ccntriil .

(2 ) As p rediction techniques advanced , they could au tomatical l y be incorporat ed
In the monthl y median maps sent each radar.

(3) Only one program need be used by the Global Wea ther Central to service
exIstIng and proposed radars.

(4) The correction is made on each single radar return.
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(5) The correction could be up date d by a nume r ical up date derived from
worldwide data collected by the Global Weather  (‘ en t ra l .

( ( i)  The mapping techniques would not limit adaptive correction using local
measurements .

I. I ~I - (II- R ~ ~I I U ~i \ ‘10 ~I0I)1 I-’\ I I I  ~; MfI)1 ~\

In previous studies (Allen et al , ~ Dulong and Al len ’0 ) we have  shown tha t  an
improvement  in predict ion can be made if the median TEC (hence the median
refraction correction) is adapted to local condi t ions  through use of a local iono-
spheric measurement .  Those radars  having T R A N S I T  receivers as pa r t  of their
calibration equi pment  (SPA DA I’S Improvem ent P rogram)  can substant ia l l y reduce
their metr ic  error by using these receivers for ‘I’EC m ea s u r e men t s .  W i th these
m e a s u r e m e n t s, for targets  in the upper ionosphere , the day- to -day  var iab i l i ty
wi th  respect  to the monthly median may be reduced by a f ac to r  of 4 to 10.

I. I I’re.po._ .-d ~~~~~ t h u .  to ompcure- ‘III ‘t \  ~i I I ) h p — ,- r%ci t  ciii Iii IIii .- s- I ins-
I’r,—eh j ‘i i on of ‘i’F: -

A n  algorithm which  could be used w i t h  the TRA NSIT data is to smooth t h e -
original reduced data to provide es timates  of equivalent  ver t ical  content a t  equal
increments  of subionosp herj c  la t i tude over the restricted port ion of the T R A N S I T
pass. As  the- T R A N S I t ’  sweeps across the radar field of view , the I n d i v i d u a l  s lan t
m e a s u r e m e n ts  along the viewing ray path will map fea tu res  of the near  in s t an tan -
eous ionosp here into one dimension (as seen in Figure 16) for a F I I A N S I r  pass on
23 M a r c h  l9’i 3 observed at Mil ls tone H ill , Mass .  Note the wave—l i ke  v a r i a t i o ns
over the whole pass.

ro our knowled ge ’ , there  is no hard evidence  for or agains t  mapp ing these
fe atures  into the p red i ct ion , but  an in tu i t ive  ar g u m e n t  m ay  be made  aga ins t  it.
The a r g u m e n t  is as fol lows:  postulate  th a t  the cha ract e r i s t i c  l ife t i m e  

~~~~~~ 
of an

i r regu la r i ty  measured at a given posit ion is d i rec t l y proportional to its char acter -
i s t i c  size

A T ,  = K A \ -
1 1

Al len , IL S. , I)ul ~ong, 1) . 1) . , ( 1- oss t , M .  I). , and Katz , A .11 . , ( 1 0 7 / ; )
Ioucos j c } i e r i c R a n ~ t - i’ r r or  Correction in Prec ision  H a c l a j -  S s tems b- \ d ; / j , t l V e ’  I ’ robj n~ of the  Prop~j~,at i on  M e d i u m .  ~A1~T) on erence Pr o—e~’edings , Propagation  I im i t a t i o n s  of Navi gat ion  and Posi t ioning Sys tems ,A n k a r a , Turkey A G A R I )  ( P 2 00 .

I a . i )u I .ong ,  0. 1) . ,  and Allen . H .S . ( 1976) ~pçci ficIet i on of N avi gat i on  and R a d a r
Errors ( aused y th c  Ionosp h c,~~,L ( ‘OSPA R Sy m p o s iu t u i  Proceedings , theeop h ysic~e1 I Tse of ~ atel l  i t e -  Reacoa Observat ions , Hoston Un i v e r s i ty .
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Then the irregularity either decays or moves a dis tance of a character is t ic  width

faster than the time between observations, If the irregularity is of acoustic-
gravi ty  wave origin , then this follows from classical anal ysis. If it is a structure
of some production source , such as an auroral or plasmapause feature , then the
smaller scale structure is generall y considered to be transient in space and time.

