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OBJECTIVE

I est an d eva luat e a \( )\ I( ~ Inc dI.(Iiis tic echosounder and wind— senso r sys te m pur—

chased h~ NI I ( (( oIIt raI.t N III1II )CF NU() I 2 3 -7 3- 4 - ()37 I. I he s~ stei n is designed to measure
in real t inie the three orthogoni I LOl l  I ~~OI1~~ f t  ut the t o t a l  wind ec to r  and the I uten s i l  ~ of
bac k sc;i t  tered echoes is  a In net ion of e es it ion.

RESULTS

I . Monos tat  ic acousti c echosounder recoid~ show at niosp heric I1IiC~ Ist r u c t t l r t _’ including
internal ssas e s . multip le strat i f ied la~ e r ing .  c loud—top  echoe s . kel vi n—I Ielmholt i instabi l i t ie s .
and turbulence.

2. The acoustic echosounder Is an important comp lement for the interpretation s of the
re f rac t ive  s t r u c t u r e s  I thse rsed h~ mIeros~us e rad i r s  and els es an indication of dynamic ther-
mal stability

3. [he X( )N l( ~S acoust ic ss ind—sen ~iiig syst em h a s  the fundamental capabilit y of illeasuring

all three component s of the tota l wind ec t om I lowever . reliable wind-sensor measu rem ents
ss ith the present l~ conf igure d sys tem ha’ e been obtained only fo r  selected conditions char-
acte r i,cd by lo~ ambient background noise see Appendix B),

4. The t~in- heam h ist at i c receiv ing antennas appear to co ns t i t ute  the principal limiting factor
in the acoiust Ic wind—sensor ~ ‘. stem.

The above-ground histatic receiving antenna fur ther limits the operation of the sys tem
because of i t s  reception of wind noise and ambient background returns from sidelobes .

RECOMMENDATIONS

I . Redesign the bistatic receiving antennas to incorporate pencil beams rather than fan beams.

2. Reloc ate the above-ground. hist it  ic . receiving antennas to bunkers with openings flush
with the surrounding t e r ra i n  to reduce the effects ot wind noise and ambient background
returns lrorn the sidelobes (see ..\ppcndix B).

3 . Incorporate t r e I l u e n c~ -trac king and cross-correlation techniques into software data proc-
essing to eliminate doppler spectrum contamination caused by impulsive noise (see Appendix B) .

4 Initiate a study to determine the full potential of acoustic echosounding b r  the interpreta-
tion and prediction of atmosp heric parameters affecting the Navy ’s operating environment.

5. (‘o’npare t he capab ilities of acoust ic  sounders with those ot l’M-(’W radars for N.~ iv y
operational use.
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I NTROI)UCTION

N,ival operations ire cmii  c a t h y  dependent upon reliable perbormaiice 1) 1 all electro-
magnetic and elect ro—opt ical sensors . I- o r examp le . problems are cont iniially encountered as
a result of retract ive ef fects upon elect roinagnet mc propaga tioii . Nonsta ndard refractive—inde x
distr i butions in the II ~s5 er atmosphere can and do cause aiiomnalous propagation conditions
suc h as duc t i i i g  a iid radar holes S imilart~ , temper ature l’It ictuat iofls and aerosols iiia~ degrade
the pert ornia nec of e lect ro—opt ica I se ilso rs Duriiig recent years . invest igators have demon—
strat ed the teas ihi l i tv 01’ t i s i l l g  rad iI , o p t ic a l. ,iiid aco i is t i L. i l  techniques or remotel~ sens ing
at mos pheric s t r u c t u r e s  in the lower at m(lsp liere (ref I t hrough ( ). [he Naval Electronics
Laboratory (‘enter N I I (‘ , at San Diego. (‘alifornia , has developed a unique t iiult isci isor
taci I it~ ca pable of measurin g the marine bou ndary—la yer structures to improve the Nas’ ~
ass es siul e mi t a nd predict ion capa hi lit~ for ano malous propagation in the troposphere.

in I 973,  an acoust ic echosouiider and ss nd—sensor system (purchased 1mm XONI( ‘S
Inc . Van Nnys . (‘ A ) was added to the NI’ l.(’ retnott-sensi i ig faci l i t y to he used in conjunction
wit h the tropospheric , microwave-r adar sounder. ‘[he acoust ic  sounder se nses temperature
and if operated in a h is tat ic  conf iguration . a lso t racks  the wind-relat ed . re l ’ract iv e—i ndex lluctua—
tions . ‘I’he microwave—radar sounder priniarilv sense s humidity t luctt iat ions . ihe acoust iL
sot mn der. the re fo re . complements the microssave sounder and provides important additional
infor mation concerning the heh ias ior a iid nat ure of tile atmospheric s t ruc tu re .  Acoustic
soun ding is a rapidly growing remote-sensing technique . and a full examination of its poten—
ial for t lie interpretation and predict ion of at m spheric parameters at  fee t  ing the Navy ’s

operating environment should he accomplished . It is the purpose (if this report to present

t he result s of the test and evaluat ion , cond nete t l  over a 2-year period , of the XON I(’S echo—
sounder and wind-sensor sy s t em.  T ie sounder wa s desi gned to measure smmultaneousl~ , in
near rea l time , t he three orthogonal co mponent s I lf  tile tota l wind ector up to 600 riiet res
and the backsea t ter from temperature fluctuations .

I. Lane, JA and RW Meadows . “ Simultaneous Radar and Refractometer Soundings I t  the Trl posp t lCIC ’
Nature , v 197 , p 35-3 ~ . 1963

2. At las . D, KR Hardy, and KM Gkwcr , “Mutmm- w ave lengi l 13a. ’ksc. ii ci from the (‘lea, Aimcsphere .”
Proceedings of tile Internat ional (‘iitloquium 1111 Atmos pheric T urbu lence arid Radio Propa1ation
(Eds Yaglom and Tatavaski , Moscow),” p 249- .~ht i , 1965

3 Ottersten , i-I and F Ekiund, “Radar Angle A~ iivii y arid h i s  C uu r re ta i iu n with Meteorological Parameters ,”
Proceeding~ u t  t he Intern.in lmiah Coll~ j~ium on .\I Iiu ’s1ulle ric lurhulence an ad, Piuupagai iorm (l:ds
Yag lom and Tatavask i . M~~SeII~ ) .

