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I . INTRODUCTION

It seems self-evident that the use of actua l measurements of

aerodynamic drag on a satellite rathe r than a force  model based on an

atmospheric  model would provide improved capability for  post-f l ig ht

orbit reconstruction and near - t e rm ephemeris prediction. Howeve r , in

order to justif y the use of drag-measuring devices on an oper at ional bas is ,

a decision would have to be made as to whether the improved capability

was suff ic ient ly great  to war ran t  the additional expense. This means , of

course , that one must be able to def ine  what constitutes a “ sufficient ’

improvement and also have quantitative data upon which to base a decision.

The purpose of the study reported here  was to obtain such quanti-

tative information.  Real is t ic  conditions were achieved by using calori-

meter  data f rom an actual fli ght. However , in order  not to o’~scure the

in terpre ta t ion  of the results , it was necessary to assume that the calori-

meter data were “perfect , ” i. e . that any e r ro r s  in orbit f i t t ing or pre-

dicting were due to fac to r s  other  than d rag-measurement  e r ro r s .  In thi s

sense , the resu l t s  of the study a re  indicative of the “bes t” possible per-

fo rmance  that should be expected and that  in ac~:ual pract ice  one would

have to allow for e r r or s  of measurement .

This stud y proceeded along two ;et~eral l ines:  (1) simulated orbit

calculations using the TRACE p r o g r a m, and (2)  evaluation of the relation-

shi p between predict ion e r r o r s  and the drag  model. The lat ter  e f for t  in-

cluded an anal ys i s  of the drag  data in sea rch  of systemat ic  pat terns  of

behavior  that mi ght be used to improve predict ive capability .

- -9-
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In Section II we shall describe in detail the objectives and logistics

of the orbital calculations, while in Section III we will present the results

and discuss the relationship between orbit prediction e r rors  and the pre-

dictive drag model. A summary of the finding s along with reservations

and recommendations will be presented in Section IV.
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II . ORBIT SIMULATION STUDIES

1. Objective and Method

The basic objective of this phase of the study was to determine the

e r r o r s  in 3-rev predictions that would typically result f r o m  the use of irs

situ drag measurements  as opposed to the operational approach which

relies on the ‘DENSEL model to define the drag force.  It is assumed that

the drag data (in thi s case calorimeter measurements)  are available only

in the 6 - rev  period immediatel y preceding the 3-rev predict  spa n and that

these data may be used to derive (1) the vehicle position and velocity

vector at the start of the predict span , and (2)  a d r a g - fo r c e  model for

the predict span.

To obtain the “ er ror ” one must , of course , have a “re fe rence ”

t ra jec tory  representing the “true ” world. The re fe rence  tra jectory was

spec if ied by using 9 -revs  of calorimeter data to represent  the drag force

along with a nominal geopotential model and initial conditions suitable for

a low-altitude orbit .

The sequence of TRACE calculations in shown in Fig. 1. Firs t ,

a 9- rev  re fe rence  t ra jectory  was generated by TRACE.  Artif icial  tracking

data with random noise added were generated during the f i r s t  6 - revs .  The

tracking station locations , data type and rate , sigi sa s, etc. were  taken

to be representative of the ACES network.

The second step in the procedure was to use the simulated t racking

data to obtain a 7-parameter  orbit fit over the f i r s t  6 - revs .  In the flow-

chart , t 1 and t 2 
are the start and stop time s of the fit span . Orbit fit-

ting was done using ‘DENSEL (the operational model) and also using

-11 -  
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calorimeter data . The fitted orbits were  d i f fe renced  with respect to the

re fe rence orbi t , y ielding radial , intrack , and c rosst rack  e r r o r s .  (It is

to be noted that since the same calorimeter  data are used to gene -ate the

re fe rence  t r a j ec to ry  and obtain an orbit fit , the resul t ing fit necessa r ily

repr esent s th e bes t possible fi t one might realistically hope for.  The

only factor  that precludes a “per fec t”  fit is the random noise in the track-

in~, d a t a . )

The third step in the procedure  involved predict ing ahead for  3 - revs

(time t 2 to t 3 in the f lowchart  of Fi g. 1 )  using the f i t ted vector at t 2
to initialkze the predictions . The predicted and r e fe rence  t ra jec tor ies

wer e di f fe r enced . Several d i f fe ren t  drag  models were tested in the predict

span: (1)  ‘DENSEL , (2 ) a model that represented the average of all 6- revs

of calorimeter data in the fit span , called Model B , and (3) a model

that represented the calorimeter data of only the last rev of the fit  span ,

called Model C. Models B and C were actually smoothed and edited

versions of the raw calorimeter data . The manner by whi ch the calori-

meter data were smoothed and then t r an s fo rmed  to working density models

is described in detail in a prel iminary report (Ref .  1 ) .