Lacki ng test data to check the usefulness of mapp ing irregu larities, we

suggest the data be smoothed to prevent aliasing. The least amount of smoothing
that  would be justi fied will depend on the confidence in the ‘I’RAN SIT measurements
and on results of tests to determine the degree of curvature that may be specified
and used profitably over the field of view . I’his will  depend on the time interval
betwee n TRAN SI T passes.

We suggest a stud y of sequential TRANSIT passes to provide a basis for
de f in ing  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 TRA NSIT passes taken at Lindau/
Ilarz , F’RG on 10 December l~ 75. There is a pronounced local feature in the f i rs t
pass at 1I2 OL T between 35~ and 43° la titude. In the following pass which occurred
at 1240 LT , this feature has changed considerably. Obviously a smoothing of this
feature would be preferabl o- for spe-cification purposes.
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Fi gure 17. I)ifference in Latitude Van — 1’ i g c r r - e 18 . l ) j f f e ’ r e ’ n e - e  in I ~e t i t u t e -  \ , / r i —
ation of Total Electron ( ontent for 2 ation of Total Electron ( ontent for
Sequential Passes of T R A N S I T  Sate l l i tes  Sequen t ia l  I’ asses of l’Il- \ N SIT Sate l l i tes
Over I .indau , I HG . Slant  observation Ov e r  Lind ceu , F H G . Slant  ,h s e r -v a t i o n s
cor rected to equivalent vertical content corrected to ver t ica l .  Both the o c e a n
and p lotted at the location of the 4 2 0 k m  grad ien t  and a local fea ture  are pre --
point in the ionosphere.  While the mean  served
grad ien t  is preserved , local features
change significantly

An example of a s ta t ionar y f e a t u r e -  is shown in Figure  18 for the- s a r a -  day .
The f irst  pass occurred at 10 / / l I LT wi th  a local f e at u r e  be tween  470 and 540

la t i tude.  I’he following pass exhib i t s  the sam e f e a t u r e  x - e - l a t i v e l v  u n c h an g e d .  l a c k -

ing suf f ic ien t  data for a comprehensive stud y, a c  a au l d  r e c o mm e n d  smooth ing  the

data to remove components of a ft -a  de g r e e s  of l a t i tude .

~ ._‘ i —.- 01 H,’eh ue-s -d IK ~\ ~I I I )~st ~ Oc ,.r th is’ F e ,.I d of ~~i .s. cc l the 8 aelcir

Smoothing the data ‘an be done a ith a d i s c r e t e  f i l t e r  a p p r o x i r r i c e t i r i g  a g a u s s ia n .

This smoothed data Is then f i l t e r e d to obtain the d is cre te-  ( ‘heb yshev sequencies .
These ar t -  the unique  f i t  to the da ta  of Sect ion  4.  1 in a least  mean square error

sense. If the smoothed data Is output at equal intervals  of subionosph e - r i c  l a t i tude- ,
- . then the FORTRAN form of the - ( ‘h e -b v s k i e v  f i l te r  is the same us the - one in the

Jul y 197t ~ report , w i t h  mere l y the la t i tu de -  interval  and the ’  l a t i tude  r an g e  r ede f ined .
(‘onsider a samp le of TR ANSIT  d a t a  (Figure l o )  t aken  23 March  1072 at

Millstone 11111. When enoug h term s i r e  the C he ’ t v sh e ’v expansion i re -  used , about

30 for th i s  case , the d a t a  points are -  reproduced exac t l y. If we -  a ssume tha t  the

wave-like variations between 28. ‘7 and 40. ‘7 deg rees  l a t i tude  are gravity waves
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J”igure 19. ( otnparison of a Samp le La t i t er de  Grad ien t  of Total I ’ l e - c t r on  I o n t en t
1)e r iv t - d  I” rom a TRANSIT  Pass With First the Monthl y \1e-di an Pr -d ic t ed  by the-
A~ \ S / G W -Hc-nt  Program and Second That Predict ion N o r - in a l i z e d  by a Scale
i-ac to r  at the Point of Closest A pproach to \ I i lls tonc Hil l , Ma s s

a j ib a ch a r a c ter i s t i c  half wid th  of 330 km (3°LA T) and that  t l i e - ~ a t - c-  r no v i t c~
th rough the upper - ionosp he re wi th  veloc ity about 200 r n/ s e c. t h e - v  a ill  l i v e -  ~~~v e - c l

a hu if  w i d t h  in about 30 m m .  In this cast’ • the- w a v e  —l ik e - s t ruc tu re -  should not be

i n c l u d e - c l  in c u r  ce c l apted pre dict ion use-d at t ime delays greate r than - - c u t  I ~ m b-c .

