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associated storms from recurring storms f i r s t  became possible with the launching of 
the Mariner space probes. The f i r s t  probe which has been i n  a convenient posit ion f o r  
predicting recurring storms is  Pioneer 7. Even with Pioneer 7, however, serious p r e -  
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the predict ive capabi l i ty  of several  newly avai lable  tools  is evaluated: the study of 
the s o l a r  wind speed by Neugebauer and Snyder, the study of PCA spectra  by C a s t e l l i  
e t  a l . ,  the study of energet ic  electrons by Anderson and Lin, the study of the i n t e r -  
planetary f i e l d  d i rec t ion  by Fa i r f ie ld ,  and the study of the perpendicular f luctuat ions 
of the interplanetary f i e l d  by Bal l i f f  e t  al. These measurements are introduced i n t o  
a mathematical formulation t o  predict  the contributions t o  geomagnetic disturbance of 
p e r s i s t e n t  s treame and f lare-associated s treams of s o l a r  plasma. Simulated numerical 
predict ions of Ap using various coobinations of the precursors a r e  compared with the 
measured values of Ap. 
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FOREWORD 

This work w a s  conducted under the sponsorship of the Aerospace 
Environment Division, Aero-As trodynamics Laboratory, NASA-Marshall 
Space F l ight  Center. The technical  monitor of t h i s  contract  w a s  
D r .  L. L. DeVries. This e f f o r t  represents  p a r t  of the continuing 
study t o  develop a b e t t e r  understanding of re la t ionships  between 
the so l a r  and t e r r e s t r i a l  environment t o  furn ish  improved space 
environment criteria and operational support for  present and fu ture  
space programs. 
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I 

During g e v e t i c  stoxms, the air drag on a r t i f i c i a l  satellites increaser, 
and radlo md radar transmisriuam at high l a t i tudes  are impaired. 

been mmy attempts t o  aertlop reliable  technique^ of predicting magnetic stonvrr 
in order t o  improre satellite orb i ta l  predictions and u c t i c  radio propagation; 

but none of these attempts has been completely rucccsrful, for several reas01111: 

There have 

1. none of the precursors is vbolly relisble. 

2. Sane of the precursors are monitored for only a fraction of tht 

dcror. 

3. U n t i l  the  launching of Pioneer VII, there wan no prac t ica l  way of 
monitoring the l w - l i v e d  tongue8 of enhanced plasma which apparently 
c u e  t h e  recurring type of gerrrpnetic atom. 

The study described in the present report u t i l i zed  Pioneer VI1 data and 8everal 
other precursors i n  an attempt t o  overcam the limitaticm enumerated above. 

The report begins with a section on the  memiag and we6 of Kp and Ap. The kinds 
of data considered for use in short-tam predictloms of Icp 8re then described and 
evaluated. The prediction equations are next explained, md a detailed n-rical 
example is given. 
errors in these simulated predictions are discused urd mathematically malyzed. 

A graphical presentation of t h e  predictions followr. The 

Suggesti ons 
predictions 

=port. 

estimated. 

are made for future  research on short-tam predictions. Loa4pterm 
of the annual average of 
The main reeults of this rtudy ere 8umarized at the end of the 

are then presented, and their error8 are 

1 



Section 2 

THE MEANING AND USES OF Kp AND Ap 

The geomagnetic index Kp and the geomagnetic planetary amplitude $ are 
memure8 of t h e  l eve l  of geomagnetic disturbance. 
averwe of the  eight three-hourly ranges of disturbance at s t a t i o n s  Jus t  
equatorward of t he  auroral  zone, whi le  5 is a quasi-logarithmic function of 
t he  ranges of disturbance (Reference 1). 
index, it is not proportional t o  t h e  range of dis turbmce a t  my l a t i t u d e  
except near 5 7 O ,  where it is measured. 
nearly proportional t o  Kp at low l eve l s  of disturbance, and n e u l y  proportional 
t o  + at high leve ls  of disturbance (Refemnce 2) .  

K p ,  Ap, t h e  sum of t h e  eight three-hourly values of K (ZK,,), and the  range a t  t h e  

peak of t h e  aurora l  zone are given i n  Table 1. 

Speci f ica l ly ,  Ap is a daily 

Although Ap is ca l led  a planetary 

A t  most other  l a t i t u d e s ,  t he  range is 

The relat ionships  MOW 

P 

Kp and Ap are important because they provide quant i ta t ive  measures of geomag- 
ne t i c  disturbance. 
disturbed, par t icu lar ly  a t  high l a t i t udes .  
also increases ,  cawing e r ro r s  i n  t h e  predicted ephemerides. 
be accurately predicted,  radio propagation and orbital predict ion could be im- 
proved. 

During magnetic storms, rad io  and radar propagation are 
The air drag on a r t i f i c i a l  satell i tes 

If Kp and Ap could 

This is t h e  motivation of t h e  present study. 

Because of the  importance t o  t h e  Marshall Space F l ight  Center of the  r e l a t ion rh ip  
between geomagnetic storms and atmospheric densi ty ,  t h e  following informstion on 
t h e  "corpuscular heating effect" is reproduced frm Reference 3: 

During Reomngnctic disturbances,  the  atmospheric density at  satel l i te  a l t i -  
tudes increases.  
increase i n  t h e  exospheric temperature of an atmospheric model. The pheno- 

menon is therefore ca l led  "the Corpuscular Heating Effect ,"  even though the  

physical proceases involved and the existence of a temperature increase at 
l a U  la t i tudes  have not been established by d i r e c t  measurements. 
corpuscular heating e f f e c t  Is a highly nonlinear function of t h e  geomagnetic 

Planetary amplitude, l$,, en is shown by t h e  three curves in f ig .  1, which 

This increase i s  usually represented M an equivalent 

The 

. 