In the calorimeter data base that was available for  our use , only

5 sets of 9 consecutive orbits of data were found. The study reported

here is based on only those 5 sets. In an operational sense it would be

quite simple to devise a routine to handle cases of missing data.

For each of the 5 sets of data the following combinations of drag

models were used to fit and predict:

- 1 2 -
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Fi g. 1. Flow Chart  of Orbit Simulation Tests
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1. ‘DENSEL; ‘DENSEL ( operational method

2. Calorimeter data ; Model B

3. Calorimeter data; Model C

4. Calorimeter data ; ‘DENSEL .

In a few instances othe r combinations of models were tested. Such cases

will be identified and discussed in the next section. Whenever the ‘DENSEL

model was used in prediction , the ballistic factor ( CDA/W ) was scaled

according to the drag parameter obtained in the orbit fit with ‘DENSEL.

2. Orbit Character is t ics

Initial conditions for the re fe rence  t ra jec tor ies  were selected so

as to reconstruct  as closely as possible the actual orbits corresponding to

the calorimeter data. Brief ly, the orbits were near-c i rcular  and low-

altitude (roug hly 68 by 200 ~mi) ,  sun-synchronous ( i  — 96° ), and with

peri gee at middle latitudes. In one set of calculations we tested two

different  initial value s of the ri ght ascension of the ascending :~ode. This

had the effect  of calling different  tracking stations into play. The results

of this change were insignificant relcitive to other e f fec t s  being studied

and , therefore , will not be given fur ther  consideration in this report.

The orbit numbers of the data samples and other pertinent infor-

mation are given in Table 1.

-14-
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TABLE 1. Orbit Characteristics of the Data Samples

Sample Orbit Perigee Perigee Apogee
Number Numbers Height (nm) Latitude (deg) Heig ht (nm)

1 179-187 69 42 217

2 325-333 69 46 210

3 502-510 69 44 208

4 761-769 72 52 205

5 792-800 72 56 206

F

- 15-
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3. Calorimeter Data Base

The data base for thi s study consisted of calorimeter measurements

of the aerod ynamic heating on a low-altitude satellite obtained over a period

of slightly less than 2 months. Roughly 300 data pa s se s  w e r e  a cq ui r e d  d u r i ng

this interval , but only 5 sets of 9 consecutive orbits contained sufficient cover-

age about peri gee to be useful for  the orbi t -s imulat ion calculations. However ,

all useful passes of data were included in studies related to atmospheric be-

behavior. An example of a fi t ted pass of data is shown in Fig. 2 .

The fundamental premise of this stud y is that the atmosp heric densit y

derived from the heat flux data is a “perfe ct” representat ion of the t rue  atmo-

sphere. This assumption is , of course , not very realistic since our know-

ledge of the vehicle drag coefficient and the surface thermal accommodation

coefficient (along with their altitude dependences) is slightly less than perfect .

Further , uncertainties associated with the measurements  were unknown to us.

These factors , therefore , must be considered to be outside the scope of the

present study,  and the results to be presented necessarily reflect  optimum

conditions.

-16-
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III . RESULTS AND INTERPRETATION

1. TRACE Calculations

Graphs of the intrack and radial residuals for  the five data sets are

presented in Appendix A. For each data set there are four combinations

of f i t -and-predic t  drag models as discussed previously. In the graphs the

thick vertical line separates the fit and predict intervals;  a r rows along the

lower horizontal axi s indicate the perigee positions within the predict span .

Root-mean-square  er rors  in the predict span are  presented in

Table 2. E r ro r s  at peri gee are given in Tables 3a and 3b for the radial

and intrack component s , respectively. Without exception , orbit -f i t t ing

with calorimeter data resulted in better f its  than the operational model

and , thus , provided better starting vectors for the predict spans. RMS-

e r ro r s  of the radial component in the predict span were typically a factor

of 2 or better when calorimeter data were used; the improvement in the

RMS-error  of the intrack component was typically a factor  of 3 or more.

Focusing on the e r ro r s  at peri gee (Tables 3a , 3b) we can make the

following observations:

1. With but one exception (fit with calorimeter data , predict with

MODC), the average absolute radial e r ror  at perigee was less

when calorimeter data were used in the fit than when ‘DENSEL

model was used.

2. The average absolute radial e r ro r  at peri gee was si gnif icantly

less than the RMS-er ro r  over the predict  span regardless  of

what model was used to fit or predict .