i - I I iht i - renc ‘l It ~\ 11 Utla

Flie  I’H A N SIT informat ion needed to adapt  the p r e d i c t e d n t - c h in ionosp bo- re

should be reconsti tuted using only as m a n y  sequenci -s as te sts on re-al data  r~~c i ~ ’e

usefu l .  Using a small sample of -rHA NSI I’ passes , but ex t rapo la t ing  f r o m m i  a

detailed stud y of the t ime  var i ab i l i ty  of I ’L( - at ii s ingle st , tion , (Dii i d i g  and

Al l en , 10 ) it is concluded that using just the 1). 1~ , term alone to u l ; h c t  t h e  n n i e - d i ; i r r

pr eeiU-tion produces ci s ignificant mission improveme-nt .  D a y — t o — d a y  v e r i , i d h i t v

could he re d u c e d  by a factor  of 4 to 10. Figure 19 show s how w e - l i  the I r e - c l  t e c h

ne-rl jcirr fits the pass of 23 March  when  it is adapted in this  fashion.  i’hc ’ v t - i h i i i t v

along the pass  Is very muc h s m a l l e r than the d a y — t o — d a y  v a r i a b i l i t y  in c h i ’ I c - i l  t i ’.
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the A TS-3 observa t ions, and therefore is touch smaller than the variabi l i ty  that
would be expec ted when the radar is used between TRANSIT passes. This is
apparent  in Figures 20 and 2 1 where the first  pass in each of Figures 17 and 18
w a s  used to scale the prediction for the t ime  of the second pass. rhe observa tion
for the second pass is shown w i t h  the scaled and the unscaled predict ions.  Using
the fac t  that  the prediction at the t ime of the f i rs t  pass was scaled to exactl y pro-
duce the observa tions at that Instant , which is equivalen t to using higher order
seq uencb --s, the- error between the observations and scaled predic t ion shown in
both cast- s is an examp le of the decay in improvement  t h a t  could occur b e t w e en

passes. I’here is no ind ica t ion  that using higher  order sequencies, ra ther  than

ju s t  th e- l ine-ar  gradient , would improve this prediction at any t une other than at

the i n s t a n t  of the pass. A stud y of sequential  r R A N SI T  passes is a necessity to

dete rmine  the- extent  to which the observations can be used to adapt predict ions
w i t h  h igher  order scquencies.

DECEIe€ER 0, 975 DECEMBER 10 , 1975
1240 LT 50 

1700 LT
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• Figure 2 11 . Improvement  of Prediction Figure 2 1. I m prove m ent  u s in g Infor’-
u s i ng In formation l- roun a Previous motion From a Previous I’H -\ NS I I’

- TRA NSIT Pass at 1120 Local Time- to Pass at 1600 Local Fj mt-  to Scale the
Scale the AW S/GW( ’ -Be nt Prediction I’r edj ct ed Median.  The h c e s i c  latitu-
as a Function of Lat i tude.  The m ajor dinal variation anti some long lived
differe nces in the basic lati tude van - local features have been specified
a tion have he- c -n rem oved but sun all
local features  have been specified
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I. I telupting th,~ IIa~.’ Line ’ Pr.~d ie-t  ion of ‘ri;i -

‘i’he f i l tered observations  may  be use d to .cl a ~~t the n u m e r i c a l  m aps which
provide ionospheric pa ramete r s  over the f ie ld of v i e w  of the radar .  Note the
qual i f icat ions  in Section 5. A pa rs imonious  a lgor i thm ic  would be to scale the
fi l tered TRANSIT observations (defined in the- a lgor i thm of Section 4. 1) against
s imilar  values derived from the n u me r i c a l  map of med ian  TE( . The var ia t ion of
scaling factor over the restr icted latitude- of the TRANSIT pass is used to m odif y
pxed ic ted  values over the equivalent  la t i tude portion of the f ie ld of view , that  is ,
for all longitudes.  This m a y  be done h i t - to-h i t  outside of the numerica l  mapp ing
algor i thm.  The scaling factors  would  be changed with each new TRANSIT pass.