2 
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TABLE 1 

RELATIONSHIPS N N G  MEASURES OF G-NETIC DISTURBANCE 

AP 
(2  g-) 

0 

2 
3 
4 
5 
6 
7 
9 

12 
15 
18 
22 
27 
32 
39 
48 
56 
67 
80 
94 

111 
132 
154 
179 
207 
236 

300 
400 

np - 
0 0  

O +  

1 -  
l o  
1 +  
2 -  
2 0  
2 +  
3 -  
3 0  
3 +  
4 -  

b o  

4 +  

5 -  
5 0  
5 +  
6 -  

6 0  
6 +  
7 -  
7 0  
7 +  
8 -  

8 0  
8 +  

9 -  
9 0  

Daily Range 
A t  Peak of 

Auroral Zone 
(Relative Units) 

1 KP 

0 0 

2.7 .031 
5.3 
8.0 

10.7 .08 

13.3 
16.0 
18.7 
21.3 
24 .O 

26.7 
29.3 
32 00 
34.7 
37.3 
40 .O 

42.7 
45.3 
48.0 
50.7 
53.3 
56.0 
58.7 
61.3 
64.0 
66.7 
69.2 
72.0 

. 158 

. 334 

.40 

. 54 . 66 

1.03 

(1.48-) 
(1.96) 





give the increment in exospheric temperature corresponding t o  a uni t  in- 

crease in Ap. These curves are based Oh satellite drag measurements at 
low and middle la t i tudes  (Reference 4). 
much larger at hi& la t i tudes  (Reference 51, where the dependence on $ 
has been reported t o  be somcvhat d i f fe ren t  than  at  lower l a t i tudes ,  but 

still  highly nonlinear (References 6 ,  7). 
were unexpected, and require an explanation. 

The corpuscular heating e f f ec t  is 

These nonlinear relationships 

The investigation of the  nmlinear relationships w a s  begun by examining 

the geomagnetic disturbance currents as a fuuc t im of Ap and latitude. 
The l a t i tude  dependence is il lamtrated fo r  low and h i& levels  of dis- 

turbance i n  figs. 2 and 3, respectively, (Reference 2). The spreading 

of the disturbed auroral region t o  luuer l a t i tudes  during storms can be 

clear ly  seen. 

The ranges at several  locations have been normalized and plotted aga ins t  
% i n  fig. 4. ICp has a lso  been plotted against $, using the right-hand 

scale.  

s ta t ions  used t o  construct Kp and Ap ( 5 7 O ) ,  t he  peak of the disturbed 
region around the  auroral zone, and the polar cap (80'). 
range at 57" differs fram the normalized cume for  Ap by no more than 

30%. 
the l o w  values, but more like $ at the  high values. 

qual i ta t ively the 8- as that of the  three curves i n  f ig .  1. 

point w e  should mention tha t  Truttse (Reference 6) ha8 recently shown t h a t  

the density perturbations at low and middle la t i tudes  during geaasgnetic 

stoxms arr linearly related t o  the AE index averaged over the preceding 

10 hours. 

peak, because the  AE index is a measure of auroral e l ec t ro j e t  act ivi ty .  

The locatians are the trough near 20°, the  average l a t i t ude  of 

The normalized 

A t  all other la t i tudes  disturbauce varies more l i k e  Kp than  Ap at 
This behavior is 

A t  t h i s  

This would be approximately proportional t o  the  height of the  

The two principal  theories which have been proposed t o  explain the  cor- 

puscular heating effect  are Dessler's (Reference 9 )  and Cole's (Reference 

10). Dessler suggested tha t  t h i s  e f f ec t  is caused by the  absorption of 

5 
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magnetohydrodynanic waves i n  t he  ionosphere. 

been disproved by Campbell (Reference 11). 
earlier work by Cowling and by Piddineton on e l e c t r i c  f i e l d s  and forces 

i n  plasmas of astrophysical  i n t e re s t .  Cole showed t h a t  t h e  power inpu t  

Q t o  u n i t  volume of t h e  high-latitude ionosphere caused by disturbance 
currents  J is Q = j2/a, ,  where Us is the  Cowling conductivity.  
creases during geomagnetic disturbances, but t h e  funct ional  re la t ionship  
is  unknown. 
described. 

Dessler 's  theory has  now 
Cole applied t o  the  ionosphere 

(I, i n -  

A method of estimating t h e  dependence of a, on 3 w i l l  now be 

As Dessler has  pointed out ,  nearly all of the  geomagnetic disturbance a t  

l a w  and midd le  l a t i t u d e s  i s  caused by the  r ing  cur ren t ,  which cannot 

d i rec t ly  hea t  t h e  atmosphere. 

occur i n  the  aurora l  zones and polar caps. 
t r a n s f e r  part of t h i s  e f f e c t  t o  the lower l a t i t u d e s  are m a s s  outflow caused 

by a pressure gradient  (Reference lo), and t h e  d iss ipa t ion  of t h e  energy 
of large t r ave l ing  ionospheric disturbances (Reference 12)  by the  type of 
viscous in t e rac t ion  which Bines has often described (Reference 13) . 
Neither of these ideas for explaining t h e  observed e f f e c t s  at  low and 
middle l a t i t u d e s  has been subjected t o  quan t i t a t ive  ca lcu la t ion ,  but  i f  

one assup~s that t h e  f r ac t ion  of  the  corpuscular energy (deposited at high 

l a t i t u d e s )  which is t ransported t o  the  lover l a t i t u d e s  is independent of 

Ap, then the dependence of u, 011 j can be calculated.  

The corpuscular energy input must therefore  

The mechanisms which might 

The disturbance cur ren ts  represented by the  per turbat ions of the geomagnetic 
f i e l d  i n  f ig s .  2 and 3 have been in tegra ted  over the auroral  zone and pol- 

cap. 
ca l cu la t e  Q under two d i f f e ren t  assuaptions,  Us a j , and 0 ,  Q 3 8 1 s .  The 

normalized results are shovn in fig. 5, wi th  the area shaded between the  

curves represent ing the tvo cases. l o t i c e  t h a t  the  experimental data i n  

fig. 1 would f i t  between these two curves, i m p l y i ~  that  the C o w l i n g  con- 

duc t iv i ty  increases  s l i g h t l y  faster than t h e  ionospheric currents.  