-19 -
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TABLE 2. RMS Er ro rs  (in feet)  in the Predi ct Span

Predict Span *CALOR / CALOR / CALOR / ‘DENSEL/
Rev. No. MOD B MCD C ‘DENSEL ‘DENSEL

185 - 187

radial 288 113 149 418

intrack 2828 562 1415 5877

331 - 333

radial 97 52 110 258

intrack 768 380 1073 3739

508 - 510

radial 249 233 434 1107

intrack 2666 738 4848 14,720

767 - 769

radial 309 174 250 470

intrack 1775 438 1194 3086

798 - 800

radial 57 47 41 2 19

intrack 561 400 105 1919

* CALOR/MQDB means calorimeter data were used in the fit
span , Model B in the predict span .

— 2 0 -

_ _ _ _ _ _ _ _  ~~~ ~~~~~~~~~~~~~~~~~~~~~ - - -  --~~~~~~~~ 

-
.—



ri 
- -

TABLE 3a. Summary of Radial Er ro r s  (feet)  at Perigee

Predict Span CALOR / I CALOR / CALOR / 1 ‘DENSEL/
Rev. No. MOD B MOD C ‘DENSEL ‘DENSEL

185 -10 -9 -6 11
186 -12 -26 -7 24
187 -6 -34 -9 26

Abs. Ave. 9 23 7 20

331 11 10 ~5 -91
332 64 41 15 -92
333 110 64 26 -94

Abs. Ave. 62 38 15 92

508 -5 4 -24 -123
509 -56 -34 -107 -197
510 -4 1 -71 -208

Abs. Ave. 22 13 67 176

767 -6 6 -21 160
768 28 85 -20 146
769 42 151 -34 136

Abs. Ave. 25 81 25 147

798 9 1 4 81

799 27 5 15 94
800 21 -13 3 78

Abs. Ave. 19 6 7 84

-21-
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TABLE 3b. Summary of Intrack E r ro r s  (feet)  at Peri gee

Predict Span CALOR / CALOR/ CALOR/ ‘DENSEL/
Rev. No. MOD B MOD C ‘DENSEL ‘DENSEL

185 -14 1 0 2704

186 1906 -166 1092 5774

187 4942 -1331 Z4 ’~9 9153

Abs. Ave. 2287 499 1190 5877

331 -29 -28 -16 1446
332 -326 362 768 3585
333 -1480 576 1792 5971

Abs. Ave. 612 322 859 3667

508 -11 -4 -10 4056

509 2565 1430 3684 12 , 125
510 4430 1022 7798 22 , 384

Abs. Ave. 2335 812 3831 12,855

767 -27 -24 -25 499

768 810 -316 367 1656
769 2354 -1066 1056 3126

Abs. Ave. 1063 469 483 1760

798 -5 7 -5 678
799 -224 -156 69 1628
800 -951 -738 -65 2741

Abs. Ave. 393 300 46 1682

-22-
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3. The absolute radial e r ro r  at perigee did not consistently increase

with time in the predict span.

4. The average absolute intrack e r ro r  at perigee was alway s less

using calorimeter data to fit than using the ‘DENSEL model.

5. The average absolute intrack error at perigee did not differ —

significantly f rom the RMS-error  over the predict span .

6 . The absolute intrack e r ro r  at peri gee increased with time in

the predict span.

7 . Radial e r ro r s  at peri gee did not correlate with any of the 3 drag

models used in prediction. By constras t, the intrack e r ro r s  at

perigee were always the least for Model C (based on the last rev

of- calorimeter data in the fit span) .

To provide better  insi ght on the relationship between e r ro r s  and the

drag prediction model , we have plotted the RMS-erro r s  and the peri gee e r ro r s

of both the radial and intrack component s against the following quantities:

(1) the initial error of the •predict span, (2) the mean level of t~~— true

density in the predict  span , and (3) the density variability withing the predict

span. In order to avoid ambiguities in interpretat ion, the drag model used

for prediction in all cases was the operational model ‘DENSEL.

