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I. Introduction . 

RADAR ANGELS AND THEIR RELATIONSHIP 
TO METEOROLOGICAL FACTORS 

FINAi. REPORT 

HANS OTTERSTEN• 

ABSTRACT 

From a yc•ar-long study of radar angc•II'! , carriL'tl out. rwar Stockholm. Sw••· 
1lt•11 , with a HJ-cm vertically-1M1inting pul1!4• raclar, tropograml'!, ur time-height 
n•cords of angc•I activity , han• bt'<'n obtaillf'fl together with information on 
metc-orological paramctc•rs. Amplitmlc• n•conls of indi,·idual angl'l l'chot'I'! ha,·1• 
all'.lf1 OC'tlll 11tmlic!tl. \'arious t~' llf'I'! c~f radar ang,·11'! arc• exl'mplifit'tl, ancl tlw 11ea­
sonal ,,a,·iution and tlu• height distribution of the ang«'l acti,·ity ii'! n•,·i1•\n'fl. 
The, .. ,n•tical approaches to nwt.,•orolngical 1•xplanatiot1I'! of angel pllt't1omt•1111 
an• cliscUl'l!l('tl in terms of tlw l-'<lll*'l!'II' IC't!I'! for th•· tn1pol'!11hl'ric n•fractiv,•. 
index fit•ltl . Tlw statistical n•lation1d1ip IJt•twe,"C•n ra,lar ang,•ls ancl 11wtf'flro­
logical 1111ranwt1•fl'! is pn•Sl'ntt'fl , and explanations oftllf'angPl 11lw11011wnaan! 
off,•n'fl. /.,_,,,,,, 1111!/"I~ , which an• IK'fl'!islt-nt. ,liffuSt•, la.wr-typ,· t•ch,N·s, occur 
1h11' to hack11catlt-ring from clt•ar-air n•fracti\'f'•it11l1•x JK•rturbationH a-ieiat, .. 1 
with fn't• c1111,·1•ctimi. or with t11rbulm1t mixi111,1 i111hu, .... 1 h,v wind slwar in zotll'l'l 
of f't1ha11c'f'tl static l'!tabilit,v . /Jot 1111!/f'I"'. which an• 11hort-il11ratio11 colwn•nt 
1•cl11N•s from appan•nt point targets. arc• 1liffic11lt to 1•xplai11 as n•f11-ctions from 
ill\1isilJll' 1tlt'h.'f1rulogical targPtH a111l an• maint~, cat11'14'fl h.,· inSt•ets a111l hinls. 
The• crnploym,•nt of ultr881)1tsiti,·"· high-n•11olutio11 radar11 with scanning an-
1t•m1as in stuclit•s of la,vf'r angPls has gr,•atl.,· amplifiL'fl tilt' nwt,.,,rologiral sig­
nificanc.'t! of t ht•Sf• 1•cho1•s, ancl , cnt1St•111wnt I~·. raclar 11wlf'orolo1t,\· has IM'f'll t'X· 
t1•nd1'fl to i11,·1•stigatint11'! of nwteorolo1tic·al proL'f'IISf'S in tlw elt•ar atmo11plll'n• . 
.-\ bril'f resume of re-cent t'XJM•rinwntal work on ra,lar ha1•k11cattni111,r fmm cl1•11r 
air concludc11 thil'I n•port in 11nl1•r to illustralt· tilt' appliration of raclar nwtl11Nl11 
in clt•ar-air r1•l'!f.•11rch and to l'!Utnmarizc charaetnil'!tic f1•11tun•s of d,•ar-i,ir struc­
hrn•s ohSl'r\T'fJ with r11dar. 
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• kliolni riie \. iti..il arr-'W tli.* l•M■illlo|| o| tin- r.iil.ir

I IN I KUIM <TI(t\

Tlii^ stiiilv i' iiiiin'iIll'll witli till- rliiiiarliii.ilii' nf 
\ariiiiii lv|ii'i Ilf riiilar aiiirrli m iiluri vnl uilli a fiMil. 
vrrlirail\.|»iiiiliiit.' pilin' railar anil In |>artinilar. uitli 
till' rt'laljiiiiiliip Ilf llii'.'M' I'l'IiiH's 111 rrriain inrliiir"li>i:iral 
farliin

'riir an.;rl rrliiM'i lia\r lirrii iiiM'iliiialril friini \ariiiiii 
H.i|M'i'l.i. Tlirir n'iisiiiial Mirialiiiii has Im'i'Ii iltnlinl li\ 
•'Xaniiniiit! llir nlm'rNaliuiii lliriiin:liiail llir vrar nf l!Mi:i 
Till' avrnii;r liri|;lit iliilrilailiiiii nf llir railaranurlarllv- 
ilv lias Ih'I'Ii ilrirrniinril fm lialf iiiiinllilv |«'riiMl>nf llir 
vrar l'.Hi.'t Tlir anipllliiilr varialions nf inilli iiliial ani!i'l 
sitnials nf Miriniis lv|M's liair Iss'ii rxanijnril On a fr« 
iM'i asinlls. rnlillllllnlls nitsi'ri ill jnlis liair Ih'I'II rxlrnilril 
tlirninrllnlll llir u llnir ilav anil llil!lll in nnlrr In rslalilisll 
till' 24-liniir varialinii nf llir railar.ant'll ariiiitv An 
iiii|sirtant (wirt nf llir slinlv is llir \rar Iniii! iiiinillanrniis 
invrslittalinn nf llir varialinii nf aiii!rl arlivilt anil iiir- 
Irnrnlniliral rnllililinlis Itasirilllv llir plir|sisi' nf lllis 
sillily Mils In rslalilisll llir sialisliral rrlaliniisliip lii'lMi'rii 
llir Hiitirl arlivilv anil iin|Hiiianl inrlrnrn|ni;iral |uraiii- 
rlrrs.

In A lllisiri'liral Si'rlinli slltltlrslril inrlrnrnlnt'iral niislrls 
nf rniliir-aiittrl sniirrrs arr ilisriissisl Tlirir rrfirriinn 
prn|M'rlirs arr rviilimiril in Irrnis nf rrfrarlivr.inilrx 
viirialiniis In IrsI if llir nlwi'rvisl rrlns's ran Im' rxplainisl 
AH l>Hrk.srallrrint{ frniii n'frarlivr-inilrx lliirliiatiniis in 
llir rlrar air

Till- anttrl rliararlrrislirs anil llirir n'laliniis In mr- 
ImmlnKy Hiip|Hirlisl liy llir lllisiri'liral ismsiilrralinnH-

iniliralr llial rirtain ant'll ty|Hs arr assiH'ialnl Hilli 
rlrar air rrfrarlivr.inili'x larialiniis in rnnvrriivr ri'i'iniis 
anil 111 siralifiril lininiilarirs in llir lrn|Misplii'rr. Ollirr 
l\|M's arr innrr iliffiriill In rxplain in Irrnis nf rrfirri inns 
frniii invisililr inrti'iirnlnt'iral lari'rls. HnHrvrr. rri'aril- 
Irss nf llirir nriiriii lllry lliav lir nf inirrrsi In llir ini'lr- 
nrnlni'isl as Inirrrs nf llir h iiiil firlil. Kailar iinirrls. llinsi' 
nf nirtrnrnint'iral nritlill ill |liirlirillar. nffrr inirrrstint! 
|Hissiliililirs In rxlriiil railar iiirlrnrnlnt'y In iiivrslii'ii- 
linns nf inrlrnrnlnt'iral prnri's.srs in llir rlrar air.

i MKAsrUKMKXTS

Till' r\|H'rinirntal sillily lias Ihs'II rarrinl mil nri.; 
sinrklinlin. Siiislrii. prinri|iiilly ilirniit'liniil llir Mlinir 
vrar l!ai:i Smiir rniiiplrniriilary slinlirs Hrrr |H'rfnrniril 
iliirint: till' firsi half |iarl nf llMrl. Tlir In-riii vrriirally- 
IHiinlint' piilsr railar mis siliialnl nii llir nisi rnasi nf 
Smi'iIi'Ii illmllt :l kin frnlll tlir Kllllir Si'll. Tlir Inratinn 
nf Ihr railar is inilinitisl nii llir map in Kit! I. Tlir Irr- 
rain siirrniinilint! llir railar miis mainly rnm|Hisril hy 
Missis. Till' statinii Mas Mnrkint! iiilrrinittnitly. ami 
riiilar-an|!i'l iliita Mrrr rrrnrilril iliirint! fivr liniirs arniiinl 
niHin fivr iliiys a Mrrk. Tlir Intal nlisrrvalinii limr rnii- 
laiiis 2;Vi ilavs nr mnrr than li'ill Ilnurs. Kiirihrr. mi si'V- 
rn iM'i'Hsinns. Ihr Mhnir ilay anil iiitrhl Mrrr stiiiliril in 
nnlrr In invrsiitriitr Ihr :*4-hniir variation. Thrsr stiiilirs, 
riimplrmi'titi'il Mith a fi'M lair rvrnint! slinlirs. rnvrr all 
Ihr iliffi'rrnt si'asnns nf thr vrar.

KOA Ki'isirls. Vnl. 4. Xo. 2. IHTO
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|•'^^.^ -■ .*1 th*' ntiiiir. Th.- iinliU -i««- v\n> -uh-.>ijihI*-«I

h\ hi!U ulm h •*u|*ju'>-—t-il «h-»tiirljini' -iil* r.nJiai
r jti iilijaiin «l l«\

iiMMliil a iiii-tallii- •-o]|ar 4il>»n}' t)i<' niii •>! tin* 'I'Ik'

• 'U'l'iilar paiMlioiii* 4iiit<‘iitia had a 4 in diainrti-r and ua<^ li\i*d 
« ii h jIm- ht-ajn 4i\i'- in tin- mtIhmI din‘<-i ion.

2.1. Mfti'iurtnij Fw ilitn -Uiitl Fj'jh rlwt ninl /*n» 4ilun s
An nJii fmm v<iii<*al rafiar-simiKliii^s was

tin* <iistimImms frnm tin- Iu\\< r si«lr 1mIm> 
TIh si* }ir<ii)|nins \\r:v aviijiird liy <an fiii scliM-tjini «>f a 
radar silt- ulnar tin* ItMTain f«iinn*d natural walls whi<-!i 
f'Uiijin-ssrd tin* ilisinrliin^ radial imi. A small fii-ld sur* 
rniindi'd liv >n*arliv Wdodrd lulls was rlmsm. In addition, 
a nntallir rollar was nionntrd alnnu tin* rim of tin* rii- 
rular. {taraliolii- disli. .\ft< r tlns<- mrasuns wm* tal^rn. 
no inti-ifrmnr from ^uound \sas iioiind within tin- 
ln iilht i!it«r\al ohsrr\rd. 'I’hr lowrst Inijrht that couM 
hr ohs»*r\rd dur to ihr limitations in ilir 'rifswitrh wa> 
4(Hi m. Ki^. '2 shows a pii tiiir of thr radar.

rill* raiiar was •ijuipprd with a sin^lr 4-m diamrlri 
jiaiahola frd hy a pnisrd S hand transmittir. 'I’lir an­

tenna was fixed with the axis in the \riliral dirrrtion 
Data of the rmlar are ^i\t-n in lahlr 1. nrrasionally a 
pulse lenjrth of 1 .11 //«.ei* wa?* used. 'Phe reeei\er sniisit i\it \ 
refers to a sitrnal eijuallim: the noise level. When phot»». 
^rrapliie reeonlin^' teehnnpie w.i< used the sen-itiv itv wa> 
.-<omew hat improv fd.

IVimipally two different reeoidini: teihniipies were 
used together with visual oliservation of the A-*'eope. 
'riojMiirrams. or time-heij:lii reemds of the antrel aetivitv. 
were obtained with a photoj:iaphi<* lerhiiiipie. 'Phe re-

I* I].' I w • • I J tmtujt•' '-.iiiipli'-. 11| !.i \ • r 11 opi >^t .i.o i>i|- («/1

MKT. la M.o p.ms. mki. 4 .inl> P»ii:t ih.
l.i\« r .in^'-i'- itp|M-;u oil ih'- Iropo;>r.nii'» a* diUti-t- hut • outiihiouk 
ti.ind-. oit.-n o| -u-v. i'.d hour-, dnraiion. Ih-itjhi \aiiation» an- 
i-oiiiii)on. ihoiik’li ihi* iM-ik’ht •'\t«-ii-ioti I- ^'•■n('ra!i\ How

• -oini-f lint— -t-xt-iid ditlii-M- -iraia an- dt-1«-<-lt-<) tivti a \iidf
tit'iltlit Iiilt-t\al. a- -ft-ti III lilt- iip|MT lr->{M»):raiii.

reived signal modulat«d the iilteii>it\ of an o>ei]!iiSeope 
sweep whirh wa- pilotoi;iaplied h\ a eainera with an 
open >hiiller and eontiiiiioii'»lv ntovini! film Piiiie-ain- 
plitude trroid- of tin* individual ani'el «*iunial> wne ob- 
l iined with a raiii/e ;*ate tei hnn|iie By manual o|M*ra- 
tion of the lanu'e iiate. the aiiiphludi* vaiiation** of the 
ei-hoi- fitiiii a >tnall (vanablr) height interval at an ar- 
bitraiv altitude were di>plaved on a rapiil re?»|»oiisr re- 
riildei ‘Pillie vaMal|on>« up to An rpo roliltl be studied.

1 he two different teeorditl;; teehiutples Wl'l'e ||o1 used 
simultaiieoii-lv

Mainiv. the observations were leeorded by the tiojHi- 
4:ram method. l)ala fioui the.se tio|Hi)itaiiis have been 
used for the year-lniii; investigation of the aiiyel aetiv itv 
The main part of the anuel obse|\ation> oeeiirs bi low 
IMhmi 111. 'I’he study of the iin^;e| aitivitv refer?, to the al­

titude interval "ilHi :,Nhmi m, He;:ular ealibratioii> of the 
radar were earried out llowi vei from tlie tiopo^raiiiH 
no detailed information eoneeinmi; the streiu^th of the 
an;:el ei-laM-s « an be obtained

The inves| i;rations of ilie amplitude variation- wen* 
earried out as se|»;irate studies preeeded b\ eallbratlon 
of the radar 'Phese studies ^ive detailed information 
eoneerninc the si]<-ii;ji|| and the time l.istorv of anj^e] 
eehoes fiom Various hi icht-

2 2 f ift>i 1

Badar aiii^els have biin deti eted up to ahitiid'- -* 
about ftNMi m. 'Phe most intetesiniLr interval I - i 
is below 2<HMI m 'Phele iTeneiallv ap|H*ai »■■ V .ii 
types of eebo. in the fo|li>W|lur nfifod t I.IMI

angels and dot anifels 'Phi-s. t w •• e< i>> ■ t \ |h > are ofti-ii 
observed when the skv I- eoin { i* tej v d».»l Phe solllee 
of theeebiHs eaiillot be de|«-i !• li l»v opte al means

I
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•J - 1 .Viii’i-ls Cliaraiti-ristji s
Till- laMT aiiL'i l' ( Kii: -i) an- iliffiisc i-i hnrs

Oil IIh- Irniii'arams. thrv aiipt-ai as i initiiiuiais liamls, 
nfli-ti «illi till- iliiratiiiii nf srM ial liiairs. tli<aii;h varvinil 
in in!i-nsi!_\. *rht-\ irrnrral!\ slmw slnw \ariati<ins in 
lii-ii;lil. s.inii-tiniis «ith a wavy stnii-lnn- Most oftin 
llii-y ap|>i-ar ovi r a linill. il lii-ii;ht inli i val. a fi-w linnilri il 
ini-li-rs in wiillli. tint soini-tiinrs srvrial iliffnsr strata an- 
iti-ti-i'li-il o\i-ra wiiti- lii-ii'lil inli-rval I Kiir '.in). '1 In- lavi-r 
nin:i ls slum a rapiil failini: I Kit' -0 mi'l i>fi- ini olii-n-nt 
in till- n-siM-c-l tlial till- slia|M- of tin- n lnmiiiL' pnlsr is 
cnliri-K ilistorli-il 'ria-ir appi-aranci- siiimi-sts tin- i-xisti-ni-f 
in till- vli-ar air of liori/.onlally i-xtcnsivr, i-on\t rtivi- re­

gions anil stratifii-il. sliallow laviTs ulii-ri- inti-nsr rli-ar- 
nir ri-frartiM -inili-x flintiiations ocnir in a sii-niiiurly 
raniloin fasliion witlnait ap|sin nt wi-ll-ilifiin-il iinliviilnal

inlionioi'iniitiis

Tin- lavi-i aiii'fl n-fli-it ivll \ . Inn-ili-fiin-il as I In- lailar 
cro.ss sri tion pi-r unit voliinn-. has hri-n i-st iinati-il as- 
Siiniiiit: that tin- siirnals oriitinati- from n-frai-ti\l••illlll■x 
variations honioirintoiisly ilistrihiiti-il ovrr tin- iiitin- 
pnlsr.vohinii- (fillni hraiii) Thr n turns an- alwax s alt rih- 
iitril to air rohinirs of larirr hori/oiital i xlriisions Thr 
vrrtiral rxtrllsions of thr vohllnrs solllrl illlrs rxrrril 
half thr pilUr Iriiirlh ronsiih-rahlv . somrtiinrs not Thus, 
in rrrtain rasrs tin* ohsrrvnl rrfiri-tions ina_\ ih-rirr from 
shallow laxrrs, ami this will rr~iilt in iiinlrrr^t iniatioii of 
thr rrflri tivit V. Thr olisrrvrll nia X illlll III IrflrrliMly of 
lavrr aiiitrls iliirinit rh-ar-air roinlitions is In ** rni* nii* 
at an altitinlr of Iihhi hi .\t in. rrflr. tn itirs n|i to
f) ■ !tt *•’ rni^ rm^ hax'r hrrii olisrrvrll 1 'iially thr rr- 
flrrtivitirs of lavrr aiiitrls art- i-oiisiilrrahlx wrakrr. \\ itli 
thr ri|llipnirllt lisril. a rrflrrtnlty of ti 111 '■ rill- nil’ 
at thr altitinlr of llioil in proilllrril a ilrtrrtahlr silftial 
Olisrrvations of layrr antirls up to 4inni in iinliratr that 
thr rrfirrtivitirs at an altitinlr of 4IHI0 in may rxrnsl

III ' . rm-nil’ Iniiiiininm ilrtrrtahlr rrflrrtivity at Iikki 
III).

'2:2:2. l>ot .\iu;rls. I’hararti ristirs

Till- lint ain'rls (Ki)£. a) arr rohrrriil n hors of various 
strniu'ths. Tliry t;nirrally aiijM-ar for a frartion of a 
srronil lip to a frw srrotllls. Thrir a]ipraranrr slljr):rsts 
■ onsistnit tariirts of limitnl rxtrnsioii. ilriftiny'with thr

winil thriai);h tin- hram. Sonirtimrs on hot. rlrar-sky 
siimnirr ilavs thrsr rrhors apprar vrry rliisr. formiii)' 
thirk. jiartly inrolirrriit layrrs with soiiir stroii):rr ilots 
w ithin (Fie. au). Samplrs from thr stiiilirs of thranipli- 
tnilr-tinir lapse of ilol-aiierl sienals an- eivni in Fie 
(inirrallv. thr rnvrlopr of thr liot-anerl sieiial is sym- 
mrtriral anil rorrrsponils to a small tare'-l ]iassme alone 
a rlioril in tin- rirriilar rross-srrtion of thr hram. Soinr 
ilot anerl' show litllr or no amplilinlr flintiiations.

II

It

<1

I •
13<0 • U-) ftV 13)0

b

■ . : *..-14;' ^' . . i

.*> I'un IL* uiinn*'* -ainpl*'- *>t tnr t.;*
MKT. 3 .Iiil> I'.MiH. ami r/., MKT. I .Xiuro-i Tia-

a|.jH-aratif.* mI tin* <i'«« Tarcat-i nt himt.-ti
tinltiiiij wiih iK** wind «)ir«»uj;h tla‘ ratiar U-am. Si.mi- 

tiinr-i Mil h«»t, flaar 'tky HuimiaT tia^' tin* dm ant^-U «i|>|>far vit> 
flM-«*. fiTinmi: llmk. |»Hnl\ diffu'f lay*T<. a«t m thr iij»i»rr
I rM]iM^rHiii.
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SiiiiM*. shnw '.iruiiir rnatir amplini(l<> fhictua-

tiniis uhili* liiiftiiur tlmniirli i}m* iHam. aiul inaiiv «Iot 
ai»u* !' Iia\i- n |MThM|ir lnaliiiL' r|»o>»Mi mi tin* sninuth 
i iim IoIm- Tln-*r amplitmli' \ariaiimi- ofim tUi.

I ln \ !ia\i- ilt'itiin’i l•lla^a*•!^ lisii. > «>f iiiti rf<‘i«*ii« r plic. 
iiofiH'iia aftri)>nt(Hi ttt pi«>]M-rii<*s of «uir >jn<rlt- <lu!-ani:(‘l 
larijri riir pm-iiiiljr Iiraiiiii; l«a> prriixis fn»in a frw Hz 
up t*i a frU t»-U-> III Hz l)ut anar|> with prlitniic liralillL' 
aiv iK»i uiK-oiiiinMii ilurim: ilavtinif. Koi tin* <]nt aii;:«ls 
tihsri \ 4*<1 ami afl* r siiiim I a ptonouiiriMl pta imlic

ln*aliiu: t'riu*raM\ i*« pn-Mait.

1'h»- iiiiiiinmm «h-l« rtal»I** laHar rmss-srr!imi a!
III was ii| In •' JII1-. This iiuans that iIm- radar was 
rapahlt* «.f d.-tt-riluj* small parlii-ul.il* > likr iiisrrts in ihc 
h»w» I atiiiMsplirn-. 'Hir inajiu pari «*f tin* dt»t aiiir‘ l>. .»h- 
srrxril had ratlai iroH>.s«Miimis of iIh- ord«*r of lo '• up 
to |i» - rill*. A iiiiiim' portion, ihoinrh a lai^'r amount in 
ahsoluti* numiM is. was ronsidoiahlx slronu'**!-. I'p to .*{ 
km dot aiiiri N with < rhi» stn nalh*' situratiiiiT thr n rrivrr 
wrir *>lisri\i‘d 'Fliis coirrsponds lo radar noss-si rtions 
rxrt-i diu^ l .:i anil ti.a rm- at 2 and :5 km. n-spr» li\rl\. 
Solitar\ dot aiu;i ls w« n- ohsi r\i d up to f km with radar 
rross-M'i 1 ions up to in nii'. 'riir \aliii*s of thr radar i ross- 
siTiiou> an- rompuh d fm tin- aiilmna ifain at thr hram 
axis, a^siimiiu: that all tart'i ts passrd tin* rriitrr of th»* 
hi'am.

'riir slroiii: I'lhofs at tin* hiL'ii alt it iid>-s ma\ lia\i‘oriiz- 
initfd from hirds. In tin- low«*r xoluim*. howrvrr. this 
explanation lould ireiurallv 1m* exrluded. sim-e birds 
roiild l asilv hr 4*h>**r\rd and thrir rrhoi s ideiitifird. 
Bird rrhors iiiadr no si|»nifirant rontrilmtion to the nuni- 
her of dot aiuirls ohsri vrd.