“ p 2 i o— 277 . I

4 Fehlhaber , Land S ( rosskupt . “Uniersiichung der Str uk ium der Troposphare wi t c inem Vertikalradar ,”
Nac hrichtentechnische Zeitschrit ’t , v 17 , p S03-c07 , ‘I(~4

5. Richter , ill , “High Resolution Tropospheric Radar Sounding,” Radio Science , v 4, no 12 , p 1261— 126* ,
December 1969

6 . McAllister , Lc,. “Acoustic Sounding am the Lower Troposphere ,” Journal of Atmos eric Terrestrial
Physics . V 30 . p l43 9- 14 40. 1968
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THEORY

\n ex t e ns i s  e bibliography on the scatter ing of sound in the f r e e a t m ii osp liere Is giveil
h~ 1 i t t  le ( ref ~ 

‘Flue primary sva t tering niechan sm t om so ti mi d w itliin the at niosphere is

c,iuise d Nv re f rac t is e— i ui dex fluctuations from turbulent  eddies. lemperature or wind Iluctu—
at b u s  c hange the acoust ic  r e t rac t i ve  index of the atmosphere ~iiid aeo iis t ic eiierg v is scattered
w hen su ch inhoinogenei t ies  are encountered , The theory of scattering for sotmnd leads to an
iui , i t y t  cal equat ion governing the scatter ing cross section (ref S through 1 2 u :

)
(‘

~~ 
(‘ — ,~ — 1 1 / 3

‘~ ~~ui I i
u(9 1 = 0055  cos O —- cos - +0 ,13 -

~~~~~ sin~~ , ( I t
(
~~ 

— ‘ F— —

where  o(O ) is the scattered power per unit volume per unit incident flux per unit solid angle
at a sca t te r in g  angIe 0: X is the acoustic wavelength : C is the mean velocity of so und in the
sca ttering reg ion T is the mean temperature of the scattering reguo ii : am id (‘

~ 
and (‘ -[ are the

s t ruc tu re  con s tants  for veloc i ty  and temperature , respectively. C~ and are defined b~

~ ~~~ 
- t 2

C - = —V

~~~~~

w here (U 1 — t 12 )  and (T 1 —  T2 ) are the rms velocity and temperature differences between
t wo points separated by a distance r .

Equation ( I ) shows that the scattered acoustic power is a function of the wavelength
(A ~~’3 ), is dependent upon the sum of wind fluctuations (normalized by the mean velocit y
of soun d in the medium )and temperature fluctuations (normalized by the mean temperature
of the medium ) , and is dependent upon the direction in which scattering occurs (0) ,  For
the monostatic or hackscatter mode (0 = ir). equation ( I )  reduces to:

7 . Little . (‘G. “Acoustic Mei hods for the Remote Probing of the Lower Atmosp here ,” Pr ~ee diui ~ s oi ihe
li Ft - , V 57 ,rio u , p 5 7 1 —578 , A pri l 1969

S. Lmghihill , Mi , “On t he Energy Scat tered from the Interaction of Turbulence with Sound oi Shock W u s e s

Pr uceed iiigs f the Phili su u pliicat Society. V 49 , p 53 1—555 , I <)~ 3

0, Kraichn an , RH. “The Scattering of Sound in a Turbulent Medium, ” Journal of the Aco i ismi ea l Soci~m~ ol
A r e  a , v 2~ , p 1096— I 104 , 1953

10. NAS’NRC Publication 5 1 5 , ! !~~~f Y ~~~~~~~~~~~~~~~~~~~~~~~ “W a se S~ .u i l ~~T i r I g

I)ue to Turbulence .” by GK Bachelor , p 409—430 , 1957
I I .  Monin , AS , “(‘hara~te r isi ic s of the Scattering of Sound in a Turbulent Atmosphere ,” ‘\ k ui s l  Zh ‘7 , p 4 s7

4ñ1 , 1961 (English trans lat ion from Soviet Pl cal Acoust ics , v 7 , p 370-37 2)
2. Kologorov , All, “Time Local Structure of Turbulence in an Incompressible Vi scou s Fluid ui Vt’i I a r ~ c

Reynolds Number , ” Dok I Akad , Nauk SSSR 30, p 301 , 1Q4 1

6

C



ci
u(0 ) = 0 . 0 0 7 7 X 113 

. ( 2 ~

[he scat t e red acoustic power that is rece is ed N a r n o i u o s t a t i c  s\ s tem is onl y a function of
tile temperature fluctuations in a gisen volume I rerny scat i  er( ’d in all other direct ir h i s

0 � it) resu lts  from the conlhined e f f e c t  It both t e m p e r at u r e  and wind fluctuations. How-
ever , for 0 = i r f 2 ,  tile sc i t te r iu ig  cross sect ion <j( im i 2 I goes to tero. Thus there is . t heoret icalI~
no acoustic scat ter ing at directions normal to the transmitter beam.

I he equation relating i ransnlitte r power , receive d pow er , an d the scattering cross
section o( () I for distr ibuted sea t iers t i l  t h e  at iiuo~.phere is (see appendix A 1:

(‘ r “r 1 1-k ( R.+R , 1
= E1)r~ ~ T ~;] [I -cos0 R 2 

‘ l’
rj [e 

i - j c ( 0 ) ,  ( 3 )

where Pr is the rcce ised electr ica l power : Pi- is t he t rans mit ted electrical power: I I
t ile ef f ic ienc y of coii~ e rs iofl of t ransmit te d electrical to aco u stical power. U’ is the gain-
s liapi r in f~mct o r for t he h is tat ic  f ran u t ter  and re Leis cr ailtefl nas 15cc appendix .\ t , r is the
pulse length: 0 is tile scatteri i lg ang le see equation 1 ) :  ‘r is the receiving antenna area:  R2
is the distance f rom the scatt ering volume II the hm static recei~ er :  ~

‘ r is the effective receiving
antenna aperture Lictor: ~

_k R 1 +R 2 ) 
is the molecular at tenuat ion fac tor  for the loss of ~~~ er

over the total prlup.igation di s tance :  and R 1 is tile distailce fro m the transmitter to tIle
sea t teri mig volume.

The fundametitat measurement made by the acoust ic s\ s%em is the signal intensity of
t he ba c ksc attered ac o uis t  i .  at power in t he nionostatic mode , and the doppler ‘b i t t  iii the
acoust ic signals in t h e  his Lit ic mode . ‘[he hack scattered signals reveal the vertical organiza-
tion of the ther ma t - in ix i m ig regions of the lower atmosphere . In the bistat ic tnode , the
doppler shift of the sca t te red  acoustic signa ls from the observed region is used to calc u late
the three orthogot ial com ponents of the total  wind vector.