Figure 3a shows the dependence of the RMS-radial  e r ro r  in the predict

span on the initial radial er ror  in the start ing vector.  The 5 circle s on the

graph represent the 5 different data sets that were fit with calorimeter data ;

-23-
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Fig. 3. RMS E r r o r  in Predict Span Vs. Initial E r ro r .  X denotes
‘DENSEL fit; • denotes calorimete r fit.
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the X’s represent the fits with ‘DENSEL. As mentioned previously, all

predictions were made with ‘DENSEL and the ballistic coefficient was

scaled according to the fitted drag parameter .  On the scale used for the

ab sc issa , the initial e r rors  in the radial component ~ R0 J for the

calorimeter fits are indistinguishable and appear to be nea r - ze ro .  The

actual values ranged from a few tenths of a foot to a few feet . Sinc e,

however , the RMS-er ro r s  were uncorrelated with ~ R 0 for  the calori-

meter cases , we saw no advantage in expanding the scale nea r zero. In

th e cases  where ‘DENSEL was used to fit the tracking data , there  is a well-

defined relationship between the initial e r ro r  and the RMS-e r ro r .  If we

were to average calorimeter point s , that average ( ~~~ 200 ft ) would fit in

nicely with the other points.  Essentially the same remarks  may be applied

to the intrack component shown in Fig. 3b.

In Figs. 4a and 4b the average of the absolute e r rors  at peri gee in

the predict span are plotted against  the initial e r r o r s  in the radial and intrack

component s , respectively. A gain , the initial e r ro r s  corresponding to the

calorimeter data fits are so much less than the e r r o r s  f rom the ‘DENSEL

fi ts  that their point s are crowded near zero. As before , expansion of the

scale near zero would serve no purpose since the e r ro r s  appeared to be un-

correlated. As opposed to Fi gs.  3a and 3b , there  is no well-behaved re-

lationship between the perigee e r rors  and the initial e r ro r s  in the radial

component . The intrack component does exhibit a dependence , but with some

scatter.
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In Fi gs.  5a and 5b we show the R M S- e r r o rs  i n  t h e  p r e d i c t  i n t e r v a l

plott ed a g a i n s t  the  mean  den s i t y of the  p re d i c t  i n t e r v a l .  The c a l o r i m e t e r

and the  ‘D FN S E L  p o i n t s  both show tha t  t he  R N ’S - e r r o r  i n c r e a s e s  with  the

mean  le~ ci of the d e n s i ty , which i s  i n t u i t i v e l y wha t  one would expect .

W i t h  r e g ar d  to t h e  pe r i gee  e r r o r s , it i s  seen in Fi gs . 6a and 6b

t h a t  the  m t  r ack  compon en t  does i n c r e a s e  wi th  the dens i ty  whi le  the  r a d i a l

component  does  not .

In F~ es . 7a , b and 8a , b we show the RMS and  p e r ig e e  e r r or s

a g a i n s t  t he  den s it y  ~-a r i a b i l i tv  w i t h i n  the predi ct i n t e r v a l , the  l a t t e r  be ing

d c - f i n e d  as  the  R M S-dev i at i o n  f r o m  the o-iean . In all c a s e s -  we obse r ve a

d e f i n it c  t e n d e n c y  fo r  e r r o r s  to g row with dens i ty  v a r i a b i l i t y .

To s u m m a r iz e  F ig s .  3 - 8 , we note tha t  in t u i t i v e l y one would expect

e r r o r s  to g r o w  in  a l l  c a se s , i . e .  . w i t h  i n i t i a l  e r r o r , wi th  mean d e n s i ty ,

a n d  w i t h  v a r i a b i l i ty  in the  d e n s i ty .  Indeed , th i s  was  v e r i f i e d  fo r  the RMS—

e r r o r , which e s s e n t i a l ly  i s  an a v e r a g e  over  the  e n t i r e  p red ic t  span , and the

i n t r a ck  e r r o r  at p e r i g e e , but not the  r ad i al  e r r o r  at pe r i gee.  In the  l a t t e r

case  onl y t h e  d e n s i ty  v a r i a b i l i t y  f a c t o r  appea red  to i n f l ue n c e  the r a d i a l

e r r o r  a t  pe r i gee in a s yst e m a t i c  ~vav .

These  o rb i t  s i m u l a t i o n  s t u d i es  i n d ic a t e  that  both t h e  s t a r t i n g  vec to r

of t h e  p r e d i c t  span and the  dens i t y w i t h i n  the  p r e d i c t  span a r e  i mp o r t a n t  f act o r s

f o r  good eph e m e r i s  p r e d i c t i o n . F u r t he r , i t  i s  not onl y the m e a n  d e n s i t y

t h a t  s i mp o r t a n t , bu t  t i m e  - d ep e n d en t  ci~a ng e s  a s  wel l .