:?.*J’{ The 24-lloiir X'aiiiitioii of Anircl Artivity

Stiidirs of thr 24 hour \ ariatimi «ihow a stroiiir dmra.sr 
ill thr arti\ity h\ iiiudit. No layer aiuirls have hreli de- 
teited aft**r sunset I)ot aiurels appear hy niirh! too (Kiir. 
7). showma a nature somewhat diffirent from that of 
the di»l .lll;:e|s hy day. 'I*hry -.how arealest artivjtv 
anaind sun>et and eontinue with a more sporadir ornir- 
n-iiee at rikdit. 'I’lies^* niirlit aiiL'els irrnrnill\ appear at

ij.
I - 
:«- A * •:

:ai luT

Kitf 7 i|..i t■•r 2I1'» MKT. 11
I'Mi.T l)..f .ifiiji ts .a nujhi tf« n»TaIl\

»if }jifc»ti* r ill ilinl'--. a Ih^Iht .irni iin* •»f
liiiratmii tliati <>nlitiar\ 'Ixt M<»m ih«*'>i* mi;ht

ait)^‘l» )ia\<* a iluratnai ihan t«‘il t<>r a point tarifft
• witli iIm- uumI >hroii)«ti tIm* radar tM'ain.

Iiii;lii r altiliiilcs. Ii.nf a lilfilu r nfli’ctiil |)i>\ht ami aii' 
I'f IniiL’iT iliiratiiiii than lla- usual dot annuls, Ciihcii’Uf 
l•l•lllM•s «ilh cliiiatinus loufri-r than .‘ill siiiuuls havi- Imm-u 
dclirtcil. .\ssiiiuiuL' laiyits im>\iiw «ith tin- wind this 
|•|•^(•s|Mluds til hiiri/.iiiital diuu usiniis anaiuil IlMI m. In 
Oit.ihir till- lint am.’ils l.y day had rniuiilitily disap- 
piaii'd afti-r a irrailiial dirivasi-, hut still smile iiijilit 
aiiei ls a|)|ieaied after siiiisi t.

I he atunl aetivity shnus a L'leat \ arialiility fniiii dav 
tn da\ III the uariii seasmi. days nf extreiiiely hiydi 
aeti\ity may he inllnwed hy da\s diiiiiie «hieh iin la\er 
aiurels and Mllly a ie« tens nf lint atIL'els eall he deteeled. 
|)a\s nf iiiediiim nr luLdi aetivity freiierally slmvv the 
fnllnwiiijr Jf-hniir vaiiatinii In the iiinriiiui:. a few hmirs 
after sunrise, the aetivity is Invv. ,\ few dnt aiieels may 
he deteeted. ,\s the L'l'nlmd temperature rises, the dnt- 
.aiurel aetivity iiiereases rapidiv siieeessivelv reaehiiiir 
hiirher altitiid'S. Simiiltaiieniisly layer aiisrels iiiav ap­

pear. L'eiierally in the fnriii nf niie weak layer eradiiallv 
iiiereasiiiir in streiigth until a emitiuuniis hut diffuse hand 
eau hi- deteeted. (huerally this hand rises sInvvK tn- 
wards hiirher altitudes. The iiiaxiimim nf the aiieel ae­

tivity is iiidistiiiet and env ers a few hmirs armiiid immi. 
■\t this timi- the layer aiurels ireiierally are fmiiid at ahmit 
IIMMI III with the main part nf the dnt auirels situated 
Inwer.

Diiriiiir the afteriinmi ami tnwards the eveiiiiiir the 
aiiL'el aetivity irradiially deereases. fewer dnt aiieels are 
deteeted. and the layer aiurels irrnvv weaker ami disperse. 
.\fter sunset a weaker dnt-aiiirel aetivity nf the iiiirht- 
aiiirel type starts at hiirher alt it iides. Khmi diKNl hi rmi)rhly 
speakiiiir. (Weaki-r aetivity here means fewer nhserva- 
tiniis.) The maximtim iiiirht-aiiire! aetiv ity neeiirs diiriiifr 
the hmir slleeeedillL' sunset and is fnlinvved hy a lllnre 
ami lllnre spnradie neeiirreiiee at iiiirht. Itiiriiiir sunrise 
smile Sniitary iiitrht aiiirel may he deteeted. .\fter siiuri.se 
there is aliimst im aetivity until the usual dot auirels re­

appear at Inw altitudes ami elnse the eirele.

Ilnvvever. the diurnal rhythm nf the aiijrel aetivity is 
-iffeeted hy the Ineal weather. Snell faetnrs as rain, 
elnudiuess. iiiversiniis ami iiitrusimis nf frnutal zmies 
eaiise distiirhanees in the perindieal emir.se. Many davs 
tin layer aUL'els eau he deteeled Ihnuirh the dnt-aii|rel 
activity is hijrh. On the niher hand, layer auirels are sel- 
dmil nhserved ill the ahsem-e nf dnt aiurels. .\s melltimied 
earli’-r. lliirhl allL'els have heeli nhserved dlirillir perinds 
with tntal ahseuee nf aiurels hy day. This fact ami the 
jreiieral eharaeleristies nf uijrhl aiurels indicate that the 
nriiritis nf uiirht aiurels are different frmii the smirees nf 
nrdiiiary aiurels

F<).\ Hepnrts. Vnl. 4. Xo. i. 1970



,00-------------------

so 

0 
.,,!! J F N D . 
► 

!::100 
> ... 
u Afttrnoons ct 

so 

F M A D 
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:! .:! .4. Seasonal V1ui11tio11 and H1·ight Di11trili11 tion of 
Angl'I Acth·it.,· 

The sc•11so1111I rnri11t ion nncl tllC' lll'ight dil<t rilmt ion of 
nn~cl ncth·ity l111n• IJC•t ·n 11t111lit'<I in the lll'iJ,tht intnrnl 
r100- 20()CJ HI d11ri11g for·enoo11 11 nnd 11fter·n0tJns of t Ill' 
whole yenr Hlfi:I. 

The sc11~n11l rnri11tion of t llC' l11yc· r-1111gc•I :frt irity for 
for·,·noon~ and 11ft1•n10011s , rt•s1wctin·iy , is gin·n in Fig. 
~- Acti\'it~· is n1t·1t!il11n,cl "" act i,·e t inlC' in pt•r ec•nt of tot.al 
ol,snrntion tinw. Ob,·iously tht· highest nc-ti\'itit·s app1•11r 
in till' w11r111 s1•11so11 . Jn the winlt'r the rt• wt·rc• \'ery ft.w 
ol,serrntio11f' of l11yer 11ngds It l-!t'e111s as if the forenoon 
1wli\'ity iiil hight•r· than th1• afternoon 11rti\'it~· clnrin~ tlw 
p1.·rio1l Jurw- August (s111n111C'r) . wllC'rc•n,i t hnt· 1u1• rm 
part ir ulnr differt·nt·t•s during other pni,Hk 

:-.imilnr di11grnrm1 of t.llC' <lot-1111g1·I 11ct i\'it~· 1uc• J?in•n in 
Fig. 0. ,h ·ti\' ily i11 1111•11s11r1•tl 11 s the nurnlin of nl181'1'\"ll· 
tio11s per hour. Tiu· llf'l i\'it,y i,- "tronlll'8t in s11111mt·r . 111 
winkr no tlot, 1111gl' l>1 uppe1u1•1l. Tiu• 11111,·kt·cl net h·ity cl111·­
ing t he firiilt half part of ~lureh i;- d111• to two dn_,·,i of 
r11llll'r ldgh 1wti,·it~·- Thi' remaining part of thi~ pniocl 
the actirit~· wn ,i low. He11111rknl1ll' is th11t at the,.,· two 
t•,·1•11ts the ground f't ill was f•O \'er,•tl with .. now 1111d t Ill' 
tt-11111C'rature was w1·1l lwlow tht• frt •ezing poi11t . In 0l'­
tol.H•r through l.kee111ber. wh1•11 no dot 1111µ-1·111 11p1wnrecl 
hy d11~·. night angel1-1 were• dl'tl'l°lt•cl 11ft 1·r i.1mst·t un t hn •t· 
,liff,•rc•nt occaflions. Tho lakt l111lf put of ,June !!howi. 11 
m11rked dip in the aeti,·ity . l)urinll this JIC'riod thnc w11M 
bad m•nthc·r with lwn\'y d omlirll'SS, low tempt: rutun• ancl 
rather rnueh rain . This dip in tht· neti,·it,\' i~ ,il l-!o cli ,1e1•rn. 
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F M A M J AS O N ' O ' 
1-' it,: . !I . S.•n l'lttUul , ·ur1111iuu of tlut . 111111• ·1 ud iv it\' . Tiu- u, ·ti,·it\' i l'4 olo•to •r111iru•,I f11r ,1111 ""ll' · I~ iu I ho• lw i11h1 i111o •n ·,;I ;,1N1 :!INNI 111 ·,m,t 
i l'i 11u •u~ur.-,I u~ t ••• • uu,ulN•t ,.f .... , .... t\'UI iou i,,i r• ·r hour Ulltl •li1"plu~··••I "'' l'lll'nlo •I.\" fur f11r,>1101111s 111111 11fto•r110"•11~ . TIii" 111'1 i\"il ~• i~ hi~h••l'lt iu ~1111111 11"1' . 111 wi11to •r 1111 01111 11nj.11•I~ "l'l"'11r,•ol. 

ihl1· i11 the cli11gm111 of t lu- lt1y1 •r-a11g1•I nl'I i,·it~· (Fi,r . k) , 
c11pt:c-iull~· i11 the nftl'l'noon 1wut . Th,• 1lot-lH11l•·l 111·ti\'it~· 
11hows no 11111rk,-tl diff1·n·11c.'l'S h1•tw1•1•11 for1·n•·H1111-1 a11d 
aftC'l"ll(Mlll"I. 

The l11•ight di,.tril111tiu11 of th, · ung, ·1 actirity 111111 IH•1 •11 
11tutli1•cl by 1•x11111inatio11 of tlll' 111·ti,·it.,· within en·r~· 
I00-111 intl'l'rnl IH'tw,.·,·n r,oo 111 11ml :..101N1 111 . Tl"' 1·1•1-!11lt" 
arc pre11c•ntl'll in hnlf-1110111 ht.,· )ll'l'i1Hl11. 141'fN1r11tl'I~· for 
fort'noons 111111 aftl'l'noon,i . Th, · l11~·•·r-1m11el 1wti\'it~· in I\ 
1•ntai11 I00 III intl'l'\'111 iM 1111•11 11111·,·tl Iii'! t Ill' 1111111hn of 
1111_,·,1 with 1111ti1·P11l,l1 · 11..ti,·it,\' in tlll' i111t·rrnl in pn 1·1•111 
of tlll' total 1111111lwr of ol1s1•n ·11tion cla~·s in thl' 1wri1HI. 
For the 1l11t -,1111l'•·l 11..ti,·it,\' in II c·nt11i11 ltNJ-111 intnrnl. 
I Ill' 1111•a ;,11r, · iM "' 1111111lwr of 11l1141•n·11t ion" l"'r hour·"' . l>i11 -
111·11111s for tlu· fH·rio, ll'I April II O,·tolH'r I (April la - Ot'lo­
hn tr,. l!lfi:I ). ,lurirw whic-1, t l11.· llnll• ·I nl'li\'it_,. iM n,itic·1 •. 
II Iii•· . 1111 ,.,. l1t •1•11 prqwir1i1 l. 

IJi11µ-n1111 ~ of tllC' lll'iµ:ht dist rilmt io11 of t Ill' l11~·1•r-111t11"•·I 
nc·t i\' it ,\' nr,• ll'iH·n in Fiµ: . I0 . . \p1wu, ·11t I~· t Ill' hiµ-lll' sl 111·­
t i,· it i• ·" npfH 'il r hdow lr,tNI 111. Tiu· maxi11111111 i,i hrrn11l 
111111 i,1 µ-, ·nnally ;,i11111t1•1l 111·,1111111 ltNNI 111 . T11w11nl ,i 1111-
t1111m ,, ... for1 •1ltHIII 11111xi11111 '41'1 "11 to , ... "i t1111t1 •1l '411lllt '• 
whnt lown. whit, · I h, · nh1•1w11111 11111 x i11111 "' ill Ii• · 111 11111,111 
ltNIO Ill. 

I )ia~rnlllf' of th, · h, ·i11ht cli 141 ril,ut io11 .,f I ho • dot •11111!'•·1 
11rt i,·it ~-11n· ,ti\'t'II in Fiµ- . 11 . Tlw hi11h• ·~1 1wt i ,·it i,,,.. 11p111•11r 
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••ig. 10. Height, di,ctribution of l11yer-angel artivity. The activit~• is detennined in each 100-m interval between 300 m and 2000 m and di11played in half-monthly periods, 11eparately for forenoons and aftemoon11, The activity in a certain 100-m interval i11 measured a11 the number of dllys with noticeable IM'tivity in the interval in per cent of the total number of obllervation days in tho half-monthly period. Diapams for the --.. md half of April (April Ill through the first half of October (October I) are 11hown. During other periods I-he BC• tivity i11 low. The highest BCtivitie11 oc'Cur below 1300 m. The maximum i11 broad and iK generally situated around 1000 m. 

below 1000 m. The maximum is rather distinct and is 
generally sit11atud between 600 m and 000 m. Above 
the maximum thero is a strong decrease in the• dot-angel 
activity with iucrt>asing height. There are no particular 
differences betwt'l'n the fort>noon and the afternoon height 
distributions. 

The height distributions of the dot-angel activity for 
individual days gent'rally show the same characteristics 
(Fit(. 12, top). Howe\'er, deviations from the average 
height dist,ribution occur (Pig. 12, bottom). During such 
days, tht• dot angels 11how a definite tendency to a strati­
fied organization at L'Crtain "preft-rrcd" IO\·els. An ex­
ample is gin•n in 1-,ig. 13 where two preferred levels OC• 

cur. 

2.3. J,iltrpr,lalimi o/ lite Angel Plte,wmMa 
It has now been established by other investigators that 

many of the one time 80 mysterious angel ech0t>8 actually 
are eawted by iMects. Hardy el al. (1006) used multi­
wavelength radar in the study of radar angels and found 
that both the magnitude and the wavelength dependence 
of dot-angel radar cross-sections were consistent with the 
hypothesis that th<' targets were large insects. GIO\·er & 

8 

Hardy (1006), using the same radars, concluded that all 
of the dot angels observed in detail had characteristics 
which could be identified as belonging to either insects or 
birds. The radar tracking of individual, known insects 
in free flight , reported by Glover el al. (1006a,b), may be 
considered as the final proof that many, if not all, dot 
angels are caused by insects or birds. Further, Hardy el 
al. (1006) reported the observation of clear-air radar 
layers that appear incoherent at long ranges or with 
wide radar beams but, • when viewed with high reHOlu­
tion, are revealed to he consisting of several individual 
targets causing ordinary coherent dot angels. 

On the other hand, abundant evidence has also been 
accumulated by many workers that pro,•es that refrac­
tive-index fluctuations in the clear air are frequently the 
reaHOn for incoherent radar echoes occurring in hori­
zontally stratified, shallow layers or in horizontally ex­
tensh•e, convecth•e structures. Hardy el al. (1006) found 
that the reflecth·ities of incoherent clear-air radar layen 
showed a wavelength dependence that exchadL'<l partic­
ulate scatterers but was consistent with the scattering 
from turbulent fluctuations in the refractive index of the 
clear air. In joint measurements with radar and airborne 
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Fiif. 11. Height distribution of dot angi-l aetivity- The aetivity is determined in eaeh Hhi mi interval Is'lw.s.n .MKl m and 2IKKI m and 
thsplayed in half inonthly |s-ri»ds. seiairately for forenoons and afternrsms. The aetivity iti a l ertaiti llMl tii mterval is measiinsl as the 
number of oliservations in the ititerval |s‘r hour. Diagratns for the sti otid half of April (April 111 throiiRh the first half of <). iols-r |Oe. 
lols'r 1) are shown. During other [s-riods the aetivity is low. The highest act ivit ies is-eiir Is-low Iihhi m. The ti.axittiitm is rather distitiet 
and is generally situated Is'twism «IK) tn and SXMl tti. Above the maxitnutn theiv is a strong deen'ase in the dot atig.-! ai livttv with in- 
Ait'iiMinK height.

refraetomeftr. Konrad* Kaiulall (IlMifi) ttlifainttl a dc- 
tailiKl ono-to-one H|mtial eorr<-s|Mmdcn(x- ladween radar 
eclnH-8 from oonvective atriicturts in the clear air and 
reffiona of inereaaed variahilit.v in refractive intlex. Isine 
(1!M>76) allowed that refraetive-index a|a-etra ohtnined 
with refractonieter in elevated. horiz-oiitalK atratifitxl 
layera containing large variationa of refractive index 
eorn-ajaHided, within an order of magnitude, to the re-

AC TIVITY ObservQtions/hour

hig. 13. Dot aiigi'U in organi/.Jit ion in lro|M>^raiii t<ir
I hMi MKI. lIMi3. Ill thiw tr>i|N>grani tl.i* dot angi’U at
higher aliiiu(|t‘iw <«ho\t a dei'mite lendeiit-N to eongregaie in la\»*rT* 
in etrlaiii pnlernMl leveU. Tw«i -ilightiy i>lo|Miig la>»TH «ii dot 
ang« D iMM ur around I.'hmi m and l7tH» m.

Fig. 12. Two Kani|>loM ot' the height diHtrihiit ion the doi -aiigid 
aetivity for individual dayn. The t«>p diagram. f«*r the aftern«>on 
of r> July 1»«3. shows the saine eharaeteristies as the averagi* 
height distrihut i<m for half inonthly |MTiods. The liottoni dui-
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gram, for the fonuMMui of |K July I!M13. di%| l.iys the « haraeter- 
isties of th«‘ height di'-lnhuiion of the <|oi angel aetivii\ fora 
situation when the dot angi-U whow a t<udetirs ti* a otraldHti 
organisation at eertain |m>lern'd level«.
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Kip. IT). Xiglit-ty]H* (iot-iinpol.s in dHyliim* tri>i)ograni for 
MKT, 30 July 110)3. On rare oeea.aions night angel.s ajipear for 
short tiine-int)‘rvaU in the daytime. The duration of the.se eehoe.s 
does not correspond to the pa.ss)ige of ]H>int targets with the 
wind through the radar bejun.

ami generally exist only for sliort time intervals showing 
several .strong echoes simultaneously with the ordinary 
<lot angels (Fig. l/t). The tlurations of these echoes do 
not eorrespond to the jjassage of jtoint targets with the 
winti through the beam. If an explanation is sought for 
these dot angels in terms of refraetive-index elianges in 
tliserete elear-ait inhomttgeneities the model of the eon- 
veetive huhhie seems less likely than extensive sheets or 
laminae of little or no eurvature.

The layers of dot angels (Fig. l(i. top) ajiparently have 
little in eommon with the usual layer angels. careful 
examination of the.se observations shows that these 
lay<‘rs mainly consist of individual coherent echoes. These 
situations may ajtiK-ar when eommon <lot-angel sources 
aeeumulate at the level of an inversion where the verti­
cal air motions are siipjire.ssed. Presumably the.se dot- 
angel sources are not different from ordinary dot-angel 
targets.

However, there may be situations when an ahundanee 
of dot-angel sources conglomerate at the level of ordi­
nary layer angels (Fig. Hi, bottom). The resulting echo 
eonfiguration is confused, and th<‘ sources of the radar 
returns cannot he distinguished. It seems likely that in 
the.se .situations, random refraetive-index variations in 
the clear air eontrihiite to the radar haekseattering to­
gether with several ordinary dot-angel targets.

I « 
g

I
I2S0MET

b

^

:__1__^^__ L
1?20 i22SM£T

Ki^. lt». Two Mtmplrs «»f lor (a) 124.% MKT.
7 Aupist \m:i, ami (/>) 122.') MKT. 22 Antnist Um. Th- lop 
tropo>;rain displays a layar coiisi.wtof iii<li\iduai (‘ohoP'iil 
<M'lnK‘s as ravralfd by a r*an*ful <>xaminalton. l^n-sumablv tli»* 
KourcH's of tin* individual «m-1i<m*s an* not di!f<*r«*nt fr«»ni onlinary 
dot-an^al tar*;fts. Tbo who iMUifijfurai ion in th<* lowor iroptinraiii 
is ronfusad, and tli«‘ sount*s tif tla* radar nuunir. t-annot lK*dis- 
tinjjuishvd. Kamloin ndrariivi'-iialcx variatams in th«* <U*ar air, 
as wall as s(*varal onlinary <lot-an^i‘I tarpUs. jinihably <'«mirilmt<* 
to th<* radar baaksaatt«‘rinjj.

])ared and diseusstsl in terms of the eons.Mpienees for 
the tropos])herie refractive-index field.

3.1. lia( k«c'illering from Troposphirlr Tiirhiilt ncr

The juu-pose of the study by Ottersten (l!hi4) was to 
investigate whether the layer-angel eehoe.s can he ex- 
])lained as a haekseatter ]>henomenon due to a great 
number of small irregularities of the elear-air refraetive- 
index that are produced by turbulent mixing in the tro- 
j)os])here. The spatial variations of the refractive index 
are de.serihed by the three-dimensional Fourier s|M-etrum. 
whereupon an expre.ssion is deduced for the nular re­
flectivity //. or ratlar ero.ss-seetion |)er unit volume, as­
suming a statistically homogeneous field of the refrae- 
tive-inilex variations within the scattering volumi';

12S.t« l*"P ^(T).

3. THKORETK AL COX.Sl DFR.\T10-\S

In this Cha|)ter we will evaluate the reflection ]iro- 
]>erties in vertical section of the suggested ineti'orologi- 
eal models of radar angel .sources in order to invi-.stigate 
if the angel echoes <an he explained as haekseattering 
from eoneeivahle structures in the elear-air atino,s])herie 
refraetive-index. Reflection from discrete elear-iiir in­
homogeneities and haekseattering from turhident fluc­
tuations in the elear-air refraetive-index will he treated 
separately. The latter ea.se «as inve.stigated by Ottc-r.sten 
(lit(4). and only the main re.sults of this work will he 
given hen*. In the last part of this Chapter the theoreti- 
<al approaches and the ex])erimental results will he eom-
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radar wavelength, 
f vector wave niimher. 
dir (f) the ladar radial direction.

4.T 
/. 'l^-l

!<>»!- Mh the three-dimensioiiiil mean-S(pijiri- >jia. 
tial fluid'iiation sj.eetrum of tin* ri-fi'io the- 
imlex field.

In till- ease of ■ crtieal so\inding. the exp) -sion will he

'/
12.S.T*

\f)ll\- <^a-)ver, (3)



... 

• 

In this expression the nwan-square fluctuation spectrum 
of the rdracti\'e-index field is an unknown quantity. 
.From turbult•1wc• theory it, is possible to gc•t some knowl­
edge, of tilt' !!JM'Ctrum. A!!!!mning a homog1·11eous and i80-
tropic fic,Jd of tltt' r,,fr1\C'tin•-i11dt•x rnriations t,urbulence 
theory pmli1·ts (Tatnriilki , Hlfil) 

(!J) 

which holds in 1111 interrnl of k-11p11ce called the inertial 
sub-rangl'. In pr11r·tie1• it, will holtl for radars with wa\'e­
l1.·ngthM of et•ntinlt'ters or mor1•. Here C~ is a measure of 
the Mtrt•ngt,h of th1• r1•fr11cti\'1•-ind(•X rnriutions. 

Now in till' cailC• of an i!!Otl'Opic field of turbulc•nce we 
can ui«• this e•xpres>1iun to g1•t, fur the n·rtil'III sounding 
Cl\1'11' 

(4) 

or. llM 

(5) 

wh1·r1• wt• us1mll~· l'XJll'l'l'!>I ( ';; in t·m- ~13-unitM, ), in em. 
anti gt't ,; in 1·111~/c1113 . 