I lie histatic configuration for determining t he dopp ler shift in the acoustic signa ls is

shown in figure I . The trat ist i i itte r antenna forms a conical beam into which pulses of acous-
t ic enern~ are tra i isr ui it ted A histat i lan—beam receiver antenna continuousl y views a large
range i i i te r sa l .miuuu i g  the tra mu s m it ted beam , and scat te red  acoustical energ\ from the scattering
vo lume arrives at the receiver antenna at an elevation angle ~~. [he doppler shift in the received
signal ~ themi proportional to the componen t of the wind along the scattering vector q which
bisects the angle formed between the scatterin n vector and -K 0. The wind veloci t y con upo-
ilL’il t along 

~1 is

~. fl ’~\f~.\f ~\-‘ (4 )

where f<~ 
is t ime do pp ler shifted ac ou s t i c si gnal and f is the transmitted frequency. When nsirig

t hree h is tat ic  receivers in a configurat ion as shown in figure 2 , th e three measured veloci t y
com ponents (equation 4 1 corresponding to antennas I , 2 , and 3 t ic ,  V 1 , V2. and V~ ) are use d
t o calculate un am hi guu uui sl y the three orthogonal velocit y sector  components of t he wind field
for a g iven range cell. Processi n g < i t  tile histat icat ly received signals as a function of tinie’o f—
arriva l a l ter  the transmit te d puls e . determined by the geometrical co nfiguration am Id ve loc it y
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IRAN SMu T ER
BEAM

RECEIVERBEAM
0

K s ACOUSTIC ENERGy PULSEI (RANGE CELL)
C

-I-

-
C

— I

RECE IVER TRANSMITTER

vq :~(~~)(~ ) (su n G/ 2 ( ’ ’i

Figure I . Basic coilfIguration of t he wind-measuring system for determining
doppler shifm s in acoust ic signals.

/

Figure 2 ,  Bistatic amid InI ml lhsna i ic  ant et li la configuration to m the
acI ru is t ic  echosound er and w ind- semls or syst e m.
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of sound , gives the three < u n liu ugu un ia I W i ffli u ’Oillpoiieii is as a tune I ion of a It it tide for eac h pulse .
I leiglit interval s for ss ii mc ii wind rlleas uremneui t s can be made , .ir e determined by t lue ba,e line
dis t :u uuc es I tr ami sm ui t ter  to l i ist ~itic recc i ’ c r  hasetegs and the er t ical  f an— heaiu l pat tern.

ood si cin a l—to — no is e rat ios S \ I must  he i i usui re d Inn e t t i c  cut ; icoti st ic ’ w ui i< l—seuu s o r
muleasureme il Is. ( )ne finlitat lull t I  1 t he f ’a n— he ai iu reci’ ivtnl g ai llemlila is t hat t im e t~j t u hearii receis’es
t he background aco ust ic  n oise over t h e  entire t ’anii d area w h ile sensinig dop p ler—sl l i f t ed signals
f ’rom onl~ t he smal l pu lse— i hhutniina ted voluiiie. (‘omise quent ly. ~t r rig ac lust ie sig n als are re—
quired to obtain the same S N as for ilarrow beamw mdt h receiving an tennas . This repres ents

a particular problem for ec h oes fr om higher d e s  at  b l u r s  which art ’ wea ker because of’ thu.’ gre a ter
distance hut which st i l l  must compete aea ii ist st rom ig s u r face noise rece ived simultaneously -

Flmeri’tore . instead of i i suuriz a tan—beam antenna conf i gurat ion lii a O I ) i s V  envi ronme nt ,  c uber
a vert  nea tly sca mim ied pe mi c m h beam. synt hiesuie d by a phased transducer arra . or a multip le arr ay
of vertica lly s t ac ’kc < l. electr onic a l ly sss i t eh ue d .  m ia rru w beams should he used to track the pulse
for improved S N -

SOIJNI)FR CONFIGU R AT ION AND OPERATION

l’he geometrical configuration of the \~~\ 1(5 (ref 1 3)  i e l l t i s (  re echosounder and wind-
senusor s y s t e m  at Nil ( . Point 1 oma , is shown in figure 3. I he fu is t a t ic  reeci sers I , 2 . and 3 are
located at elevations <if 35, I 07 , and II 7 metre s above mean sea levu ’l, amid at d is t a iuces  of 41 9 .

ati d 4 ( 5  metres , re s pec t i ve l~ , from the co located tr ans m iui t ter  and monostatic receiver
( located at 104 met res :ibovt ’ riiean sea lesel I and at anig les ~ 12 0 2 .  0 3 1 uI approx imatel y
120 0 

I terrai n c uri st rai iuts prese nted selection of identical base legs ) . 1 lie obseryahle
height w nru do ss of the wind seu u ’ <u r system is from SO to 5’7 5 met re  above ground. For thu s
geometr y . the seat ter n i g a i lg ic 0 (equat ion  I ( va r ies between 1(~ and 147 °.

The aco u i s t i e-souu i ide r t ran s mi t ter  <uses a 3-h~ -3 loudspeaker arra~ (A l tec  285C drivers ) .
[he t ransmi t t in g  arr a~ o pera te s  at . ( )  IS Hi. and has a specified (u .S° beam tronl it~ I .2 2m
s<l <~~~ aperture w hich is surrounded by a double—walled acoustic sh ield to nliiiiiilu/e side-
lobe ef fects .  ‘ru e tot. i ! e le c t r ic a l  input power to the nine—element arr ay us 1350 wa t t s  with a
spec it ie d elecI r lu—a co us t ic cons ’er ion efficiency of 27 perce nt ( rau t i ate d pow er Ill 3tu S acoi ist  cal
w a t t s ) .  The pulse length is se lectable at I 0. 50, or 200 nisec and tile pulse —re petit ion interval
( pri ) is variable.

l iuc ’ receiving anten nas L’oIrs isl of ,ieo<is l icall y shielded I . (u~~i1i paraholoidal dis h es wit  Ii
adjustable microphone—t ’ee’dhorn assc m htlc ’ s . The micropilonnes are ~ ‘inn heiser \hi’~ U 45() card iu ‘i< I
t \  pes . ‘F lue feedhuriis f or  the t lu r b ’ c ’ h is ta t  ic receis ers prosude the vert ical fan—beam coverage h~
em p t :, r ue a long coilical horn rut  recta runu ila r cr~~ secl n u u r r  and a sing le microphone at the apex
The atimul hal beamw idth is 6.50 -m d the ‘,e nt ica t heamw mdt h is 3(.0 The mono—
s t a t i c  ail teilna uses a siiuip le conical t ’ec’dhorni \ It feedhorns . m e  posit uu u n ue d such that the
mouth of the horn is iii t h e  foca l plane u u f ’ the dish Al l  receiver antenna cas it es are double—
walled and a c<uc i s t i c ; i l hy  shielded It) minimn/e si uhe hiNes and resu lting ntu.’rfu.’rence f ro m n spun’iI mis

in IISe and direct feed t f i r uuu g h . i’he rc ’ c’eR’iilg c~i\ it es are cnv lronlmenta lt y sea led to protect the
uiiic ro phone and dish by an a c c ru i s t  ica t lv— tra nsp a re nt t’edlar window over the antenna aperture.
The e f fec t i s e  h ista l ic a ntenna aperture is 55 percent of the geometrical area oh the dish .
l iguire 4 si imuw s the co Il a t e d transmitter and monost atic receiver and t’igure S shows a histatic
re . e n v er  1 hue t ran s mit ter p u u s s c r  amp li f i ers and receiver preamp lifiers are housed in

13 XONI(’S Inc . Technical Manual and S ,uln ’,~a m < l)cscu pt ion t’or~ lic NELU Wind SCu ISI I I  S~sn eu uu .
T R.50 , Marc h i’)74
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svat e r— proof c i \  nt ~ —i l loum ited enclos ures . I icli ca ’  it \  us iilotiiited oni sc re\ ~ i i  Ps it ) pru ivide
L’s cl ing j d t t i s t i l ie m lt s I n  proper a n ut e nna a lign mu le iit. I igure ( s i low s t he in uic i  Il)hiot iu ’ t L ’t’ IP
i b m  assem bly ‘<in t he hnstj t iu ,’ receiver ~iilte iimias .

