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Abstract 

Tlie gruw t li rate uf low- freqiiericy Farley-Bimeniaii wves is su s i d l  t hat t lie irist a- 

t)ility switclics froiri ahsoliite to convective. The iidio1iiogeiicit'- d ttic riictliiirri theri 

i i i i ~  t u  tw takeri into èiccuunt for a proper description of t lie Kiivc c~uliitioii. 

iii  Foiirier iiiiiii>.si~ t liis riieiuis t hat the eigcnfreqiienc!- is n f i  i i i ~ t  ioii of posit iuri 

n-liicli rcqi lires a riiutlccoiipliiig forriialisrii. Altcrnar ively. otic c m  shy aiva\. froni 

Fuiiricr iiiiiiiysis aiid ilse i i  \ W B  type descriptioii t~ coridcririg r lie iiistiinta~ieoiis 

pIi;i.;c. i i i i i  l iiiiiplit iirlc uf i l  p i i r t ici i l~ wavc train wtiicfr is t licii i i l lu~t>(l  to grow r . 1 ~  1 

I'i'(~lxi,giit i\ Otic rcsiilt frmi tliis is t hat the panillcl ~vi.;i~.ctiiiiiit )ci is ii prctlict iihle 

iiiiict ioii d tiriic m c l  spacc and not a frcc piiranicter. 
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Chapter 1 

INTRODUCTION 

1.1 The Ionosphere 



freqiicric>- for altitiides up to aboiit 120 kni. Abow 120 kiii the collision f r c  

qliciicics I~ccorric sniall enoiigh even for the ioiis. aiid tliey 5i;Lrt. E x B (Iriftirig 

too. 

F-region. froiii 1.50 -300 kiii. hi this region. the iieiitrd (lciisit!* ic mry miall. aiitl 

t lot li clcct ruris iiriti ions are iricistly frce of collisioris. 

1.2 The E Region 

Tiii-;  piitsiriii (lciisity is typically of t lie ordcr uf 10' ' i r i  -.'. n-hicl1 i ï  i i  reliit i d > -  siiiall 

i:di ic ci,iiipiirc< 1 to the ~iciitral densit?- of iibuilt 10'' III-.'. Huwcwr .  the iiiiportaiit 

iwti(1itiuiis fur plii~nia bcliavior are still niet. as tlie Dctv-c lciigtti is tu  tlic unlcr of 

O. 1 crii. : r i i ( l  cui iqi ic~it ly clle riiiriiber of particles in a Dct)~-c spliercb .\-Li is ;ii)uiit 10'. 



Froiii t hc large -Yo R-e caii see that it really is a plasilla. Iiowxer uiily t lie electroris 

Iiiil-<i ii 2i1lli~ll elmugll collisioii frequency v, ancl cari E x B drift. T h .  clic electroiis arc 

--11i:igiict i z d  hccaiise v, is iinich less thari t heir cyclotroii frc.qiieiic\- !!,, . diercas t lie 

iuiis 1iiii.e i l ,  2 11, for iiiust of the E-region. so tliat t l i q  iiiust1~- fullun- the iieiitrd gas. 

i .  o .  t h c . ~  arc collisioiiiil. It  is oril- above about 120 k ~ i i  tliiit tlie rullisiuii freqiieiic?. 

P! is lun. eiiotigli i ~ i i t l  ttic ions start E x B (lriftiiig tou. 

1.3 Electron and Ion motion 

11, ri E ~ x B  - (v,  - v,,) = - - - 
I! , B B 



-ru ~ c t  itii espression for v,, x B. n-e take the cross prorliict uf ~ l i i i i t i o~ i  ( 1.3.4 ) wit ti 

B ;trid gct: 

% 
12 , Eri 1 El) >(: B v, = v,, - -- - - 

1 - L &  B Li: B2 
i?: 1 - * .-. 

v, = v,, - 

E o x B  E x B  
V, ==: V, - -- - 

B2 B2 
9, E() 

V.  =: v., - -- 
1 ) ;  B 



1.4 Farley-Buneman Waves 

1.5 Motion of the waves 

Th c!lcctl.otis iii the clurnp are E x B clrifting. ~dii le  the iuris ..;ta\- heliiritf Iwcarisc 

T lie\- ; LI'C culli,.;iurial. This creaces au iiclrlit iotial elecr ric tick t 4 2 .  diich itcceleriitec; 

r ! i ~  ivris. iiiid itccelerates tlie electroiis in the EO x B ilircctiuii. t h 1 5  tryiiiq tu  reL 

-iurt: 1 lie q i i i i i \ , r i i i i i i .  \ié cari deternine t lie resiiltiiig pcrt tir t JU 1 iuii i-elucitj- fiùiii 



= v,, - 

L'. " - 
- ! L ,iE r x B 

j y  - ---- 
1 - 5  B 1 B- 

r ) :  --. (II - - -  



Bcciii1.i~ ii pliisi~iii lias t u  reiiiairi electrically neutriil ( n ,  = r i ,  = n ). n-c ciin zce tliat 



;i11~ l t lie suliit iori is siriiply the travelirig cliinip: 

I r  is iicrc tliiit tlic iid~iiitage of iiut iisiiig Fuiiricr triiiisfuriii~ I)ccoriitzi obi-ioiij. 

t C I  i t i  ( 1 . 1  iriiiiiediatcl>- tells ils t tiat the cliiiiip i.; iiiui-iiig. tliat it 

r(2tiiiii.i i r a  iiiitiiil h p c .  u id  xhat the velocity is. Aiid ci-cii tlic diipcrsiuii relatiuii 

L I  i l  l e  i l  f i  l i t  I 1 1  B>. writiiig % C)t = - I L  i i i i ~ l  il i).r = i6. .  