The r e su l t i ng  t o t a l  current hss been iu8erted i n  Cole's equation t o  

1 



I n  support of t h i s  idea, w e  note t h a t  Wescott e t  al .  (Reference 1 4 )  have 
observed in  a number of barium-cloud experiments i n  the  aurora l  zone t h a t  
t h e  e l e c t r i c  f i e l d  i s  an t i co r re l a t ed  with aurora. 

been r e l a t i n c  the energy deposited i n  one cubic centimeter of t h e  aurora l  
zone t o  the exospheric temperature rise of a v e r t i c a l  column at  l o w  and 
middle l a t i t u d e s ,  so t h e  ca lcu la t icn  i s  far from exact. The important 
point is t h a t  t h e  highly nonlinear r e l a t ionsh ip  between Ap and the  temper- 

a ture  increase is capable of being explained i n  terms of t h e  corpuscular 
energy input at  high l a t i t u d e s  and i ts  transmission t o  l o w  l a t i t u d e s .  
is e s s e n t i a l  f o r  t h e  construction of rea l i s t ic  global atmospheric models 

t h a t  the  corpuscular heat ine effect  be correctly described. Detailed 
calculations should be carried out employing t h e  t h e o r e t i c a l  ideas of 
Cole and Hines .  

data, DeVries 
multiple-correlation ana lys i s  t h a t  t h e  time delay i n  t h e  response of t h e  

atmosphere t o  the  corpuscular energy source i s  proportional t o  the  dis- 

tance between t h e  aurora l  zone and the  perigee po in t ,  thus ver i fying t h a t  

t h e  energy is first deposited at h igh  l a t i t u d e s ,  and then is  transported 

t o  low l a t i t udes .  Now t h a t  accelerometers and pressure gauges have been 
placed i n  polar o r b i t s ,  better measurements of t h e  l a t i t u d e  dependence of 

t h e  corpuscular heating effect  are becaning available.  
t he  theor ies  t o  be tested and t h e  corpuscular heating process t o  be be t t e r  
understood. 

O f  course, we have 

I t  

Despite t h e  poor s p a t i a l  reso lu t ion  of t h e  po la r  satell i te 
e t  al. (Reference 15)  have been able t o  show by means of a 

This w i l l  enable 

Improved atmospheric models can then be constructed. 
of Kp or Ap t o  insert i n t o  these models i s  the  subJect of t h e  present repor t .  

The predict ion of values 

c 
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Section 3 

SHORT TERM PREDICTIWS OF CKp 

This sect ion describes t h e  equations and t h e  kinds of measurements which vere 

used i n  predict ing ZKP and coplpares these simulated predict ions w i t h  t h e  

measured values of 

3.1 DATA 
The following data were considered f o r  use i n  the predict ion formula f o r  cKp: 

1. 

2. 

3. 
4. 
5 .  
6 .  
7. 
8. 

9. 
10 . 
11. 

Solar wind speed 

10 cm solar radio noise burst8 

Sudden ionospheric disturbances 

Outstanding x-ray events 
PCA events 
Solar flares 
Interplanetary f i e ld  var ia t ions 
Electron events 
Sunspot areas i n  equator ia l  zone of sun 

Neutron-monitor measurements 

Magaetic crochets 

Data items 1, 5 ,  7 and 9 were chosen because they had previously been indivi-  
dually correlated with Kp or Ap by Snyder et  al. (Reference 16) , M o e  (Reference 
17), Coleman e t  el. (Reference 18) and Gnevyshev (Reference 191, respectively.  

"he remaining items are all a88ociated w i t h  geomagnetic a c t i v i t y  and were thought 
t o  be readi ly  available.  The first f i v e  data items are used in the  f i n a l  predic- 
t i o n  formula and w i l l  be discussed in the  following section. 

nJccted f o r  E var ie ty  of reasons: The s o l a r  flare data, published in 
Solar-Geophysical Data (Reference 20)  vere found t o  be too  qua l i t a t ive ,  i n c a b  
plete, aad unvieldy f o r  the present purposes. 
that  the correlat ion between 5 and interplanetary field var ia t ioas  is grea t ly  
reduced when the satellite takiag the  mcasurcwnts i8 more than a few degrees 
of he l iocen t r i c  angle from t he  ear th .  

The last six were 

B a l l i f  et al. (Reference 21) found 

Thus, such data would probably not be 

9 



usefu l  for two-day predictions.  

greater than 40 Kev from s o l a r  flare e lec t ron  events,  obtained from Anderson 
(Reference 22 and unpublished data), were compared w i t h  Kp. 

cor re la t ion  w i t h  Kp two o r  t h ree  days later. 
used i n  t h e  simulated predict ions because they are not y e t  ava i lab le  f o r  1968; 

however, i f  they were ava i lab le  i n  real time, they would be useful  f o r  predic- 
t i ons .  
sunspot areas i n  the  equator ia l  region of the  sun. However, analysis  of 300 

sunspot photographs supplied by L t .  Isbelle of t he  USAF Solar Observatory at 
Van Norman Reservoir (near Los Angeles) d id  not reveal  any s ign i f i can t  day-to- 
day o r  month-to-month correlat ion.  Data items 10 and 11 were not used because 
of incompleteness. 

The prompt f luxes of e lec t rons  with energies 

There was a good 
Prompt e lec t ron  data were not 

Gnevyshev (Reference 19)  shows a long-term cor re la t ion  between Ap and 

3.2 REDUCTION OF DATA 
The predict ion formula, 

K ( t )  = %(t) + KF(t) , (1) 

where K is  the  predicted value of I K p ,  r e f l e c t s  two apparent contr ibut ions t o  
the  geomagnetic index; KM is t he  contr ibut ion due t o  long-lived, ac t ive  regions 
on the  ,sun, and KF i s  t h a t  due t o  f lare-associated bu r s t  phenomena. 

The bas ic  data t o  be used i n  t h e  predict ion formula are t h e  s o l a r  wind speed 
measurements made by the  Pioneer VI1 satell i te.  
i n  Solar-Geophysical Data s ince  December of 1967. Pioneer VI1 orbi ts  t h e  sun 

i n  a posi t ion such t h a t  it sees a p a r t i c u l a r  meridian of t h e  sun f days sooner 
than the  s o l a r  ro ta t ion  causes the  ea r th  t o  see t h i s  same meridian (see Figure 

6 )  . Hence, f i r s t -order  predict ions ,using only solar wind speed data, can be 

made ‘1 days i n  advance. 
between CKp and t h e  so l a r  wind speed U from Mariner I V  da t a  according t o  t h e  
formula 

This data has  been published 

Snyder e t  81. (1963) showed a good cor re l a t ion  

10 
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In  the  present study 
et  al., is 

t h e  preliminary formula, patterned after t h a t  of Snyder 

U = 10 K' + 300 km/sec 

where K' is  the  preliminary prediction of CKp end U is t h e  s o l a r  wind speed 

as measured by Pioneer VII. In applying Equation 2, t h e  U data m u s t  be eo- 
ro ta ted  such t h a t  U on a ce r t a in  day predic t s  El#, at the  ear th  f d a p  later. 