AM to the• fading pro1N'rti1•M of tlw l11wk-scatt,cr1'<1 sig­
nal. it was noh'II by Ottt-f!!ten (lllt14) that the back­
!!t·attJ•rt'<l fa•ltl 1·011>1istM of n !!tun of 1111111.,· contributionK 
with irrt·gulurly ,·ar~·ing phasc•s 11ml 11111plitnd1•M. Tlw 
r1•sulting sum will harn its amplitmle Raylcigh-tlistrib­
uh'II and its pha14t' uniformly dist,ributt.'11 o\'t'r 11n int.t·r­
rnl of le•ngth :?:i. As to the wan•length dPJK•ndence of 
the radar reflert,i\'ity from turbul('llt fluctuations in tlu• 
cl1•ar-11ir rc•fractin•-inrfox, tho tlwory 111·c•dicts ,, ... ).- 113 . 

!J.2. Re/lectio1111 /mm Di"a,,tc I 11lw111ogt>11eitie., 
A r1_•aso1l1lble1 wn~· to tht'oreticall~• e•11t,imat.e tho rt•flec­

tions from 1liKcr1•te inhomoge•awit,ie•s is to attack the 
prohle•m in tilt' following KtepM. Tlw pown-reflectfon c0t•f. 
ficit'llt for INlrtiall~· reflecting surfact•s is c•stimak'<l from 
the calculation of tlw reflection from an extensive•, flat 
and smooth layc•r through which tlw refract,irn index 
changPs according to some• a88umed profile. Then tlw as­
smnt·d form and dimensions of tlw rPal target arc takt•n 
into consideration h.,· cal<'ulat.ing a factor that 1lescritws 
the• rc•flt•ctc'll 110we•r recf'in't:l from a c11n·t'«I , diMcontimaous 
1mrface rel11tirn to t,hat rt•cein'<l from II plant• disconti­
nuity. At last, the effect11 due to a certain Murfacc rough­
DCM art' estimated. 

Thi11 treatment has bt>t'n used by Atlas ( I U(W) for the 
evaluation of t,he radar cro88-set'tion of hiK dut-angel 
model deacribt,'<l in Chapter 2. The method is presented 
in 111ome det,ail in the• following. New material is added to 
the evaluation of t,he influence of curvature on the radar 
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cross-section. Atlas (1964) erroneously concluded that 
the gain in radar cross-section of a eur,·ed surface rela­
tin, to the radar croS11-11ection of a pla 1e could increase 
beyond any bounds. Here are established the upper 
bound of this gain and the ,·alid rangt• for the exprt•1111ion 
that At,las used for the gain. 

The effect of partiul rl'flection is est,imatud undn thr 
assumptions of a piano warn at normal incidence• to an 
extc-n!!i\'e plane layer with no surface ro.1ghne11S. 

Symholiil: ri = power-reflection eOt.'ffieiunt, 
~" = rdractin•-index change, 
t/11 /dr - refracth·e-indox gradient at,, 
r0 and r1 tho boundaries of tho t,rnnsition 

7.0IW. 

1·0 ~ 2:r/). propagation factor, and 
). = radar wa\'ell'ngth. 

For a plane discontinuit,y wo obtain the 1-~res,wl for­
mula 

(fl) 

For gradual transition!! the la~·er is 11pproxi11111tl'd with 
11n infinitu number of cliscontinuotUI steps forming tho 
aS1111111t'Cl profile, 'll(r). Tlw incidc•nt, field intensit,y is 11s­
s11111ed constant m·er the transition region, and tho dif­
fl'rc•nt,ial reflPction is calculatt'll according to the 1-,res­
rwl for11111la (II). i-;ccond and highe•r order re•flect.ionM arc 
m•glccted. The t,otal power r1•flt•ction c0t•fficient iM ob­
taim:.'11 by int.t•gruting along t,he pl'Ofile 

(7) 

Rt•sults of such calculations for three diffcre•nt mono­
tonic tr11nsitio11M are given in Table 2. Cun·es of (l'/r11 ) 2 

arc gh·en by Bauer ( 1056) who aside from theSt• profiles 
studied symmet,ric and unsymmetric ridge layers. The 
layer thicknl'ss, t. is defined according to the " Profile· '. 
column in Table :.? . 

The oscillatory bt.'luwiour of r1 of tho linearly graded 
and of the sinusoidal layers is duo to discontinuities in 
tlw first and second derivath•es of these layers at their 
upper and lower boundaries. The hyperbolic-tangent pro­
file has no sharp changes in gradient at tho boundaries 
and is probably most realistic. 

f'or these profiles, in tho case of a layer thicknt'88 t,o 
WR \'t'length ratio t/). le88 than 0.1 t r2 is within 70 "n of 
r:. wlwrcas in the case of t/ ). - 0.5, r2 is le~ than I 0 ~ of 
r: (except for the oscillatory behaviour of the sinusoidal 
layer, which may be neglected). It is thus seen that for 
monotonic transitions the reflection coefficient is almost 
equal t.o the J,'resnel reflection coefficient, rt for a layer 
thicknelJ8 to wa,·elength ratio le118 than 0.1 , while the 
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TABLE 2. Normalized ~, re/kction c~lfieienl (l'/r,)1 

for monotonic re/raclive-i11dez lramtliona. 

Profile 

K·-1 
y 

I. .:),t • 

n(r) 

An r 
"• . - - An · 

2 f, 

r -
2 2 

An An (2') 11 + - - -- sin -
I 2 2 f, 

:rt :rt - - -. , -.-
4 4 

1r/r,i1 

[·;·~:nl 
[ 

00
~ (:r•i) 1• 

1-(bir 

for 11, circular antenna of radius b. (A - :i:b2. ) 

Apparently, for a near or equal to r A, will be large 
and may exceed the beam interception an.'a. In Lhis case 
A, in Eq. (10) must be replaced by tho beam intc•rcep­
tion area , A;, given by 

A =n --, («')I 
, 2 ' (12) 

where or is the beam width. Thus for A, A;, a is gh·en 
by 

An. An (2') 

l-~?nl 
n + - - - tanh -

I 2 2 t 

- oo < , <oo • ~ arul oth,,...., 

A a = 4 ... ,a _• ,. A' 

(13) 

(14) 

reflections are extremely wPak when the layer thickness lc•ading to 
is equal to or greater than the warnlength. 

(lo) By geometrical optics it ha11 bec•n shown by Holt (195.1, 
1959) that the radar cross-section. a, of a large, perfectly 
reflecting, hemispherical shell with radius of curvature for 
a ). is given by 

, , 
b a 1-!' 

()Cia) 

(8) 

where a is positi\'c if the shell opens towRl'd th ,. radar 
(conca\'C shell) and negatirn in tlw otlwr direction It is 
aMumml that one radius ,·ector of the shell is coincident 
·~·ith the center line of the radar beam. and ·r iM defilwd 
as the range to tlw shell along this ,·c•ctor. 

:For concave slwlls, howcn•r, t,his formula appan.•nt,ly 
cannot be used for direct application in thr radar equa­
tion when rt is near or equal to r. In the dcrirntion of 
1':q. (8) a is determined as 

- z.S, 
a - 4:rr S/ (9) 

and the ratio of reeC'h·ed JH>Wl'f dt•nsit~· . S,, to incident 
power density. S,. is gin·n by 

(IOI 

wlwre A is the antPnna aperture area anrl A, is U1e pro­
jection, onto a plane normal to the antenna beam cl'n­
ter line, of the r1·gion of the shell from whieh tht• r1•flc·ctt'fl 
rays return to the radar and intcrsc:•ct the apertun.• plam• 
within or on the am,1:nnn boundnry. It is Pas~• to show 
that this projection area is gh•en by 
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arr arr 

and otlwrwise according to J,~q. (8), as gh,en by Holt. 
(The upper limit r /(1 - b/orr) in •:4. (1011) will be nega­
th-e for r -- b/ar. This has no physiual rr•ality but iK due to 
the fact t,hat, the apex of the L·ot1ical heam i11 refern.'fl to 
the antenna. center rather than to II JH>int at the eenter 
line at a di11tanL'tl 2b/or behind the antenna. Howevr•r, 
thi11 does not affect the discussion in principle\ and for 
the rangt•s we• an• intt•rested in , the order of magnituclc 
of ti is unchangt'fl.) 

ThiK may also be exr1rcKK1.•1l as II gain, Gv. with respect 
to a planr• by di\'iding a with 1rr2. the noss-scetion of an 
infinit;e, perfr•ctly n.•flecting pla111• 

(16) 

for a within the limit,M (lr,11). nml otherwise• 

r. ~ (r -1) 2 
j) ,,, (17) 

A11 an example, for our radar with b = :? ). O. I nncl 2 

0.0:U4 (idenlizt'fl lx•am) we g1•t at, t,lw range• r to~ 

(Gvlmaa 246 for 0.1•4 l03 •' a , 1.07 • 10~. 

which mea11M that the, maximum gain with r1•111H•r·t to a 
plam• for this case is approximnt.c-l,\' U db1 l'h,,·11il'lllly this 
means that for the abon, ,·ahws of a. all the energy is 
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rcflcek<I into 11 "l"•t which lit •" 1·11ti1·1·ly within tilt' nn­
te111111. l 'ntninl.v t lw fad or O,, t hut 1l1•1"1eril1t:•s tlu• 1·1•c:1•in•tl 
tN)Wt't' rt·lntin• to th11t from II pl111w i,. not 11ff1•1·tt-1l I,~· 
nuyin~ t Ill' 1·une1n·t·•!'!llt'II r1.111iu" within t ht• limit !'! nlJo\'t• . l,ccllll"l' 
\\'1• ulJ141•rv1· t h11t 1·11111·11,·1• ,..i ... 11 .. will rdlt•d 111ur1• 1•11..r~~-
1,aek to tlll' rntlnr th1111 tilt' pl11111· fm 11 • ~r . 

UroP1>1k11pf & Fehll111IN•r ( l!Hi;i) hn,·1• tlethtet·tl t•quirn­
lt·nt, rt'l'.!lllt !'! hut 1•xp1·1•,-,- t-111' for11111l11,. with I, , the lll'ight 
of the "l'lwri<·nl 141•g11w11t, within the IJC•1.1111 . 111111 H . the 
rndiu" of tlw IJC•11111 intnc·1•11tion 1u1•11. With !2r = /l anti 
ri = R~/'lh t lw t•xpn•""ion" will 111· 

(U,,)ma, (:!t)2 

Ot herwi!'!C the sq1111r1• of t lu• ratio il'I 

b2ti 
- ---

2).r(r - a) · 

if II, 

which always il'I valid. '41'l' Eq. (:!I) . 
for 

Rz bR 
I, 

.RZ l1H . 
' :!r 4r :!r .t, (ll'lu) When r~a tho corr1•;11,0111ling rt•sultl'I arc 

( 10) 

Tlw olJ\'iuus limitation in tho pro<,'t.'«ling 1lisct1ililion is 
thl' approximation to gc'Ometrical upticM. Tlw applica­
tion of scaU.ering or diffract.ion tlwory l,o 1•11ti111at,l' tlw 
trm• r1•fl1•ct iun i11 appar('ntly not manag1•abl1· . Ho,,·c•,·er , 
tlw int1·rf1•n•nc·1• of wa vt•M returning with different pha8t•s 
dm· to diff1•r1•nt tratll!it timt•s ought, to he taken into 
t'Olll'.!itlt•rnt ion hy reganling tlw 1-•n•s1wl zone ,limensions. 
A11 we· 11hall ilt't'. the phaKO relations \\'ill not affect the 
r1•11ults substantially becau8t• thu region of tlw shell that 
is rt'MJNlllSiblt· for tlw ref11•ct.ion will always h11,·c dinwn­
sionM ll'l1H than tlw fil'f4t 1-•resnel zone. and thus the re­
turning wa,·1•11 will add almost, mhcrt>ntly. 

1-•or t lw ca8t' r • a t,lw racliu11 !I of the firl'.!t Frt•rmcl zom• 
i11 gin•n h~· 

Im 
x = - , 

:?(ri - r) 

, a.r 
x = :! t 

r 
,;, 

1- -
a.r 

Within the limitl'.! (:!:!') amaa give;i 

and thu!'! 

I 
- < 1. 
,r 

(2611) 

[
). llf ]' 

y = 2r II ' 
(20) Otherwil'.!C 

and the r111liu11 r (.c') of the pn,jt•ction 11n•a .-t, (.4;) of 
the region of thl' 1'.!lwll n•111,01111ihlt, for tlw n•flection iii 

. a.r r 
r 

2 ' 
I . 

r 
<i ~ -­

b' 
I • -

a.r 

-
b 

,,, .- r. 

a.r 

Within the limitM (:!:!) "••• give11 

and thus 

u 

!/mlA [
).a,,2] I 
2 b ' 

(21) 

(23) 

if r ·r 
a >--,; "" --b- ' 

I - 1-
2).r na.r 

which alwa)·s is ,·alid, 8t•o Eq. (tt•). 
Th1111 from this trent,mont it is obvious (except for 

,·cry small ranges) that the rc•flecting spot of the shell is 
always le88 than the first f'rl'snel zone anc.l sonwt.iml'11 
only a small part thereof. We may ignore tlw phase rt•la­
tions and accept Eqs. (8). (15), and (15a) as a good ap­
proximation. 

Atlas ( 1964) has also considered the effect of surfac-1• 
roughnc88 on tho croKS scction: 

" If the surface has small amplitude random roughneKS, 
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then it,s cross !Wet.ion is reducc•d by a roughnPss factor 

(2i) 

where tho subscripts ~ ands signify rough and smoot,h, 
respuctin•ly, and (Ax)2 is the 1ncan square dc•viat.ion 

nf thu surface from a smooth curve. This places a 

fairly stringent requirc•ment on thu surface smoothness 

sincP a root-nwan-sqt11trt• dt•viation of about 0.1). cor­

responds to 11 !J-db reduction in <J . whilt• 0 . IM. roughness 

L'Orn•spond11 to a 10-db reduction. Clearly any surface• 

appears smoother the longer thu wavelength. With 

respect t,o point angel echot•s,1 the c•xtremely great 

colwrencu of the echoes c•vt•n at 0.80 cm wa,·elength 

(Vrana, IOfll; Borchardt,. l!)t12) is at least suggt>sth-c 

of small. if not tll'gligible. roughm•ss in the vicinity of 

the top of the bubble cap." 

Combining tlw c•ffects of partial reflection , shape and 

roughness we obtain the exprt•Mion for the radar croAA• 

!Wet.ion of a hemispherical , partially reflecting 11hcll 

(28) 

This is identical to the expression derived by Atlas 

( 1964 ), with the reservation that the ,·alue of G,, = 

l(r/a) - 1 J-1 as given by f~q. ( 1 i) is limited to a maximum 

of (G,,)mu = (acr/b)1 as given by Eq. (10) , when the limits 
(15&) apply for the radius, a, of the shell curnture. We 

further observe from Eqs. (21) and (Ii) that the radius 

x of the projection area A, of the region of the shell 

responsible for the reflection may be expressed 

x = ~1!-J1 - t = ~Ut 
2 a :! " 

(:?9) 

if not limited by tho radius x' = lair of the beam inter­

ception area as described in Jo:q. (22) . 

:4.3. Theory a.,ul .Uea~11remt>11ts- Co1111eq11,,11te1J for th.<' 

Rt>fractive-/11dex Field 

The layer angels obsn\'nl (cleu-air c01ulitions) indi­

cat,e a. maximum radar reflecti\'ity ,7 io- 1• cm2/cm3 if 
we• assmne that the contributio11;1 to tlw ii!ignnl ari;ie from 

refract in-index ,·ariut ion11 homogc11c•o11;1ly dist ribntcd 

m·n the entirP pul111•-,·olunw (<·irc·11la1· h1•11111 of widt,h 

ac ; I .R0 and 1ml1w ln1gth T 41.11 /IHe<") . Thil'I mint• , oh. 

sern•d at 1111 altitudl' of IOOO 111. 11111st lw c·ot1!'lidt•rf'1l 11;;1 

1rn t•xtrenll' n,luc·. Such strong layn-11ngf'I rc•flcc·li\'itie,. 

arc• measm·(•d only in l'XCl'Jllional e1u,c,;. \\"it h t hl' e1t11ip­

nwnt used 11 rc•flc•cti\'it,y 17 - fl , J() - 17 em 2/cm3 at tl1l' 11lti­

tud1• of HMM) 111 produred a cletc•ctahle siJ(nal. 

The radar returns disc11s11t'<l lwrt• are 111trilJ11tc-1l t.n air 

volunws that always ha,·p large horizontal c·xt.en11ions. 

1 Dot, angols. (Author"s remark.) 

J.o'OA Hcports. Vol. 4, Su. 2. 1070 

The ,·ertical 1•xt.ensions of the n1h11111·s so1111·ti111t·s l'X· 

ceed half the pulse length , Ho1111' ti11w>" not,. Thu >" . s ► ni l'· 

t,imes t,he obser\'ed rl'flect,iom• mn.,· ,wig-i1111te from n shnl . 

low r<·gion wit,hin the puhw• ,·ol111m· 1111<1 so incli<"flt1 

higlu·r \"8hll's of 17. A11s1m1ing th11t t lw 1•xtrl'mc rnhw 

17 = 10- 14 cm2/cm3 i11 tlw 1111111•r Ii mil of t hl' ,·ohmw rdk·1 ·­

th-it) , tlw maximum value• of C~ is found from Jo:q . (ii) 
to be approximatt•ly r, 10- •• 1·111 - 2 3 . 

Tatarski (Wot) haH pst,imat.ed charnct.eristic \'alues of 

C,.! from \'arious (•xperinwntal nwthodil . . 1-'rom Hcattn 

propagation ex1wriments vahw11 of V ; 1h•t,nmi1u'fl 11t th,• 
altitude of 1500 m rang<· from l0- 17 to 10- 14 cm- u , 

roughly speaking. Thc•se vahtc-s 11ert.ai11 to the Ii: value 

2:it/1 iO cm- •. }'rom direct 1111•as11n-•ment11 of the te1111wr11-

ture fluetuat,ions in the• lower trnpo11plwrt• it is 1111141 <"on­

cluck'<l that, the11t• ,•alues of C; arP reason11hlc•. It i11111114> 

note-cl that the values of C; obt,ainc:.'fl hy analyzing tlw 

phenomena of twinkling and quivc•ring of stdlar imag1•11 

in telesco1x•11 ha\'e the sarnc, onlc•r of magnitude. 

From f:q. (5) and the ,•alues of C! quoted aboH· it 

must be t'OncluclPd that in the lower troposphere• detA•ct­

ablc radar returns fn>m t,urbulPncc in the clPar air are 

to be expect,ed. MoreO\·er, th,, extreme values of the 

reflect,h-ity of the layer angels obHt•rved with the ,·erti­

cally-pointing pulse radar set•m to corrt.-Mpond to a rea­

sonable upJK'r limit for the value11 of C!. The fading of 

the layPr-angel reflectiom shows the random nature that 
one would expect for a signnl l,ack-scattel'(.'fJ from tropo-

11pheric turbulc•nce. 

The observations indicate that in this gL't'lgraphical 

area troposplwric turbulc•nce in the clc•ar air within thl' 
height interval oblwrn't_l generally is charact,crized by a 
number C; less than 3 1U- 1• cm21 (min. dc•tectablc• <'! 
at 100) m) . Howe,·er, wit,hin t,hi11 height int1•n·al. c•11p1•. 

dally in smnmer. there• oftPn occur shallow l11y1•r11 with a 

high turbul,•nt acth-ity strongl~· tll'\'iating from that of 

the surrouruling nwdium . Tlwltf• turhul,•nt strata 11r1• rhar­

act.niwd b~· r·~ n11ml,cr11 gr<'at.-r than :J • Jo " 1·111 - 2•3 

with 1•xlr1•1111• \'Rh1t•H arnmul 5 • 10- 1• <·111 - ~1,. 

ThC' l11.\'n11 are ahrn~·11 of l11rJ(1• horizontnl 1•xt1•11P1ion 

anti are gt•llf'rnlly rnriahlt· in 11ltitwl1· and lll'ight 1•xtt•n­
sio11. Tlw i hi(•k111•s11 riu1ic1•11 from II f,,w h11111lrc"l 11wtn11 

t.o \'lthlf"H much 11•11;1 . Sonwt inws. in l'lt•ltlom c·11P11•11. the 
li\ynl'tl st rnd ur,· i11 11111 w,•11 c·11t II l,li11lll'1l l,111 ti-111111 to 11 

gl'nnal thr1•1·-•li1111·11Mio11ul 11trudurl' i111li1·11ti111,( u ~•·11n11I 

i1wrl'IIP!t' in tlw t11rl111lc•nt 11di\'it~· within lnt·jl•· \'11h11111•11 . 
Tiu• ol ►11nn1tio11P1 1111141 ,.,.,.,.,ti th11t tlll' f "; of t.1·•1t"'i'f'hl'l"i1· 

t111·lmll'1u-,• 111 tilt' 11ltit111l1•,. of 401111111 11111~· r1•11d1 r, . 10 i r. 

cm- 213. In wintn. , ·;. 1t•·11n11II~· i>1 l,•11s th1111 :1 • 111 '"' 

cm- 21:1, 111111 t Ill' 111_,.,,, .... 1 !il l ri11·t 111·,, is 111 ·1tl,,111 of,,., ·n ·, d . \ 

lnync•d 1'ltl"lldur1• 11111~· 11till c·xi,.t . nltluJU)!h it 11 ,11ld t11I-, · 

n more• 111•n11it in· radar to ,.,.,· .. 111 it" pr•'""'"'' ' 
Thl' 11111jor fNtrt of llll' ,lot allJ!t 'I" ,, t,~,•r \'l •d find nul11r 

l'ros,H11•cl.io11>1 in the• orcln of 111 -•1 up, , , fli z 1·111 7 . At 111-



.. 
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tit111lel'I f•xe1•e1li11g I km 1·111111iclnahl,,· ,., ro111t1•r e1·h11e•,i 111·­
curn•1I with m1l11r 1·ruN1-,11•1·ti11n,1 of 1- IU emt in till' :!- 4 
km 11lt itude· intl'l'rnl. Tlll',w ,., ro11µn ,lot 11111,(t•l,i 11111.,· hn n­
ori1ti1111tnl from 1,inl'4, h1·1·1111,11• hircl 1·1·h1w,i 1·11111d not lw 
(•xeh11lt·tl with 1111.,· 1·1·rtai11t_\' 11IHl\·1• l km . TIii' 11,·1·r­
wlll'h11i11jl 11111j11ril,\' of tilt' 1lot 1111g1•l11. howe•,·c•r . j,i 1101 
cl\t1:!t•1l I,~· hinl,i , 111111 al, 11ltit.111lc•I'! of l k111 111111 11lio\'I· . 
r111l11r 1·r11,1,1.,il'l'l,i1111,i 1•x1·1·1•1li111t :1 , 10- ~ c·m~ ha,.,. frt•• 
q1w11t ly lte·1·n 1111•11,inrt·tl in c·l1•11r-11ir 1·01ulit,i1111,i . for ,lot 
11njl1•l,1 \\ ithoul 1111.,· \'i,iiltl1· t'Xl'l1u111ti11n . A>i 1·1111'h11,1iz.,tl 
in S1·1·I i1111 :! .:1 . of thi,i 1'1'1'111'1 , i11>1C.•c•t,i 11111~· aduall,\' 111·• 
1·011111 fur all of tlw,w 1·1·h11t.'" · r\1111ltn1111ti\'1• 1·xl'l111111ti1111 
j,. t hut t Ill' 11111 11111l1•l i,i 1·:111,iecl I,,,. 11 rc•fl1•d ion from 11 ,iharl' 
1·t•fr11l'l,i\'l·•i111l1·x 1'1111111,w in II cli,il'rc·lt- c·lt•ur-air i11ho11111-
µ1·1lt'il .,·. \\'1· \\ ill l'1111,1idn hnc• I Ill' iml'lic·al ion,i for t ht• 
111 '"""l'hl'l'i1· n·fral'I in· -i111l1·x fo·lcl if clot 1111g1•l,1 with nular 
no,1,1.,o•l'li1111"' ul' to :1 • IO~ 1·111~ 111 11ltit11cl1•,1 of I km arc· 
c·xpl11i1lt'tl in te·1·111,i of rdl1•d i1111" from t Ill' lt·111li11µ t·tli,w of 
11 ri,..i111,t 1·1111wl'lin• l,ultltl1· . 1111 ,·i111mlizc•cl I,.,. Atla"' (l!Hi4). 
or fr11111 lht' ,.1111q1 l11,u1ul11r,,· of llll c·xlt·n,.i\'I·. horizontal 
"111'1'1 . Hoth t 111'"'' 1·11,.,.,. may IH· ,., u1li1•1l with t 111· aitl of 
1-:'1"· (:!1'4) 111111 (:!!I) . 1le\'l·l11tN·tl in I Ill' pr1·t·t•tli11µ ,.1·1·ti1111 . lw-
1·1111141• I Ill' radar 1·r11,1,;.,.1•1·t i1111 of 11 lll'111i11ph1·ri1·11I. l'llrl,iall., · 
r1•fh·cti11g ;.111'11 r1·tl111,•,1 to 1111' c-ro,;,; 141•1·ti11n of II l'artially 
r1·f11·c·ti11g 11111111• wlwn tlll' r111liu,- of c·11rn1tur1·. ,,. i111 ·n·11,.,.,. 
l1t.•.,·11111l 1111~· 111,111111,i 111111 I Ill' iz11i11 . ,:,,. with rc•,1111.·1·1 to a 
pl11111· , 111'prrn11·h1·" unit.,·. 