\ \ - t a  qt't 

1.6 Growth and Decay 

For i i  irii\-c prupiigiitiiig iii the plme perpeiidiciilar tu  B. diffiisiim ~ i I l  iict i ~ i  t i ic  

.ï m(l ilie ! j  (lirectiorix. therefore it is corivenient ro n-rite tlit. iuu t.qii;irim uf riiutiuri 





) * 

R-licrc f . :  = ki T.. - T, );; r n ,  is the ion-acoustic speed of thc plas~iii\. Tlieii. ive tiai*e 



But fur fi. ii-c i t l ~ ~  tiwe growth. and n-e get t u  first order  iii 6 

( 1-6.17) 
Dr, 

; j 2  

JI - -q(.&h i 1.G.lSi dg- 

A-, = k cos H k ,  = k sin 0 



1.7 Altitude Effects 



r O n- t i i i t  \-a11 ic oiic shoiild lise for it. since it caririor be ~iici~~iire(l rt?iu lily. Hun.e\-cr. 

x i t l i  iiuri-lord tlicory 3.-J lrrunce.  1985; nhich takes i ~ i t u  iiccoiiiit t h  iioii-iiriiforrii 

l i w p w c y  ; r t i i l  t lic spatial estent of the n-avccs. the aspect ;irigIc bccuiiim a prtulictablc 

f i  irict i i ~ i i  o f  t iriic ; m i  ipace. For exaniple iri  figure 1.2. the iispect iiii~lc is zero init iitll!- 

t)i i t  t l i i ~ i  evul\-cs intu ii nori-zero value. Orle siich theon- ~ v i i l  hc sliuwii i r i  the iiest 

cii;~ptt.r. 



Chapter 2 

NON-LOCAL DESCRIPTION 

Tliiz ctiiiptcr >;crws tu  tiighliglit t h  (lerinit ion uf iiii cqiiiit iim fur t lic qruivtli of the 

n.;iiils. . r i i ( l  t h .  tchti~iisli ip t~etwccri freq~icncy i i i ic l  pilrdlcl tv;ti-i. iiiiitil)cr ;L$ iluiir In+ 

( 71, 11 l!IIi(j'. Tlicw rcsiilts forrii thc t > i ~ i ~  of t h  pruhlciti iulvc<l iisiiic thc riictiiwia 

p i ~ w ~ t ~ t ~ ~  1 iii tliis t licsis. 

2.1 Basic derivation 

Doiiglci Clicil's rrsldting eqiiat ion for the (ieiisit~- pert iirt>iit iuii i- 





\\'it li t licse ifisuriiptioris. eqiiation (2.1.1 ) caii be iisetl to (leriw a relationsliip 

1 ~ ~ 1 v w r i  - arid k . as iveil as: an eqtiation for the arnplitiitlc. This rcliitio~i holcls cveii 

t t h  L i d  k arc rioa allowd to be fiuictions of tiriie m ( l  spice. so tliitt ive don't 

l i;iivc i t  niivt-) ( lccoiripo-iit ion iii the Fourier seme. 

2.3 Phase relationship 



B ~ i i i i ~ c  of this. a freqiiency t h  varies with 2 iiiiist iicc~sirril>- iiiiply a tiiiie 

\-aryiiig k . iiiid tliiis ail aspect angle char changes with tiiiie. 

2.4 Amplitude Equation 



2.5 Conservation of wave action 



\\'itli cquatioii ! 1.5.16) for the phase spectl 1- = if k .  n.c gct 



Chapter 3 

NUMERICAL SOLUTION 

3.1 Summary of the problem 



3.2 Finite Differences 

Tl10 fir..;t ; ~ r  tc~iipt tu s u l v ~  for t h  ; m p l i t l d ~  WU to iisc ttic iiic>ttiocl o f  tiriitc cliff~rtwccs. 

l t  r I I S I ~ S  011t tu  1 ) ~  (!~LS~CS to N ~ L Y  for 111 -4 iristcd of t h  mqditiidc i w l L  iili(1 ilai-c t u  

iistl ix~~i i l i i i .  piirt i d  ( icriwtiws i~istciul uf tlic c(mi-cctii.c ( I r r i w  iw i i i  ~~q i i i i t i~ r i  I 3.1. lc 1.  

1 .  t h  I I  I 4 t '  i t l l  t i r  t p  t 1 v i t  i t 5 s i x  h i il-rii 

L .  i ) \  

.\ t t llis ;ta ~ : I K  t hc ~ I U L - ~  appros i~~ia t  iuti for d 111 -4 d z  is IN, lwgcr x c t i r a t e  

, >iiui igli. x i (  1 liiglicr urdcr t eriiis ivoillti liaw t o  be iricliidc( i fur 'iiifiïiciit xciiracy. si> 

:li;i; dic suliitiuii i-; ver!- iceiaitii-e ro gradients i r i  tlië : d i r ~ c t i m .  