If 'I w e r e  equal t o  zero, there would be no need t o  separate t h e  ac t ive  region 

and flare-associated contributions t o  15, since U is  assumed t o  reflect a l l  

magnet5 c ac t iv i ty .  O f  course, i n  t h i s  case, Equation 2 would no longer be a 

prediction. 
mey be improved by considerjng t h e  two contributions separately;  the  flare- 

associated contributions t o  X K p  from a pa r t i cu la r  event must be added t o  K' 
at t h e  time of the  event,  s ince t h e  data were taken 'I days before the  event,  

and subtracted from it ? days later. 

Because ? i s  on t h e  order of dws, however, the  predict ion formula 

Thus, t h e  f i n a l  prediction formula i n  terms of K' is 

where t h e  bracketed term represents $(t) and KFS represents flare-associated 

contr ibut ions at t h e  satellite. 
t h e  flare-associated events recorded a t  t h e  ea r th  a f f ec t  both the  satell i te 
and t h e  ear th  i n  t h e  same manner. 
more detailed discussion t o  follow. 

Implici t  i n  Equation 3 i t 3  the  assumption t h a t  

This assumption w i l l  be made obvious i n  t h e  

The f lare-associated events used asprecursors of geomagnetic a c t i v i t y  i n  t h e  
present  predict ion scheme are items 2-5 l i s t e d  in Section 3.1. 
r ad io  f lux measurements are obtained from the  Sagamore H i l l  Observatory of t he  
Air Force Cambridge Research Laboratories. 

The 10 an s o l a r  

These da t a  are taken continuously 
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during daylight hours. 

i s  the parameter used i n  the  predictions.  O f  the  sudden ionospheric dis- 

turbances, t he  sudden phase anomalies are t h e  chosen parameter because of 

the  worldwide d is t r ibu t ion  of SPA observations. 
Solar-Geophysical Data. 

a pos i t ive  sign and then summed f o r  each day. 
published i n  the same b u l l e t i n ,  are measured by satel l i te .  
are sumned f o r  each day. The polar  cap absorption (PCA) events are recorded 
at  the  McDonnell Douglas Astronautics Company's geophysical observatories i n  
the  Arct ic  and Antarctic.  

The sum of the  mean f lux  densities of each day's bursts 

These data are published i n  
The reported degrees of phase s h i f t  are a l l  assigned 

The outstanding x-ray events,  
The lA t o  2OA fluxes 

To obtain KFS(t - T I  and K F ( t )  from the precursor data, three sca l ing  functions 
are used. 

contribution t o  EKp as a function of the  longitude of the  f l a r e  associated with 
a pa r t i cu la r  precursor. 

correlat ions between the amplitudes of severa l  storm cha rac t e r i s t i c s  and asso- 
c ia ted  f lare longitudes. Accordingly, f o r  t h e  precursor data f o r  which asso- 

c ia ted  flare longitudes w e  known, t h e  raw data is  reduced by the  appropriate 
fac tor .  
sudden phase anomalies. I n  t h e  course of making simulated predic t ions ,  however, 
it was decided t h a t  t h e  e f f e c t  of taking flare longitude i n t o  account for  sudden 

phase anomalies is  negl igible .  

The f irst  function, shown i n  Figure 8, i s  the  expected r e l a t i v e  

This curve is  based 3n Akasofu's (Reference 22) 

Flare  longitudes are usually known for most of t he  PCA events and 

The second function, shown i n  Figure 9, is t h e  expected r e l a t i v e  contribution 

t o  CKp as a function of the  time of t h e  precursor ( o r  t h e  associated f lare,  
s ince the  t i m e  delay between the  two is  negl ig ib le  f o r  t h e  present s tudy) .  
curve i s  based on t h e  general  knowledge t h a t  a geomagnetic storm w i l l  peak a t  
approximately two and a ha l f  days after the  occurrence of the  associated flare. 
A l l  of the  precursor data i s  thus fur ther  reduced by t h e  appropriate time delay 
fac tor .  

This 

The t h i r d  function, shown i n  Figure 10, i s  used t o  convert t h e  reduced precursor 
data t o  CKp uni ts .  The curve i s  based on an experimental re la t ionship  between 

14 
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U$, and the  range of geomagnetic disturbance a t  the  peak of t he  auroral  zone, 

converted t o  r e l a t ive  un i t s  (based on Reference 2) .  

each of t h e  precursors' un i t s  correspond t o  1.0 r e l a t ive  un i t s  on the  abscissa  
of t h i s  curve, t h e  fac tors  yielding t h e  best prediction f o r  nine assorted days 
i n  1968 were chosen, 
four precursors. Table 2 lists the  chosen conversion fac tors .  When t h e  

contribution t o  CK, fo r  8 par t i cu la r  event w a s  less t h a n  1.0, t h e  curve w a s  
l i nea r ly  extrapolated on the  logarithmic graph. 

To decide how many of 

An attempt w a s  made t o  give equal weight t o  each of t h e  

~ K' 1/10 (525 - 300) 22.5 

--- ----.- ----_I_-- 

TABLE 2 

FACTORS USED TO CONVERT VARIOUS PRECURSOR UNITS TO ZKp UNITS 

N W R  OF UNITS EQUAL TO 1.0 RELATIVE 
PRECURSOR UNIT ON ABSCISSA OF GRAPH I N  FIGURE 10 

-2  f' 10-" watts m 
2 

10 cm s o l a r  radio f l u x  

Sudden phase anomalies 100,000 degrees 

emiss iv i t ies  I Outstanding x-ray events 10 (0-8A) 

100 (8-20A) 

PCA events 100 decibels 

To exemplify t h e  above procedure, a simulated predict ion for June 16, 1968, 
fol.lows. A t  t h i s  time, f w a s  equal t o  5 days. 
June 11 w a s  525 km/sec. 

i n i t i a l  prediction K' , 

The s o l a r  wind speed U on 

Subst i tut ing t h i s  value i n t o  Equation 2 y ie lds  the  

To calculate  Km, account i s  taken of a l l  precursor events which occurred from 
one t o  four days before June 11, and each event i s  mult ipl ied by the  appropriate 
scaling fac tors .  For example, a PCA event of amplitude 5.7 db associated w i t h  
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a flare located at 8% on t h e  SU'B disk r e l a t ive  t o  the ea r th ,  occurred on 
June 9. The value of 5.7 db i s  first multiplied by 1/3 f o r  f l a r e  longitude, 
according t o  Figure 7, taking i n t o  account t h a t  t h e  satell i te is 70' e a s t  of 
t h e  ear th ,  r e l a t ive  t o  t h e  sun. 