I he centra l  comutr ol t ’or t h e  t ra n sn uu nt t e r  p i mtse—uie um eratm n u& ~ c i rc u i t r s  ana l d .ita pr muu.t ’s sm n ug
han’ < lst a re sm ul ’t sv a re is s liuiwii  iii I mgure 7 , I~ac ksc ,i I tem si~ ii,ils are dmsp Ia~ ed on ii i tcns it -

m(l< I i l t , m t e d  c i t h u l u < l c — r i \  t t i bes and are recorded h~ 3~ — i m u n u i ,  s hni i t t e r lc ’ss , nitis it ’ c . m nn ie r , ms I lit ’ hi—
s I . it i t ’ . th o p l ) l e r — s h u m l i c t h .  ico uist ic s ig mi , i ts  are sani p lc ’d in propel t inning se m ILleil te by ,i i i \ I)
c o i lse r t t ’r and are processed Nv a Nova 820 num nmeom p uter. I )igiial pro ce~s Ii ig o t t h e  bist :’~ i~
sigila ls iilcltides data acq uisi t ion f rom t lie proper antenii m at the pi-oper range g m  he. Ira inst 1 uriuij —

lIon to a dopp ler spectrum t isung fas t  i uuu i rm t ’r t r a i u s t ’or ms , ~iver ;igiiii! 0 5 c r  sli me speci fued t u n n u . ’
i nt er s a l. esliniat ioi i  of s ignia l— to — m io is e rat io , ca lculation ot stur d conlponut ’ iuts corr es ponu diiìg 1
I lit’ tkuppler—sh ii f t  ed freq uenc ues . aii d out putt mug of the correspo uidi nun w i id profilt ’s m isi ug a te le—
v pew r i te r .  I iinct ionally , tile n lm nic o mpu t er provides t h e  u. secut sc c l u n utro l  Iru r the ss mud—

sc ’iisti r operat ion which includes PRI and triggering control, input control ‘I rass data to th u.’
p r l u cL ’ ss u m r .  and outp u t ol the processed data ho the telet ~ p e w n i t e r .  I n u n ’  S s h i l u w s  the u ip<it  and
<‘ ii I put data torniat s ton t lie acolist ic sv umid—senso r pr<ugra iii . I lle inptit parat uieter s req t iire<l by
the lu iuip lutt ’r progra m are del ’ in ied i ii this fi gure. ‘ I ’ h uc <n i tp t i t  S 1.11 ) 1_ i t  V components . \‘ \ -

anu.h \ ‘ , . are calculated for cacti of the height intervals.  V and V~ are the orthogona l
I u l ln i , (u nt , m h— v et o c it v components and are positive iii the ea ster l y  and northerly direction,
respect ively . \ ‘, is t he vertical compoiient and is positns’e in the upward direction. The
i s erag ii lg t ime is determined by the tran sn uit t e r PRI and the number (if incoherent spec tra

to he averaged which are input parameters to tIle computer. (‘ompletion time o f the aserag-
ing perio d is given in the out put.

ACOUSTIC ECHOSOUNDER OBSERVATIONS

I’ x an u p les of acoust ic hackscatter echio es which qual i tat ivel y sh ow the temperature
structure < u f the lower atmosphere obtained from the se r t i ca l l y pointing aco u stic echo—
so mm ni der , are sh own in fi gure s 9 through Ii . The record I’or 9 Jumie 1974 . figure 9, shows
multi ple echo layers at  heughts of 300. 450, 600. and 700 metres. The upper . horizontally-
s t ra t i  l ied ec h o  la~ c r5  indicate temperature mixing in regions nortllally assumed to have

i iain u u c t hermal s tab i l i t y ,  The strongest ot the echo layers (layering bet ween 250 and 3~ ()

mt ’ t re s  is at t ime base ol the major temperature inversion or the top of the marine ha~~er.
‘Flu is is t lie region where the temperature structure constant . 

~ T• is most likely to he largest .
II of the unstruct t i red echoes below about 250 metres are thought t be created Nv oro-

graphically induced mc ’c hanica I t urhulence t t orccu turhtm lence b~ wind over rotigh terra iii ) .
•\ .  oust ic echoes which show thermall y unstable conditions tllroughout a deep layer are
shown in figure I 0. Vert ical  l~ orieiited ec hoes , e xtending t hroughouit flit ’ height range. am e
rt ’ tur ni s I r m ) mii  temper ature l it i ctua ti o ns produced by tur bulen t mixing Figures 9 and 10
show that,  l ’or the m 0 0 0 u s t a t i c  sounder , t he acoustic returns give an indication of the dynamic
t h ermal st ab i l i ty ,  or c blam’ige s in the temperat t m i c-lapse rates , cha r act c r i t c ’d by mixing regions
along the path of a transmitted sound pulse.

I inure I I slum mw s the height of tilt’ tnajor I e mp e ratt m re—mn x m u g  region , normally at the
top < u f  the marine laye r . for a day iii wh ic h the depth of the marimie ta~ er changed appreciabl~
Ihe ht ’ighit varied from _lO() metres at 12 ) ) ) ) hours (P1) I It o  700 mel ri’s a t  I 4O~ ibours ( PDT).
By I 83() huo t irs PI) ’ h .  the deptIl of tile i l uar ine lav em had decreased t I  200 metres . Ihese
obsers at  oi ls were take n ss if It a I O ’ nn uscc pulse he n nt hi (all eq ti iva lemll I .7— metr e range resolution I
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-