Amplitude 

0.5 1 1.5 2 2.5 
Time (s) 



liiirtl tu wlt-e iisiiig t lie finite clifference niet hotl. D C C C C ~ L S ~ I ~ ~  t lie st cp sizes ticlpetl 

~ ~ i i i ~ ~ ~ l i i i t .  but t lie ri~iriierical iiistabilities w r e  st il1 prcseiit. i i i i t  l t lic iiiciirretl peiialty 

uf a iiiiich p a t e r  cost of coriipiitation alorig n-ith possibly iiicrwscd tiiii~ierical errur 

i i i i l i i ' t  11i;ike it n-urtlinhile. -1 different approach ro solviiig the prublciii is clcarly 

riccessq-. uiic n-hidi takcs into accourir both the stiffacss uf (3.1. l c )  as ~vcll as the 

C ~ L - O ~ ~ C I ~ C C '  l t ' ; t c l i ~ g  t~ gr1-dicnts in the : direct ion. 

Method of Characteristics or Ray tracing 



n-iiesc I I  is the riiirrtber of the ray. Then WC have 



wl\*e for each ray irideperideritly of the ot lier r q s .  Howcwr. t licre is orle acirlitiorial 

currcctiuii t liat lias to bc curisidered. nhe re  the rays arc coiiwsgiiig. the ciicrgy is 

CXJI icciit r;it et1 iii r-i sriialler anioimt of spacc. The airipli t iicic cqr iat iuil for t lie rays ducs 

iiut tiike this efftlct irito accoiint. To get the [\.>ive ariiplitiidc Îroiii tlic 5ct of riCs. ~r-e 

iiiiist tliercfurc correct the ray aniplitiide bu a factor reliitctl t u  t iic riiy (ieiisity. .i 

hiqlicr r;i?- ilciic;it!- riic;iris t h  iirriplitiitle has tu hc i[icrci~<cvl ; m i  v i r i l  \.pi.sii. \i-c cari 

inwiiiiic t iic Si+ (lciisicy froiii t lie average (listarice tu t li t!  rwo i u  1j;irciit r;i~-5: 

3.4 Initial Conditions 

Tiit.r(b arc twi, iiiitiiil contlitiutis t h  liii~e tu  ht. specificrl. t~iic ori r l i t .  ;iiiiplitiitlc i i ~ i ( l  

J J A . K u n - t v x  tlic oiily physiral coiidit ioii a.c tiiii-e is tlic pli\->ici11 sliitpe uf the  

r ~ i w  piickct . g i w i  I I -  -4 cxp( iS). This nieans t h  1r-c liaw 10 f i i d  .~iiiplit iitlc -4 ami 

~ l i i t ~ i .  2 sricli iii:it the>- g iw the shape R-e n-ait t ~ r i r  n-avc tr;tiri tu 11~~i-e. The initial 



ïuridi t ions sliould iilso sat isfy the assiimprions riiarle in t lie i lerivat iuii. ~iaiiiely t hat 



F i  1.2: Iiii t i i i l  ;L$pccr i ~ ~ i g l c  ;m(l  pli*^ fur H = T, ktii. r,, = 93 kit1 iiiiil \ = 12 iii 

3.5 Boundary Conditions 



Th. soliit ioii to ecpation ( 3.1. la )  for k does rieetl uiic t)uiiid;iry coiwlit ion. hoa- 

cvcr. \k cfiusc the boiiriclary to be at a height of 130 kiii. wticrc t tic relative drift 

l , c tnw~i  clcctroris ;trici ions i * ~  is so srriail that Farlcy-Biiric\iriari i~i'.;titt-iilities caruiot 

g i . ~ w  ;iccurrlirig to ( 1.6.23) arid ~ a v e  miplitiirlcs arc tkicrcfurc iiisigiiificaiit. 

3.6 Background Properties 

'\ I S  IZ;-!)o lias dso beeri i w c l  to calctilate rieiltri-il clerisit ics. c l t ~ t  ruri-rieutriil aiici 

im-  i io i i t  riil cullisiuri freqiicricics. iuicl the rcli-itivc c [rifts t)tlt~t--ctm clect rotis. ioris ;iiicl 

~ a t ~ t l ~ .  n.ith t h  results shown in figures 3.4. 3.5 m d  3.6. 



Neutral. Eiectron and Ion Temperature 

80 ' 
O 200 400 ô00 800 1000 1200 1400 1600 

Temperature [)(l 

Densitv rm31 

Figiirtl 3.4: Seiit rit1 c tc!iisit ies 



Collision and Gyration Frequencies 

F i  . i 'i>lliaiuri i i rd gyriitioii Crqitciic~it?s for i k t . i . ~ i i -  .mi ioii5 

Velocities 
150 

Velocity [mis] 



For tlic piirpose of this stiidy. the electric field E and iiiiigiictic ficlcl B art: assiinleci 

t O t cwst aiit mtl  uni fortri ihrouglioiit the esperiiiierit . 



Chapter 4 

RESULTS 



4.1 Aspect Angle Evolution 

Aspect Angle [degrees] 

UV 

O -2 O .4 0.6 0.8 1 
Time (s) 



u-lieri n.ci sv,-itcli both k atiti L to the opposite sipxi. 

0.2 0.4 0.6 0.8 1 
Time (s) 

Figiirv 1.2: G r i q  C$locity i ts fiinction of iiltittidc ;irai tirrir. C'uritt ~ i i r s  of thc i s p w r  
.iiicle ;ires il ipcriiiiposct 1 a i  t lie plot. 