The r e su l t an t  vdue of 1.9 db is then mult ipl ied by 1 f o r  storm time delay, 
according t o  Figure 8, and by 1/(100 db), according t o  Table 2. 
a r e l a t i v e  value of 0.019, which corresponds t o  1.6 c$ units on the  graph i n  

Figure 9. 
t o  four  days before June 12 
longitude of t h e  associated f l a r e  w a s  not taken i n t o  account, 

This yie lds  

Similar calculat ions for  all other  precursors which occurred one 
are l i s t e d  i n  Table 3. For these remaining precursors,  

PRECURSOR 

10 cm f lux  
Sudden phase 
enmalies 

11 

I 1  

0 

. X-rey event 
(0-8~ ) 

t ( 8-20A ) 

(0-8A) 
(8-20A) 

DATE 

6-9 
6-7 

6-8 
6-9 

6-10 

6-7 

6-7 

6-9 
6-9 

TABLE 3 

SAMPLE PREDICTION CALCULATION 

TIME DELAY 1 
AMPLITUDE x FACPOR w TABLETFACTOR 
2.06 x10-' ' 1 10' 

253 +i lo-' 

290 1 loo5 
805 1 10.' 

100 +i lo-' 

1.47X10-* +i 10- 

1 . 0 8 ~  10- 1G lo-' 

2.89x10-' 1 10- 

2.20x10-' 1 lo-* 

=X 

. 00206 . 00063 
.00290 
.00805 
.00025 

.00037 

.00027 

.00289 

.00220 

m %  UEm 

.1 

*I, 
negl igible  

.2 

.8 
01, 

negli g ib le  

-1 , 
negl igible  

*1. 
negl igible  

.2 

.2 



Summing the  r e s u l t s  of t h e  above ca lcu la t ions ,  including the  PCA contribution, 

y i e l d s  KFS = 3.1. The remaining parameter i n  Equation 3, KF, is  calculated 
i n  a comparable manner for a l l  precursors occurring two t o  four days before 

June 16. 
occurring one day before June 16 cannot be taken i n t o  account. 
amount contributed t o  t h e  CKP one dsy before t h e  fact  i s  usually negl igible . !  

During t h i s  t i m e  i n t e rva l ,  t h e  only a c t i v i t y  which occurred were sudden phase 

anomalies on June 13 of t o t a l  amplitude 120°, yielding a contribution of 0.1 

t o  KF. 

i n t o  Equation 3; the  r e s u l t  is 

(Because the  prediction i s  for two days i n  advance, those precursors 
However, t h e  

The two-day prediction K i s  obtained by subs t i t u t ing  K ' ,  KFS and KF 

The ac tua l  value of CKp for June 16 was 18. 

3.3 DISCUSSION OF RESULTS 
Simulated predictions of CKp f o r  1968 made by t h e  above method are compared 

with t h e  ac tua l  values of CKp i n  Figure 11. The s o l i d  l i n e  represents CKp. 
The dashed l i n e  represents predictions based on t h e  co-rotated Pioneer VIY 
s o l a r  w i n d  measurements alone. 
on both s o l a r  wind measurements and flare-associated events,  usine Equation 

3. 
not much evidence of 27-day recurrence i n  these  data. 

question fu r the r ,  27-day differences i n  CKp were calculated.  
than 5 u n i t s  most of t h e  time, often much l a rge r .  
recurrence tendency. 

be more prominent a f t e r  sunspot maximum. 

The  dotted l i n e  represents predictions based 

A s o l i d  t r i a n g l e  is placed on t h e  time sca l e  every 27 days, but there is  

To inves t iga t e  t h i s  

They were l a r g e r  
This again ind ica tes  l i t t l e  

I t  is expected t h a t  a 27-day recurrence tendency will 

There is l i t t l e  difference between t h e  dashed and dot ted  l i n e s  i n  Fieure 11, 

except near t he  beginning of November. This  means t h a t  f lare-associated 
events made a negligible contribution t o  t h e  computed CKp, except during 
November. 

ind ica tes  t h a t  t he  plasma toncues are rapidly evolving, and causes one t o  
On the  other hand, t h e  lack of a c l e a r  27-day recurrence tendency 
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expect f lare-associated events t o  be more important. 

Because of the la rge  flare-associated events at t h e  beginning of November, 

l a rge  adjustments were made i n  t h e  s o l a r  wind speed. Apparently there was 

an overcorrection, because t h e  prediction CK sometimes went negatjve. An 
a l t e rna t ive  dependence of flare-associated emissions on t h e  angular d i s tance  
from c e n t r a i  meridian passwe has a l so  been used i n  Figure 11C t o  obtain a 

revised prediction for November wh5ch does not go negative. There were no 

other la rge  events i n  1968, so t h i s  revised angular dependence could not be 

tes ted  on independent data. 

P 

Same of t h e  smaller geomagnetic storms which appear not t o  be flare-associated 
may ac tua l ly  be associated w i t h  flares which d i d  not produce enough penetrat ing 
s o l a r  radiation t o  affect riometers ( -  0.5 db) ,  ye t  might have been observable 

w i t h  ionosondes a t  polar s t a t i o n s  (Reference 241, o r  by forward scatter 
(Reference 25). 
data f o r  1968, would be desirable when such data become ava i lab le .  
earlier study (Reference 171, it was shown t h a t  some of t h e  smaller storms 
during the f i r s t  s i x  months of t h e  I C Y  were preceded by PCA's which were 
de-tected by ionosondes, but no t  by riometers. 

A search f o r  small PCA's, using ionosonde and forward s c a t t e r  
In  an 

A number of s ta t is t ical  tests have been performed on t h e  data and t h e  predic- 

t i ons .  
of t he  plasma tongues and the  ease with which t h e i r  effects penetrate  i n t o  

the  ea r th ' s  magnetosphere. 
mate t h e  e f f e c t s  of biases and random e r r o r s  of measurement on t h e  reported 
values of s o l a r  wind speed. The r e s u l t s  of these  tests are represented as 
standard deviations i n  Table 4. 