:\" 11111 ... 11 1•11rlin t Ill' 1·11u1,th111•11,1 fal'lor n, ',1,. l,(.i,·1•11 h.,· 
l-:11 . (:!7) . 1'l11c·1·" 11 ,;t ri11µ1·11t r1·1111ir1·1111·nt on I Ill' ,1urfa1·t• 
l!m1111th11t·""· \\'e· art· fort·t'II to 1111>1111111• 11 r111,t-1111•1111-
"111111rt• tl1·,·i11ti11n from tl11• ,;1111N1th 1111rf111·1• of 11h1111t O.I 
i. or I,.,.,. , "i111·1· 111 hnwi,11• t Ill' 1·ff1•c·t of ,;nrfol't' r11ugh111•,111 
will "ul1,;t 11111 iall,,· n•tl111·1• tlll' rndar 1·r11,.,..zwl'I ion . At In,; 
(l!Hi4) \'i,1111ili,wtl II root -1111•1111-11111111r1• 1l1·,· i11ti1111 of lt•,1;4 
th1111 11111· millinll'll'I' . 1,,. 141•1·n from 1111' 11u11t11ti1111 in th,· 
prt·1·1·1li11!l ""l'li1111. If wt• r1•,itril'I 1111' cli,;c•u,i,iion to our 11w11 
11l1,wrn,1 i1111,1 , 11 r, 111t -1111•nn-R111111r1· 111·,· int ion of ll';.,. I 111111 
11111• 1·1•111 inlt'l.l'r i" ,-till rt·c1uirt1l :,,.imilurl.,· wt• nrr fur1 ·1·tl 
to 11,;,1111111• 11 t.hit·km•,;,i , t . of 1111' tmn11ition z1111t• for thl' 
rt•frawt in•-i111l1•x 1·111111!,!t' of 11l111111 ti . I). or It•,-,;, 1<i11e1• 111 hn­
wi>1C· the· jNIWt•r r1·flt•1·ti1111 1•1.14•ffi1·ie·11t, 1'1 will lw """"'""· 
ti8II~· rt•thll't'II 11,; 1·,·i1h•111·1'll 11,\' T11hl1• :!. 

If t 111· 1·11111lit i1111,1 of 11 thin t r111111it ion z11111• 111111 ,;11111 II 
roughm•,i,; 11r1· fulfill1·1l . \\ ,. 11111~· 11114' t ht• @iml'lif ~·ing 11ppr11x­
i11111t i1111,; of 111•1tli!lil1l1· rnui,rl1111•11>1 1111d a l'uwn n·fl1•1'1i11n 
t'l11•ffiei1•11t I' 1'11 in or1l1•r to 1•11t inu,1.4- 111 her rt·1111ir1•1111•11t,1 
011 tlu• 11t.11111,1plll'ri1· ictrul'lurt• 111•et•Hill1r~· to 1·xpl11i11 high 
but eo1111111111 n,h11•11 1111 t ht• ra1l11r ,·r11flll-11t.•c·t i1111 of ,lot 
1111i,r1•lic. With o,/o I w,• han• from l-:1111 , (ti) 111111 (:!1'4) 

~l'tl 
I( I o _, nr 'P 
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where• ~" rt•prnM•ntM tlll' r1•fr11rti\'C·-ind1•x dumge occur­
ring on·r th<· thin tr1111Hit.inn r.mw. Haclar crOM-'41'C' I io1111 of 
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:1 . w-~ ('Ill~ 111 alt it 111lt•,;. r. of I km r,•prescnt typical 
81 ro11g clot 1111gl'l,i. TIit' rt·frnet in·-inclex clu111g1• nec·1•1"11<11u~· 
t.u l'Xpl11i11 icueh ,lot 1111gt•l,i i,; oltt11i11l'd from (:IO) 

(31) 

\\'ith U
1, I . 118 for II pl11111· or a lll'111i,;phnil'11l ,ih,·11 of 

1ll'gligil1lc· eurrntun·. II ~II of :! , IO-•, or :! .\'-1111itl'I , ill 
n·e1uir1•1I. TIii' l'lizt• of t Ill' l'l'flt•1·ti11g 11rl'll , with 1111 t'!!l'!t•nt i-
1111.,· ,1111outh 1<t1rfot·e 111111 11 t,hin transition zo11t· , 11111.,· lt1• 
1•,it inmtt·d from l-:11. (:!II). with t ht• 1mtl•111u1 radius b -:! m. 
.-\11 ar1·11 with 11 1li111111'ftor. :!.r. of :! 111 is 1·cq11irt•1I. 

\\'ith 11 1·11111·11,·1· ,illl'II of ,111itnblc t·11n·11turt· . 1·1•rt11i11 
1,t11i1111 1·1111111 .. ,.,.11lt . 11111I. "" 1·,·11l1111tl'1l l'lll'lil'I'. t.h1•01'1·t i1·11I 
,;,, \'11h11•,1 t'Xt•t•1•cli111,t ltMI 111'1' P"""ihlt· at 11lt it.111lt•,-1 of I 
km. \\'ith (;v ltNI thl' r1·q11i1·1·1111·11t 011 1111' r1•fr11l'lin•­
i11tl1·x d1a11µ1· is redu<'t•cl h,,· 11 fal'lor of 10. 1·11111p11rt·tl to 
11 1'111111• . or to~" O.:! .\'.unit,; . Thil'I recl11etio11 . hm1·1•,·1·1·. 
n•,;11lt,1 111·1·1111,11• of 11 1·11rr1•,1tHJ11tli111,( >111l1,it11nt ial i1wn•11,1p 
in tlll' ,-iz1• of tilt' rdlt·1·ti111t 11n·11 . .-\,; ol1,1l'l'n•1l fro111 Eq. 
(:!!I) it i,i l'l'ttllir1•1l I hat m111lit ion,; of ,;111011th111•,;,i nutl 11 
thin t ran,iit i1111 an· fulfillt•1I for t h1· ,.h,·11 m ·1•r 1111 an•a of 
:!O 111 in tli111111·tt'I'! Tlw 111·1·1•,1,iit.,· of 1111 i11cr1•11,;1• in th1• ,-iz1· 
of till' r1·f11·l'li111,t 111·1•11 for tlll' rc•1aliz11ti1111 nf µ11i11 with 
l't'"l"'''I, to II pl11111· w11,1 not 1•111ph11,iiz1·tl It~· .-\t 111,1 ( I !Hi4 ). 
It 1·1·rt11i11l.,· r1·1h11·1•,; tlll' i111port11111•p of fm•u,iing dill' to 
1·11n·1•tl ,111rfu1·1·"· h1•1·1111"" it lw1·n111l'>1 1·x1·1·t·cli11gl,\' 1liffit·11lt 
to 1·11111·Pin· of thin tr11n ... iti1111!il 111111 t'l'lll'i11l 8l110oth1ll',;,; 
wlll'II t h1· ,1iz1· of '4tll'h nt 11111,;phni1· ,it 1'111'1-un•,i i11l'r1•11,;1•1"1 
,.11l,,1t1111ti11II~·. If th,• 1·11111litio11,1 of II thin tmn,iition zo111• 
111111 ,11111111 ro11izh111•,1,< 11n• fulfillt·cl 11111.,· m ·,·r fl part of t Ill' 
,ihdl. li111iktl to t.111' i,1iz1• oft Ill' n·fll'l·t ing 11rc11 of fl pla111•. 
1111 µain will 1•p,111lt from thl' fm•u,;inl,!. 111111 1111' ,illl'II 111111 
t Ill' pl111w will rdl1·1·t t Ill' "111111• 11111011111 of 1·111·1'Jl~· linek t 11 
till' rn1l11r. for tlw "llllll' rl'fr1wtin•-i111l1·x d11111g1· . 

To ;11111111111rizt•. w1• han• c·o11,.i1lt•n•1l thl' i111t-rprl'l11ti1111 
of clot 1111w•l,1 in tn111,1 of rt·fh•c ·t ion,i from n•fral'I in·-i11tl1•x 
1·h11111t1•,; in tli,-11'1'1'11• denr-nir inh11111111,t1·11l'it i1•,; with plam· 
or 1·11r\'l'd. h11rizo11t11l or 11h1111,it horizontal ,111rfn1·1•,;. Ex-
1·1•pt ionull,\' ,., rong dot 1tnl,(t•l,i hu n• not 111•1·11 1·1111,-i1le-n·1I. 
To 1•xplni11 tn1il'11l hiizh rnh11•,i 1111 1lot-11111,wl raulnr 1·r11,-1,1. 
,<t•C'lion,i it i,i rl'fjllirnl that II rdml'lin• i111l(• X rh1llll,!t' of 
:! .\'.unit,; or more tnk1• pl111·1· 11,·1·1· 11 trn11,1iti1111 zo111· 1111 
thi1·k1•r 1111111 I 1·111 . whieh 1·xll'111I" on•r 1111 11rl'11 of at 
lt•11,1t :! 111 in 1li11111l'll'I' . 111111 whu"l' ,111rfn1·1• i,i ,m111ot h lo 
within 11 r111,t-1111•1111.,.,,,u11·u 1lt•,· i11ti1111 of I 1·111. If 1•,·1•11 
,., r1111g1:r r,·fral'I in·-i111l1·x c·h1111g1•;,i 1·ould ht· ,·i,.maliz1•1I. t h1• 
li11l'11r ,1iz1• of 1111' rl'fl1•1 ·ti111,t 111'1·11 iii rt•tluct•cl 1·11rr1'"I"''"'· 
ingl~·. i.l' .. 11 :.-., .\'.unit rdrnetin· intl .. x c·h11111,(1· o,·1·r le·"" 
than I c·m rt•quirc•,i II r1•flt•1·tinit 11r1•11 of II .:! 111 in 1lin1111·tn. 
For ,ilil,(htl,\' 1·11r\'l'tl ;.urfa1·c•,1 . 1·011r1w1• townrcl tlll' rntlnr . 
,imalln rt•fr11l'lin•-i111lrx rhnng1•;1 will 1111 if tlw ;,iz1· of tlw 
rPflt•l'I i11g nrt•n i11c•1'('11>1l'i4 1·11rrt·l'!p111ulinizl~·. For fl 1,tin·11 
,iiiw nf t hl' r1•ft1•1·ting arr-11. of :! 111 in clil111wkr nr l1•,1!il. the 
,11u111· r1•fmet in• i111l1•x chRIIJW i@ r1•1111irt•1l wlll't lwr t Ill' 



surf111·1• hi plum• or 11lightly cun·1•<l. Tlw rc•quir1•111••ntK of 
smo11th111·s" 11ncl 1.1 thin transition 11r<• rrucinl 11ml c11111111t, 
IJI' co1t1f1t'nsntt-1I 11,\" n11xlcr11fto inc·r1·1111N1 in t ht• r1·fr111't i\'t·· 
intl1•x <·hnng1·. 111•1·1111141• t lw radar (•ro:-111-Mt·ct ion of n11 at. 
11111,.phnic inhu111og1•1wit,,· 1ll'crc11s1•11 mpidl,v with i111·n•1u1-
i11µ I r1111Mit ion I hi1·k1wss 111111 surfn<·t• r , 111gh11t·ks. 

4. ~lt-:Tt-:OHOLOf:IC'AL SJGNll-'IC'ASCt-: OF RADAR 
AN<:t-:LS 

In thi,i t'huptn tlll' r1•s11lt ,i uht11inctl from tlw ill\'l'S· 
t iµut i1111 of t Ill' r1•l11t ion:-1hip 111'1 w1•1•n 1·11cl11r 1111gel,- nntl 
1111•t•·orologil'al 1·11111litions will Ill' pr1·s1·11t1•tl , 111111 tilt' 
llll'h-or11logi1·11I infh11•111·1• on r11tl11r 1111g1•I,; will 111• 1lio11·11:-1s1•d . 
Tilt' n·l11tio11Mhip l11'1w1•1·11 tilt' 1111g1•I 1u·ti,·it.,· 111111 llll'k• 
orol11µi1·11I p111·111111'l1•ro1 ol1t11i11l'1I from s11rfn1·1• ol,141•n·11t i1111M 
111111 1·011,·1•11tio1111I r111lio:-10111l1•,; 111111 111·1•11 111111l.,·1.1·cl ,;t ... 
t i,-t i•·nll.\' . From I hi,- 1111111., ·,-i,- it, i,; 11pp11r1·11t that 1·1•1·t11i11 
1111·t1·11roloµi• ·11I fal'tor,- 11r1• inflm·nt inl 1111 t Ill' pl11'11111111•11a 
that 1·1111:,41• raclnr 1111µ1·11'1. Finall.\' . 1•xpl111111tiu11s to thl' 
1·1111111· 1111µ1•1 oli,!1'l'\'at io11" will 1,,, off1•r1·1I. 111111 1111 inll'l'• 
prt't11t io11 of thl' llll'l1•01·oloµi1·11I i11fh11•111·1• will hl' gin·11 . 
Support for I Ill' 1·xpl111111t i1111" of I Ill' n11l11r-1111µ1 •I 1•1·h•1t'" 
a11tl of I Ill' 1tll'lt•oroloµi1·11I i11fh11·111•1• will 111• pro,·i1ll'1I hy 
a "ho rt Slll'\'1'_\' of 11111111·r1111,; 1·1·1·1•111 works on I Ill' rncln r 
h111·k ,..-11 It l'l'inµ fr11111 I ht· 1·h·a r at 111rn•pht·l'I· . 

Original l'XIH'ri11w11t 111 inn•,-t i,znt io11,; of r111l11r-1111µ1•I 
t•t·hrn·,. w1•r1• r1•,·i1•w1•1I h.,· l'l1111k (l!lali) 1111cl r\t la ,; ( l!l!i!i) . 
, '01111· 1·11rl., · t h1·or1•t i1·11I 111h·a111·1·" w1·r1· 111,;o 11111tl1• ( Fri1·111I. 
rn:m. 1!14!1). 111 II " '"''·' ' on tro1H1sph1•1'1' ll1CHl1•l,.fr11111 rntlio­
propll).!111 ion . 1-:kluncl ( I !Hirt) s11111m111·i1.l'tl 111lrn111·1•,. tl11r ­
i11µ I !lli0- 1 !lli:J in rntl11r-a11µ1·I i11 ,·1•;,t iµa I ion,. 1111tl Jlll ,·1• 
l'l·frr1·111 ·1•,. to 111 •rti111 •11t tlll'ol'l·ti1·al work . Arias (l!lfi4) 
eun·n·cl 1•x1H·ri1111'1tl II I 111tgl'I ,., 111li"" •·xtt-11,. i,·d .\' 111111 i11-
d111l•·cl II I lll'on ·t i• ·al cli,w11 l",. i1111 of "l"'1°11l11r raclar l'l'fll'l'-
1 ion,. from ,;11111111 h at 11111,.plll'ri1· "11rfo1·1•,< of 1·•·fr11l't in:­
i111l1 •x tli,.• ·ont i1111it i• ·" · :-:en·rnl 1111111·r,. p1·•·,.1•11t1•tl at a •·ol­
lo•p1i11111 in ~,.,,. •• .,w i11 l!llit, anti p11lili,.h1·tl i11 11 ,·11111111• · 
t·clill'tl 1,.,. Y11JZl11111 & Tatarski (l!lti';') 1·1111tai1wtl •·011tri­
l111t ion" 1111 rndar ,11,µl'ls : 1·1111•·1·1·11i11µ I Ill' 1· xpla11at i1111 of 
1111µ1•1 1'1·h111•,; . n worki11µ µroup 1·1111,.itl1·r1·1l >'tH·1 ·11lar rn1lar 
rc•fl1•1'1 inn;, from II I 11111,.pl11 ·ri• · ,<1trfa r1·" i 111 I" ,rt a Ill . a It hu11µh 
,,,·iclP111·1· hacl 111•1 •11 offrn·1I at 1 lu- 1111'•·1 ill}.! I 11111 Ill"" ' of 
t lw ,<11-1 ·all1•1I " 11oi11t .. .,,. "11111 .. 1111µ1 ·1" 111 ·n · 1·a1t ,<1•cl 1,.,. 
in,.1 •1'1,; : hut 1111' 1•xpl111111ti1111 of diffu ,.1 ·. 1·xto-11tl1 •1I 1111).!1 ·1 
t•1·h•11·s I,., . li:ll' k,•wattninµ fr11111 irn ·µular flu.-t 11111 inn ,; i11 
r1•fr111'1 in· incl1 •x wa,. al "" i"l r1·,.,.,,c1 at I Ill' 1111'1'1 i1tl,! . '.'lint 
until thl' ,;11!.j1•1·t wn,; n ·,·i1•1n•1I 11.,· :\tla,. & Hant.,· (l!lliti) 
\\'II" rndar 11n11l., ·"i"' of tlll' c-11•111· nttm,,;plll'l'I ' put in ii>' 
pr11111·r f" 'r"tH.'l 'I in•. Thl' "fH·c11l11r 1111110,;plll'ri1· rnclar f'C •. 
f11·1 ·t i11n \I'll" cl•·1·mpl111,;izl'1I. nnd nn 11111 li111• ,111 ,; µin·n 
f•n· ill\'t '"•iµation" of 111111•1,;ph••rie ,;trn1·t11n· fn,111 tl w raclar 
luwk,.1·111tni11µ from t 11rl111l1·11t fl11l'I 11111 ions in t lw rc ·­
fral'I i,·,, i111l1·x 11f 1·l•·ar II ir . l..11111 · ( I !Iii';',,) clin·t· tl-d 11 ;, t 1111~· 

in,., itutf• in Ab1·r.n1twyth 11 i• h ,wn·ral lt ·et 1trt·s l11·aring 
on t.h1· s11lijt•l't of ,11·11tt.eri11g fn ,111 • lw c-11 ·111· u• 11111,;phl'rt• : 
0111• l1•ct111·1• (Hanly , l!IOi) dl'snil,nl i11\'t •,: li!,!a •i11ns uf 11 
n1ri1·t~· of 1111110,iplll'rir flt rur·t11n•,: fr11111 rnclar rl'I urns 11111· 
to d1·11r-11ir rl'frnl'I i\'t·-i111l1•x IH·rt nrhat ions . Tlw l'l'adn i,; 
nl,m r1•fnml to thl' l'roc·c•c•tlings of t.111· l:!•h 1111.t t:Uh 
Hadar l\ll'lt•oroloJ,1,\' ('1111(1•r1•111·1•s ( I !Hifi. I 11111'4) . hot I, 1,f 
whieh 1·011tai11 , ... ,·,·rnl t·•mtrilm• ion" 1111 md111· 1·d1111•,; from 
th1· dl'l1r 11t11111,;phn1·. A r1•,·i,,,,. pa1H·r I-',\' Hanl.v & K11t1. 
( l!lli!I) on r111l11r probi11g of tlll' dl'ur at mosphl'rt• gi\'I'" 11 
1<1111111111r., · of 11II 111<fH't't" of th,· "11lij1•1·t 111111 ind11•l1 •,; 1·x­
l"'rinll'11tnl 111ln111r1•,; up to till' 1•11d 11( l!Hil'4 . Utt1•1·,.t1•11 
( l!Hl!l,1) rt•t·1•11tl.,· ,;1111111111ri1.1•1I 111lrnn1·1·" in m1l11r h111·k­
,.,·11ttning from rl'fr11l'li\'t·•i111l1·x irr1 •g11l11riti1·" itt d,·111· air 
111111 i•" l'l·lat i1111,;hip to at1110,;plll'ri1· "' 1·111'111r1· 111111 I 11rl111-
lt'111·1•. 

4. I . s1,,1 ;.,/ iml (',11111n·I it111 .• ,,, Jft,1,,,,ro/11'.li,·,,I F,,r1,,,., 
Tiu· 1rng1·I 111'1i,·i•.,· in tlw lll'ight intnrnl r,1111 ;..ttNNI "' 

111111 IH •t•tt 1·orrt·l11h-1I wi• h tln•u 1111 ,;1•,·1·1·111 llll'lt·•11·11loµi1·11I 
p11rn111C'l1·1·,; for fo1·1•111"'"" 111111 11ft1•rn•HIII" of th1• wholt• 
~·l'111' lllti:l. .\,; II 1111•11,;111·1· of th1• 1lo•-1111g••I 11t·li\'it.\·, 1111' 
•111111 1111111l11•r of 1111• 1rn1,wls within tlll' lll'i1,1ht intnrnl 
rt1Nl- :!INNI Ill 1li,·i1lt•tl ,,.,. tilt' 1111111l11•r of ol, ... ,·r\'11ti1111 hour11 
hn i,; 111·1 ·11 1·h11,;1•11. 0111· ,.,wh fi1,111rt· 1111,; 111•1•11 ,.,·11h111t1·tl for 
,·111·h fo1·1•111H,11. I>,. 111111 l'111·h 11ft1•rtt1M11t. /I" . :\:-111 1111•11H11r1• 
of • Ill' l11.,·1•r-1111µ1 •I 1wt i,·it ., · 1111,; IH.·1·11 1·h11,.1•n • Ill' fH·r1 ·1•11t-
11J,11· ratio hl'I \\1•1·11 I Ill' I i1111· wi• h la _\'1'1'"' ol1,;1 •n ·1-cl \\ it hin 
tlll' lll'ijlht inkrrnl tl4NI ;..ttNNI 111 111111 tilt' •otal 11lil'!t·n·11-
ti11n ti1111• for 1•1wh fon·t11H111. /,, . n111l 1•111'!1 11ft1·r111HIII /,.,. 
For t ht• ,., at i"t i1 ·11I 1111111_\'"i" . I Ill' 11li,"•n·11• ion 1111~·,. from 
April l!i to O1'111li1·r tr, . l!Hi:J 1111,·1• 111•1 ·11 ,., .l1 •1·t1•1I. cl11ri11µ 
whic-11 IH'l'i• HI I 111· 11111,!• ·I ad i,·it .,· was II••• i1 ·••ahl1· . Tlw tH ·riucl 
1·011tain"' I I'; 1·11111pl1·••· ol,,1·1·\'a•i1111 cla ,\' ,; . Th•· 1·•11·n ·l11•i1111 
1111al.,·,. is of th1• 1111µ1·I 11di\'i•.\' a11cl 1liff• ·n·11t 1111·•1•11r11l111ti1·11I 
p11n11111'1• •r" 1111 ,; lw••fl 1·ani1•cl 11111 ,.,·1~11·a•1·I., · for fur, ·111"111" 
111111 11f•n11'" '""' thus l,!i,·inµ four tliff1 ·1·•·11t 1·•,rn·lati1111 
11111•ri1•1•" · F11rtlwrn1•1f'C •. tlu· i111li,· icl1111l •·•11T1•l11ti11n,: . l>,-
1.1 ancl /I., /.0 . l111n· lw• ·tt 1l1·t1·rn1i111'1I in onl,·r 111 •·x11111i111• 
t lw n •l11t i• ,11 ,.hip lu •t 11 •·1·11 t Ill' 1111• . 111111 l11 ., ·•·•·•all1,1d plll' -
11111111'1111. In ,,nl• ·r t11 , •• ,., th• · 1·1111,;i,.•• ·11• ·.\' l11·t111•1 ·11 fun•• 
"'"'" anol 11ft1·n1•11111 ac-ti,·iti••,; tlw 1·orn·lati1111,; /11 /I., 111111 
/,1 t ., 11111·•· IH·1·11 111'1 •·n11i11••1I. En·nt 11all.\' t lw n ·lat i1111 -
,;hip,. lu ·t, ·1·1·11 11c-1 i,·it i• ·" 1111•1 t Ill' 111• ·t1·11r11l11gi• ·11I fal'l11r" 
.. . ·11111111i d1111,li111 •,;,:" and 1,:r1111111I II inti clin·• ·I i1111 1111\'1' 
111 ·1·11 t1 •,<ll •cl h.,· }.!1'111tpi111,! • lw ,:11111pl• ·" i11to da ,.,. •• ,. 111111 
•·11111p11ri11µ a 11111·11111liz• ·1I int,.l,!rnl• ·•l 11wa ,.11n• 11f tlw 1111!,!t•I 
111'1 i,· it ., · i11 ('a..!1 •·lass. 