Fiziiro 4.4: Siriiplificd esaniple of the goiip i-elocity for a tietter 
C . 0 1  lL-C'i-qt?[Ict?. 



This etfect occiirs in regions above the peiik iii t e ,  iri siicii ii WV- tliiit the rays al1 tr3- 

t u  liai-c a gruiip velocity nhich matches the wrticnl speed itt the iilti~iicle tvtierc the 

rii!.~ iirc coiivergiiig. Crlfort ~iriately bot h t liis speccl i ~ i t l  r lic nlt ir iide of coti\err;erice 

;LI.(: cliiitlgitig !vit ll t irrie. riiakiiig t his process rat lier co~rlpliciiteci. 

I i i  rlic rcstilts fruiii uiir calculatioii. tlic specd of r lit) cViitc.r o f  coii\.crqcIicc is 

d i a r ~ g i u g  xith t i r t i c  ;L-5 citri bc mm froiri t h  c h i q i ~ i g  slupc i t i  îiqiiw 4.;3. 

4.2 Growth Rates 
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Ewii  tliotigli 7 niight be expected to stay constant. it tlocx; iii fiict w r y  wit h t lic 

ciiiiti$iig p h a e  spced whicli iii t u i i  depends oii * tlrotigli k k. stiuivii in figure 4.S. 

;\t tirst tlicrc is aii increase in gruath iip to a valiie of ;it)uiit I 5 - '  hiit theri ver?- 

qiiickly rlic phase spcais gct tou s~riall to siistaiii growtli aiirl the qruivtli riltc t)ecoi~ies 

[ i q a  t ive. 

4.3 Amplitude 
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Ray Amplitude 
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4.4 Fourier Transforms 
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F i  I I -  1 :  .-hplitiitle ;LS fiiriction of iwpect ii~iglc froiii r lit1 FFT wi th  wsptbrt 
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F ' i q i w  4. II: S ~ ~ I I H .  xs figiire 4-12. hiit oidy showirig the rarqt3 of pliit~f. ipecds n-c 1 1 ; ~ ~ - ( 6  

~r0111 -. A.. 



Fi:iirib 1 :  .\~iiplitiitle i& fiirictio~i of both phifie spcccl arid asprt-r mgic fruiii th .  

I t , i i h l i ~  FFT ivit 11 respcct  ro t i m  iud space. ~ ~ i t l c  is 1iirùtt.d as iri fiqiiris 4.14 i i i i ( l  4.1:. 



iiitegated in the Fourier transformation. One could try to circrirtivent this problem 

by havirig a moving window over which the transformation is done n-hich would t hen 

give an indication on how the amplitude varies with aspect angle and height. but 

the resolution of the plot would have to be niuch better. wliich riiakes it inipractical 

becaiise of limi t ed cornpiit ing resoiirces. 

Better Way 

So the FFT is not miich of a help in gainiiig iiuight. Lut  n iqbc  tlierc is a bettes 

iwy'.' A~id fortiuiately. tiiere is. In this set~ip.  FFTs are iii fact a litrgc detour: first 

t u  c;ilciilate the phase from the aspect angles and phasc spcccls. i\ii<l then applying 

t h e  FFT to get back to aspect angle anci phase spced. 

-4 niore direct approacli is to iiistead look a t  the pliasc spccd aiitl iispect angle plots 

t lici~iselvcs. and fitici a IV- to conibinc theni wit h the aniplitiicle to give ainplitiicle as 

a fiiiictioii of aspect ariglc aiid phase specd. 

Tlic hasic step in this procedure is shon-ri in figue 4.17. for t lie cxaniple of ob- 

tainiiig 4 2 .  k * ) .  RE take a particiilar altitiide. for exaiiiple 1 10 krii. and basicall~ 

do it k -histogam of the aniplitude. bx goirig throiigh al1 tinie stcps and noting thc 

particular miplitude for the partictdar k aven at that tiriie. The residt is a fimction 

iicfiniiig A( 110 kni. 12 ) with an irregilar spacing betwcen the poiiits n-hich is deter- 

r~iiiicd t y  the shape of k ( 110 km. t ) .  After interpolatiiig aiid repeatiiig this for dl 

ot lier altitiides. we can t hen plot 4 2 .  k. ). The sariie procetliire cari Lw iised to replacc 

a n -  of the original axes z and t with either the aspect angle or the pliase speed. to give 

al1 possible coinbinations. The results of this arc shonn in figures 4. IS through 4.23. 

Of particiilar importance are the altitude plots. Fibwes 4.21 and 4-22 predict lioa 



Fiyir(' 4 . 5 :  Obtaining .A(-. k ). a) 4 2 .  t )  and b) k ( 2 .  f ) cari bc cuiiit)iiied tc, give cl 
-4( :. k 1 
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Figure 4.20: Sanie as figure 4.19 but below the k p c i ~ k .  
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Figure 4.23: Spectrum of phase speeds and aspe 



the aniplit~ide will change with altitudes and phase speeds respectively altitude and 

aspect angles. and figure 4-23 predicts how aspect aigle and phase speed relate to 

ex11 other. 