The f i rs t  group of tests was intended t o  evaluate t h e  rate of evolution 

As p a r t  of these  tes ts ,  it w a s  necessary t o  esti-  
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TABLE 4 

STANOARD DEVIATIONS OF PLAy3A SPEED ClEASUREHENTS 

~ 

Quanti ties P7(t  I - P7( t  + 27) P7( t - P7( t + 180) P7 - Z$ ~6 - ZKP P6 - P7 

s.d. i n  Units 8.4 
Of CKP 

11.0 10.5 11 .g 9 -7 

The first quant i ty  i n  Table 4 ind ica tes  t h a t  the 27-dsy recurrence tendency 
w a s  not pa r t i cu la r ly  s t rong i n  1968, because t h e  standard deviation of Pioneer 
VI1 measurements from those obtained 27 days later w a s  8.4 ( i n  u n i t s  of Z 5 )  
whereas the  random errors of measurement appeared from t h e  data t o  be only me 
or two units. Sttmdard deviations of Pioneer VI1 measurements s i x  months 
apart w e r e  a i s 0  calculated,  yielding a? ssd. of 11, which should correspond 
t o  uncorrelated data. The s.d.'8 between a series of measurements, ai, and 
another series, bi ,  w e r e  calculated by t h e  formula 

When Pioneer VI1 measurements were used t o  p red ic t  t h e  measurements of Pioneer 
V I  two weeks later, t h e  sed ,  was larger than t h a t  of a 27-day predict ion of 
Pioneer V I 1  by i tself .  
i n  t h e  measurements, although temporal or s p a t i a l  f luc tua t ions  in t h e  solar 
wind could be responsible. When Pioneer V I 1  data alone were co-rotated t o  
provide a simple predict ion of CKp, t h e  error w a s  nearly as large 88 six-month 
predic t ions  of Pioneer V I 1  , suegesting t h a t  t h e  complications introduced by 

This  suggests t he  influence of biases or non l inea r i t i e s  
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the  penetrat ion of t he  magnetosphere were at  l e a s t  s u f f i c i e n t  t o  increase the  
s o d .  from 8.4 t o  10.5; i .e.,  near ly  s u f f i c i e n t  t o  cause the  predict ions t o  
be uncorrelated with the  quant i ty  being predicted.  
were used t o  predic t  CKp, the  two appeared t o  be uncorrelated.  

would appear from these  data t h a t  any predict ion w i t h  an s .d .  above about 
10 units is uncorrelated with the  quant i ty  being predicted.  

When Pioneer VI1 data 

I n  f a c t ,  it 

Having establ ished t h i s  bas ic  information about t he  data, we proceed t o  a 
s t a t i s t i c a l  evaluation of t h e  predict ions of CKp. 

of predict ions by severa l  methods: 
Table 5 l i s t s  the  s.d.'a 

- 7 

TABLE 5 

STANDARD DEVIATIONS OF PREDICTIONS OF EKp 

Q u a t  i t i es 
- 

Predict ion % - C K p ( t )  - CKp(t-2) P7 -CKp 
of Fig. 11 

8.d. i n  Units 
of CKp 10.8 8.6 10.8 10.5 

The predict ions using t h e  co-rotated solar wind speed from Pioneer VI1 and t h e  

flare-asaociated precursors,  which is i l l u s t r a t e d  i n  Figure 11, i a  not  rigni- 

f i c a n t l y  better than a value picked at  random. 
r e s u l t  t o  the  fact t h a t  r iometers are i n sens i t i ve  t o  t h e  smaller PCA'r, and 
Borne of t h e  o ther  precursors are avai lab le  only par t  of t h e  time. 
t h a t  t h i a  rerult would be improved if da te  fran polar ionoeondes and o ther  
s ens i t i ve  measurement methods were available for  1968 on a 24-hour bas i s .  

We a t t r i b u t e  t h i s  negative 

We expect 
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A predict ion,  wine t h e  annual average, is ( su rp r i s i rg ly )  t he  best of the  
four methods compared i n  Table 5 .  
by two d i f f e ren t  computers, so it is correct .  
of 1.1 uni t s  i n  the predicted value of ‘cp. 
persistence and the  Pioneer V I 1  solar wind speed are not s ign i f i can t ly  
d i f f e ren t  ftom that  of Figure 11, or  from a randan guess. 

This number vas arrived at independently 
It corresponds t o  an e r r o r  

The predict ions based on two-day 

The conclusions to  be deduced from t h i s  s t a t i s t i c a l  analysis are t h a t  t h e  

annual average i s ,  at the  present time, better than any of t he  more sophis t i -  
cated methods of predict ing Kp employed i n  t h i s  report .  
the  flare-associated events is  obviously needed. 
d i rec ted  toward the  more sens i t ive  methods, such as ionosondes i n  polar 

locations, and toward obtaining complete 24-hour coverage of t he  flare- 
associated precursors. 

More research on 
This  research should be 

3.4 SUGGESTIONS FOR FUTURE RESEARCH 
There arc two l i n e s  along which future research could prof i tably be conducted: 
One is t o  s tudy  t h e  usefulness of addi t ional  precursors i n  t h e  predict€on of 

f lare-associated magnetic stonas.  
avai lable  for the year 1368, but w i l l  later become avai lable .  

discussed i n  Section 3.4.1. The second fu ture  research area is t h e  instru-  
mentation and evaluation of a space probe which is spec i f i ca l ly  designed t o  

aid i n  t h e  predict ion of geomagnetic storms. 
would be desirable fo r  such a research proJect w i l l  be b r i e f ly  discussed i n  

Section 3.4.2. 

Some of t h e  best precursors are rrot ye t  
These w i l l  be 

The o r b i t  and instruments  which 

3.4. L 
Although many precursors have been u t i l i z e d  i n  the present s tudy ,  some OF the 

precursors used had gaps i n  geographical o r  temporal coverage. 
w e  only have data on solar radio noise burs t s  from North America, and the  
solar x - r v  data appear not to cover a l l  times. 
are not ye t  avai lable  fo r  t h e  year 1968. 
ionosonde, UF oblique-incidence, polar  airglow, and prompt energet ic  e lectron 

measurements. 