Extrapolation of the T RA N S I T  da t a  into la t i tudes not reduced from the original
TRANSIT data m ay  have higher r isk than extrapolation in longitude across the
field of view. However , both need to be- tested against  actual  field observations.
A p re l iminary  stud y of 10 TRANSIT passes (l)uLong and A llen 10) compared wi th
single station observations of r F ( , indicates that  the- error grows to the same
order in 15 degrees of lat i tude as It does in about an hour disp lacement  in t ime.

Many questions need to be answered before TRA NSIT data  can be effectively
used in adapting numerical  models. From the available TRANSIT data , it appears
that the effectiveness of scaling a numer ica l  map is dependent on the diurnal vari-
ation. A clear dependence cannot be de te rmined  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 lati tude to reproduce the TRANSIT
observations from the prediction for that  t ime and latitude. The passes repre-
sented here are 6 consecutive ‘rRANSIT passes observed at L i nd a u/ H a r z , FRG .
(Leitinger 11) 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

I 
- another. The difference from I on the scale for each curv e , simply represents

the d ifference 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
mnid la t i tudes .  A sim ilar example for 4 consecutive passes observed at Roulder ,
Colorado on 13 October 1974 , covering a comparable span of t ime 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. Lei t inge t- , H . , and I ia r tm ann , C]. K. (1976) Tim e and L a t i t u d e  I)ependence of
Ionospheric 1-~lectron Content from the Combination oT NNSS and A TS-6
Data , th~~~Thophyslcal Use of Satellite Beacon Observations , COSPA R
Symposium Proceedings , Boston Un iversity.
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Figure 22.  Scaling Factors Along Figure 23. Scaling Factors Along
the Latitudes for 6 Consecutive 4 Consecu t ive Passes of TRANSI T
TRANSIT Passes Near Lindau , Near Boulder , Colorado , 13 th-tober
FRG for 10 December 197-5. 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. (O \~4I DF;U4TI O~ s IMP OWf -t\T TO -t\’~ TI-A: II\IQ I’I: I 41) 1~U -thtP’I ’

~IO\TIIL~ %II:flI -t~ PRF:IiIC TlO\~

Tests have shown that many different ionosphe ric measurements may be used
to adap t the predicted median to current conditions. Each p rocedure cc ill have a
residual error of prediction arising from the inherent limitation of the procedure
coupled with the variability of the ionosphere. Klobuchar and Allen 12 have shown

tha t 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 pas ses.

12. Klobuchar , J . ,  and Allen , R.S. ( 1970) A First Order Prediction Model of
Total Electron Content Group Path Delay for a Midlatitude Ionosphere,
AF C R L - 7 0-0403.
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3. I Perc entage ’ Lo~ erage of Field of ~

The percentage. ~~~ , of the total radar surveil lance 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  defi n e
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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 covera ge area within the inner circle
can be specified. The Ionospheric r egion which can be adapted by such measure-
ments Is Indicated by the dashed circle
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where is the earth angle dis tance between the radar position and the subsatellite
position of TRANSIT at the horizon , and 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 TRA NSIT satellite is at the nominal
1000 km altitude. It also shows the per-

centage of an ionospheric map , whose 1.00

centroid is at 420 km . and which may  be 90
specified at the same time. Note , for 

~ 80
instance , if the reduced TR A NSIT data

may be used reliably down to 60 degrees ~

zenith an gle , then at the heigh t of
TR ANSIT , 1000 km . the pe rcentage of
the surveillance area which can be spe- . 

-

- 
1000 km

ct faed is
2 - 30
I—

III = ( 11. 5/ 3 0 . 2) 2 x 100 - 15% ~ 20~- 420km

10
- Since the centroid of the ionosphere is

about 420 km . then c 11y about 8 percent 30 40 50 60 70 80 90
- . - - ZENITH ANGLE AT RA~~Rof the ionosphe ric map can be specified.