Th• · 1·o rrdati1111 1111111.n •i,. "h"w" tha• >'111111· of •lw 1111' · 
t• •or11l11JZwal fa•·t 11r" 111·•· imt" ,rt a11• . Tlw.~•· fn• ·I ,.,.,. ha,.,, 
111••·11 i, ... l11d• •1I i11 tlw pn ·parnti111111f th1· •·•1111pl1 •t• · 1·11rn•l11 -
ti•m 11111tri• ·1•,< (•·1111t a i11i11µ al"" th• · 11111l11al ,·11rn ·l11ti,J11 l11·­
t11• •1•11 cliff••f'C •III llll'l• ·11rnloizi• ·11I fa• ·l11r, ) i11 11ril• •f' 111 1•,·11l11-
11k 1111' partial 1111cl 11111hipl• · •••lf'rdati1111 •• ,,..ffit ·i, ·111 ,. . Thi" 

Ii 



.. 

• 

111111 ht•t•n t'IIITil'il out 0111,,· for tlw n1riahlt·" D" 111111 L., . tht• 
,lot-11111,wl lll'ti,·it ,,· 111111 thl' la,wr-a111,wl nl'ti,·it,,· of till' 
llftt' n1ou11 1'1. TIii' 1·ompll'l1• 1·11rn·lat i1111 mat ril't'" lul\·t• nl"o 
111•tTl'tl II" tilt' hn"i" for a rq!l'l'""i1111 1111111_,.,.i,. of tht• n1ri-
11hlt·,. /J" 1111.t /..,. 

TIii' :,1ig11ifi<·ll11!·1· of t lw \'II riou,. 1·orn·l11t ion 1•upffit·il'III iii 
Jin,. lw,·11 jutl~•·tl Ii,,· 11w1111" of :--111d,·11t ·" tli,.t rih11t,io11 . .-\II 
tlu· c·ort·l'l11tin11,. to tlu· 1111'11•11r11lo~i•·11I n1rinblc•:,1 l'IC'lcTh-cl 
for t 111' 1·11111pll't1• 1·111-rdat ion 111at ri,., .,. nr, • "i).(11ifi1·1111t . 
T,,,.,,. of 1111' l\lo 1·11111pldl' ,·orrdati1111 11111tri1·1",. for thl' 
n1ri11hl,,,. /J,, 111111 /." d1·11rl,v i11tli, ·at,· 11 1lt•1H·111lc•111·1· lll'­
t w,•1·11 1111' \'nriahlt·,. \lithi11 th,· 11111tri,·1·"· T,,,.,,. of thl' 
pnrt inl t·orn·lat ion ,·rn·ffi,·il'lll,. 1111 n · lw,·11 1·111-ri, 0,I uut to 
tt·II t 111· r,·lnt in· import.11111·1• of tlifft·r1·11t i11cl,·t"-'lllll'l1t 
,·nri11l,lt•l'I . T,,,.,,. al,.., n •,·1•111 t hnt all 11111lt iplt· t·orr .. lnt ion 
1·1H·ffit ·il'11l:,1 111'1· ,.ig11ifi1·1111I l,v ~r,•111,•r I hn11 1.1·ro. H11w,•,·1•r. 

11ll tlw 1fo:,1t:,1 1·111pl11,v1·1I. in II ri~orou:,1 "''""" clt•11u1111l a 
11t111i,.ti,· 111111...-inl that i,. 11ornutll.,· 1li,.tril,111t•1l nncl ha11Ptl 
1111 mut 111111.,· i111lt·1H·111l1·11I 1111111pl,·.• . .-\:,1 WI' clt•nl IH'rt• with 
li1111· 11ni1•11. tl11 ·r1· 11111,,t to 110111f• t·xtt·nt, '-"-' 11 11111t1111l 
1l1•1M·111l1·m·1• IH•tw,•1•11 t lu• AAmplt·11. Nt•il lll'r d0t•s t ht• 11111-
krial 11how 11 ~'""I 1·1111,.i ... tt-11c~· lo II normal di,dribution. 

In T11l1ll' ~I 11rl' gin·n 1111·1111 ,·11h1c• 111. sll11ul11nl tlc\'iation 
s. 111111 minimum 1111d 1111ui111um of indi\'idu11l samplt'I'!. 
t-•nr Pach of tht• rnri11l1l1•11. I Ii l'!llllll1lc•s 11r1• 11\'llih1bl1·. Tlw 
,•ari11blc•11 D1 111111 /)" are tlw d11t-11ngel act i,·iti1•11 for fore­
m1on11 and 11ftt•rnoon11 mea11url'd in "nmnl"-•r of obl!t•n·a­
t ion11 pt•r hour" . The• rnri11t.le11 l 1 and l a are till' layn­
angel acti\'ilit•M fur fon·nouns and afternoons me•asured in 
"actin• timt• in pn cPnt of tot.al obser\'ation time'', 

In Tat.It• -l art• gin•n tlw correlation cuefficie11t11 r of 
tlw t·ombinalions IJ1- L1 . J)"- l ". D,--D0 and /,1- l4a • fo the 
right INll't of thl' tablt• art• al11tl gi\·en the limit11 oft.he 
t•orrt•l11 tion cut•fficit•nt, for 11 a dt·grt•t•11 of frPt'<lom ( I l i 
1111111ple11) at t,h1- drgrl't'8 of confidl'nct• of ii 0

0 • I 0
0 • and 

O. I 0,. . Tht• corr1·b1t ion rcH·fficit·11t.11 for t hl• comhinations 

n,-L, and ''"- ' '" art· '"'' h i<llllllll'r t.han t ht• 5 11
n limit. 

Thi,i mt•an,. that no rl'1111 io111<hip ht.'twt•t·11 tlll' 1lot-1111itt•l 
phi-•11omt•ru111 11ml t lw ln,\'n-angt•I oh,..•n·111 i1111!il hn,. ht•c•n 
r,•,·t•alt'll I,~· t hi" a1111l~·"i". Tht• 1·11n-1•l1.11 ion c1.ll·ffit·i1·11t>1 for 
tl11.- co111hi1111tion>1 /J1- /J" 111111 /,1- /,11 lll'l' >1ig11ifi,·,111I with 
,~ hiJ,th dt·grt·t• of l'Ot1fitl1•11t·t• . Thi,. 1111•1111,. thnl, lht•n· iR 11 

ll'""' t·111111i,ih-1w~· IM·lwt•t•ll tlll' 1111J,tt•I llt'ti,·it .,· tl11ri11g forl'­
lllHIII" nncl t ht· 1·orrt01<J"-•llfli11g flllJ,tl"I oh;tt•n·nt io11,. i11 I he 

TA11u: :1 . J/ fJ111t mlue 111 . . ,t,111,l,,r,I d e , ·i,,tiuii s, a11d 111i11 i ­

,,,,,,,. awl m•1.ri11111111, 11f f11r1>11111,11, ,111,l flft n 11r11111 ,,rtii-ities of 
,lot rrnyels, /J, ,11ul /J0 • a11,/ 11f l,,!Jn '"'!/''h. L, mul .l11 • 

\ 'uriuhl,• "' .. :\li11 :\lnx 

,,, -HI 7!•.-, II 31Hfl 
/)a ...... U!ttt II 31 i ,'\ ,., "' "" II 11111 
I.a :1t1 :1;, I) 

''"' 

TABLE 4. Coe. flicie1tts of 11111t11lll correlatio11 , r, between an­
yel actfrities, tcitlt co11 fide1tcc /1'. 111its for I / :j deyren, of frf'e­
rlom. 

l.>t ·11r•·•· of ( '011fiel,·1w.-i 

( 'u1uhi11ut ion r ,·,111t·i,l,•1u·,· . .. 
u limit 

IJ,-1.l 11.111!1 :'\ 0. 1,t:! 
/)(1 . J., , 11 .1 .. :1 

11.2:li V,- I 1., II.ill-' 
'·r '·., u .r,!Ut II.I 11.:IIHI 

nftt•rnuo11i,1. Thii,1 cu1111ii,1kn1·y is l'IIJlt't· iully lllfll'kt•1l for tlu.• 
ti, 11-nngl'I pht•nonll'IIOn. 

Frnm n llll'h-orologica l st.nt ion. l,i km tlistnnt. 1111 •1.111 
v11h11•,. fot· for,•noon,1 nnd nft.t•rnoon i,1 of t ht· following 
lllt'lt•orologirnl 1»1r11111t'tl'r11 a t grourul lt•,·t·I wt•n· ohtninl'tl : 
T1•1111H•ral lll'l' 7' 0 C'. tit.••.\' point, I C, ,·efmf'I in· imlt·x ;\' 
i\'-1111it11. wi111l MflCl'd v m/ii. winrl clirt•ction ,/ 1ll'gr1·1•11. anti 
1·1111111li-t·lo11cli1wss C'u/8. l'Stimat-ed in 11111·t,i of l'i,,rht . 
l-'1·0111 tht • radiosonde ascent l:JOO M .. :T ut B1"0111m11. :111 
km di>1t1111t,. wt•re obtaim•cl: Tempn11ture J,[r111lit.•11I U1' C 
per IOU Ill in the height, intnrnls 0- 100. o- r)(JO. tJ- IOUU, 
11- 1r,110. 0-2000. 100- r,oo. r,00- 1000. I000- 1500 and 1r>00-
tlN)O 111. dew-point gradient Gt °C per l00 111 1.ll•twct•n 
tlw gro11nd 111111 the sr,o mb le,·cl , aml wind spt•ed I' 
111 / M at IUOO m. In addition the wi1ul shenr S "'""' e11ti­
mat.t•d from the wind dat.a at 1000 111 and at grnuncl lc•,•pl. 

In Table• 5 arc given the corrc•lation coefficient"' be­
t wt•t•n tlll' dependent rnriables D1 , l 1 . D,, and L. and the 
corre11ponding independent \'ariables. The subscripts / 
and " rt•fl'r to forenoon and aften10011, rcspecth·cly. "'or 
thP rnriable11 V, S , Gt and GT only the afternoon rnl11r11 
V0 • , '0 , Ot. and GT. are at hand. For the irulc•11t•nde11t 
rnriable GT. only the afternoon correlation coefficients 
lul\·e l.lt'en determined . 

As notc•d t•1ulit•r the limits of the correlation coeffi­
cient for 115 degrcPs of frcpdom ( 117 1111mples) at, the 
degrc•es of confidPnct• of 5 °0 , I '\,. and 0.1 ~ .. arP 0.182, 
11.:?!17. a111l 0.300, rt'lM'ctively. Thus. for the tlot-11ngf'I 
activity 1,he important paramet,t•rM arc• 7', t and N. Not e 
that t.lwrt• i11 11 gOtXI conRist.l'nc,v for thc•11c• pnr1111wtns 
lwhn•N1 till' forenoon and till' 11ftc•rnoo11 corrl'l11tion c0t•f. 
fi cienl Ii , which ha n· l1t•c•n 1lc•kr111inetl indc•1H.•111IP11I I.,· . As 
tlwrt• iM a 1lt•t<-rminilitic rdnt ionship bt·twt•c·n 1'. I. nnd N 
(a t mnst.nnl. prt•MMurt•) . in till' continued 11n11l~·si11 will hu 
,wleclt·tl 7' 111111 I. as t.he correlation lo the eo111hi11t'tl 
1»11·1u11l'l er N i" not a '! good. In 11dditi1111 to this , 11111011g 
thl' nn,ilable 11fternou11 n1h11·s of G1' Wl' will Sl'lert (i1'" 

o- r,110 111 , which is tilt' most important tt-1111K·rnt11rt·-grn-
1li,·nt paramt'ln. Fnrthc•r n.nal~•sis has been rt.•,;lrid1•d to 
nft◄-rnoon ndi,·itic•i,1 111111 hn i,1 ht•t·n IJn11c1l on t he 1·orrf'l11-
tion 1·,wfficient,. shown in boldface in Tnhlc Ii . \

0

uh11•11 
in it.nlic·s nrt' the 1·orn·srH1111ling forenoon r-ol'ffit·il'nl s. Jn 
tl1t• following will be presentc<l t lll' "Olnplt'lt• c-orn·lnt,ion 

matrix for tilt' \'llrinhlcl'! /)(I ' r ,, '" and 01'a 0- 500 111 , 
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T ABU; ,i . ( 'OP/firie,,ts nf rnrrelflfirm l,,,fu'f' f' II rmfJ" I ,,rfil'ifi,,s 
(dot flll(Jf l.• . I>: fo ,1/f'f m1y1 f.,, L) d11r'119 f,,,,, 1111011 (.,,,f,,.rript 
/) 11111/ ,,,,,,,,,,,,-,It (-•11/JHrript 11) 11111/ 11tf'f1°11rol,lfJif'lll p1m1111r fr rs. 
\ ' 11lu1•H i11 ho1ltlfo1·1· 11r1· 1•orn•l11t i1111 1•1H"ffi<·i, •11tH 11~1 •11 i11 tl11 • furtl11• r 
n1mlv1'iio&. wfaic·lt 1111 "' IH •t•fl tt•,-1trit ·1,-.c1 tu uft, ·r·uuuu 111 ·1 i\' it i1 •1'1: 
, ·,du~'"' iu ituli<·1' ur, • tlw 1•orr,•"'J"n1diu~ fur.•uit1•U 1·1H•ft'ic · i1·11t :-: . 

Pur11111 -
,\11111•1111 ·1 i\'it ,, · A 111,1, ·I 111 ·1 i\'it ., · 

ct••r ,,, ,., Pnruuu•lt •r ,,,, 
'·" 

7' l}, .; 1;1; o.:i; :i 'J'(I 11..iN.", ........ tfl 
I 

I , 0.:1 ; :; tl ,11111 
'" 11.-111; 11 ,tllti s, tl .:!:111 11.:!:tl! -"o ll.:!4i tl .:!:111 ''r 11.11411 11, IIIH ,. 

tt . 14i, t1.t1Ni u .... 11 .11:111 IJ. 1:111 I' tt . 1 IH 11.~Hi a s. 11, 1;:1 lt.tliH .... 
tl ,11!1:I t1.t1iil ' " a,., 11,11:!4 0. I/Iii (Jiu 11. 1111 o.~ul'i 

(J ,,.(I .. ltHI 111 11. 14:! 11 . IIUI 
U7"., ,1 r,1111 ,,, 11.~11.", 11.:11111 
II Tu 0 ltHHI Ill 11 . 1414 o.u; 
t,'7'c, o liitHI 111 11. 1411 11.H:1 
(J1'(1 " :!tHHI 111 II.Iii 11.4:!tl 
07'0 ltHl- /itHI 111 t1.:!t1I 11,4111! 
01'

0 
i1tHI ltHHI 111 11,114:, 11.:1114 

07'• ltHHI li,tHI Ill 11.: ,411 II. I :!II 
01'0 llitHl- :!tHHI 111 11 .111m tl ,tHlii 

7' Uround 1t•111p1•r11tur·••· I', I l>,•w l"•inr. ' I ',.,· Hdr,wli\'t ' 
in<l<'x. X -u11itH. ,. Wirul " l""''I. 111/H. I' Wirul "I"""'' 111 ltNHI 111, rn /H.:,,; \Virul Hl11•11r IM•rw,-,-,n ltHNI 111 m11J 1,1r1111111I 1, ·, ·••I, (;/ 
IJ<•w JH1i111 gr11din1t IN•t "''"''' irrouucl 1111d t 111• Kiitt 1111, lc •, ·••I. (' I"'" It Ml 111. 07' Tc•111JN•r11t urt• l,'r1ulic•11t 1:><•t w,·, ·•n ir11li1 ·11t1•d 1, ,, ... 1", (' l"'r JtHI 111. 

which r1•pr1•~1·11t, th1• 1•e14pc:•ct.in· aftnnoon n,hw" of tlu• 
dot-nngl'I act i,·it,,·. the ground tempn11t ure. tht· dew 
point 111 grouncl 11•,·1•1. and till' temrx•r11hm.- grudit•nt in 
the height intnrnl 0- 500 m. The grndic•nt iH prn,itin• fm· 
temperature" derreasing with increa~ing hl'ight. 

f'or tlw corre11r10111ling anal~·~is of t Ill' 11fll'rnoo11 l11yt•r. 
angPI act i\'ity. L0 • ha n• hc1•11 s1•h•ctt•d th«• Jlllraml'lt•rs T

0
, 

" "' Ota ,uul r:r" 0- 1000 Ill , whil'II l'l'Pl'C'i,ll'l11 till' l't'"fll'('fin• 
afll'rnoon \'al111•" of till' gro1111tl t1•111111•r11turP. tlw wind 
SJX'1•rl at ltNJO m. tlw dew-point J1,rn1li1•11t IH'h1·1• t· 11 j!ro1111tl 
Jc,·1•1111111 t,hl' Hr1CI mh lt•,·PI. 111111 th,· ll'lllfH'l'III 111·1• gr1ulil'11t 
in th<· lll'ight, i11f.to1Tal 11- ltlfNt 111. Th,· µratli,·111" nn• l"'"i• 
tin• for I 1·111r11•r11t 111'1'>! 1l1•t·r1•11,.i11,: with i111·1·1·,, i< i111l h1 •i1.d1t. 
TIil' 1·01Td11tio11 eol'ffil'il'nl" of 1111'>'•· p111·111111'11'1',- 1m• 
"hown in holtlfa1·<• in T11hl1· a. ,\ 1·11111pari>'o11 to t ti, , 1·11r. 
r1•"t"•11tli11j.1 nn1ilnhl1• f111·1·111111n 1·orr..fnti11n 1·111 •ffit·i1•11t ,; 
("howtt in it11lic .. ) ,. fi11w,; 11 Jlrn11l 1·1111,;i,.1,: 111 ·_,. fort 111 · J,!'l'llt1111l 
t1•lllfll 'l'III 111·1· 7'. Thi• 1·11n,<i,- t1·111'_\· in I 111 • 1·orn ·l,11 ion :< to I' 
1111tl (,'Ii " 11111 "" J,!'IHIII. Of 1'11111':-'I '. thi :< 11111 1'1 , .. . d111'l11lhl' 
fol'! that 1!11 · f11n•1111011 la,n·1·-11111l1·l 111·1i1·i1.,· had to Ill' n ·-
1111, ,,1 to 1111 · aft1•n1111111 ,·ah11•,· ,,f I' anti f,'/ . "hid1 \\t•n· 
th,· 0111.,· 1·nh11·" nrnilal1l1• . Thi" i11t·o11"i"ll·1 1t·.1· ,liw 111 la, ·k 
of fon •11111111 data i:< th,· 1·,,a,.,m wh.1· 11111.1· tlw 1·11n1pl1 ·l1 · 
11ft1•r111111111·11nl'luti1111111a11 i,-,.,. han• 111•1 •11 pn ·p:11·1•1I. 

4 . 1 . 1 . l>ot- .\11,:l'I C111-r1·lnt1011;. 111 )lt·1t-11rol11µi,·nl l'arn111-
l'll'I':< 

In Tnhll' Ii 1111' <·11rrd111ion n111tri ."1: of tlw 1'111npl1· 11f lhl' 
nflt-1'11111111 tlnt-a11111·I nl'li1·it.,· i" J[i\'1•11 l11Jl1 •th, ·r \\ith th,· 

partial mrl'l·lntion co<'ffit•if'n t~ nnd tl11• 1n11ltiplt· f'ondn­
tion 1•()(•ffo·ic•nt~. The deter111i111111t R Ir/J I i,- tlw ,;q1111n· 
of tht• seattt•r cm•ffir·i1•11t of tlw 1'11 111pl1·. Th,· s,·att, ·r 1·111·f. 
firit•nt rPnclws its 11111xi11111111 wlwn till· 1·nriul,ll' l'i nn· 1111 -

corrl'luted (/( I) , wher1•as on tlll' 01 ht' I' ham!. it app1·nad,-
1·s zno fur t.lw correlation 111111 rix of n sin![ular ,fo,t ri­
bution. If tlu• rnrinblf's arP indepcndc11t w,· hnn·. fo, th, · 
nlC'n11 rnhw 1111'1 the n1ri1111cc· of H. thl' c•xpr1•ssio11s 

E(R) 
(11, - :?)(n :l) . .. (11 

(n I )1· t 

k) 

wh1•r1• 11 ir1 t ht• 111111alH·r of i111li\'i1l11nl M11111plt•s :rntl I: is 
tlll' numlH•r of l'lll'inhlt•~. \\',, h111·t· for II I Ii 111111 !· 4. 
J-:( //) U.!141-1111111 0( H) 11.11:10. From thl' 11111trix in T11l,lt• 
ti we 11ct unity find N 11.2811. so thnt 11 ,lept·ndt•nc,• 111•­
twt•Pn tlll' ,·aria hlt •s is dt•nrl,v i111limted . 

Tlw 1,1i~11ific1rnc1• of tl1P ,·arious r,1 may l.ll• judg,-cl 1,.r 
m1•1U1s of , ·1 ud1•11t· .. cfod rihut ion . Jf two rnriablt•lf arc in­
d1•rx•nde11t. the tram1for1111•d , arinlJlc 

V1i - •I r __::_ 
I - ,.a 

is distrilmtt,-cf in i-itud1•11t's ,listrihution with 11 =·11 2 dt•• 
grees of frl•t'fiom. Jf IP dt•noteH the JJ"o ,·aim• of I for ., 
d1•gre1•s of frc'l-c:10111 . we• ht1\'l' tilt' probahilit_v p'';, of oh­
taining II rnlm• oft such that jtl • fp , and thiM inc•1111ality 
is c•quirnlPnt to I rl · /p(t! • 1,J- 11:•. Thus, tlu• h.v11othetcis 
that tilt' two rnri11hlt•k ar,• ind1•111•nd .. 11t will 111• 1Likpro,·1'CI 
on tlw p",. 11·1·1•1 if jrl 1•xt·1•1-cls tlw limit fp(f: 1 1') - 1'2. 