ACO IJSTtC WIND-SENSO R PROGRAM

iNPUT FO R M A T

ACOUSTIC W i ND SENSOR
NELC VER VI
TEMPERATURE - 293 SURFACE rEM PERATUHE ( Ku
HMiN 125 M INIMUM HEIGHT W INDOW (ml
H M A X  665 MAXIMUM HE GHT WINDOW (ml
ALT INCREMENT 60 WINDOW HEIGHT (ml
NO RNG GATES 10 — NUMBER OF RANGE GATES BETWEEN H M A X  AND HMIN
XMTR PR( - 6000 - PRI 1N mSuuC
XMTR F R EO 2015 TRANSMIT TER FREQUENCY iH,)
PUL SE L EN GTH 200 . TRANSMITTER PULSE LENGTH ImLec),,
NO AVERAGES - 10 - -  N U MOER  OF INCOHERENT SPECTRA TO BE AVERAGED
NO SAMPLES 128 &
SAMPLE FREQ 620~ — SAMPLING CRITERIA
SAMPLE TIME — 206~CYCLE TIME - 5 — TIME IN MINUTES BETWEEN AVERAGES

N
OUTPUT FORMAT 

-

4 +V ~,DATE = 08/ 18/ 75
TIME 19.43 00

A L T  VX VY VZ
METRES M/SEC M/SEC M/SEC

125 .1 .9 — 7 4 +06 ‘fV x
185 + 1 8  -26 +0.3 

_ _ _ _ _ _ _ _ _ _ _ _ _

245 +07 -16 .01 W ~~ E

305 -03 +0.0 +0.3
365 -0.7 +0.5 -0.0
425 —2. 7 + 1 1 +04
485 -3.4 - 1 4  +09 +V z VERTICAL

545 - 1 1  -07  +0.5
605 + 11 .0 +15 .38  — 3 O B
665 —8. 4 -102 +4.6 B

S

Figure 8 , Input /output data format for the acoustic wind-senso r program.
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while those shoss n in t’igure 9 were taken with a 200-msec pulse length (34-metre range resolu-
tion ). Differe iuce~ in the structura l details in the layers , shown in fi gures 9 m d  II . illustrate
the eff ’ec t s o I ’ raiige res olution on the ability to observ e atmospheric microstructure If the
record , tig ure h I .  had been taken with the coarser re solution (eg, 34 metres) the micro-
s tructural details ol the layers would t uost likely he similar to those of figure 9.

Simultaneous acoustic echoso u rlder and FM-(’W radar observations of atmospheric
structure are shown in figures 12 and 13.  These two sounding techniques arc comp lementary
to each other becatuse the microwave radar pri marily sense s moisture f luctuations where as the
acoust ic soun i der s enl ses temperature fluctuatio ns , Since these two remote sensors are sensit ive
to two different atniospheric para m eters , s imultaneous observatiot i s might be expected to show
simi larities and d ult erenices in the height variat ion depending upon whether temperature and
moisture fluctuations f’ohlow the same mixing process.

Figure I 2 i5 an example where both the acoustic sounder and FM-C W radar sensed echo
returns from t he same height region. The echo type observed by the FM-CW radar (lower part
of fig I 2) has been classified as an S-echo and is identified as returns normally near cloud
tops (ref 14 , 15) . Surface observations taken at North Island (located approximately 5.3 km
inland) on 22 December 1974 at 0100 hours (PDT). showed overcast conditions w ith a cloud
base at 335 metres. Therefore, there appear to be sufficient humidity and temperature fluctua-
tions at t he boundary between the lower , moist , cooler air and the upper , warmer , drier air to
yield acoustic-sounder and FM-CW radar returns. The acoustic-echo structures between the
cloud-top echoes and 200 metres are proba bly returns from weak , the rmally unstable reg ions.
Corresponding echo structures were riot observed by the FM-CW radar. Acoustic echoe s below

00 metres are probabl y caused by temperature fluctuatio ns resulting from oro graphically
induced mixing.

Acoustic-sounder and FM-CW radar echoes from horizontally stratified layers often
contain evidence of organized wave structures whenever the region near t he layer is stable
(ref 16 t hrough 19). Fi gure 13 shows an example of stable internal wave structures simultane-
ously observed by t he acoustic and microwave remote sensors . The acoustic-sounder record
shows echoes from stratified multiple layering (at least three layers) upon which internal wave
motions are superimposed. In contrast to the acoustic records , the FM-C W radar revealed
only wave motions in t he two echo layers below about 280 metres and the intensity of these
eciioes was not as high. The bright horizontal lines represent range markers and clutter from
used ground targets. The wave period for both sensors ranges from 5 to 7 minutes with crest-

14. Naval Electronics Laboratory Center Technical Report 1849, Simoltaneous FM.CW Radar and Lidar
Probin~ uuf ihe Atmos phere , by VR Noonkester , DR Jensen, and JH Richter , I November 1972

Ic . Nava l Electronics Li boratory Center Technical Report 1862 , Meteorological Processes and FM-CW Radar
So unding s ~n the Bounda Lay,!~. by VR Noonkester , DR Jensen, and JH Richter , 5 February 1973

16. Hall , Fb’ ,Jr , “Temperature and Wind Structure Studies by Acoustic Echo-Sounding.” Remote Sensing
ut  the Trop~ phere ,(VE Derr , editor), National Oceanic and Atmospheric Administration , p 18.1 to
l8’2 5 ,August 1972

17 Gossard , El .  JI-1 Richter , and D Atlas , “Internal Wave s in the Atmosp here from High-Re~~lution Radar
Measurements ,” Journal of Geophysical Resea rch, v 75 , no 18 , p 3523 —3536 , June 1970

18. Beran , DW and FF Jail , ir , “Remote Sensing Applicat ions in Air -Pol lution Meteorology .” e o ~~ Joint
Conference on Sensing of Envir unmenial Pollutants Ireprint), p2 3 1-246 , Instrument Society of
America , December 1973

In hlOOk~ , WH, JM Young, and DW Bean , “Atmosp heric Wave s Observed in the Planetary Boundary Layer
Using an Acoustic Sounder and a Microbarography Array,” Boundary La_yer Meteorol ogy, v 2 . p37 1—
380. 1972
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to—troug h anip lit udes up to So iuletr L ’ s . A ras~ mm iso n de taken at I 700 hours (PD’!’ on this la
at ~1ontgonuer~’ Field in S imm Diego (MFY ~~ locate d ~IhI uut I 7 km N I~ of ’ the sounders siuu uws
teti iperature invers ion from 200 to 250 met res wit ii nearl y sot hertim l con d Itioui s above Lip I 0
500 m etre s . The miiost iiiteiise echoes for both sounders oL’clurre d in the height region o u l  the
temp er attire i inserslon 1 2(30 to 251) n m . w hile the weaker mc o m us t  n~ ec ho centered at 350 in)
occ urred within th e nearI~ isothermal regions above the inuver s ion. Dot ec hmu es on the l’M-( ~1k
radar record are returns t’rom insects. ‘[lie differences in the observed crt cal depth of fueki
ma~ he au indication that the region u m t temperature mixing is ve r t  u caI t ~ deeper than the region
mit nn uuu i s t  ure nuI\ ing .