Conceptually, ~ is the percentage of the
potential TRANSIT information which l igure 25 . Function of thc R a d a r

Coverage A r e a  for Ta’ - c~ets at
may  be used by the radar processor 1000 km and of the- Ionosp ’ e-m ’ e

- . W hj ~ h M ax -  be Si>~- r ’ I f j e - r j  by 0 ~‘Ia ntwithout  extrapolation , an d is therefore - - 
‘ - -

-Observation to a I HA N SI I
a basic parameter  which can be used to Satellite
compare different specification techniques.

32 t~~ Igning ‘lB %\~I I  ()b~er~ation~ to a ~1c i - c - i f i i -  Point in ihi’ Predicted
\um e- ri c- u l %Iap

It is assumed that the algori thms designed to re-duce the raw TBC NSI 1’ obser-
vat ions to estimates of slant and vert ical  e lec t ron  content use ~i~ ed value , such
as 42 11 km . for the height of the centro id of th e- slant distribution of electron density.
From monthly median climatology, and from a model stud y based on profile para-
meters derived from incoherent scatter measurements  at Millstone Hi l l , we- e x p e r t
that the actual height of the centroid Is dependent on both location and t ime .  For
ins t ance , a t midlatitudes and for ionosp heric condi tions representative of an
average solar max imum , 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 ,
191 9, 1970 , and 197 1 (Figure 2 6) .  Using profile- parameters , also derived from
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Figure 26 . Mean Height  of the F Region Peak
Determ ined From Incoherent  Scatter Observa-
tions at Millstone lu ll . Mass .  , l9(;8 Through
197 1

those observations (Allen et al ’3 ) a slant profile of electron density would have an

e xpected daytim e height  near  33~ km.  This suggests that  using 420 km ccould

produce a mean bias of about 85 km over the year at soLar maximum . rhe

M illstone Hil l  measurements  suggest that  the average bias compute -c l  at a given
hour-month  would have an expected range from -180 to + 111) kin . Indiv idual  days
would , of course , exceed these values.

I’he uncer ta in ty  in the value of centroid height m a y  be t rans la ted  into the Un-

cer ta in ty  in the reduc ed TRANSIT data in two steps: the uncer ta in ty  of the sub-

ionosp her ic  location (A L’~~) and the uncer ta in ty  of the equivalent  ver t ica l  elec t ron
-ontent  (A T v ). Using the correlated profile p a r amet e r s  derived from the  Mil ls tone

H ill observations , we computed the expected variat ions of subiomiosp her ic  posit ion
wi th  elevation angle and height of the centroid .  Over the region 0 to 30 degre e-s

elevation by 300 to 700 km height of ce-ntro id , we f ind

A
0.0 15 — Ah 0. 025

cent

or for simp licity

A r L (earth angle) ~ - 0 .  022 Ah cent (km )

13. Allen , H. S . ,  Connelly, J. M. • and Vesperini , H.  ( 1975) Specification of
the I’hic,kness of the Topstde of the Ionosphere, AF C R L -T R- 7 5  0529
Oct 1075.
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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 sublonospheric locations , averaged
over the yea r , could be

AT L
YR 

~ 0. 022 x 85. 1. 9 earth degree

while the expected range of monthly average could be

AT L
MO 0.022 > 180 . 4. 0 earth degrees.

A gai n , it is wor th noting that individual days could be disp laced by muc h more
than this. -

This uncer ta inty in loca tion 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 variabili ty about the expected month ly value. Considering
that hmF2 is an expected variability of about 7 percen t , then

AT L
rm S 

~ 0. 022 i 0. 07 hmax 0. 44 earth degrees.

The error that this uncertainty in the hei ght of the centroid introduces into any
technique for adapting monthly median refraction correction will depend on radar
locat ion , time of day, and solar condi tions. In general , it wi ll maximize  du r ing
the afte rnoon decrease of TEC . expecially during the equinoctial pe riods. On
ave rage , it is estimated that for each degree of earth  distance , there will be
introduced an uncertainty of about 1 percent of the dail y maximum TEC. This
could be serious for Individual observations.

3.3 Potcniisl Impro ’.rment l)’.er Pred ietion of 8c c — u - ( IimatoI og~

The day-to-day variabili ty about the predicted monthly mean values for the
refraction corrections will  be at least as large as the day -to-day variabili ty of
TEC . For the samp le shown previously. Figu res 7-11 , this was about 20 percen t
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 , dtscussed , 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 facto r of 4 to 10. flila Improvement decays in that region
with time.