_ _ _ _ _ _ _ _ _ _ _ _ _  - -
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~‘ tmosp h e r i c  St u d i e s

At the low peri gee alti tudes  of th e orb i t s  under st udy, very

little is known of the densi ty  va r i a t i ons  that occur  on a t ime scale of a

few hours  except that they do exist  and can he substant ia l  ( 10% of the

mean levelh At hi gher altitudes ( 100 nm ) it is known that such short-

period var ia t ions  tend to correlate with magnetic  activity. With the pres-

ent set of calorimeter  data we found the shor t - te rm orbit- inte ;rated

densit y var ia t ions  to be ra ther  poorly corre la ted  with Kp f luctuations ,

although the level of magnet ic  activit y throug ho ut the data interval  was

relatively low . However , on a longer time scale of a day, the orbi t -

in tegrated density did show a relationship with daily magnetic activity

as i l lustrated in Fi g. 9. (In this and following fi gures  the densi ty has

been adjusted to compensate for changes  related to al t i tude.  This nor-

malization p rocedure , which is f requent ly used in aeronomical  studies ,

is d iscussed in Appendix B . )

Since orbi t - to-orbi t  densi ty changes could be associated with

spatial as well as temporal var ia t ions , we invest i gated the possibi ih y

of geographically - re la ted  fea tu res  in the density di stribution. A f i r s t -

cut ana lys i s  involved plot t ing the o rb i t - in tegra ted  density vs longitude

of minimum al t i tude;  th i s  is shown in Fi g . l0 .  Three horizontal  l ines  are

shown for r e f e r en  - c: the upper l ine delineates the upper quar t i le  of the

da ta , the middle line is the mean (also the median),  and the lower line

del ineates  the lower quarti le.  The machine-plot is in a sense misleading

s ince , if more than one point fal ls  within a specif ied gr id , only a sing le

asterisk is shown. Thus, the number of points that should lie between

the upper and lower l ines is g rea te r  than is actually shown.
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The plot indicates that the density near 72 °E long itud e is greater

by about 10% than the density near 20 °E. There appears to be a minimum

near 20 °E longitude , but this is speculative since there are too few point s

to the west of the apparent minimum. The density in the sector f rom 144 °E

to abo ut 240°E also appears to be lower than average; however, again there

are too few point s to be certain of this fea ture . -

Plotting the density against both latitude and longitude of minim um

altitude as in Fig. 11 fails to elucidate matters. Here, circles represent i:

the upper-most quartile; asterisks are used for the upper-middle quartile,

plus - s igns for the lower-middle quartile , and minus- s igns  for  the lower

quarti le . From about 35°N to 50°N , where the majority of point s exist ,

the symbols are more or less distributed in buck-shot fashion. There is

a definite lack of upper-quartile symbols in the 144-240°E sector, but

as mentioned above the data coverage there was very  sketchy. Similarly,

there appears to be a zone of hi gh density between 20 ° and Z4 °N and a

zone of low density between 240 and 30°N; but again the poor data coverage

may be biasing the s tat ist ics .  In all , t he re fo re , where there  was good data

coverage , there was no well-defined geographically - re la ted  s tructure.

Possible regions f ‘hi ghs ’ or “lows ” were compromised b y the paucity

of data.

Althoug h no outstanding geographical or magnetic-index related

effects were found, it was determined from the calorimeter data base that

the density at the heights in question did exhibit a certa in degree of what

might be called pers is tence.  That is , given the orbi t - in tegra ted  density for

-35-
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a particular orbit , we found that in 68 of 155 cases ( 44% ) the in tegra ted

density of the following orbit did not d i f fe r  by more than ± 
5I~~~~• Fur the r , in

- 88% of the cases , the integrated density was within ± 15% of that of the

preceding or it. Similarly, in -
~~ 30% of the cases available for  study, the

density of the second and third orbits following the g iven orbit  did not

change by more than ± 5%. This “persistencc ” fea tu re  expla ins  why in

nearly all our calculations the prediction Model C yielded the lowest e r r o r s .

Model C , it is recalled , was simply the measured densi t y of the last orbit

in the fit span .

3. Further  Con~ iderations of Shor t -Term Prediction

The question of the relative importance of the s tar t ing  vector as

opposed to the accuracy  of the drag model in the predict span was investi gated

by comparing several TRACE runs having d i f ferent  combinations of f i t/predict

drag .-nodels. The comparison was ca r r i ed  out for  onl y one of the five data

samples, and so the results must be viewed and int€ cpreted with a fair amount

of discret ion.

Basically, the purpose was to compare “pe r f ec t ”  with “operational”

drag force models, where the 1’perfect” model was the calorimeter data that

were used to genera te  the re fe rence  t r aj ec to ry ,  and the operational model was ,

of course , ‘DENSEL. The results are  presented in Table 4 . Both RMS-

errors and perigee errors in the predict span are tabulated. The data sample

used was Revs 761 -769.