A u exam ple of sim im ul tan c o m us observations which show the comp lementary nature ud the
two sounders for iiiterpreting the marine laye r is shown in l’igure 14. ‘l’his record , analyzed h~
Richter and Jensen ( ref  20), shows a Kelvin-Helmholtz (K-H ) instability observed h~ t he acousti c
sounder to he below the multip le undulating echo layers observed by the FM-CW radar (tr aced
by solid and dashed lines , respectively, in the lower part of figure 14) .  The mionhreak ing wave

observed by the FM-CW radar shows some evidence of downward streamers or plume ejections
from the trot ughs of the lowest layer. As discussed by Richter and Jensen (ref 10) this ma~ he
reveating entrainment of air from above h~ K-H waves whose vertical amp litude was s iut ’t ’icient
to intluemice overlying regions an d entrain moisture into the troughs of the K-H w aves  below
this layer. From independent FM-(’W radar observations. Gossard et al (ref 2 1 I, suggeste d
t hat the streamers or plume ejections observed on the undulating layers may have been
caused by self-induced redtmction ot’ Richardson ’s number together with wind shear in the
medium. However , the simultaneous observations of the acoustic sounder and the FM-C W
radar offe r an alternate explanation t hrough the ability to sense moisture and temperature
tiu ctuat ions sepa rately.

ACOUSTIC WIND -SENSOR EVALUATION AND OBSER VATIONS

Curves which show the expected ranges of received acoustic power ot’ echo intensi-
ties at a bistatic receiver as a function of height above the transmitter for dif’ferent atmos-
pheric conditions, are shown in figure 15. The curves labeled 

~r (mm ) and 
~r (max) are

calcu lated minimum and maximum expected acoustic power that would be received for high
and low values of the structure constants CT and 

~
‘ v• The 

~r curves were calculated from
equation (3) for 

~T 1350 electrical watts,, pulse length of’ 200 msec , k = 0.0015 ill _ I

(molecular attenuation coefhc ient for acoustics ) (ref 7). an assumed gain -shaping factor for
the bistatic antenna configuratiomi of 0.24 (see appendix A ) .  and t’or a bistatic base leg of
4 19 metres (bistatic antenna number l,f ig 3) . The measured background acoustic-noise
band and the minimum detectable signal for the system are also shown in l’igure IS .  The
noise hand shows the maximum and minimum values of the measured noise power t’or day-
time and nighttime . ambient back ground noise measurements .

Comparison of the minimum expected power return curv e . 
~r(m in’  and the mini-

mtum detectable signal ttabe kd MIN Ifl’ F SIG . fig I S )  shows that , for conditions of ’ minimum
Cv and ~~~ acoustic si gnals could only be detected h~ the histatic system in t he height region

20 Richter . JH and DR Jense n, “Simultaneous Ao u uisn u~ Sounder and I M.(’W Radar Observations ,”
p 282—289 , I6th _Ra~~~Meteorol~~y Confcrencçjp~~rint ) Amer ican Meteorologica l Societ~ , Apr il 1975

21 , Gossard , I’I . ,JH Richtet ,and I)R Jensen , “I t .’ci of Wind Shear on Almosphere Wave Instabilities Revealed
by FM.CW Radar Observations ,” Boo n mu t , m ny Li~ em Me meurology, v 4 . p II 3-I li , 1973
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EJ~
) tm  3 ’I() m u d  res . (‘omii t rm s i nn of t hi’ e spe~ied po\s en rct mini . 

~~ ~~ ~ 
. f o r  enhanced a lues

of ( an d 
~

‘ i .mnil t lit’ m n ic , ms t i r e d noise h.m nnd , s h ows that coi is lstc l i t l \  usable signals would he
i~\ peL’ t L ’ LI ill I li e height ri’ e u o n i t r om n I) to 5 ~() metres. I his a n t I .  sus s t i u uv. that t h e r e  ss ould he

s u i t  m i ’ieii t si ennat-  to—no ise (area bounded bet ~ Len I lue noise hand and t lie 
~r wax I (. 01 r’ e I

to perm ui l reli ab le w m nd —pr o t i le  c , mt ~ miLi t mil ls I pros tied t Iu.m t atniosp lieric ni ns’.’ is ind’.’t ’ enm k’mit
I I  (‘~~ I u)f l l \  for coiiilit 10115 chi~iri tcteri t i ” .l h\ large I and 

~
‘ v ~a lues .

\n increase I nn the siL ’ nal— to—n ois e ratio can he r’.’.iti,ed h~ reduc munmi the dm si ai ic e bet s een
the hisl,m t ic rec eiver ,tnd tra m is n u u t te r .  tli us~ L’~ L i . as seen in I i~ mire 3.  the u hser~ ,mh l’.’ hei~~it win - I

is  red need .m ’. I l m e hj s’ .’ leu1 us short e ned I his reduces tI ne t m . m t ;m I p
~ 

fm ,IP. lion distance It hi’.’
d istance from the t ran is n ui t t e r  lii tIme si , m tt i ’ r m n l i ~ volume tui d to the h is t , u t mc  receiv e r )  and. t hus .
t he to ta l  mi tenuat ion I t  the , mc o mm st ic  su g nn als . I he expected po~ er cLm r~es w hen the transmitter
.mni d receiver .mre . i t the s.m nn ie ‘.‘ l’.’\ .m t iofl amid s’.’ p.mr . m te d h~ 200 metre s a l t  other ceonietrical and
operationa l parann ieter s the s ,ml n ie as in fig 1 S t  are sli m ’~ n in figure I o . [he posm tiOfl of’ the
mi ieasmi re d noise hand. relat i~ e t u ’  the 

~rf mimi and “r max )  curves . sl uows that reliable wind
me:isurt ’menls art’ iimre lik’.’J~ t han t’or longer base legs hut amot in i only I or t lu e higher values ot’
( and

The principal I m m n i mtat ion of t im e acoustic wu i nd- se nsor  s\’ st eiii us the poor sign al-to-noise
ratio be lieved to res ul t  Iroini t h e  wide receiving aperture of the histati c l’an—heam receivers ,
Additional noise b r  the iil”o~ c-groun d receiver antenna is wind—generated by turbulent
flow oser the c,I’ t ies. This wind-generated noise , coupled with that iioise t’rom
poss ible vibration of ’ t h e  aperture window , is additive to the atmospheric noise frotn
the t’an beam. Wind-generated noise can he reduced by placing the antennas in underground
l,unkers with apertures flush with the grotind level (ref 7 and 22).