To compare these results with the FFT plots. we liave to conipare figures 4.14 

aiid 4.2 1 as ~ e l l  as figues 4.15 and 4.19. \.\;e cari sec the expecteti siiriilaritics. but 

aitlioiit the spillover problern and low resolution n-hich rriiitle the FFT plots relatively 

1 isclcss. 

Thc dark bliie arcas in the plots indicatc tliat rio data is ii~iilihlc. or chat the 

miplit iidc hiis dccaycd belon- the t hreshold of 10- l .  

The striations t h  arc visible in the tirric plots are ;in artihict caiised bu the 

iiitcrpolatiori tcclmiqiic. but this is not miich of a probleiii sincc ttic inforrliation i ~ i  

t licsc plots is iiot soiriet hing t hat can be corripareci ivit h csperiiiiciit al data anjway. 

t l i q  arc oril- iiicliided for cotripleteiicss. Thc observatioiis r i i l  iiltv-s have sonic 

invcragiiig. aiid the tirrie scales for each wave niotion of lcss t h i i  il second are too 

stiort t u  btr detccteti. 

Oiic tliing to note is that thtre are two plots for i ~ p c c t  aiigle \-crsiis tinie. Tlic 

rcason for this is thitt the original aspect angle plot. i. e. iü: altitiide vcrsiis tinie. clocs 

iiot Iiwc iiiiicpc values for al1 altitudes. Every aspect arigle appeiiis ;it two ciiffcrent 

iiltit uclcs. orle above and one belon- the rnir~niiiiri. \\lieri applyiiig the technique 

dcscrihed liere. this tvould lead to a nixtiire of the tx-o cliffererit plots   hi ch n-oidd 

cuiihisc thc interpolation fimction and yield nothirig usefiil. Thercfore. it liad to he 

split irito ii part above and belon the riliniriiiiiii aspect aiigle. Huwcver. belon- the 

iilirii~ri~irti tliere is no gowth. both because of a ncgatiw gron-tli rate and a divergericc 

of the r q s .  so th î t  this part of the spectnun does not affect the restilt. 

Figure 4.23 shows that the phase speed does indeed decrcase ~ i t l i  increasing aspect 



mgle. iis predicted by equation (2.3.2). where is increasing aitli  the square of the 

aspect angle. 

4.6 Summarized Results 

Ttie res~ilts fsoni these plots. for the particular coriditioiis set in t h  prograiri. can be 

siirririiarizec-1 as follows: 

1. \\kves will converge towards 0.3 degrecs iispcct angle 

2 .  Theu will reiicii the largest ariiplitiidc at 0.5 degws. [vit li sigiiificarit spread 

frorii O clegrees to 1 degree aspect angle 

3 .  Tlic expcctctl phase speeds are froni the ion-acoiistic spectl u i  600 r i i p  iip to 

thc E x B drift of 1000 m/s. with a riiauiniiiiri aniplitiitle a t  900 niis 

4. Tlir ;iltitiide with sigiiificant wave anipli tdc arc fr0111 100 kiii to i 15 km. the  

r~iasiiiiuiii bcirig at 110 krii. 

-5. ;\11y particlilar wave train will evolvc within abolit a sccoiiil. TrawIiiig u p  

iviirds kit a group relocity of several kiioiricters per sccoricl. it ~ i l l  qiùckly reacii 

iilt it iirles where the electron-ion clrift is no longer siifficiexit tu si istairi growt h. 



Chapter 5 

DISCUSSION 

5.1 Cornparison wit h Observations 

Cmipariiig mir res~dts with observations is tiificiilt. The first prut~lcin is thnt the 

bit~kgï~iiiid pararricter oiir niodel needs. in particdar tlic electric Hcld and the tcni- 

pwitiircs. iiot readily ;milable for the radar obscn.atioris. Tlicreforc wc canriot 

coiiipiirc uiir resitlts tu iiny particrilar e?rperirrierit. but liaw tu luuk iit gerieral treiicls 

aiii 1 sr at istics of the esperinientd data instead. 

Amplitude 

Tlie i t iasi~iiu~~i amplitutle of oilr w w e  train is a factor of about 337 above the rioisc 

lm-el. Bccaiise t lie power of radar echoes is proportional tu ( (ir2 , rio )'. t his correspo~ltls 

t u  ;i p o w r  level of 50 dB. 

Ilcasiirernents by Foster et al. [19921 and hüstoc et  al. :1994i i~idicate that the 

scat t cririg cross section of coherent scat ter 

5t ruiiger tliari incoherent scat ter. Hon-ever. 

radars like SuperD.-\RS' is S0--80 dB 

the probleni R-itli t lie radar measurc 



~iieiits is that it is not clear whether the scattering region fills the bciiin. If it doesn't. 

thc rcturn power will be systematically lower. and this question is still the subject of 

iiri o~igoirig debate. 

Eieii t hoiigh the hequency of coherent scatter and inco tiererit scatter is different . 

t liis iioiiet heless shows t hat our amplitude is qui te reasonable. 