For this particular sample, having either a perfect starting vector or

a perfect drag model yielded essentially similar improvements in RMS-errors

as compared with the operational approach. On the other hand , the accuracy

of the star t ing vector appears to be important  insofa r as peri gee e r rors  are

concerned.
- 37 -
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As mentioned before , we must be careful not to over- interpret  the

results because we are dealing with a sing le data set. A cautious conclusion

that may be drawn f rom this exercise is that both the s tar t ing vector and the

drag model a re  important , and thus fu ture  endeavors to improve shor t - term

orbit prediction should not overlook either of these fac tors .

Table 4. RMS-Errors  and Mean Absolute E r r o r s  at Peri gee

(in feet)  in the Predict Span of Data Set 4 ( Rev s 767-769

‘DENSEL/ ‘DENSEL CALOR / ‘DENSEL ‘DENSEL/ CALOR

Radial

RMS 470 250 257

Peri gee 147 58 173

Intrack

RMS 3086 1194 1960

Perigee 1760 483 1286

An interest ing aspect of prediction e r r o r s  that can be seen in the fi gu res

in Appendix A is the complexity and sensitivity of the t ime-dependent behavior

related to d i f fe ren t  predictive drag models. That is , given a specific sta rt ing

vector , the drag model a f fec ts  not only the envelope of the error  oscillations ,

but the phase as well. The source of thi s complex response can be understood

at least quali tat ively b y examining simplified ana lyti cal expressions for  the

-38-

~~~~~ ~~~~~~ 
_ i



-
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~—w-~ - - ~~‘~T~~~~~ .— ----.~’- - -

~~~~~ ~~

‘ —

~

--- -

~~~
--
~~~~~~~~~~

orbital perturbations due to air drag .  Specifically, th e r adial dista n ce r

at a position on the orbit where  the t rue  anomaly is ~ is  re lated to the

di stance r for  a d r a g - f r e e  orbit by (Ref .  2 , eqn. 8E ,.

2 1/2
- = 

~ 
i - cos ( 

~~ 
- 

~~ ~ 
( 1  + 2 e cos 0 + e )  p ( 0 ) dO (1)r r - ( 1 + e c o s O )

0

where p is th e densi ty, e is the eccent r ic i ty , and 6 is a pa rame te r

similar to the so-called bal l is t ic  parameter .  From (1) ,  it is str ai ght-

forward to derive the d i f f e r e n c e  in radial  d is tance a f te r  one revolut icn o’ ‘ing ¶
to d i f f e ren t  density models:

~ + Zir

( r 1 - r
2

r
2 = - 6 f G (o .~~~~) ( P 1 - P 2 dO (2)

where
- - 2 1/2

G ( O ,~~~ ) = 1 l - c o s t ç ~ - 0 )  ~~ l - r 2e c o s O + e )  (3)
( 1 +  e cos 0 )

A sketch of the behav io r  of the f u n c t i o n  C is shown in Fi g. l~~. The  ~mp or tan t

fea tu re  is that the phase depend s on ~ , the pos i t ion  in the o rb i t  w h e r e  the

radial d i f f e r e n c e  is to be eva lua ted . In esse nce , the d i f f e r e n c e  in the  radia l

component (eqn. 2) is the o r b i t - i n t e g r a t e d  d i f f e r e n ce  in dens i ty  wei g hted  b y the

funct ion C.

In the simple ease where  the rat io of the dens i t i e s  r 2 / P  1 is constant

along the orbit , eqn. (2)  may be w r i t t e n
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~ p 1 ( 1  -~~~~~~~~~~ ) J G ( 0 , ~ ) exp - + e c o s O )  J ~ dO (4)

In deriving (4) we assume that the density is given b y

p = p e x p [ - ( r  - r ) / H 1

where p is the densi ty  at per igee , r is the perigee dis tance , and H the

densi ty sca le h ei ght;  the parameter  ~3 in (4) is r e/H. In this simple case

the in tegra l  is a posi t ive-defini te  quanti ty,  and thus the radial d i f f e r e n c e  has

the same sign for all 0 depending on the ratio p 2 /p 1. It is apparen t  f rom

Fig. 12 and eqn. (4) that for  given value s of the p a r a m e t e r s  r 2 1p 1~ ~ 
, e , ~3 ,

and p 1 , th~. d i f f e r ence  is a minimum at per igee  ( ~ = 0 ) and a maximum at

apogee ( ~ 
= ii- ) .  This , of c o u r s e , is not su rp r i s ing  to anyone with any famili-

a r i ty  ‘vith orbital  analy s e s , as it is well known that  the per i gee heig ht decay s

very  slowly under  the ac t ion  of a i r  d rag  relat ive to the decay of apogee .