To reduce the cavity or locally generated noise , the histatic receiver antenna cavit ie s
were modified by: acoustica lly isolating the feedhorii microphone assembly t’rom the cav it y .
acoustically isolating the parabolic reflector from the cavity st ructt ire~and acoustica lly deadening
the cavi ty  walls. The resulting improvements to the measured noise powers are shown in figure
I 7 for his tatic receiver I using the same parameters as in figure 15. The ranges for the meast i red
110)1st’ powers for day and night are indicated at the top of figure 1 7 . During the daytime and
nighttime hours when manmade and natural background noise levels are small , sufficient si gna l-
to-noise ratios permit reliable wind -profi le determinations. However , when t he no ise l e~c ls are
not low , daytime wind measurements are not feasible and nighttime measurements are on ly
feasible when strong hista,tic ec hoes are present.

Figure IS shows the expected power curves and time measured noise hand for the
acoustic sounder system when the transt uitter and histatic receiver are assumed to be on
the same plane and separated by 200 metres. These curves show that the signal-to-noise ratio
is increased s uff ic i ently to allow relia ble nighttime ari d limited daytime wind measurements
when base legs of 200 metres are used. However , when the length of the base leg is reduced
to this dimension, the observable height wind ow is reduced to the region below 275 metres.
This reduced window seriousl y limits the use of the acoustic w ind sensor tot wind-shear
st udies of the Southern California coa stal inversions. Comparisons of figures 15 and 17 ,

22 Wil lm art h , BC . I’ll Brown , J T Priestly, and DW Reran , “Beam Pattern Measurements tor Large Acoustic
An lennas ,” I 6th Radar Meteorology Conferencejp~ prints), p 278—28 1 . American Meteorologica l
S u uc ie lv . Apr il 1975
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Figure IS .  Power curves showing expected ranges of received acoustic power as ii
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,mn id u t  l f’i arid I ~~ . s l iu m w that ie , is ,m n nab le ‘,s ‘ t e l l ]  miio d i t i ca t i o im.  in’.’ ludunle ac o ous t m ’ .a l l y
re’ . les ie ni iuig ol the histatic rece ns er antenna cavil iL ’S and reduct ion of ’ t he h,mse leg
t i msi aiices . produced slgnuu l’ic ant umn m provemnei it in the si g na l—to—m uo isc 1 .1  t u i It is belies cii
t hierel’ore , t hat the I ani— hea iui recei v milu.n a mi tennas are I)rii1cipall~ responsible f or  l imi ta—
tioiis of the antemim ia v s t e u l m .  ( l’he alcu lated curves (or t’r in figures 15 t hrouigh IS
d i f f e r  somewhat Irom a s lu m ilar pri.’se nlta t ion ( ret  23)  because of son~e simpli fying

~I550I mu 1)110115 ma de in (lit’ pr’.’s ious anal v si
Figure 10 ) s I m Iuws a cu’nnpar isoil of the h u i uto in t :ul  wind prof i le s I and \‘ y ) measure d

by tb ’ .  ac ou stI c ’ win d s’.’ nm sor a m m i t profi les ubta ined s imu ilta neo usl~ h~ a rawii isiun de. l ;i’. Ii
a’.’m) ust ic wi nd profile repr esent s au average of ten prof i le  nie a sm mr en m i ’ .’nts over a period m i t  I m m —
tu te .  The rass mni s uu nde re lease time wa s 215 5  homur s (P1) ’! I, I lie icoi mst ic and r;is m ins oncl e
iiie~istirenieiits of t he winds are in eeii’ .’ n ’aI .Igre’ .’n ul’ .’ u l t  . So iu ie duit ’erenees ni.iv he e\pe ’ t e u.t if
l ine s pat ial  and t ’ .’mnpora l ohi f ’ t ’e re mic ’es between t he two se m ns mm ng tec hniques are ‘.‘onis i dered .
\n iot i’ier simi lar comparison , shlmiss n m l  t ig i ire 20 , does lot show mim u mnd mii’ .’as mrenient m u  e’ .’ imncmi t .
l ine r ,uw ins o nd e taken at 2050 hours I P1) 1 I sl m ossed the \ .

~ 
eomponeiit of t h e  ~s 111( 1 i ’ m be

appro\i iuate lv 3 ms ec I L’rnnl lOt) up to 500 inlet  r’ .’s , wli Ic the acoustical l y measure d ss inds
uii’ .’ rease& I f ro m 3 msec I t  3 10 metres to ~ . 5 uumse c at 450 ni uetr es . Re,usoniahle agreement in

did ex is t  u p  to 310 mnetres . ( ‘onlp;irison u t
’ t h e  \~~ comi ipoiielits shows no agreemi lent

These eu ’ nn lpar i ~ ou1s shoss that  the question ol ag ree mni ent between acm ~ilsIica llv nicasured
win ds amid those niea s mm red by rziw ium som ides has not heem i answer ed c o u ic lum si ve lv t ’or t he ss m u d—
sens ing s~ stem w hich was te s ted .  Good agreement can only occur when the signal—to—noi se ratio
is large am id strong ac i u u i s tu c  sc atter ing ex is t s .  As shown by ( lie ex pected p°~ er cur ses of fig-
ure I . win d tlieasuremcnts are only feasible with the pre se u mt lv coil t ’mgure d syste m during
mii ghtt ime hours under sele c te d conditions when ambient noise is low and 

~
‘i’ and (~ va lues

are large . It is in lp(ussihte to sp’.’c i t  t imes when (‘ I and (‘~ . are large and when the back—
ground noise levels are loss’ . Tilus , t h e  use ot ’ t he e \ u s t  uni t! sv i nd —s en nsmi r 5’. skull h a s  serious
limitations.

23 .  Ru’ .h iter , J Et m i d  I)R JenisdIi . “New Developments in the Detect ion m i t  Am uuuu ’ s p hieric Sin ule luires ,”
lm n e ’ .’’’d u nug ’ . m u t  l Im e NAI ()  A d v ; urm ’ . ’ .’d S nu ld y Imlst I( uie t u m i  A I n nos p he i ic l t ee m s on 1 ,mu ~ c i ld’.’ n m i i t l c ; I m m ’ ’ n u

~uid ( ‘ l ass u im ’ .. (~~u im , ( , m u s l m n  . ( ,enui i . i ni~~. ( i n piess )
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CONCLUSIONS

‘ \ e m u l m s t u ’ .  sut Initle rs r’.’ pm . ’se iit .1 posve rt i i l  tool (‘or t he in i v es tm gat iOn l  amid s t u d y  of (lie
Ienu per~it tm re .mii d wind sI r u u c t mur ’ .’ o f’ t he lower troposphere . ‘ftc \ONI( S acou st ic s iut mn ider
has the ca;” .ihilit~ of nieastirimig all three couniponents of thu ’ .  total  wind vector and . s imt i l—
tam ieoiis l~ , me ;isur lmng the utensi l’ .  ‘ m l  hacksc ’atter e d ec h oes . I buss ~‘s ‘.‘r , w it h flue present ly
c’oult ieni re , l s \ skil l , f iiiiiteol s % m u l ( f  mlleas ] inen ] ieiIIs are feasible outs  for selected cond it ioums
du ir unig n mmul m t t ime hours so h uemi thic background noise is low and 

~ ‘i am i d (‘~~ va lues ire large.
l ine pi ’m n nc mpa l h imn i mt i m m g t , ictor iii thus acou s t i c  win d—sensor svs ten i  appears to he the pm)or

s i mu nna l— to—nu mis c ’ ratio obtained wi th  above—ground , ta m -bea m . histatie receiving antenna s ,
i St e Appendix B.