Further Studies Involving Precursors -- -- 
For example, 

Other promising precursors 
Among the unavailable data are polar 

A search f o r  small PCA’s would be des i rab le ,  us ing  polar 
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ionosonde (Reference 26) and HF oblique-incidence measurements (References 24, 
25) f o r  1968 (when they become ava i l ab le ) ,  

To f a c i l i t a t e  future  research, and for t h e  improvement of t he  storm-predicting 

networks, it would be desirable t h a t  each h igh - l a t i t ude  riometer have an 
ionosonde near i t ,  and t h a t  t h e  ionosonde measurements - be reduced i m e d i n t e l . e  
(There is an ionosonde four miles from the  riometer at McMurdo Sound, Antarctica,  
but the ionosonde measurements do not become avai lable  f o r  severa l  years after 
they are recorded.) 

were studied by Adams and Masley (Reference 271, should be studied for  diag- 

nos t i c  value, because t h e  energy spectrum of energet ic  so l a r  p a r t i c l e s  might 

a f f ec t  radio propagation and magnetic storms i n  different w a y s .  

s t ruc tu re  and the  southward pointing f i e l d  component may a f f e c t  t h e  in te rac t ion  

between s o l a r  plasma and the  magnetosphere, so t h i s  e f f ec t  should be looked f o r  
when these data become avai lable  f o r  1968. Correlated s tudies  f o r  1968, using 

long distance HF radio propagation (References 24, 25) and VLF phase anomalies 
(Reference 281, could be qui te  informative, espec ia l ly  i f  t h e  energy spectrum 
revealed by diurnal var ia t ions observed w i t h  polar  riameters were taken  i n t o  
account. 

The differences i n  absorption between day and n ight ,  which 

The sec tor  

Some addi t ional  prccursors have been reported i n  recent  years ;  Caa te l l i  and 
Arons have reported t h a t  t h e  spectrum of s o l a r  radio noise bu r s t s  can be used 

t o  predict  geanagnetic storms (Reference 2 9 ) .  

reported t h a t  ha l f  of t he  magnetic storms which occurred between Apri l ,  1965, 
and May, 1966,were preceded by a pecul ia r  t r ans i en t  seen i n  t he  geomagnetic 

records at middle l a t i t udes  (Reference 30). 

Adkinson and Hofhan have 

Mathews 

low-latitude s t a t ions  around the  world t o  study t h e  anisotropy of Forbush 
decreases and "pre-decreases. 
turbulent  plasma cloud or  shock f ron t  s ca t t e r ing  cosmic rays away from t h e  

earth. 
rrtations before a storm's sudden commencement. 

e t  al. (Reference 31) have used super neutron monitor data at  many 

11 The "pre-decrease" may be t h e  r e s u l t  of the  

These "pre-decreases" are sometimes seen a t  ce r t a in  low-latitude 
The i r  possible predic t ive  
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value should be invest igated when t h e  measurements for 1968 become available.  
When data on these new precursors become evai lable  for 1968, they should be 

compared w i t h  t he  other  data f o r  t h e  same year. 

Because so many kinds of date are involved, it appears t h a t  a cooperative 

study would be required t o  evaluate a l l  t h e  precursors and t h e i r  i n t e r r e l a t ions .  

The MDAC Space Sciences Department would gladly contribute i ts  polar riometer 
data, as w e l l  as the graphs of many precursors during 1968. Although the re  

w a s  l i t t l e  27-day recurrence tendency i n  the  data f o r  1968, t h i s  is not too  

surpr is ing,  because recurrence becomes more prominent later i n  the  sunspot 
cycle. There w i l l  be an opportunity t o  study recurrence in t he  1970 - 1975 
data when tha t  time comes. 
i n  addi t ion t o  a t  least two Pioneer space probes, but the present velocity 
resolut ion of Vela s o l a r  wind data is too coarse t o  be of much use. Also, 
data from the  Pioneers end Vela should be made avai lable  at  more frequent 
i n t e rva l s  than t h e  three or four samples per day which are being published 

i n  1969. ( In  1968, only one measurement per day w a s  published). 
resolut ion would be he lpfu l  i n  evaluating t h e  cor re le t ion  between geomagnetic 

storms and changes i n  the s o l a r  wind speed, which has been reported by 
Venkatesan and Sreenivasan (Reference 32). 

A satel l i te  i n  the Vela o r b i t  would be desirable, 

Finer time 

One other  poss ib i l i t y  which should be invest igated i n  a future  study is the  

d i r ec t  prediction of Ap from t h e  precursors when the  predicted mp > 50. 
This is desirable because it can be seen from Figure 4 t h a t  t h e  corpuscular 

energy input is nearly proportional t o  Ap when Kp > 6 (CKp > 481, while it is 
proportionsl  t o  Kp when Kp < 6.  
gated i n  t h e  present study because Kp only reached 50 on two occasions i n  

1968. 
w i l l  be a number of days for which direct predictions can be made and studied. 

Direct predictions of Ap could not be invest i -  

I n  the  next severa l  years ,  89 Kp reaches its solar-cycle peak, there 

3.4.2 

The o r b i t  occupied by the Pioneer V I 1  Space Probe, which is illustrated i n  

Figure 6,  i s  ideal fo r  sampling the  long-lived so la r  streams which w i l l  be 

- A Space Probe -- f o r  Use .c---c--- i n  PredictinLKp 
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passing over t h e  e a r t h  th ree  days later. 

made by t h i s  type of spacecraft w i l l  be useful fo r  predict ing t h e  recurrJng 
geomagnetic storms. 
r i s i n g  solar a c t i v i t y ,  but  it becomes very prominent during the  decl ining p a r t  

of t h e  solar cycle. 

The measurements of solar-wind speed 

This type of storm is  not so common during periods of 

For detect ing t h e  s o l a r  x- rws ,  W rad ia t ion  and energet ic  p a r t i c l e s  t h a t  a re  

produced by t h e  mador s o l a r  flares which of ten  precede geomagnetic storms, 
it would be desirable for the  space probe t o  be able  t o  scan t h e  sun at one 
or  severa l  W or x-ray wavelengths, Such a scanning system has been flown 
on OSO-4, but  a less elaborate system would be sa t i s f ac to ry  f o r  pred ic t ing  
magnetic storms. 
experiment aboard OSO-4 w i l l  be he lpfu l  i n  designing a predict ion system. 
In  t h i s  connection, D r .  George W i t h b r a  or Dr. Leo Goldberg could be contacted 
a t  t he  Harvard College Observatory, 60 Garden S t r e e t ,  Cambridge, Massachusetts. 