In the g e n e r a l  case r e p r e s e n t e d  by eqn.  ( 2 ) ,  the radial  d i f f e r en c e

depend s on the va r i a t i o n  of the dens i ty  d i f f e r e n c e  a round  the or-)it  wei ghted

by the funct ion G. It should be noted that  cven if the o r b i t -i n t e g r a t e d  d i f fe rence

in  th e  dens i ty  is z e r o , the  radial d i f f e r ence  can be n o n - z e r o  because of the

f u n c t i o n  C. It is obviDLs  that under  g e n e ra l  condit ions , w h e r e  ( p 1 
- p 2

va r ic~ i n  50:- c co ; .  L ’ 1 Cx  f a s h i o n, It is no st ra i g h t fo rwa rd  mat te r  to in fe r  the

e f f e c t on t -~r r~ ~ia1 I - t an ce .  To even predic t  the si gn of the change would

r ’.-q e i re  ~~ ~u - - 1 e  e of the  he~~av io r  of the  d :sity d i f f e r e n c e  a round  the orbit .
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IV . SUMMARY AND RECOMMF :-~DATIONS

Subject to the constraint s and assumpt ions  rn~’ntio ned ear l i e r , the major
results of this stud y a re  as  follows:

1. Given the t rack ing  coverage of the AOES network , di rec t  : - a . -ir emer it s

of the drag  on a low-a l t i tude  vehicle allow the orbit  to ~e fit  wi th  f a r

g rea te r a c c u r a c y  than would be obtainable using ~he operat ional  drag

model. R M S - e r r o r s  in the fit  spa n of the radia] , int r ack , and c t  o s s —

t rac k component s we r e - - 1 ft . -
~ 10 ft. and ~ 1 ft, respectively,

using drag data, and - . 10 ft , ~~
- 100 ft . > 10 ft using the ‘DENSEL model.

2 . The accura te  s tar t ing vec to r s  obtained with the drag measurements

significantly improved the 3-rev prediction capability. Using the

‘DENSEL model to predict , we achieved an average reduction in

RMS e r r o r  of a fac tor  of 2 in the radial component and a fac tor  of 4

in the int rack component. The mean absolut e e r ro r  at peri gee was

re du ced by fac tor s of 3 and 4 , respectively, for the radial and in t rack

components.

3. The level of the density and the variability of the density withi n the

predict  span affec t  prediction accuracy .  On a short  t e rm basis

(i. e. orbit  by orbi t ) ,  we found no outstanding correla t ion be v-een the

density and the of ten-used Kp index of magnetic activity . We also

failed to find compelling evidence of permanent  geographicall y- re la ted

fea tures  in the densi ty.  We did find , how ever , th at th e s t a t i s t ica l

“pe rs i s t ence ” of the lower thermosphere  can be exp loited to improve

short t e rm  orbit predict ion .
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As emphasized in thi s report , the result s must be interpreted as

“optimistic ” since no allowances have been made for e r rors  in drag mea sure-

ment s, satellite t racking (other than random er ro rs ) ,  or other external force

models (I. e. the geopotential). The next obvious test would be to use real ,

not simulated , t racking data in a comparative study of drag data vs opera-

tional model.

Although the emphasis of this tudy has been on satellite-borne mea-

surements  of d rag ,  it should be noted that improvement in the start ing vecto r

of a prediction ~ ite rval might also be achieved by improved tracking capability.

A most important is sue is the need to improve the drag model predic-

tive capability on the shor t - te rm time scale (i. e. an orbital period). Although

it was found that the persistence feature  of the atmosphere could be exploited

in orbit prediction, success is to be expected only on a statistical basis. It

must also be noted that the present  data base was obtained during a period

devoid of major magnetic activity, and so we have not been able to analyze the

effects  of such disturbances on orbit prediction. Large changes in density

taking place on a short- t ime scale can have profc-und effects  on low-alt i tude

orbits; thus it is important to be able to predict the occurrence and magnitude

of such events. A break- through in thi s area does not appear to be imminent,

but since the drag model may become the ultimate limiting factor in orbit

prediction, the task should not be readily abandoned.
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APPENDIX A. Plots of Orbit Dif ferences

Plots of the radial and intrack e r r o r s  are shown on the following pages.

Figures  of the cross t rack  e r ror  have not been included since this component

is general ly not a source  of s ignificant  e r r o r .