36



An examination of the decay in t ime of any improvement in predict ion wa s
made using single station measurements of TEC. Some of the r e sul ts  are shown
in Figures 27a , b . and c , where measurements of TEC were used to up da te the
prediction of TEC for the station at 30 m m , 1 hr an d 2 h r , af ter the measurement .
The results for the year 1972 for measurements  at Hami l ton , Mass,  show the decay
in tin ce in terms of percen tage error. Within 30 m m the e rror grows from 0 to
5 pe rcent in daytime and up to 10 percent or more near sunrise. Af ter  an hour
the error is about twice the 30 m m error , and in 2 hr tim e it is about 3 times the
30 mm error.  Except for the hours near sunrise , the error is still less than that
expected using the prediction without an up date.

In most cases the location of the target will not be close to the location of the
latest -rRANS IT pass and the ior~ spheric model will  have to be adapted by extra-
polation in longitude and/or latitude. From the study of TEC at midlat i tude
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. I ‘tn Es t ima t e  of the I neertain l% in t h e  ill %\~ IJ’ I pdut.-

It is assumed that the principle sources of var iabi l i ty  of the up date are un-
correlated and that therefore the total system var iabi l i ty  (C R

) IS the root of the sum
of the squares of all variables which can be identified as

= ( 6 ~ .M + 6
~~.L

+ 4.~~J ~~(L , T ) + o ~~F + b ~ Y + o ~~A

where

6 TM is the fundamental TRA NSIT measurement  error ,

6 TL is the variability due to assignment of location ,

6 Thm is the variabili ty due to position for tax-gets at heights different  from
TRA NSIT ,

6 CF Is the error of truncation of the mapp ing of the median ionosp her e ,

is the error in the radar refraction algorithm ,

is the error introduced by the adaptive algorithm , and

w(L , T) ls the increase In variability as the target is different from TRANSIT
In location and time.

The amount of avaUable TRANSIT data was not adequate for a thorough eval-
uatIon. It is estimated that 6 TL Is about 2 percent of the total ionospheric correc-
tion (Section 5 .2 ) .  In a previous in-house study for the SPA DATS Improvement
Program , it was estimated that would be controlled by the variability of
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Figure 2 ’? . Results When Observation of rotal Electron
Content at Hami l ton , Mass,  in 1972 are Used to Scale the
10 day Predicted Median.  ‘l’he l~MS percentage error
represents the difference bet wee n the ac tual obse rva t ions
com pared to the median scaled with a previous observa-
tion ((a) 30 minutes , (b) I hour,  (c) 2 hours previous ).
The interval around sunrise (dashed curve)  has the
largest percentage variability
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h m l - ’2 and could be about 7 pe rcen t  of the total ionosp he r i c  c o r r e c t i o n  for t ; r ~ cts

near  h m ax .  Since onl y about  1 percent  of the SPA DA TS targets  are he - l ow ~01) k in ,

the system va r i ab i l i t y  6 Thm wil l  be less t h a n  this .  Profi les  of e l e ct ron  k -n~~i tv

at r n i d l a t i t u d e  taken by the incoherent  sca t ter  r adars  generally have  at le ast  t ’~ o
th i rds  of their  FI - ( ’ below 500 km . so it is es t imated that  wi l l  be m i e - a r - x -

2 per ce -nt  than percent .

33 Poten t c i t  s r i -a— for I’ ii r t h ,- r ~tiick

The i n t e r i m  suggest ion , tha t  TRANSIT data  may be used to adapt  a c c - ~- d i  t ion

of the monthl y median ionosphere to provide a s i g n i f i c a n t  r educ t ion  of t h e  day- to-
c la ~ v a r i a b i l i t y  of the r e f r a c t i o n  correc t ion , should he v e r i f i e d .