Altitude 

I n  a ïecerit review. Sahr and Fejer il9961 statc that the iiltitiitle uf the echo soilrce 

is i r i  tlic lowr E rcgiori. froni 95-125 kni. In oiir resiilts. the poacr iri this region 

is grcater tliaii 20 dB. a i th  a power of 30-50 dB froni 105 120 kiii. \\F hiive iio 

qrun-th at~ovc 120 krri thoiigh. but other than that oiir rcsiilts iigrcc well ~ i t l i  thc 

I~lc~~llr~IIicIi ts* 

Phase Speed 

.-\piirt frorii the power. tlic Doppler slift aiid the cqiii~iilcnt Dupplcr velocity are 

prutx-ibl>. the best knon-ri parameters of the radar echoes. The wlucity is thercforc 

oftcii iiscd tu  categorize the echoes into foilr typa.  sec for cxiiiiplc Sr-hlegei i1996i 

iiii(1 Sahi und Fejer j199Gj. In short. type 1 echoes arc cliaractcrizeu t!- a nicm 

D(~pplcr vclocit- slightly higher t h a i  c, and a sniall spectral nidtli ef 100-300 m/s 

aiid arc iisually attributtd to Farley-Bunenian wm-es. Tjpe I I  ecliues have a sniail 

IiiciiIi wlocity but a large width and arc believetl to be gericn~ted IF- the gradieiit-drift 

iiist;rtdit>- 'Sirdarz. 19831. Type IiI eciioes on the other liaiid liavc a sniall n-idth as 

w l l  ils a aiiiall velocity of roughlj- 0.5 c,. It is not clear d i a t  iristabilities generate 

t liesc eclioes. Firially. type IV echoes have a large veelcity. iriiicli larper than the 

ii~iiiil c,. coupled with a s~iiall width. They are not veq-  coinnion. i i s t i a -  seen only 



clilring ver' disturbed conditions. and are believed to be generated by Farley-B~uiernan 

iiist abili t ies ni t  h an enhanced ion-acoustic speed. 

Lookiiig back at figure 4.21 wodd siiggest that our nave train corresponds to a 

type IV echo because of the large velocity and the relativcly sriiaI1 witith of roughly 

100 iiijs at lialf the mituiniurn. However. o i r  background conditioiis are riot partic- 

iilarl?. rare. alid it seenis siirprising that type IV echoes are so iilicoirirrion if it was 

iiidcu.<l the type oiu wave train wodd generate. 

On the 0 t h  hatid. studies by fillain et  al. @Y71 and Prariidtrk~s et  al. [1038] as 

~ w l l  ;i.; statistical studies l ~ y  Hanuise et al. 11991] iutd L ( m n i r  n r l t l  .\loorrrofl '1099j 

iliuu ii clcar prefercnce of c, echoes for cohere~it radar biick~cattci vspeririients. 

This. ivith respect to the phase speed. our rcsdts do iiot secrii tu  agrec very rwll 

ivi t li t~scrviit iotis. alt hough trying to match t lie coriditioiis iiiiclci. wliicli radars sec c, 

ecliucs cuiiltl ltclp improcing our resudts. 

TIic rmsoti for this stiidy aas iri fact the cxpectatioii tliat alloiviiig the wavcs to 

t iiivcl t hrul igli t lie iotiosphcrc wotdd allow t hem to grow iint il t licy r c x h  t lie rliresholrl 

.;petxi of c, . and tlecay quickly afterrards. so t h  we cspcctcd tu scc ii clcar pcak kit 

tlic ion-acoiistic speed. which N-otdd then be an esplanatioii of the large iiiiriit~er of c*, 

ccliws secii ~ i t h  radars. Cnfortunately the sinidation did ~ i o t  fiilfil1 this expcctatioii. 

Aspect Angle 

Ewii tliuiigh there are measmenlents with large aspect angles of more thari 6' ie. g. 

Hof~ ~ P C .  m d  Forsyth. 19721. most e.qeriiiieiita1 set ups observe ecliocs at a range of 

;~.pect arigles iip to about 2' [Foster et al.. 19921. but dcterniinirig the exact aspect 

mglc is difficiilt. particularly for HF radars ahich are subjcct to refsactioii. anci tliiü: 

rac!ar hcani ipread. 



hhsfoc- e t  al. [1994] have studied the variation of the Dopp!er velocity with aspect 

aiiglc axid hiive foiuid that the largest velocity to be a t  OC aspect aigle. The velocity 

lias then clecreased to 75% at 0.8". and to 50% at  1.4". Coiiiparinp tliese results ~ i t h  

figure 4.23 show a good agreement between oiir siniulatioii ancl ttie iiieasuremeiits. 

Summary 

111 tliis t ticsis 1 have showi the theorecical backgroiiiitl for fiiidirig ii solution to sloaly 

gioaiiig (low freqiicricy) Farley-Buncrnan wavcs in a non-iiiiifùriri iiicditirii. 1 Iiaw 

fuiiii( l il iiiiiricricdly stable and efficient algorit hiri to solw t lie resiiltiiig diffcreritial 

cqii;itioiis and tiavc showri t hc rcsiilts frorii this calculatioii. I hiii-c iilso foiiiid ;i nq- 

t u  cuiripiitc a, spcctriiiri of the ~vat'es withoiit havirig tu rcsort to Foiiricr a1i;ilysis or 

Fuiiricr trmsforrris. by corribining the knocledge of thc lucal frcqiiciicy aiid aspect 

iiii#lr t ~ i t  l i  t hc itriiplitiicle. 