The knowledge gained frun t h e  Harvard College Observatory 

The reason t h a t  it is important t o  scan t h e  sun, r a the r  than merely measuring 
the  total  solar emission,is t h a t  t h e  response at t h e  ea r th  depends s t rongly 

on t h e  locat ion of t h e  solar flare. 

sometimes impossible t o  determine the  loca t ion  of the f lare which produced the  
W and pa r t i cu la t e  emissions. 

In data present ly  ava i lab le ,  it is 
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Section 4 

LONG-TERM PREDICTIONS OF THE ANNUAL AVERAGE OF Ap 

I n  t h i s  sec t ion ,  we attempt t o  predic t  t h e  annual average value of Ap u n t i l  
t h e  year  2030. 

sunspot records date back severa l  centuries, allowing their  p t r i o d i c i t i e s  
t o  be known. 
made predict ions of fu ture  sunspot cycles. The theoretical foundations of 

the  predict ions are questionable, but it is necessary t o  have predict ions,  
so t hese  w e r e  used. An average prediction based on material i n  References 

33 and 34, w i t h  sane addi t ional  material from Ualdmeier (Reference 35), is 
given i n  Figure 12. 

Number, 5 
form i n  Table 6. 

The first s t e p  i s  t o  predic t  the  sunspot cycle,  because 

King-Hele (Reference 33) and Xanthakis (Reference 34) have 

The predicted annual average Zurich Relative Sunspot - 
i s  shown for each year  from 1968 t o  2030. R, is  given i n  t abu la r  

The method of predict ing G,  t h e  annual average of Ap, using t h e  sunspot 
cycle,  i s  based on t h e  work of Gnevyshev (Reference 19).  
tha t  several  of t h e  measures of solar a c t i v i t y  are closely correlated w i t h  

Ap, i f  measurements are r e s t r i c t e d  t6 the p a r t  of t h e  sun within f 30' of t h e  

earth-sun l i n e .  Gnevyshev's c a p a r i s o n  between and t h e  coronal green l i n e  
i s  shown i n  Figure 13. 
is shown i n  Figure 14.  
To  f i n d  t h e  s p e c i f i c  r e l a t ionsh ip  between 
p l o t t e d  for t h e  three sunspot cycles, 1937 - 1968 i n  Figure 15. 
from these three  cycles have then been averaged t o  obtain Figure 16. 
information gained from Figures 12 through 16, values of 

Gnevyshev has shown 

- 

H i s  curve of t h e  sunspot area i n  5O l a t i t u d e  i n t e r v a l s  

In both cases, t h e  cor re la t ion  w i t h  i s  obvious. 
and K, these quant i t ies  are 

The data 

Usin& 

t o  t h e  year  2030 

have been predicted and p lo t t ed  i n  Figure 17. 
also given i n  Table 6,  along w i t h  the predicted sunspot numbers. 

The predicted values of Ap are 

It is  d i f f i c u l t  t o  estimate the standard deviations (8.d.) which should be 

assigned t o  these  predict ions of 5 and c. 
scatter among t h e  data from pas t  measurements presented i n  t h i s  s ec t ion ,  we 
would assign an s.d. of 10% t o  predictions of 

Judging by t h e  cor re la t ions  and 

and for the remainder of 
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Date 

1968 
1969 
19-10 
1971 
1972 
1973 
1974 
1975 

.-. 1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
199s 
1996 
1997 
1998 
1999 

TABLE 6 

PREDICTED ANNUAL AVERAGES OF SUNSPOT NUMBER, 5, 
AND GEOMAGNETIC PLANETARY AMPLITUDE, 

- 
RZ 

107 
101 
94 
83 
64 
51 
38 
26 
16 
7 
14 
27 
47 
64 
80 

73 
61 
42 
30 
18 
7 
20 
50 

87 
120 
110 
102 
82 
60 
43 
29 
16 

- 
AP 

14 
15 
16 
17 
16 
15 
14 
14 
13 
10 
10 
10 
11 
11 
12 
12 
13 
13 
12 
12 
10 
10 
12 
13 
14 
16 
17 
18 
16 
15 
14 
13 

Date 

2000 
2001 
200 2 
200 3 
2004 
200 5 
200 6 
2007 
2008 
2009 
20 10 
2011 
2012 
2013 
2014 
2015 
2016 
201 7 
2018 
20 19 
2020 
2021 
2022 
2023 
2024 
2025 
2026 
2027 
2028 
2029 
2030 

- 
RZ 

7 
€4 
33 
55 
75 
67 
56 
38 
25 
15 
7 
27 
87 
140 
132 
122 
103 
78 
60 
41 
28 
17 
7 
14 
27 
47 
64 
80 
73 
61 
42 

- 
AP 

10 
10 
11 
11 
12 
12 
13 
13 
12 
12 
10 
10 
13 
15 
16 
18 
20 
19 
17 
16 
15 
14 
10 
10 
10 
11 
11 
12 
12 
13 
13 
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the present sunspot cycle, 20% for the next cycle, and 25% for subsequent 

cycles. 

c 
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Section 5 

CONCLUSIONS 

A new method of making short-term predict ions of Kp and $ has been developed 

and tested, using t h e  ava i lab le  solar and geophysical data for 1968. 
method employs Pioneer V I 1  measurements of t h e  solar wind speed as bas i c  dets. 

An attempt is made t o  separate the contr ibut ions t o  Kp from recurrent  storms 
and from flare-associated storms by using various storm precursor data. 

first test  of t h e  method failed t o  produce t h e  hoped for  improvement, bu t  

d id  not disprove the method because t h e  f lare-associated precursors d i d  not 
cover t h e  f u l l  24-hour day, and only one ten-minute sample of t h e  solar wind 
speed w a s  avai lable  each day. 
when complete data becomes ava i lab le .  
research are made i n  t h i s  report. 

The 

T h i s  

A f’urther test of the method would be desirable  
A number of suggestions for fu r the r  

Long-term predict ions of t h e  annual average of Kp and t h e  Zurich r e l a t i v e  

sunspot number have a l so  been developed i n  t h e  present  repor t .  
t i o n s  are based on earlier work by Gnevyshev, King-Hele and Xanthakis. 
Predicted values for  each year  u n t i l  2030 arc presented i n  graphical  and 
tabular form. 
M a r s h a l l  Space Fl ight  Center for mission planning. 

These predic- 

These long-term predict ions should s a t i s f y  t h e  needs of t h e  
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