The drag models used in the fit and predict in tervals  and the orbit

numbers of the data sample are indicated at the top of each graph. Thick

vertical lines are used to separa te  the fit  and predict i n t e r v a l s ;  th ick  hori-

zontal lines iI ’entif y the z e r o - e r r o r  level.  Ar rows  along the t ime axi s denote

the t imes  of per i gee.

Pr e d i c t i o n  dens it y Models B and C (MODB , MODC) w e r e  der ived  from

the ca lo r ime ter  data of the fit spans. Model B was based upon all data in the

fi t  span: Model C was based on onl y the last orbi t .
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APPENDIX B. Altitude Normalization Procedure

The exponential altitude dependence of the density general ly dominat es

over time- and horizontal space-dependent effects , and thus it is n e c e s s a r y

to remove altitude ef fec ts  in order  to stud y atmospheric  changes.  A plot of

the o rb i t - i n t eg ra t ed  densi ty versus al t i tude of per i gee is shown in Fig. B - l .

A curve of the form

I’ 2Y ( z ) = exp 
- 

c
1 + c2 ( z - z

0 ) + c3 (z - z
0)

was fit to the data and is shown in the fi gure.  In the expression above the

c. ’ s are parameters of the fit , z is altitude , and z0 is the re fe rence

altitude, chosen to ~e 70 nm.

For studies of time and horizontal space variations in the drag field ,

the orbi t - integrated densities Q~ ( z ) were reduced to the re fe rence  altitude

z 0 using

Q0 ( z 0 ) = Q ( z ) .  Y ( z 0 ) / Y ( z ~~ )

where z~ was the perigee altitude.
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THE IVAN A . GETTING LABORATORIES

The Laboratory Operations of The Aerospace Corporation is conducting
experiment al and theoretical investigations necessary  fo r  t he eva l uat ion an d
app licat ion of sc ien t i f ic  advances to new military concepts and system s .  V er-
sa t i l i t y  and f lexibi l i ty have been developed to a hig h degree by the laboratory
person nel in dealing with the many problems encountered in the nation ’s rap id l y
developing space and missile systems. E xpert ise in the latest scientific devel-
opments is v ital to the accomp lishment of tasks related to these  problems . The
laboratories that contribute to this research are :

Aerop hysics Laboratory : Launch and reentry aerod ynamics , heat trans-
f e r . reen t ry ph ysics , chemical kinet ics , structural mechanics , flight dynanuc s .
atmo sp heric pollution , and hi gh-power gas lasers.

Chem ist ry  and Physics  Laboratory : Atmosp heric reactions and atmos-
p heric optics , chem ical reactions in polluted atmospheres , che m ical reactions
of excited species in rocket plumes , chemical thermod ynamics , plasma and
laser -induced reactions , laser chemistry, propulsion chemis t ry ,  space vacuum
and radiation effects  on materials , lubrication and surface phenomena , photo .

• sensit ive materials and sensors , hig h precis ion laser ranging, and the appli-
c ation of ph ys ics  and chemistry to problems of law enforcement and biomedicine .

Electronics  Research Laboratory : Electromagnetic theory, devices , and
pro pagation phenomena , inc lud ing p lasma electromagnetics;  quantum elec t ronics .
laser s ,  an d e lec t ro _ opt ic s ;  communication sciences , applied electronic s , semi-
con ducting, supercon ducting, and crystal àevice ph ys ics , optica l and acoustical
ima ging; atmospheric pollution; millimeter wave and fa r - in f ra red  technology.

Materials Sciences Laboratory : Development of new materials; metal
matr ix composites and new forms of carbon; test and evaluation of grap hite
an d ceramics in reentry;  spacecraft materials and e lect ronic  components in
nuc lear weapons environment;  app lication of f rac ture  mechanics to s t ress  cor-
rosi on and fat igue-induced fractures in structural metals .

Space Science. Laborato ry : Atmosp heric and ionosp heric physics , radia-
tion from the atmosphere , density and composition of the atmosp here , aur o rae
an d airg low; magnetosp heric phys i c s , co smic rays , generation and propagation
of plasma waves in the magnetosp here; eolar ph y sics , s tudies of solar magneti c
f ie lds ;  space astronomy, x - r ay astronomy; the effects of nuclear explosions .
magnetic storms , an d solar act ivi ty  on the earth’ s atmosp h ere , ionosp her 1/ . and
mag neto sp here;  the ef fec ts  of opt ical , e lectromagnetic , and particulate radia-
t ions in space on space sys tems.

THE AEROSPACE CORPORAT I ON
El Segundo , California
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