-4 coiiipirrisoii nith the observations sliorvs gericrally gour1 agreriimt bet~vce~i rlic 

~ i r i i i i l i t t  ion i111cl iiieasiireriierits. only the phase s p c d  seeiiis to be tuu high. t h  is if 

cuiiip;irctl to type I cchoes n-hich ive c?cpect to be whar oiir siriiiilatioii dcscrihes. If. 

oii tlic otlier hand. ~e are redly siiriidating type IV ecfiocs. t l i a i  tlic pliase spced is 

iii good agreement as wll.  

5.3 Future Work 

111 L-iew of t hesc residts. 1 propose that the follon-ing be stiidied n-ith t his niodel and 

tlie correspoiidiiig nunierical simulation methods: 



Background Effects 

It aoold Lie iiseful to study the effects of the background paranieters. particidarly the 

electroii aiid ion temperatures and the electric field. on the nimierical results. C I ?  

cspcct the electron temperatire to rnake a large difference ori the spcctrurn. becaiisc 

it iiffect~ the ion-acoustic speed. and a-ith that the phase spcecl at which the waves 

twiild stop gowing spont arieously It also riiodifies the collision freqi iencies. aricl t iiiis 

t lie rclat ive clect rori-ion velocity. which wotild also have x i  iiiipi~ct on the rcmits. 

Wave Length and Initial Values 

Tlic \\-ikvc lciigtli ivoiild probably change riiostly the iiii~~i~iiiiiii aiiiplitiide of the rc- 

siilts. !)cc;rilsc it tiocs iioc fiect wave propagatiori. but t lie coin.cct ive cffects corilci 

~ ; L Y C  0 t h ~ ' ~  cffccts that are not obvioi~ .  

Ttic iiiitial aspect angle we tiave choseri in this stiidy is iilniost iiegligiblc. but it 

~ r i ~ i l d  hc iiscfiil to cxaniiiic tioa it affects the n-m-c ccoliition. Evrrythiiig depeiicls 

mi ttic r;ry paths which are in tiirii deterniiried by thc aspect aiigle. so cliarigirig ttic 

iiiiti;ll valiic coiilcl have a large impact on the resiilts. 

Cornparison wit h Observation 

I I I  iiiust CiLscs it is difficult to find the real backgoiind prupcrties. hiit h -  corribixiing 

the ( h t a  from several measiueinent methods. including radars. satellites and rockets. 

it slioiild be possible to niodel sonie of the esperinients qiiite closcly. and study hon- 

t tic siiiiulat ion corresponds to the rneasilremenrs. 



Echo Types 

Siiicc t jpe 1 and type IV echoes seem to be manifestatioiis of the Farle-Bunemail 

iristabilitl- at ciifferent conditions. it would be useful to firid oiit iziicler n-hich coiidi- 

t ioiis oiir siniiilation returns aii amplitude peak at eit hcr ï, for type 1 echoes c?r a 

sigriificaritly larger phise speed for type IV ectioes. 

Coliiparing these conditiotis to the real conditions whcii cither type of echoes is 

(lctcctcd s tiuuld prove quite iiitcrestirig. 

Gradient-drift Instability 

Ir. sli~iiltl aiso bc possible to include the gadicnt drift iristahi1it~- irito this riiodel. 

This i1ist;ibility occurs rhcri tlicrc is a dcnsity gradicrit ir i  tlic y tlircctioii. aiid is 

gciicriilly thought to be the origin of type 11 cchocs. Perlisps i t  is tlieii possible 

to f i i i d  coiiilitioiis tiiitler wtiicti the siniulatioii rctiuns t tic propcrt ics of any of the 

foi ir ccliu t?pcs. wkiicii coiild help devcloping a ilriifid t lieory wliicli iricliides al1 the 

(1i tfcrc.iit t'pcs of echoes. 



APPENDIX A 

SOFTWARE 

A.1 Fortran Programs 

Programs and Çubroutines 

Tliis is ;i descriptiori of the Fortran prograriw iised for cirlciilatiiig the riunicrical 

xoliit ion to t his problern. 

main-pro . f : The main program. 1 t does the calcidation of t lie aspect angle. the ray- 

traciiig arid calculates the amplitude as seil as al1 otlier parariicters that change 

iri tinic. 

nu-eiec . f : Calcidates electron temperatiue and collisio~i freq 

nu-ion . f : Calciilates ion temperature and colhion freqiiciicy 

iicric?- profiles 

profiles 

tnden. f :  Reads the LISIS-90 output file and interpolates to  the desired altitude 

resolrit ion 



gridrays . f :  Calculates a regdarly spaced giid froni the ray-tracing output froiii 

main-pro . f. 

gridrays-converge . f: Sariie as above. but takes the correctioii dile to convergence 

iiito iiccoiint. see equation (3.3.10). 

Input files 

Tlicse files are iieeded by the above programs for propcr esecritioii: 

parameter. F: File containirig all parameters iised by main-pro . f .  iiicliiclirig wave- 

lciigtli. elcctric field aiid nunierical step sizes for esi~itiplc. 

tnden250 . dat : Oiitpiit frorii the )[SIS-90 iriodcl for t hc iiciit r d  tciiipcrat iirc arit 1 

corripusi tiori 

Output files 

Tlirsc tilcs ;ire created the Fortraii progmrns and arc tiicii iisctl ils iiipiit for riiakirig 

t h  plots. 

a.dat: Tlic iiiaiii oiitpiit file ni th amplitude. aspcct angle. freqiieiicy. sporitarieuiis 

p x t h  rate. parallel groiip velocity. and effective g o n ~ h  rate 

rays . dat :  Oiitput froni ray-tracing. with altitiide and ariiplit iitlc. iL5 ive11 as i .  k and 

i' iritcrpolated to the ray altitude. 

background. dat : File x i  t h background properties. inclilch0 teiiiperat t ues. clensitics. 

collisiori freqiiericies. Q and q'. and the velocities iii ii forrii eiuil? readable by 

l l a t l ab  



raygrid. dat: File created by the r a -  gridding prograiiis. with a regdarly s p a c ~ l  

grid created from the ray-tracing output file rays . dat. 