(1)  A ver i f i ca t ion  could be made wi th  a rch ive  m ea su r e m e -~c ts of ‘l l-X at  f i x e d

l o c a t i o n s .  F igure 28 shows such measu remen t s  made at four  s t : t i na v. Oh n e a r l y

the  same longitude.  An anal ysis of groups of local  i c e : c su r em e n t s , such :e~ these ,

60 ___________——--—----

~~

-_____ - -

- r I ~~~ I - I c - ~ i c I I i _ I I I I L~~~ I

0 2 4 6 8 10 l2 14 16 18 20 22 24
LOCAL MEAN TIME

1- igure 28. Lat i tude-  Time Var i a t i on  of ‘rotal I- lectron Content
l) er ived From A I’S-3 Observat ions.  ( on t inuous  data at t h e s e

h i x e - c i  l oca t ions  near  hOOW longitude could verif y pred ic t ions
ext rapola ted  in space and t ime f rom TRANSI t’ observations.
Note the differences in the basic shapes of the diurnal  curves.
( ‘ u v - s  for s ta t ions  north of H a m i l t o n  displaced by mult i p les
of 1( 1 total  electron content  units



oulci d e t e x m n  ira - t i n -  u s e f u l n e s s  of adap ted pre dictions w h i c h  arc- ex t rapola ted  in
sp i t- and  t i m n e -  b e t a  cc -n P H A N ~~1 F ca l i b r a t i o n  passes. The period between passes
m n y  he ~es long es s i -v e-r a l  Icours  and it  is unresolved at present  for wha t  period of
t im e- the - :id l t iv e-  p r i -  i - t i n -  should  be- used be tween  d i s t an t  passes and when it may
be m o o t - i-  u s e f u l  to m e - t u i - i c  to a si m p le baseline pred ic t ion .

(2)  -‘i se c o n d  v e r i f i c a t i o n  could  In made  a ith the test data from the cal ibrat ion
p r og ram p l anned  for  ( l i - a r  \ l c s k c e  d u r i n g  1977. The r e sul t  of us ing  T R A N S I T
pas se- s  to adapt  a p m - e b c t i o m c  of r a d a r  r e - f r a c t i o n  error-  should he compared to re-
sults  when  onl y the pt- e d i t ion is use d. In addit ion , f ield data f r o m m i  local ionosondes
and f i o m n  local  m e a s ur em e -nt  of T1-~( to ge os t a t ionamy satel l i tes could be used to
adap t  the samn e -  p redic t ion .  A comparison should then be made  between the day-to-
day v a r i a b i l i t i e s  of each of the predi -tive-  techni ques. Special emp hasis  should be
given to separa t ing  out gross ef fe c ts , such as sudden  ionosp her ic  storm s w h i c h
c a m c  not he s p e c i f ied  in a d v a n c e  wi th  any of the~se simp l e - adap t ive  techniques , since
the ’ major  var ia t ions  du r ing  storm periods could overwhelm the s tat is t ical  resul ts .

(3) A l a rge  n u m b e r of sequent ia l  T R A N SI T  pass e- s  obtained at L ind au , FRG
and r e d u c ed  to absolute  ‘FEC are avai lable  spanning N o v e m b e r  1075 to the- end of
February  l P 7 ( ~, including miea r l y all passes which had zenith angles down to ( 0

degrees .  These would p e r m i t  the stud y of:  the persis tence of f ea tu re s  in the

l et i tudal  va r i a t i on ;  op t imiz ing  the n u m b e r  of t e rms  in the f i l te r -c d TRANSIT  cali-
bra t ion data discussed in Section 4 , the t ime delay of the adapt ive  predict ion.

(4) Finall y, all observers agm-ee on the presence of large (5 to 10 percen t
amp l i tude)  wave- l ike  dis turbances , indicators  of large localized cells covering
several hundred kilometers. The specification of these , par t icu lar ly the extra-
polation of such major  fea tures  in la t i tude , longitude and t ime , needs serious
at tent ion .  The af te rnoon b i t e_ ou t  in Fi gure 28 ma be such a feature .  If i t  is
either neutral  winds mov ing ionization or - an increase  in the chemical loss rate , it
is strongei at low l a t i t u d e s  than at high l a t i tudes .  The pr ed ic tab le  features  of such

an elfect ca n be examined from archive data.  This is necessary to any program
to implement TRANSIT adap t ion of a refract ion correct ion since such cell-like

dis turbances , wi th  major  amp li tude changes , a re the p r i n c i p le source of day-to-
day v ar i ab i l i t y .
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