Tht· \'tlhlt's of,, ... limit i! for tlll' a".,. 1°:,. 1111d ti. I"., lt•n•ls 
111·t• giHn in Tnhl1· i for 1·ario1111 clt·l(r1•1•s of fr,,.-clo111. 

For our r ,; wt• lmn• 1• - 11 :! I lfi ti , of fr .. l!o tht1t 1111 
' 11 l'X('t •pt f :_1t t'Xt·t•t•d tlw fi "., li111it (lr:wl 11.1:m , 11 . 11-117) . 
"it foll ii! hl'lw1•1·11 th,· fi ",, 111111 I"., li111it11 . whit,, 'i:· r1:1, 

TA IILF. Ii. (•,,,-,.,,f,1fi1111 m,,tri.r f11r ti, ,, 11ff,,rw11111 d11t '"'!J"l ,,,.,,.,.,.,!I, 
111.t i• ·ut,•tl fi~ur,•..i ,. ,.,. 1·1,rn •lu1 i,,u 1·1 H•ffw1• •111 -. r

11
. 

I,., ., ,u ,,, t /'J'a II :, .... "' l'ura111••1• ·r I ,, 
:1 4 

I,., ...... --.-, 11.10; U , :,!H .• 
T" ·• 0.111"1 11.111 
'· :1 I 11 I :1 ,; t,''/'u ti : ..... Iii 4 I 

'u 11 11.-111.", 'u. t •. lt7 ! t ,., .. , ll ,114~ 
ru. 1 0.:,111 

' 1:1 • 0.-1 '"' r u 1 11.~ .. j 

' .. n.:t"':! 'u u 11 . llli : t 
r" ' 

tf , 114 ,7 

r l l f l l 11 , :1 ,"'l j 
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TABLE 7. Limits for corre1"tio1i c0f- fficie11ts at i°'"crioua con­/idn,ce lerels, p, for mrious d,yrees of f mid01n, v. 

Confidence le ,·,•I, p 0
, , 

Degn'<'" of 
freodu111, 1• ;; 0.1 

112 O.HI-U 0.2.&00 0.30.&6 113 11. 1113:1 0 .231)5 11.31133 II.& 11.182,i 0.:!31'.& 0.30111 Ila O.Hll7 0.:!3H 0.3006 

·r 23 and rH. which are shown in boldfaet· in TablP 6, 
t•,·en Pxceed the 0.l •i~ limit,. 

}-.or t,he significance limits of the partial correlation 
CO(•ffic-it•nts with one seeondarl subscript , ri/, "' ' we ham 
an t•xpn•ssion of the same form as for r 11 . with v = 11 -· 3 
= l 14 d. of fr. Wt• find t,hat r 1u is significant, and that 

·r1u- ·r1u and r1u are highly significant. These partial 
corrt·lation eocfficit•nh1 arc 11hown in boldface in Table 6. 1f wc 1•01111,art•. P.g. , r13 = 0.407 wit,h I.lie \'alucs gh·en for 
r13.2 anrl r13.4. Wl' find that, t,he Pliminatiun of the influcnct• 
of tht• ground tl'lnpt•rat.ure has reduced tlw correlation 
bt•twt'l.'11 the dot-angt•l act.i\'ity and the dew point to the 
complt•t.cly in11ignificnnt ,·alue r1u = 0.070, while the elimi­
nation of tlw t,Pmpcrature gradient has only a weak l'f. 
feet on t,he L'Orrdat,ion (positive, because r,. is negatfre). 
With rP11pt•ct to r14 U1e situation is much t,he same as 
for r1~: ·r14.1 = - 0.048 is complt>tt>ly illl.lignificant. On the 
otlwr hand, the L'Olllparison bt•twuen r 11 = 0.585 and r1u 
or r1u shows that, the correlation bt•tween tho acti\'ity 
and t he ground tt•mperat,ure is not subst,antially reduced 
by tlw t•limination uf the dew point or the tempt>rature 
gradil'11t. These OOlllJNlri1101111 se<'m t,o suggest the conjecture 
that the 1,1;ro11nd tempt•rnturt' is tho really im1x,rtant fac­
tor, while t,il(',, influcyco of the <lew tX>int and the tem­
pPmtnre gradient i,i : mainly dm• to the fact that ta and 
G'l'., 0--500 m arc rat~1er strongly corrt•lated with Ta (r13 = 
O.tiOU and r14 = 0.4ll) . 

Tlw partial t,'Orrelation coefficil'nts with two secondary 
aubscript.s support the aborn conjecturu. r11.,. = 0.382 is 
highly significant, while r13.14 11ntl r1._.3 art~ completely 
illl.lignificant,. Wt• ham here v = 11 - 4 = 113 d. of fr. , and 
the 0.l % and the 5 % significance limits for r ,,. kl are 
0.3033 and 0.lK:i3, respeoti,·ely. 

Considn now tlw multiple correlation eocfficic•nts. The 
oompariHOn hetwL'f•n r11 = 0.585 and r1(a> or rl<N> con­
firms the results already obtained, since it shows th,•t 
the knowledge of t0 or GT0 0-500111 adds practically nothing 
to our information with respect to the acth•ity D0 , when 
\\'e alt'<'ady know the ground tempcrature T0 • Similarly 
the multiple t'Orrelation coefficient r11a.> is not apprecia­
bly greater than r11. 

If the variables X 1, ... , X1c are independent, thu prod­
uct tt~11 ... kl is for large 11, approximately distributc,-d in a 
it-distribution with k - 1 d. of fr. In the actual case, we 

to 

find nrf<s,> = 27.41 (2 d. of fr.) and 11'711m 1 = 40.59 with 
3 d. of fr. The 0. l % limits are (X~_.)2 = 13.815 and (X~.1)1 = 16.208 for 2 and 3 d. of fr. , respecth·ely. Since ruai 
and rH14, are both greater than rrnw>• it is thus seen 
that nil four multiple correlation coefficients given above 
arc significantly gl'<'ater than zero. 

}'inally, we find the partial regrell8ion coefficients 
b11.34 = 77.7. 

b13_14 = 11.7. 

corresponding tot = 4.405, 
<'or1·esponding t,o t = 0.67 l , 

b1u 3 = - 10.0. corresponding to ltl = 0.074. 

If /Ju.:w ... k denotes the population rnlue of the regres­
sion t•oefficil'nt,. tht' rn1·iablu 

has Studt•nt.'s distri-1:nition wit,h (11 - k) d. of fr. We can 
thus obtain a h'11t of significance for t,he deviation of 
the obsern'fl value b of a regrussion coefficient from any 
hypothetical \'Blue /J. Tlw ahm·e ,·alues of I are calculatt-d 
undt•r the hypothesis that the corresponding population 
\'alues /J11.Jk· are Zl'l'o. We have 117 - 4 = 113 d. of fr. for 
t, and we find from the I-distribution the 5 % and the 
0.1 ° (, n1h1t•s of t to be 1.982 and 3.383, respectivuly. 
Thus. b1u 4 and b1u 3 are highly insignificant; b11.,., how­
e\'l'r, is significant with a high degree of confidence. 

If we identify the obsern-d \'alues of b with their cor­
responding unknown population values, the conclusion 
is: "An incrcast1 by one degree in the ground temperature 
would on the an•rage produce an increase in the dot­
angel activity of about 78 observations per hour, the dew 
point at ground lo,·el and t,he temperature gradient in 
the height inten·al 0-500 m being unchanged. The cor­
responding figurt1 for an increase by one degree in the dew 
point at ground le\'el would only amount to 12 observa­
tions per hour. Tho influunce of the temperaturt' gradient 
in the height inter\'81 0--500 m (tempt•rature gradient 
desigflated 1xisitin• for temperatures decreasing with 
increasing lwight) is such tha.t a decrease in the gradient 
by one degreu per hundrud meters (a large change) would 
on the twerage produce an increase in the dot-angel 
activity b~r only 16 obser\'Rtions per hour. " Of thusc statt•­
ments only tlw first , uonccrning thu gl'Ound tempuratnrt•, 
is reliable. 

4.1.2. Layer-Angel Cort'<'lations to Meteorological Para­
meters 

In Table 8 the correlation matrix of the sample of 
thu afternoon layer-angel activity is girnn together with 
the partial and multiplt· correlation coefficients. We find 
for 11, = ll 7 and k = 5 the mean value E( R) = 0.IH 6 and 
the standard deviation D(R) = 0.038 for the duterminant 
R = I r11 I if the variables are independent. From the 
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TABLE 8. Correla4ion matrix for the afternoon layer angel activity. 
lndicat,ed figure11 are correlation coefficient11 r11 , 

Parameter 
La Ta 

i - 1 2 

La t = I 0.366 
T" 2 I 
GTa 0-1000 m 3 
Ota 4 
Ya ff 

Partial co"elation roeJlicienlll 
(ru., - 0.194) ru., = o.u, r11., - 0.343 r11., = 0.448 
r1u ~ 0.336 r11. 1 = 0.409 
r 11.u ~ 0.178 ru.u = 0.3/11 
r1u, · 0.192 r 11_11 - 0.310 
r 11.u = 0.32-& r 11 u = 0.415 
r ...... ~ o.177 r ...... = 0.318 

1'111ltiple correlation coeJlicienla 

GTa 0-IOOOm 
3 

OM7 
0.09 
I 

(ru., = 0.238) 
r1' 1 = 0.260 
r11., - 0.248 
ru.11 = 0 249 
ru. 11 = 0.230 
ru 11 - 0.253 
ru:m 0.242 

r11 m = 0 .372 

Ota Ya • ff 

0.258 -0.287 
0.103 - 0.128 
0.058 -0.228 
I - 0.07' 

I 

ra,.1 = - 0.261 
(ru,a - - 0.213) 
r 11 , - - 0.278 
r 11: 11 - - 0.211 
ru u = - 0.254 
r 11 H = - 0.204 
r 11 _1u = - 0.203 

r 11111 = 0.480 
r1m1 - 0.420 
ru111 = 0.431 
r1c1u1 = 0.527 
rlCIHII = 0,555 

rllHI = 0.ff04 
rlCHI - 0.486 
r11w1 - o .. ~14 r111u1 = 0..&79 rllHII . 0.534 

above matrix we actually find R = 0.518, so that a do­
pendone,-e between the variables is indicatt'<l. 

The significance of the various r,: may be tested, as 
shown earlier, with the aid of Table 7. We have here 115 
d. of fr. It is thus found that r11, r13, and r11 are highly 
significant, rH and r16 are significant and r 36 almost 
significant; ru, r16, '" and '•• do not e\'en exceed the 5 % limit, giving little evidence of any relationship be­
twoPn corresponding variables. 

All tho part,ial correlation coefficients with one secon­
dary subscript (114 d. of fr.) exceed the 5 % limit. All but 
r1u , r,u and r1u (within parentheses in Table 8) e\'en 
exceed at least the I % limit. If we compare rH with the 
various r1u we find that t.lte elimination of the influence 
of any one of the other parameters docs not affect the 
correlation betwePn the acth·ity and the dew-point 
gradit•nt substantially. With respect to r16 the situation 
is much tho same as for 'tt· If we compare r11 with tlw 
,·arious r1u wo see that it is only the llliminat.ion of the 
tt•mperature gradient that substantially will reduce tlw 
correlation betwt.>en the activity and the ground t<•m­
perature. However, tho influence of the ground tempera­
ture still seems to be important. The correlation betwCPn 
the activity and the temperature gradimt, r13. is not 
substantially affected by the elimination of the influence 
of any one of the other paramct;ers. l\lort.>o\"er, the tem­
perature gradient seems to be the facto!' with the strong<·st 
coupling to tho acti\"ity, as e,•idenoc'<i by the magnitude 
of r13, the correlation coefficient shown in boldface in 
Table 8. HowP,·er, the magnitudt•s of the ,·arious '"·" 
seem to suggest that wo cannot m•gleet t.lw influence of 
any of the parameters. 
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All the partial correlation coefficients with two sec­
ondary subscripts (113 d. of fr.) but r1u• exceed the 
5 % limit. All but r11.a&, r1u 6, r1._.6, ·r16.11 and r16 .M 
even exceed at least the 1 % limit. Our conjecture that 
the temperature gradient is the most important factor 
is confirmed. It seems as if the ground temperature is 
the least important factor. 

The partial correlation coefficients with three secon­
dary subscripta (112 d. of fr.) support our previous con­
clusions; r11.N6 is highly significant and rH.m i11 signi­
ficant; ru.ut is almost significant, while r11.N6 falls just 
below the 5 % limit. Thus the ground temperature is the 
least important factor, and the correlation indicated by 
r11 =0.356 is partly due to coupling between the ground 
temperature and the most important variable, the tem­
perature gradient. However, it seems as if we cannot 
neglect the influence of any of the parameters. 

Consider now the multiple correlation coefficients. Wo 
find nrf,n, = 16.2 (2 d. of fr.) , nrf,m, = 26.8 (3 d. of fr.) 
and nrf11a.61 = 36.0 (4 d. of fr.). The 0.1 °o limits are 
(Xi.,)1 = 13.815, (Xi.,)1 = 16.268 and (Xi.,). = 18.465 for 
2, 3 and 4 d. of fr., respectively. It is thus seen that all 
multiple correlation coefficients given in Table 8 are 
·significantly greater than zero, since the smallest of them 

• are, as seen above. 
From tho multiple correlation coefficients it is appar­

ent that the temperature gradient is the most important 
parameter. For instam.,-e r1,u61 is smaller than tho other 
r1c,,,,,, which means that the lack of knowledge of param­
eter 3 (the temperature gradient) is most 8llVoro· when 
the activity is to be determined. Similarly, tho compari­
son of ·r,cM&I = 0.534 and r1(aul = 0.55.5 shows that the 
knowledge of the ground temperature adds only a small 
amount to our information with respect to the activity 
L0 , whc•n we already know the other parameters. A classi­
fication of the parametel'B with respect, to their (falling) 
degrt.-e of importance would be GT0 0-IOOOm, Gt0 , Va and 
Ta. None of tho paranlC'terB are without import,anoo. 

.Finally, we find the partial rc•gression coefficients 

b 11.N6 = 1.20, corresponding to = 1.900, 
b13.N6 = 40.70, corresponding to = 3.584. 
bH,116 = 25.26. corresponding t.o = 2.633, 
b16.ut = - 2.74, t,'Orrl'SJ>Onding to 1,1 = 2.192. 
The t \"8h1cs are calculated under the hypothesis that 
the corrc•spontling population \"alut•s f:J11. "'' are zero. We harn here 117-5 = 112 d . of fr . for I , and we find from 
the t-distribution the 5 %, I 0

0 • and O. l ~0 val~tcs of I to 
be l.H83, 2.623 and 3.385, rt•SJ1Ccti\·ely. Thu~, b1uu is 
significant with a. high dt•gree of confid1•11rt• ; b1._.36 is 
significant and bu.m i11 almost significant. whereat1 
b,uu is not significant but is ,·cry m•ar t,hc 5 °0 limit. 

If we identif~· the obsern'li rnhtt•s uf b with their cor-
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TABLE 9. Dot-a11gel activity, D, a,id the degree of cumuli cloudine88, Cu/8. 

D,:•gn' •' of r·urnuli cloudiness, C11,/8 Degree of cumuli cloudineill!, Cu/8 

U/ ti 1- 2/8 3-4/8 5-7/8 0/8 1-2/8 3-4/8 5-7/8 
Dot -1m11t•I 
1ictivit~·. D '.1Ju111IX'r of d11y,1 in Cu/8 cl11ss Tot11l Pen,-ent11ge>1 within Cu /8 clas,i 

Fore,10011 (D1 - C111/8) 
I 12 :1 0 I 16 26 9 0 7.5 

I- 10 5 ; 2 " HI II 21 8 31 
to- ltJO 12 II ti 3 32 26 28 32 23 

100- 1000 10 7 to 4 31 22 21 40 31 
ltNJtJ- 7 7 ii I 20 15 21 20 7.5 

Tot11I ,l(I 33 :!,j 13 Iii 100 100 100 100 

Q1111li1111i,·e e11ti11111te of nctivity Low High Very High 
high 

A/ler1100,i ( D0 - Cu0 /8) 
< I II I 3 2 

I- --= 10 " ti :1 I 
10- 100 8 II II 2 

100- 1000 8 II 12 7 
1000-- ti 7 3 0 

Tot.ii 37 36 32 12 

Qualitative estimate of activity 

reeponding unknown population values the conclusion 
is: "An increase by one degree in the ground tempera­
ture would on the average produce an increase in the 
layer-angel activity by about l %, the temperature 
gradient in the height interval 0-1000 m, the dew-point 
gradient between the ground level and the 860 mb level, 
and the \l;nd speed at 1000 m being unchanged. The 
corresponding figure for an increase in the temperature 
gradient in the height, interval 0-1000 m by one degree 
per hundred meters (a lal'(le change of the gradient) 
would amount to about 41 %, The influence of the dew­
point gradient between the ground le,•el and the 860 mb 
level (dew-point gradient designated positive for dew­
point temperatures decreuing with increuing height) is 
such that an increase in the gradient by one degree per 
hundred meters (a large change) would, on the average, 
produce an increase in the layer-angel activity by 26 %, 
A decrease by one metA-1 per second in the wind speed 
at 1000 m wonld, on the average, produce an increase 
by about 3 % in the layer-angel activity, other parame­
ters being fixed." Of these statements the first, concern­
ing the ground temperature, is unreliable. 

4.1.3. ConnectioruJ to ClouclineM and Wind Dirtiction 
The relationship between angel acti\'ity and the degree 

of cumulus and cumulonimbus cloudine88 has been judged 
by grouping the aamples into claMt!B. The same method 
has been used to test the influence of the ground wind 
direction. In Table 9 the dot-angel activity, D, is teHted 
with the degree of cloudinC88, Ou/8. The upper part of 
the table refers to forenoon data, the lower part to after-
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noon data. The activity is divided into five cla118e8 and 
the degree of cloudinC88 into four cla88C8, thus giving 20 
groupe for the available 117 samples. In the right part 
of the table the values are expresaed in per cent of the 
number of days within each cloudinC88 clau. Thie part 
of the table should be read vertically, column by column, 
in order to evaluate the activity within each cloudine88 
cl&88. The result ie given below the columns by the quali­
tative estimates "Low", "High", or "Very high". Both the 
forenoon and the afternoon data show a correlation be­
tween the dot-angel activity and the degree of cumuli 
cloudine88. It seems ae if the activity is highest when a. 
slight degree of cumuli cloudine88, 2/8--4/8, is p1-esent. 
In t,he total absence of cumulus the activity is low. 
When the degree of cumulus increase11, the activity in­
creases but seems to decrease again, when the degree of 
cumulus exceeds 4/8. 

In Table 10 the layer-angel activity, L, is tested with 
the degree of cloudine88, Cu/8, in the corret1ponding man­
ner. In this case the correlation between the activity a.ud 
the degree of cumuli cloudine88 is not well established. 
Howen ~r, it is apparent that the highest activities ap­
pear when a certain degreu of cumulus is present. Total 
absence of cumulus seems to be connected with low ac­
tivity. 

In Table 11 the influence of the grouud wind direction, 
d degrees, on the dot-angel activity, D, can be studied. 
The upper part of the table refers to forenoon data, the 
lower part to afternoon data. The activity is divided into 
5 cla88Cs and the wind direction into 6 cla88C8, thus giv• 
ing 30 groups for the available 117 aamples. In the right 
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Table 10. Layer-angel activity, L, and tte degree of cumuli cloudim Cu s

l>i*gr<*c of fuinuli climdiness, C'l/'8 I.)fgri*o <if ciiiniili <

Lnyer-jingc*l 
activity. L

0/8 1-2 8 3-4 8 5-7,8 1-2 8 3 4 «

NuiiiImt of <iays in ('u^H class Total PiTi’cntagcs within ('u S rlas>

• 20 
20--40 
40- < 60 
60- < 80 
80-

30
3
1
1

11

11
4
4
<i
K

Forruooti {L^ (’ftf 8) 
(i 5 52
3 1 II
3 4 12
5 it 12
8 3 3<t

Total 46 33

Qualitative estimate of acti\ily

65
7

5
24

loo
1^>W

34
12
12
18
24

Itio

High

24
12
12
20
32

K»o

\'erv
high

loo
High

• 20 
2t»- ' 40 
40- < 60 
(iO- 80 
80-

12
8
6
3

Ajfrrnoon (L^
10 4 50
6 1 17

10 2 21
3 2 11
3 3 18

Total 37 36
Qunlitut ive est imate of act ivity

65
5
8
8

14

100

Low

33
22
17
8

20

Hjo

High

31 33
10 K
31 17

!).5 17
«.5 2o

101)

HikIi

100

Hiifli

part of the table the values are expres-sed in per eent of 
the number of days within each wind direetion ela.ss. 
This part of the table should be read column by eolumiL 
in order to evaluate the activity within each wind-direc­
tion class. The result is given below he columns by the 
qualitative estimates “Iaiw", ‘ Higir\ or ‘-Very high ’. 
Admittedly, the number of samples is low for a division 
into 30 groups. However, the tendeney judged from 
each of the columns ap])cars significant, since the con­
sistency between forenoon and afternoon data is good. 
Especially winds blowing from the sector 60-120' and 
the sector 180-300° seem to be connected with high ac­
tivities. Ia)W activities appear with winds in the sector 
0-60=.

In Table 12 the layer-angel activity, L. is tested with 
the ground wind direction, d, in a corresjionding man­
ner. The consistency between forenoon and afternoon 
data is rather good. Especially winds blowing from the 
sector 180-240 seem to be connected with high iutivi- 
ties. The layer-angel activities are in agreement in the 
main with the dot-angel activities within the same wind 
sectors (Table 11). although the tendency is not so well 
pronounced.

Now con-sider Kig. 17. which shows a maj) of the sur­
roundings of the observation site. The six wiiul sectors 
arc dra\ni on the maj). The radai- ])osition is at the center 
of range circles indicating the oOO-m iind 2(HK)-m distances. 
The predominant correlation with the ground temj)cra- 
ture and the eoujiling to convective clouds indicate that 
dot-angel sources originate from generating aii-as at the 
ground and are carried aloft by eonvi'ctive currents in 
the clear air. Battan (l!t63) reports ascent rates for dot

angels of the order of t).5 to 1.0 m/.see. These sjK'eds are 
in agreement with the updrafts estimated by Hardy & 
Ottersten (i!»t)!t) for convective cells observ<‘d by radar 
in clear air. Thus, if the dot angels are indeed inse(d« 
carried aloft by convective currents, they often originate 
from areas in the vicinity of the radar at distano-s of

r-NEUTRAL
54

N -BAD-

w
Phis 1

GOOD NEUTRAL-*

Fijr. 17. Dfiiulfti limp of tin.* sumtundinjzs «if iln* rmlar sito. Thf 
radnr p«>sitinn is m tin* »***nt*T of tin* ranjjo i-irt-los. wliicli iiidirat.* 
the 5iM»-m and 2<Min.iu ilistaiK'os. Six wind an* drawn .»i;
the map. The seetors tin -12H and l8t» -3tHi are marked 
!«*es:nse winds in th»*st* seeit>r.s an* eonneeied with hi>:h <l«'t •.tut,’*-. 
aet ivities.
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TABLE l I. Dot-angel activity, D, and ground-wind direction, d. 