A.2 Matlab Scripts 

Plotting Scripts 

Tlicsc scripts Iiavc becn used to niake the plots prcsented in tliis tlimis. -411 scripts 

1iin.p ii Imilt-in help test which c m  be read with the %clp" coiiiiiiilii(1 iii LIatlab. e. g. 

..lielp tT)wa" . 

init .a: Itiitializcs the global variables needccl by most of tliese scripts. It in Liirri 

11c.cds clic file parameter .m di ich  is aiitoiiiaticdly gciicr;itctl h?- parameter. awk. 

iii urcler to supply lIatlab with the backgroii~id ancl iiii~iieric;il parimieters iiscd 

in t lie siriiirlat ion. 

f bwa. m: Slioss the altitiidctirrie plots froni the file a. d a t  as w l l  iw ray pat hs ancl 

ray- t raci~ig (liita frorri raygrid. dat . Plot scdes. 'iclcc t iuii ail( 1 contotir types 

c m  hc chusen R-ith global lxriables as dcscribed in tlic liclp test. 

f bup . m: .\ [ a h  li~ic plots of altitude vcrsiis iuiy of the propcrtics in a.  dat . for selccted 

t ii~ies. 

showaxissub .m: SIiow the plots described in section 4.:. diere  mie ;tus (or hoth) 

lias t~eeri replacetl by the aspect aigle or pliase speecl. 

showbackground.m: Skion* a set of plots with backgrouncl parmieters 

showphase .m: Show plots relating to the phase as n-el1 as the Foiirier transfornis 

shovrays . m: Like f 3 9 .  m but for the ry-tracing oiitpiir 



subplotpart . m: Split a figure into severai subplots. leavi~ig spacc for footnotes 

Helper Scripts 

Tlic followiiig scripts are riin by the llatlab files mentioncd above aiid are riot intentled 

to be iiseil directly: 

good1egend.m: Places a legend n-ith the correct size for portrait pririting to work 

iiroiiiitl a bug in Slatleb's legend fuicrion. 

irnagesc-log-cb .m: U o r h  similar to Slatlab's imagesc cuiiiiiiaiid. t ~ i t  ninkcs iin iiii- 

ilgc with a logarittiriiic scale and aiitoiiiatically crccitcs tlic appropriate color 

t mr . 

kpcont .m: Siiperi~iiposcs contours of the aspect angle on tlic ciirrciit plot 

loadrays . m: Lontls the riiy-tracing outptit and preparcs it  for plot t iiiq 

phase .m: Calciilwtes the phase S by iiitegating over k 

prepare . m: Preparcs a figure for printirig aitli footnutcs dcscrit>iiig the si~iiulati~ti 

propcrties and the prograni tiseci to t~iake tlic plot 

setprint .m: .idtls the footnotm and sets the paper s i x  for priritiiig iii lettcr format 

weighedhistogram. m: Calculates the plots rtsed b -  showaxissub . m iisirig the niethocl 

dt.scribcd in section 4.5. 

Sutc t h t  gridrays .m has been made obsolete by gridrays . f aiiti is iio lo~iger 

irccc i d .  



A.3 Supporting Programs 

backup: SIakes an archive of the curent  nui into the tgz file give~i on the conlmand 

liiie. Exaniple: backup Novl8Run. tgz 

correctamp. awk: Obsolete: was needed to correct Fortran oiitpiit ahere nunibers 

1ii.w an esponent larger tliari f99. whicli nere a resiilt of tlic problems witti 

the rnct hori of firiitc ciifferences. 

parameter. awk: Gerierates parameter. m frorii parameter. F iii orrler to nialie the 

par;iriictcrs in the Fortran prograrii awilat~le to '\ Iiitliit). Sliuiild bc riiri as 

parameter.awk < paraaeter.F > parameter.m 

res tore  . sh: Rcstorcs an arcliivc rriadc by backup iiiitl ;iiito~iii~tic;tll>- calls the abovc 

parameter. awk tu  gerieratc the right '\kit lai) piiramctcr file 

A .4 Availability 

X CD- R.011 ivit h t hc (lcscribccl progranis is availablc i ipori rcqiicst. For flirt her 

iiifuriii;~ t ioii pleasc contact the aiit hor or his stipcrvisor. The c~iiitil acl(1resses arc 

.Juscf Drcsler jdrexler@julian.uwo.ca 

.Jm~i-Picrrc St.-llaurice stmaurice8danlon. physics .uwo . ca 

. i l  t c m i t  ively. one can contact the Physics and Astrononiy ( lepart iiieiit of t lie Cniver- 

si tj- of Western O~itario. The nia ihg acidress is 

Dppart rrieiit of Ph-sics arid - k t  rononly 

Ciiii-ersity of Western Ontario 

Loririon. Ontario. Canada. X6.A 3K1 
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