Ground-wind dil't'ction, d Ground-wind direction, d 
0- 60- l:!U- 180- 240- 300- 0- 60- 120- 180- 240- 300-600 l:!0° 1110° :?-&00 100° 360° 60° 120° lb0° 240° 300° 360° Dot,-angel 

act,ivit~·, D Numbt>r of d11~·;i in ,t cl11t11< Total Percentages within d clllllll 

l'ore,ioon (D1 - d1) 
I Ii I. 3 5 0 2 16 36 8 20 12 0 12.5 1- < 10 2 2 2 6 3 3 18 14 17 13 15 16 rn 10- 100 " 5 5 " 7 2 32 2\1 42 3-& 2:? 37 12.5 100- 1000 2 I 3 14 7 4 31 14 8 20 34 37 25 1000- 3 2 j 2 II 20 7 25 13 17 10 31 Tot11l I.& 12 15 41 10 16 117 100 100 100 100 100 100 Qualitat,ive e11timate of activity Low Very High \"ery Very Very 

high high high high 

Afternoon (D,. - d,.) 
I 3 2 4 6 0 2 17 20 22 22 13 0 14 1- IO 3 0 I 5 2 3 14 20 0 5.5 10 15 21 10- - 100 4 3 Ii 14 2 4 32 27 34 28 29 15 211 IOU- 1000 3 2 7 15 7 4 38 20 22 311 31 6/i 29 1000- 2 2 1 8 2 1 16 13 22 5.5 17 15 7 Total Iii II 18 48 13 14 117 100 100 100 100 100 100 • Qualitative est,im11te of 11etivity Low Very High Very Very High 

high high high 

the order of ~ to 2000 m. The m08t outstanding fea- generation. In the rest of the wind sectors there is mainly tures of the terrain in tht• sector 180-300°, which gave pine forest and hilly terrain. a high dot-angel activity. is a small pond 500 to 1200 m For the layer angels the relationship to the wind direc-distant and a marsh 700 to 1200 m distant. The other tion appears le88 conclusive. The layer angels may be sectors include no wnter areas. In the wind sector 60- large-11eale phenomena with little coupling to the local 120°, which al80 showed a high-dot angel activity, there terrain. No connection between dot angels and layer is a small field which may be of importance for the angel angels was revealed by the correlation analysis. How-

TABLE 12. /Ayer-angel activity, L, and ground-wind direction, d. 

Ground-wind direct ion, d Ground-wind direct ion, d 
0- 60- 120- 180- 240- 300- 0- 60- 120- 180- 240- 300-600 120° 1so0 240° 300° 360° 600 120° 1so0 240° 300° 360° Layer-angel 

activity, L Number of d11y11 in d class Total Percentage11 within d class 

J'orenoon (L1 - d1) 

• 20 9 6 11 15 6 Ii 112 6/i 110 73 36 32 31 20- - 40 2 2 I 2 I 3 II 14 17 7 5 5 ID 40- 60 0 I 1 5 3 2 12 0 8 7 12 16 12 60- 80 1 I 0 6 4 0 12 7 8 0 15 21 0 80- 2 2 2 13 5 6 30 14 17 13 32 26 38 Total I,& 12 Ill 41 1\1 16 117 100 100 100 100 100 100 Qualitative eetimate of RCtivity l,ow High Low Very Very High 
high high 

A/1-,-n (L., - d,.) 
20 8 4 II 15 II j liO 54 45 61 31 38 M) to- 40 3 I I 5 4 3 17 20 II 5.5 10.11 31 21.1\ 40- < 60 2 2 3 12 2 0 21 13 22 17 25 15 0 60- < 80 0 0 2 II I 3 II 0 0 II 10.5 8 21.11 80- IJ 

2 2 I II I I 18 13 22 II.Ii 23 8 7 Total 15 9 18 48 13 14 117 100 100 100 100 100 100 Qualitative t!tltirnate of RCtivity I.ow High Low Very High High 
high 
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ever, both phenomena show coupling to convective 
clouds. They alao display a similar wind-direction de­
pendence. Thus, they may be related in the aenae that 
vertical traMport from lower levels is eBBential for both 
phenomena. High ground temperatures, which were 
found to be favorable for high layer-angel activities, will 
reeult in evaporation and vertical traMport of warm, 
moist air volumes. The terrain influence on this proce88 
will result in a wind-direction dependence. In calm con­
ditioM the influence at higher levels from convection 
due to surface heating will be accentuated. Low wind 
speeds were alao found to be favorable for the layer-angel 
generation. As shown by the correlation analysis, how­
ever, the most important factor for the layer-angel activ­
ity is the structure of temperature and humidity in the 
lower atmosphere. Sharply decreHing temperature and 
humidity with height were found to be favorable for the 
layer-angel generation. One interpretation of this in­
fluence is that the temperature structure is e88ential in 
establishing the buoyancy that rt>sults in vertical tra1111-
port of humid air rnlumes. At higher levels the moisture 
(water \'apor) e<.,ntrast11 with the drier em·ironment, and 
the resulting refracth·e-index inhomogeneit,ie11 scatter 
electromagm•tic radiation. 

4.2. Origin of Dot A 11gela 

The specular radar reflection from smooth surfaces 
of discrete clear-air refractive-index inhomogeneities of­
fered as an explanation of dot angels (Atlas, 1004), now 
appears to be of limited significance. Not only is the com­
mon occurrence of such surfaces difficult to ,·i11ualizl'. be­
cause of the crucial requirements of smoothne88 and a 
thin transition as described in Chapter 3, but in addi­
tion the result,s of the most recent experiment.al invest,i­
gations of dot angels are L'Onsistent wit.h the conclusion 
that most, if not all, of the8C echOt's ar1• cauBt'<i by inlt'ets 
or birds. Hardy & Katz (1960) drew this conclusion after 
a critical review of experimental data from numerous 
independent studies of dot angels. In this ni,·iew t,hey 
considered cro88-section measuremt•nts of dot angels at 
several wavelengths and concludt.'<i. after a compari110n 
with the results of radar croll8-section measurements of 
known inBt•ct,s and birds at various wa,·l'lengths, t,hat all 
of the dot angels obsernd in detail ha,·c• characteristics 
which identify them as either in8t'ct11 or birds. They 
further referred to aome bistatic and depolarization in­
\'l'stigations of dot angels which pro\'ide additional con­
vincing evidence that the o,·erwhelming majorit,y of dot­
angel echo targets are insects and other particles in­
troduced into the atmosphere. 

Simultaneous multiwavelength radar measurements 
of dot angels have been reported by Dcam & LaGrone 
(1966), Glover & Hardy (1966), Glo\'Pr et al. (1966a., b) 
and Hardy et al. (1966). Bistatic and depolarization in-
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veatigations of dot angels ham been described by Cher­
nikov (1966, 196i), Bean & Warner (1967) and :Fowler & 
LaGronc (1967). Radar Cro88•80Ction measurements of 
known insects have been provided by Hajovsky & 
LaGrone (1966), Glover & Hardy (1966) , Glover et al. 
(1966a, b) and Hajovsky et al. (1966). That some dot 
angels are cauaed by birds is well-known, and radar 
measurements of known bird species are available 
(Konrad & Hicks, 1966; Konrad et al., 1968) . . Eastwood 
(1967) has summarized radar investigations of birds in 
a monograph on radar ornithology. Texts on radar en­
tomology are not yet available. 

It appears then that no conclusive experimental evi­
dence supports the suggestion by Atlas (1004) of the 
dot-angel model deBCribed in Chapter 2 and investigated 
in Chapter 3. The question of specular radar reflections 
from smooth surfaces of discrete clear-air refractive. 
index inhomogeneities remains open for speculations. 
The numerous dot angels observed by radar at oblique 
incidence certainly cannot be explained in terms of spec­
ular reflections from quasi-horizontal, smooth atmo­
spheric surfaces, since the backscattering diagram of such 
surfacea is very narrow around the \'ertical (Kocurek & 
LaGrone, 1966a, b, c). Specular atmospheric radar reflec­
tions then, if they exist, are curiosa of little· significance, 
rest.rioted to cases of backscattering cl08e to vertical in­
cidence. Contributions from such echoea to the present 
ill\·estigat,ion cannot be excluded, although it appears 
that most, of the dot angels observed with the vertically­
pointing radar were caused by insects. 

Although insect,s t>\'entually were found to be the main 
source in the dot-angel mystc•r)', and a direct mt•tt'Oro­
logical connection was reject,f'd , the dot, angels may still 
play a role in atmospheric studies by radar. lnlill'et.s, 
which may sen·e a11 wind-field tracers. were 11rohably 
the source of the clear-air echOt's in se,·cral radar ictudies 
of at,mospheric motions. Browning & Atlas ( WOfl) , Llier­
mitte ( 1906) and Lhermitte & Dooley ( 11)00) described 
Dopplt•r radar im·estigations of dot angels and discu88t:-d 
inferences about the• atmospht>ric wind field. Occasionally, 
insects occur in unusually large numbers within the 
lower 1- 2 km of the atmosphere. and the relatin• <-·on­
cent,rations of insects, as dt'<iuec-d from radar reflectivity, 
may h<- Ulll.'<i to infer t'Onclusions ahout t,hc flow configura­
tion. The existc•nee of ~nard-like circulations in the 
clear atmosphere has been report.t-d on thl' basis of such 
radar studies (Hard~,. 1008; Hardy & Otterst,en, HNJSa., 
1000). 

4.3. Origi11 of La.yer A 11gels 

Abundant experimental e\'idenee has bt'<'ll 11ccu111u­
latro in recent yeal'I! to pro,·e that incohcrl'nt rndar 
l'choes oecurring in horizontall~· stratified , shnllow luyns 
or in horizontally l'Xt,ensin•, coll\·ect in· structures origi-
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w
iiatf from rcfractivI'-iiKlcx fliirtiiatiims in rloar air. 
Miiltiuavrl('ii);tli radar stiiilics of layiT aii);i'ls liavc show ii 
that |Hirtiriilati' sratti-riii^ ^I'lii'rally can la- excluded, 
and that the waveleintth de|H'ndenee of the radar reflec­
tivity is consistent with the seatteriii^ from tlirlmleiit 
fluctuations in the refractive index of clear air. More­
over. joint measurements with radar and airls me re- 
fraetometer have revi'aled a iletailed eorres|M)nd< lu-e he- 
tween layer aii)rels and re^tions of iiierea.s<‘d variahility 
in refractive index, ijiiantitative eoiu|««risons of the ra- 
<lar refh-etivity of elear-air layers and direct measure­
ments of the n-frai tive-iiidex variahility support the ex- 
plaiuition of layer-ty|s' <-eh<ws in terms of haekseatter- 
in^ from a tio-ladent medium. The employment of idtra- 
sensitive. hi((h resolution radars with seannin).' antennas 
in studies of layer angels has pi-atly amplified their 
inetisirolopeal siciiifieanee. These rad.iis have demon- 
atratisl that a wealth of information on thi- structure in 
the clear atmosphere may Iw olitained from the haek- 
seatterin^t from regions of etdianetsl ridraet ivt‘-imh‘X vari­
ahility. This walenisl |M-rs|H'etive on the application of 
radar in atmospheric research justifies the recognition of 
"elear-air ra<lar meteorolo^iy" as an es-st-ntially new and 
s«-|Hirate field within radar m<'teoroloi;y. In eonehisioii. 
a brief n'-sume of ex|M'riniental work will Ih' ^iven to 
illustrate the applieation of radar metIuHls in elear-air 
research and to snmniarir.e eharaeteristie features of 
elear-air struetiires oltservisl with radar. Keferenees are 
restricted to work aeeoiiiplislusl mainly during the last 
three years.

4.S.I. Conveetive I’atterns in tin- Clear -Xtinosphere

I'sinft appropriate radars, it is |H>ssihle to study eon- 
via-tive processes in the clear atmosphere. I’mverfnI ra­
dars at Itt-eni or loii(;er wavelengths consistently detect 
refraetive-index |M-rturhations associated with free eon- 
veetion in clear air (.Atlas & Hardy. HMUl). During con­
ditions of strong surface heating and lif{ht winds, sensi­
tive lO-em radars reveal thermal-like struetiires in the 
clear air. which are I .'I km in diameter and several 
hundred meters in heijtlit (Hardy A Ottersten. l!Mi8<i. 
HMitt). These elear-air convective cells may |S‘rsi.st for 20 
to ;i0 minutes and are eharaeteri/.isl hy ii|Mlrafts in their 
e*-nters.

Kehis-s from elear-air conveetive cells in horizontal 
section are shown hy a plan |sisition indicator (I’I’I) 
photsi in Kijt. IH«. The echo structure displays the typical 
doiifthnut-sha|M' with circular or elliptical cell eehiH-s and 
echo-free centers. Fi>{. IHfc shows sketches in vertical 
section of the cell strnetiire. which was derived from re- 
pi-atssl series of 1*1*1 photos taken at successively iiierea.se<l 
elevation an){les. The radar outlines the Isiiindary of the 
cell, where the refraetive-index variahility is lar)te: when 
the radar is seannerl in azimuth, a doughnut-sha|Msl

Kut. Is.i. S.-i 0ir I'PI lilmlo III :t I'levillliill allele laken HI Ill."i2 
K.ST nil l."i .\iiaiisl l!Hi7 vvilli itie Ill.T-eiii riiiliir III Wiilliips Is. 
Iilllil. Virginia. Tlie slrnls- line iniheales llie 3IMI a/iiiilllli. Keliis-s 
fnilii elear-air eniiM-elive cells in liiiri/.iinlal si-elimi al I lie ii|i|ini- 
|iriale allilnile anil ranae ilisplai llie eliaraelerisiie iliaisliniil- 
sha|s-. (Kriiiii Harilv & Ollerslen. l!Mi!l.)

Kirf. Isli. Skelelies in vel-lii-al si-elinll iif llie eiinveelive eell slrile- 
lliri'. The rililar lalllines till* Isiuililiirv nf llie is-11. wlieri- llie re- 
fraeli\ e-inilex I'lni'lmil inns an* larKi'sl; w hen ihe railar is seanneil 
in a/ininih. a ilniishiinl-shii|s*il eehn n-siills. I'li>ar air enn\eeii\e 
is'lls Ki.|ierall\ iiriKinale frnni a several hiiniln-il nielers ll.iek 
siirhiis* la>er. which fiirnis nver Ihe healeil liiiiil an*ii anil is iifleii 
nnllineil hy weak riiilar n-liirns fnini n*l>aelive-inilex fliieliialiiins 
III Ihe warm. Ilinisl air. The Inwer skeleh illnsirales ihe lleveln|lina 
slaK*'. when Ihe cells shisil up rapiillv. fnrniina ilnitie sha|M*il 
Inps w ilh enlllmlls I liHl exll-llll llnw il lllln Ihe surface la\er. Ill 
llll* niallin* slain*. illllslrall*d hy Ihe Inpi skeleh. Ihe eell linnies 
Insi* Iheir ennnei'linn wilh Ihe Inwer eiivin>liini*nl. Iheir has«*s 
tend In I*lns4*. anil I hi* cells devi*lnp inin t*X|ialldill|r. nhlall* spill** 
niids. The arniws indieati* Ihi* air flow' williin flic is*ll. iKniiii 
Ottersten. 196tli>.|
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Kiy. 19. SiTtor I’Pl i>iiotu (i«ip) ai 1..‘) «*!i-vaiion anyl.- tjikt-n ai 
lH45 KST on 9 Aiii:n>i l!9i7 with lla* lo.7-«-m radar ai Wallops 
Islaml. X'iiyinia: a/.inmths ‘V.Mi <>:ir> : ranp* marks an* at 9.H kin 
intervals. Krhoos from niimrroiis rlear-air «-onviM-t i\«* roll*, alijriiod 
in l>ands or strrois an* \isiblf. 'J*|io rontcair irai-iiitf of tin* «*rlnM*.s 
(hotloni) cHiiltnas iln‘ laaindarirs <»f iln- oi-ho paltorn in ord«T 
1o <li*inoiislrai«* iln* ali);nnn*nJ of individual ron\«*i-i i\ o rolls in 
sin*ris. (From Hardy A- Onrrsirn. I9»»9.t

echo results. As indicated in Fi(r. IH/j. tlie flow within 
the eonveetive cell is npuard in the leiiter. and tin’ rela­
tive flow around the periphery is oninaril anil possihly 
downward. The air flow within thi’ cell was dedined 
from detailed studies of the cell evolution hv e.vamin- 
iiifi three-dimensional radar |mtterns of individual eells. 
The eells fienerally ori)rinate from a .snrfaee layer several 
hundred meters thick, which forms over the healed land 
area and which is outlined hy radar returns from refrai - 
live-inde.\ fhietnations in the warm, moist air. In Jll 
minntes the eells may develop to a mature slafre with 
tops extendiiifr to a height of 2 km. The lower sketch in 
Kijr. lS/> illustrates the developiii)' static, when the eells 
shoot up rapidly, formiiit: dome-shajH-d tops with col­
umns that extend down into the surface layer. In the 
mature stafie. illustrated hy the to]i sketch, the cell 
domes lose their eoiineetion with the lower environment.

their bases tend to elosi’. and the cells develop into ex- 
pandinti. oblate spheroids, which later dissijmte. break- 
inti U]i into fratimentary jtarts.

ITidoubtedly. the tops of many ol the louveetive eells 
are associated with developinti eiimulus clouds, althoiitlh 
evidi’iiee of tlu* detailed eorresjiondenee is missiiiii. Tlu* 
echoes in Fifl. ISu. however, are not due to particle 
scatter, as can be shown by multiwaveleiitith radar meas­
urements (Hardy it ill.. HMiti). The echoes arise lo virtue 
of the seatteriuti from refractive-index variations at the 
cell boundaries. I’resuinably. dra|i forces around the uj)- 
draft induce turbulent .stirrinti. which results in enhanced 
refractive-index variability where the risiufi moist air 
contrasts markedly with the drier environment. I’reseiiee 
of wind shear and shear-nenerated turbulence is there­
fore not a neees.sary eondition for lhe.se eehoi s. The re- 
fraetivi’-index \'ariability is mainly due to water-vapor 
filletuations, and temperature differences are es.seutial 
only in providinji the buoyancy that establishes the flow.

'Fhe same tyjie of eonveetive cell is rejMirted by Katz 
(litliti) as eumuloform elear-air echoes. Hardy & IJlover 
(Hllili) de.seribe them as undulations or wavy, blobby 
structures in a surfai-e la_\'er outlined b_\- radar returns 
from the eonveetive mixinn zone. When eonveetive eells 
are driftinti throutih the beam of a vert ieally-point iii)i 
radar the\* appear on a time-heitiht ilisplay (Fiti. d) as 
undulatiiid or irrejiiilar. broken, patchy and diffuse lay­
ers. such as Lane (lilliS) deserities. Deam it ill. (IttliS) 
report eorrespondenee between ri’turns from similar per­
turbed refraetivity layers ami iloud boundaries. Clear- 
air layers on vert ieally -point inti radars are also reporti’d 
by Stratmaim iV Crosskopf (l!Mi7). Stratmann (I!Mi7) and 
(ije.ssinti (Iitli7). The broken layers must be idi’iitified 
as vertically extemsive. eonveetive struitiires driftiiid 
thrimtih the vertii-ally-pointinti radar beam, not to be 
confused with actual vertical motions. Konrad (I'.HiS) 
and Konrad & Kropfli (I'.UiS) studied elear-air eonveetivi’ 
jiatterns over both land ami .sea. .\t times the eonveetive 
eells are randomly distributeit. as in Fitl. ISu; at other 
times they show a definite ortianization. alitininti them- 
.si-lves in rows jiarallel with the wind, as demonstrated 
in Fill. l!t. Hardy & Ottersten (Ittliil) re]sirt Heiiard-like 
lireiilations in the clear atmosphere, as eonveetive eells 
arrantle themselves in lariier eireles with cores of ujslrafts 
ortianizi’d around tlm i>eri])heries and slowly downward 
flows in the centers.

4.3.2. Turhiilent Structures in the Stable Hetiiim

I’owerful radars at wavelentitbs i ' In i-m ol loiitier 
rcfiularly detect borizontally stratifed. exteiisiw layers 
in the clear atmosphere. ,\n example of peouoiineed stra­
tification is ilemoiistrateil in Fit!. 2i>. wloeh shows more 
than ten .separate elear-air layi rs bi low l> km in a rautri-- 
heitiht indicator (HHl) display Similar observations.
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Ki^. HHl }>li(ito ih |20 ii/iiniitli taki*n at 1515 KS'l' <>n 
•laiiuan 11Mi;» with tin* lii.Tcm radar at Wallops Istaiitl. \'ir^itiia. 
'ria* !i<*it;l)t mark is at 12.2 km. 4iii<l tin* rait^c marks an* at 
U.3-km iiit«*r\als. Mon* tlian t«*ii saparat**. Imri/.oiiiallx strut ili«*<i. 
< l«*ar air lay«*rs an* \isil>!f U*low t> km. Noti* th** diaililr-uavv 
atrurttin* III tin* toj» la\«*r. i From (Mt«*rst«*n. lUliHa.)

4»ft<*ii with a multiplicity of layers, arc rcj»ortcd liv 
Hardy & Clover (IlHiti). Hardy it Ottersten Katz

and (Vane (IlltiSu. h)\ evidence of persistent 
^•ttratification in tiie cl(*ar air is also (*ominon \\ith ver- 
tically-pointin^r rathirs. The Imckscattering tirijrinates 
from zones of enhanced refract ivt*-imiex variahility anti 
results in a weak wavt*leii>rth tlepemience (Hardy •/ «il.. 
HMih) Tht‘ refractive-index perturhations are cn*ated hy 
turhuh'iit mixing of the mean gradient of pottmtial r<*- 
fractive-intlex. When water vapor ^ratlit*nts are stnmjr. 
motlest stirring: ^^ill re.sidt iii ratlar returtis. and the tur- 
huleiiee may not he noticeahle tt» an aircraft {Hardy i*t 
Ottersten. Such returns may thereft»re occur with­
out any marked wintl sh<>ars (I^tinc. HMiS). and the tur­
bulence may he generatetl at ipiiti* small scale sizes, 
maybe of the tirder <»f a few meters. The scatterin^r la vers 
are als«» often tpiite narmw. tiown t<» tens of miders 
(l.jint‘. (Vane, lIHiSr). and rarely cx(*(*ed a few
liuntlrtMl meters. The low stratifii'd layers mav he as- 
stH*iat4‘d with inv«*rsions that caj) convective activitv. 
which exjHirts turbulence into the staidi* zone. Kvidenc** 
is ac4umulatinu that th«* stratified layi*rs alwavs <*or- 
res[>ond to Zones of t*nhanced static stability, althoii^ih 
wat**r-va|mr fluctuations may dominate the backsiat- 
tering (Hardy A (dover. I'.Mifi; Ijim*. Har­
dy A Ottersten. Katz A Handall. IlHiSj. IVe-
sumably. the V4*rlical temi»erature structure is siiriijfj. 
<ant in providinj; stabh* zones, when* moisture lontrasts 
are acceTitiiatiMl: tin* stable zones an* then outlim*d as

>!■ KHI plmio m 2To u/.imuth i.ik«*n ui l.'toa KST on 7 
Fi*l»nmr\ l!M»s with th<* rad.ir at Wallops Island. \"ir);i-
nia. TIm* h«*i^rht mark is at 12.2 km. and tin- ranp* marks an* a! 
h.3-km mter\'iils tmax. ran^<* 37 km). Clmid aiai pn*<-ipitat ion ex- 
t«*ini from the snrhwe up to uImuii In km. The<-l«*ar-aire«-hoslnie- 
tun* of appan*ntl\ c-ro>Mnj» waves out «»f phao- oe.-urs at 11.3 
kin. the lieij»ht of the Iropopause. The eeho struclun* IS emiH'dded 
in a n*>;ion of stnai^ winil shi*ar an<l may 1m* eansed h\ tie* hn*ak- 
injc of gravity wa\es as illu.strati*d in Fi^rs. 22 ancl 23. (From 
Hard\ ♦/ a/.. lJMi!».)

.-it r:^! if ini nliiics nmiiily fnmi watcr-vnixir [icrtiirliationx 
due til siiiall-.si'ali- turlmlcm r.

Stroiij; wind shr;irs may nut la- a iinc.-i.-iary rn)uin- 
im-ut flip I'lcar-air laycr.-i in the staMc ri-friini-. hut ahiin- 
daiit cvidi-mc is imw availahli- that thc.si- .stratified 
eeliiies. partieularly at liijiher altitudes, jjeuerally are 
assiieiated with pri mi aimed vertieal wind shears (lame. 
ItttiS: Hardy & Oller.sten. l!MiS/<; (Jlover <7 «/.. liMiit). 
Marked liirhuleuee is akso )»euerally jireseiit ill tile vieiu- 
ity Ilf tlii-se layers, as evideueed hy an iuereasiiif: iiuiii- 
her of joint radar and airerafi studies of elear-air liirhu- 
lenee. (WT (Hieks <1 ul.. I'.mT. Kneliler. I'.mT; Hardy 
& Ottersten. l!t(iS/i: tJlover it ill.. I'.ttiS. I'.ttiit; (Vane. 
I'.HiXti; Hiieliler it ill.. I'MiS. limit; Hartly <7 ill.. l!m*l). 
These stnilies were preeeiled hy tiie radar ileteetion of 
the tropopaiise (.\tlas it ul.. Iimti/i. <■) and the ])fedielion 
that these eelioes Here a.ssoeiateil with signifieant ('.\T. 
The basis wjis the thesis hy .Atlas il ul. (limtin) that 
strong iiii.xinn is rei)itireil for ratlar returns froin teiniH-ra- 
tiire perturhations. Hlien the Hater-vapor eontrihiitions 
to the refractive-inilex variahility are neixligihle. K.\(K-ri- 
niental support of this thesis is aeiiiinitlatini’, and eon- 
sitlerahle attention hits Iteeii t;iven to radar ileteetion of 
r.Vr (.Stephens & Reiter. IlHiT; .Atlas. lltliS. Iimil: Bry­
lev. IIHW; (Vane. lltliSi. (triffiiiiA l.a(;rone. lltliS). Soine 
ilata also support the thesis of Ottersten (lltlW). that 
strong ('.AT at hifth altitniles in the free atniosphere
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t,'ig. 22. Skelc·h of gr1tvi11,1,ioru1I Wll\'ll 1•111beddt'<I wilhin ll l1t~•er with wind" inc re&11ing wilh heighl : (o) W'll\'C Ml1thl1•, (/1) Wll\'C he , coming unMl1tblo, (c ) w1tve bre1tking 1l11d fonn inl( ,·urli1'CK, and (d) 1111mo &11 (c ) except wit h n ,gioni, of 111rong,•r r11dllr re nm•1ivi1 y bl11eke m .. '<1 . (t,'rom H icks & Ang,•11 , 1001"-) 

generally will be all80Ciatcd with zonell of increalled 
refracti\'(•-index variability and enha,wed radar returns . 
Reportll by Crane (llN'i8t1) , Olo,·pr et al. (IIJ61}) , and 
Hardy et nl. ( I 001)) indicate that strong CAT is c·,msillt • 
ently more likely to be detected than w1•ak turhul,•111:e. 
f•urther investigations of the relationship behn•t•n CAT 
and t-he small-scale tc•mrK•rah1rP rnriabilit~· art• dt>l! ir­
ablt•. 

Radar echoes from rt•giunl! of CAT arc gt•ncrnlly <1uitt• 
patchy and oft,cn of a transit or~· naturc, which i11 t·onsist • 
ent with t,he gennal charactn of CAT as clcdut•t'fl from 
aircraft probell (Hiekl! ,,, Ill ., IIHli; Glon•r ,,, 111.. l!Hlk) . 
Ch•ar-air radar rt•turns frt•11111•nt,I~· clispla~· wa,·p 1w1tlt•rn" 
in rcgions of l!ignificant CAT. The HHI photo in Fiir . :!I 
11hows an cxamplc with two. apparent)~· inll'rminirlinjl . 
WR\'PI! in a dt•ar-nir la,,·t•r al,o,·e II thi,·k duucl 1lt•1·k . With 
the Wallops Island rad11r11, clesnilH•d lty Hnr«I,\' "' t1I . 
( H.Hlfl) , st·,·eral similar ca,.,,,. wt•rt• ohSt•n·1•1l in t Ill' wintn 
II.Hl8- 61) tlt1ring joint radar and airemft "' ucli..,, of CAT. 
Whc•n probed with airt·raft tht•l!l· l11~·1•r" ah\'a~·" 011tli1t1_'II 
rt•gions of 11ignific1111t CAT. Tlwrt•fur,· . it "l'l"-'"r" that 
radar 11ignat11r1•11 from s1wc·ifii· 11trul'111r1· in d1•11r-11ir la~·­
n s may 1•,·cnhutll,\' lwcome rt•lernnt in OJH·ratiun11I ra­
dar dl'tt•ction of f'AT . Anotlwr 1luublt•-w11,·1· l'l trul'l11r1· 
is \'i11iblt• in t ht• top la~·•·r of Fig. :,lit. 

Hic•ks &Angell (lllfik) 11t11d~· Himilar l•1·h•J1 •" th11t "I'· 
1war to c·ro1111 in a twil'lktl ur brni1lt•1l 11trul't11r1•. Tiu·~· mil' 
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F'ig. 23. lllu11tr1ttinn of tho 11t11ge11 in ,i. ,. ,l ,-wlc,p11w nt ,,f h illow~. 11 wave fllltt e rn ,oometin1011 lollding t o c loud f.,rr nntion ut tlw w1tve cn•11t,. , Tho fi1111l 11111go with the clo~cct roto r <·n1·n., puml11 t v tho o\'e rlurning of thll w11vo into a l!tru,•luro r,, se11,l, lin11 tl1ttl di s ­pl11yod by r..d11r in F'ig. 21. Preaunmbly, tho ...-,fr1tcti\'11 -indo x v11ri11bilit~• i11 atronge11t 1tlong tho boundllries of tlm cio11hle-w·11vfl 111. r11c1un,, becauMe of the marked cont r11Ht due t11 l11rgo ve rl,it·1tl di11plll(,'C111Cnt11; the refore, t,he 11tronge11t r&da1 n:,l,urm, will outlim, lho boundllricB. (t,'rom Scomr, 19611.) 

out the intertwining to two filaments of increa11t,'<I n•­
fracti\'ity all an explanation and give a c.-on\'incing argu­
ment that the rt'tums originate from breaking gravit~• 
waves. J<'ig. 22 shows how breaking gravity wavt•M in 
clomUt•llll regionH may gi\'e the appearanc.-e of braidt-d 
11t.ructures when ,·iew1_-d with radar. In Fig. 21 , howe,·er, 
tlw pattern appearH to c,-oRMist of two wut•s in oppt11tit4• 
phaSt•. Hicks (19('8) suggc,'8t8 that this type of echo 1d,ruc ­
ture may aril!t:• from two clOHely spaced stable layerM 
1x•rturoc-d into two warn motiom of differPnt phaHt,. A8 
Hardy Pt nl. (1009) point out, an explanation in tcrm8 nf 
o,·erturning wa,·t•s still apJ>earH plausiblP; Fig. 2!1, from 
Scorer ( 11)(10), illustrates the stagCK in the dt•\'l'lopment 
of billows, a warn pat.tern 111nnetimeM lt•ading to cloud 
formation at the wa,·t• crc•sts. The final stage with the 
clOHt.,-d roto r, in 1-•ig . 2!1. eorrespond11 t.o t lw on•rt,uming 
of the wa,·e into a structure• rellt'mbling that dittplaye-d 
by radar in Fig. 21. The radar outlinctt the IHmndaric.'" 
of tlw o,·crtunu-d doublt•-wan• str1wt11rt·; prt'l!umahl~·, 
the rPfracth·e-imlex uriabilit ,y is strong<•11t here• , oc'C&IUIC 
of marked contrast s due t.o large• \'l'rtit·al displacenwnts . 
and t>OAAiblt> t-om·t•ction due to st.ati1· im1t11hilit)• in l,he• 
im·erlt'<I la~·er. 

-l.:t .:J. Probing the Clcar Air with Radar and ~h•teoro­
logic·al St•nl!Ors 

Tht• d1•tailt-cl r·orrt•fi4pond1•1U'<' hetwt•t•n radar IJack111·at­
tt-ring 1m1l t Ill' ,·arial,ilit,~• in at 111011pheri1• struet urt• hH 
t,._•cn r1•,·t•11l1'<l h,,· dir,•C't . fitll' •l!t•alt• mek'41rological 11was-
11r1•1111•11t l! in d1•11r-air 1·011,·t•l'tin• ,·clls ancl in horizo11-
t11II~· ,.,ratifit'II. d t•1tt-11ir l11~·••rl! . Konrad & Hantlall (IINMI) 
1lt•H1·rilH· 11 kehni,1'11' fur 1•11,.t·nt ially 11imult,an1•1111H 1111111-
plinjl of 1111 air ,·ol1111w I,~· r11clar and nwt,•oroloJZit·al in­
,it r111111 •nt at ion. Tiu·.,· t·mplo.,· thil! ll'1·l111i11111• in rom·l'l't,i,·e• 
1·1•11" nnd in stratifit'<I l11~·t·rl! in tlw lown 1·l1•11r 11t11111s1•h1•re• 
1111tl r1•1H1rt 11 0111• -to-11111• l'orn•"tHJtult•nt·r· IH·tWt'l•n raclar 
rl't 11r11>1 111111 rt·giu1,,. of 1•nh11111 ·1'1l rl'frart in•-imll.'x ,·ariit­
hilit ~· - mainl~· from i' IH 'l' ifi1 ·- h11111i1lit,\' dumjlt' l4 . Kah: & 
H11111l11II ( l!Ni>I ) inn,,., ijl11t1 • t h1 • tlt·t 11il1 •1 l \'l'ft i, ·111 "' rul't un• 
of tt-1111H •t11t11n· . h11111i1lit,.,·, 1111d r1·fr111 ·tin• imlt•X in tlw 
1·om·1·1·t in• do11111in 111111 in lllt' lo"'••r 1,11111.11• n·irinll' ,.f 
thl' dt•11r 11t111oi< phn1• . Tiu·~· l'l'l"•rt iro111I •·ntTt'i' IM ,11 cl •·rw1 
in t lw ,·,·rt il'11l IH •t\n•1•11 d1.•11r-11ir •·d,,.,.,. a 11cl I q 1i,111 >' ,.f 
;otrong n ·frndi\' e- iwlt·x f111d11 ati;,,.~. ( ' lt ·nr ,nir rl't 11r1111 

21t 



fm111 t hl' 1·unn'l'I in· tl,rn111i11 oriµi1111l1· from r1•gium1 of 

hiit.lr v11ri11111•p in n·fnwti,·it.,· ol11l' lo " hlohhi111"11,i ' ' in the· 

moi,.tun: 1·011!1·11I . \\'att·r-n,pnr fhwt11atio1111 lll'l' 1111111 tilt' 

111ni11 r1·m11111 for I 111· "' rnl ifi, ·d rndar la .,·,•r,;. 

l.11111· ( l!Hi7 I,) r•·porl11 1111 •a;<11n•111, ·11ls of I ht' 111H•l'I rnl 

l'hllrad(•ri>1ti1·;< of s111111l-,wall" n·fnll'lin·-i111l1·x f1111'11111-

tion" in 1·le·,·ntt•<I ,ital,ll' 111.\'l•r,i 1·orn•spondinµ lo dP111·-11ir 

\'l'l't i1·11l-i1widl'1t(•1• rad111· 1·d1, 11·>' . From a q111111I it at in· 

c-omparison of 1·xtra1H1lat1·d n•fral'lidt,\' "l"'l'll'II HIICI tlll' 

IO-,·m rndar rdll'l'livit.,· of d1·ar-air la .n•r" Ill' 1·ond11d1·11 

tlrnt th1· 111H•1·tra afford 1111 ad1·q11111t· 1·xpla11ation uf the 

n•fl1·d i ,·it .,· of l11 .,·1·r-t.,·t"' 1·1·ho1•11 i11 lt.'1'111" ol l1111 •k,i1•at tt-r­

inµ from a I 11rl,11l1·11t, 1111·tli11m . I.an,• ( l!lfiX) 111110 tl1•111011-

"' rnt1•,i t 111· tlt"t 11il1·1I (•01T1'"l"Jn1lt·111·1· 1,d ,,·1·1·11 "t rnt ifit·,1 

1•1·h1H'" 111111 ln~·n,. contnining l,wul p11td11•11 of 1mu111mlly 

"t runµ n·frnl'I in· -i111ll'X n1ri11ltilit.v . :-:imilarl~·. h1· fi111l11 11 

g,HHI 1·orn·l11t ion lu•t w1•1•n l11rµ1· \'11ri11111·1·" in n·fral't iv,· i11-

tl1•x 111111 tlll' l1rok1·11 layl'1'11. whil'h 111·1• ohs1•n·1·1I wit,h tin 

\'l'fti1·111l~·-1H•inti11µ 1·11d11r a111I whi1·h pml111l1ly out lint· the 

ho11111L1rit·" of d1·111·-11ir 1·u11,·1·1·tin· 1·1·11" 1lrift ing through 

tlw rnllflr lw11111 . Kropfli et ,,I. (l!Hi~11. b). 1111i11g 1111' 11i-

11111lt.t11wo1111 >111111pli11g tt·l'hniqur• 1l1•11crilu•tl b.\' Konra,I 1.\'. 

H11111lnll ( l!Hili). ol1t11i11l'1I r1•fr11ct-in•-i111IPX "f"'d I'll with 

th1• l..11111• r1•fr111·t11111l'tf'f t.ogt•thn with ra,lnr r1•f11•eti,·it~· 

in tlw lown 1·l1•ar nt,111011plwrt•. Tlll'it· quanl,itnti\'t' l'l'lll• 

JN1ri111m of tlll' IU.7-em radar n·flecti\·ity 111111 1•xtr111H·1. 

latt-tl l!fM't·tra r1·n·nl11 g1H.11l 11gn•1°ml'nt with th1• th1•11r1•til'nl 

r1•l11ti11m1hip" for hnclownttning from i!IOtropic t11rb11-

l1•n1·1• (St·d ion :1. I) . Alt hough no 1•,·i1h•nf•1· of i114,trop~· in 

till' rl'fr11di\'1•-ind1·x fil'l1l ii! prt•l!t•ntt'tl. thi" 1·11m1111riso11 

11tr11ni,rly 1111gg1·st11 thnt tlll' d1•11r-air rntlnr rl'turn" occ·ur 

,,,. 11 1·11m1t•111wnc1· of bal'k,.c·attning from t11rl111l1·nt r1·­

fr111't in-i111l1•x fhwt.uations in th1• inntinl 1111b-r1rng1•. 

4.:1.4 . Atmosphnic Structurt• 1\nd Radar B1wks1·11ttering 

in C'lt•ar Air 

In 11t111lic•11 of the hackscattning from rt•fra1·ti\'e-ind1•x 

fluet1111ti11n11 in t,h1· dt•ar air. two diff1•r1•nt rt•ginll's of 

atmo11pll{'rit" turlml1•ne1• an• tli,..ti11gui11hc•d . Wh1•n tlw eon­

,·,·1·tin· 1lom11in in tht.• clc•11r. lower ,1t,111osplwrc• i11 well 

t•11tahli11lwd. l"111iti\'e l,uo.\·11m·y furr1•11 contribute> signifi-

1·11nt l.v to the itt•n1•r11t ion of 11mall-sc11lt• turbul1•nce and 

n•frac·ti,·c-indt•x Jll.'rturbations. &•n11itin· radars rc\'eal 

rPgulu. thn."<·-dimei111ional ronn•l't iH· structurc•s in the 

dt•u air ftl'W)(•iatc-cl with risin~ warm. moist air fN1fl•1•li,1 

produt-c-cl h~· 1<11rf1we heating. In tlll' l'On\'Pctin• domnin 

11·ater-v11. w•r 1·ontributions dominatt• till' r1•fr11ctin•-index 

,·11ri11hility. Abo\'e the• 1·om·ectin· 1lomnin the air is 

11t.abl1•. and the negati\·l' huoyancy forces 1111ppreili! tur­

bulent motion. In this stahlc rPgimt• turbulence is g1•111·r• 

111,ecl h~· 111c•1·hanic11I l'nergy l'Xtr11ct1-cl from the 1111•1rn fluw, 

t•it,her dirt'<·tly b_\· ll)('al break,lmrn of wind shcnr into 

turbulent motion. or by tlw on•rturning of wa,.,.,. 1111-

8<.K·i11h·1l 1•ithn with topography or with wind !4he,u in 
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the frl'P at1111111ph1•rt· . Sensitin· and 11ltr1.18Pnsiti\'c radars 

rt•,·1•al horizontally ,it rat ifit·d ln~·l'r8 in t Ill' clt·1\r air as­

"rn·intt·tl wit-h rPgions of 1·nlu1111·••d static stability and 

pro11011111·1•il ,·c·rt i1·11l wi111l !!hear. I II tfo• low1•r t roposphl'rc 

th1·s1· 111,,·,·rs 11r1· fr1•11111·nt I_\· a;-111Jl'iah'tl with 11ert'1•ptiblc 

d,•ar-air t11rh11l1•n1·1• (CAT) . In 1111' hight•r tro1H111ph1·r1· 

and the 11tr11toi1ph1•r1• l'AT i>' ulwu.,·s pn•,;1•nt in th1• \'iein­

it~· of thl',;1• la,H•r,1, whieh at the:,;e 11lt.it11tl1·s oftt-11 hnn· 

11 patch~· 11ppt.·ar11111·1• anti frl'qtH"nll_\· di>1pl11y wu,·1· pnt­

h-1'11'4. Jn th,· ,;tuhlt· regi111t• wntl'I' \'apor 11111.,· or 11111.\' not 

1·1111trib11tl' 11ig11ifit"1111tly to till' n•fr11cti\'l'-ind1•x \'11ri11bil­

it,\': in tlw 11trnt11;iph1·rt' nml till' higlll'st fNH'I" of tht• 

t ro1H)11ph1•1·1· t hl· t·ontributiuns from t.c•n1111•rnt,11r1• flucl 1111-

t i111111 g1·1wrnll.\' 1ln111i1111tl-. 

Hndnr l111t·k>11·11tteri11g from r1•frt1ctin·-i111l1•x \'Hriat ioni,1 

prm·i,lt·s infor11111t ion 011 at 111011pllt'ril' 11t ruct11r1· in t,wo 

,1·11.,·"· First,. 111ul 11111,it oh,·ious. rndnr out litw" r1•µiu11s of 

in1·r1•11111•il r1·frneli\'e-ind1·x rnrinhility lu•c·a11,;1• of th,· t'II· 

h11111·1•1I htll'k,,wnttc•ring. nnil tl1t• r11d111· 1111tt,nns gin· in­

formnt ion nbout struf•t11r1•. 1°,·ulution nnd motion in the 

dt•111· at,mosph1•r1• in 111111'11 t ht• Sllllll' wn~· us hydroult'tt·r 

1•chrn•11 n•,·1•111 rain and eloml configurations. Tiu• dir1•1·t 

i11tnprl't~1t,ion of 1·ll'1H-nir rndnr 1111tt1•m..i has licc•11 ill1111-

tn1k1l by rt•cent exJ11•ri111('ntal work. This dt>111011strat.£os 

d«•11rl~· the mine of scnnning cu1111bilitie11 for rmlnri- 1·111-

plo,p•tl in cll'nl'-11ir r1•s1·11rch. 8cc·or1d , t.111· radar n•flc•ct,i\·it,y 

1·011tnim1 qunntitnti\'c information about till' rnriahility 

in tht• rl'fractin•-ind1•x field at the smallc•st 11cnlt01!, •·0111-

1111rnlill' in size to tllC' ratlnr wnnlcngth. Jnlwr1•nt, in this 

information is the· rnrinhility of tcmperntm·1• and water 

rnpor; inf1•r1•11c1·s 1111,y 11180 be made about the 1m1all­

scalc n·locity fidtl. h1·1·1111sc tllf• rcfractive-indt•x micm­

"t.rudurl' rc,.ults from thl' action of \'elocit,.,· 1wrt11rba­

tion..i. Furthn, information on the atmospheric micro­

structun• pro,·ides 110ml' knowk'tlge ahout the grndi1•11t11 

of 11t111011phnic 111c1111 qunntitif'H, nit.hough 0111· prt·ilt•nt 

u111lert1tn111ling of this rcl11tionship is limit1•d . Tlwon•tieal 

a11111~cts illuminating tlw cotuwrtion lwt,Wl't'II r1ubr l'l'· 

f11•cti,·ity and ntmosphnic "trul'tun• hnn· IH:•1·1 111111111111-

rized by Ottcrstf'n (l!Hl!la,. I>). 

In sununnr~·. rndar hackscnttt·ring from clcnr nir ap­

pears Wf'II und1•rslootl. t-:xpt.•rinwntal dntn SUPf""·t t ht• 

thcor~· dP11cribi11g till' radar rt•t11rn11 1111 b11eks1·atkring 

from r1•fr11ctin•-ind1•x pnturhntions cl111· t.o isot.ropi1· fim·• 

11calt• turbult•ncc. The at mo11phnil' mic·rostructurt• mny 

be tlt'l.lul'ed from radnr dntn . Experimental st111li1•>1 al!IO 

rt•,·1•al tlw gross connection betwe1•11 radar back11cnttering 

11ntl ttl(' atmospheric nwnn fields. Thi11 11111kt•11 u111•ful in­

tn1m·t-11tion11 in tho st.abl1• regime• 111,,.11ibl1•. Ju the c·om­

pl1·x l'on,·,•di\'c domain. radar information on 11izes. 

shapt'"· 11rg1111izRlion, e,·olut.ion. nnd motion of cll'llr-air 

con\'ect in• 11trul'turc..i mn~· pro,·itle gui1lclines for the 

1•111piricnl nuxldling of con,·ectin• proce88l'S. The close 

aS80<•iation IK•twe1·11 turbult•ncc and enhanct'tl rnilar re-

•·oA Repnrt,., \ 0 01. f, Xo. 2, 19i0 



tnrnl'I from thu clear. stable regime justifit,s a ,·igorou,1 
pur1mit of ra<lar tlc•tection of CAT. U,·gent items am• tho 
s1gnifiC"1111t·t• of wn ,·e 11tructures in relation to l'lldnr ru­
t ur11,1 arul CAT, 11111I the 11s11rn·i11t ion ht•twt.•1•11 AT 
111111 t ht• ,m111ll-srale t1•1111icrat,11re nuiabilit,y . En·11t11111l~,, 
Dopplt•r r11d111· will add anotlwr cliuwnsion to Plt•ar-nir 
n•st•11r1·h. c1t,ar-11ir mdar nwtl•orolog,v 1·11lt'rg1•,i ,,,. a lwrdo­
fon• t'l<St•nt iall~· dt•l'lcriptin• 11cie11e1•, which 11p1H•111·,; r1•111l.,· 
to ii!l rt•ngt 111'11 it,; tit•i1 with 1tlt'lt•orologir11 I I h1•or.,· in 
or1lt'I' lo uff1•1· fut11r1• applit·ntion;.i in qwrntitatin· 1111•• 
tcorol,,gy . 
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