I lie ve rt i’ .a l l’ .  pointing ec’hosoiinder pernn its eou l t i i im iou i s  ni o i l i t o r i mi g (it the ‘.‘rt ieal
I ‘.‘ m pe r mi  mI re s l r t i c ’ t t i r ’ .’ m i t ’ t he troposp h ere wi th hi gh range resolt i t io n. Observations g ist ’ an n
indi~’ation of ’ the il~. niamiii’.’ thermal stabi l i t y along the path ol’ the trauism it t c ’d sound pulse .
Observe d str o icture s include layering , waves , c loud—to )1) echoes , Kelv in—hlelml’iol tz instahili-

m ’ .’s , and turbuhen~”.’ , j’Jie acoustic—sounder retur ns are highly c’ornplcrnentar~ to t he micro—
wa s ’ .’ radar returns used in the interpretation of refr act ive phenomena observed by
m n lic r miso as ’ .’ radars .

RECOMMENDATIONS

‘l’ m improve tine operational capability ot’ the XONICS wind—sensor sys tem , a signifi-
cant improvement in t he sigmia l-to- no ise ratio nnust he obtained , Noise reductioui appears
puissih te mu s i ng pemnci l-heam ante n nas (either phased-array or stacked , e lectro nieallv -scau inned
antennas ) . Also , by placing the receiver antennas below ground level , the noise caused h~
so m u d  striking the antenna enclosures would he eliminated. Some software modification
migh t also improve the signal—to—noise ratio. By using frequency—tracking or cross-corr clat iomi
techniques. tine itt’ pulse-noise contamination of the doppler spectrum might he reduced (see
,-\ppendix B .
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APPENDIX A: I )EVELOPM E’ ~ T OF T H I  ACOUSTIC E CHOSOUN DIN G EQUATION

The develo pm nent of the tom nda mniem ita l  eq ia t m ‘ii relating the tra nsmit ted power , the
rec ’ .’i ved power , ami d the s c at  teri rng cross 5’.” . I mo n. (1(0 I. for ac oust ics is ~m m m a I m u g m u t i s  lo u  the develop-
mennt of t he meteorologica l radar equation I n t  l~~ The basic ra dar equation , app lied to
acoustic ec ho ‘soundmuig, t’ is ‘.‘s t im’ .’ r’.’c’.’ mv ’ .’d ec h o pm ’w ’ .’r , 

~r’ in f i rms  iu l  t rans mit ted power , P 1 .
,Inte nm na gai n. G’r . the acoustic sea t te r ing c r o s s  sect ion i m  ur distributed sca t te rs , u(O 1. tine et tee-

m’ . ‘.‘ illuminated s’olttnne , V . the i t  I ,‘ c tm se  ‘.ross secimon u t  t he r’.’ cu ,’iver antenna , Ar. the
atmospher ic attenuatio n. L. the range f ’ronn t he tram ismitter to the scatt e rimng volume , R 1 , amid
the range from the sc a t ter i ung volume to tine r’.’cc ’ n s c r . , a s :

_________ 

\ u)  (1
Pr ~~~ “n ‘ ( A l )

4ir R ’  RI — ‘.‘ 1j

a is

The factor (a I in equation Al  gives t he pmusv u ’r dens it~ of an illuminating wave fromi t at a
ma n ge . R 1, f’rom tine trans mitter , The num . i t u m r  ot (b ) is  the equ ivahe nt scatterim ig cross
s’ .’ c’t mon and us . by def inition, tine s ca t tered power per unit incident ti m ix into a unit solid
angle. 1)i sus iom i  isv R makes (h) equa l to the rat ill of ’ t ine power de mnsity of the sca t te red  signa l
at t he receiver per Omu i l t imic iden t flux oun the scatter ing volume, The product of I a )  and (is )
g ms ’ .’ s t he power dens ity ot the scattered w a s ’ .’ at t he acou st ic receiver. The third factor Ic I is
t he effective receiving amite nna .ipert mire , “r’ arid Id) is t ine atnnospheric attenuation f’acto r . L.

The deve lopnnemit m ’ut equal m u ‘ii \ I assumes uniform ante mnna gains and axiall y svni-
metric beams for both t u e  t ramns nnitte r and receiver. However , in actuality, the ga in changes
acros s the antenna aperture (both in azimuth amid elevation) and the amount of power inci-
dent on the scatters within the scattering volume art’ dependent upon tine position wit hin
the beam. To obtain quantitative mmif ormn nat ion on system perlornnance or atmosp heric parame-
ters related to scatteri ng, it is necessary to know the gain chnaraeteristics of the transmitting
an d rece lv im ig antenmias ,

The average power , received from an illuminated volume located within the trans-
mitter ’s conica l beam (defined by tine half angle a0 ) , can be fou mid fronn equation A l  by
su hstitut t ng Gi(~ o )avg for G’1’. and ArDr ao )avg for A r~ 

where GT(aO )aVg is tine averaged
gamin over the cornmeal t ransnni tter beam (both in azimuth and elevation ) and Dr(ao 1avg is tine
t r ac t io n of on-axis gain for the receiver, Equation A l  then becomes:

P’l~
GT(ao )avg Va(O )

= .~ • A~I)~.(~t0
)
~15g ‘ I . . A 2 )

41rR~ R

Evaluation of tine acoust ic  echo-sounding equation A2 t’or a specific system requires
an accurate knowledge of the ante mnna gain characteristics to obtain values of GT(ao )

~,vg and
• L)rtao~ 1vg . i’lall and W eseott (ref 24 1 inave evaluated these gau l parameters for a nionostatic

24 Hall , FF and JW We scott , “Acoustic Antennas for Atmospheric Echosounding,” Journa l u u f the Acoustic
Socieiy umt A in ie rmea , v 56 . no 5 , p 1376—1 382 . November 1974
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acu m m m s t u ’ .  c’c hm osom im ider ss l n e n ’ .’ t Ine I i a unsmn i l t i m n g ,mmn d i’ .’ c’’.’ iO m ug a mute n i nas  a m ’ .’ t l i c ’ sa mmne am i d hase a m

am nien mia l~
, m m t er nn si m ilar tO that u u f  .i p i t e ~ I p I s t m . mmi  s u u m ii ~ e I u ’ l l u u w m l n o !  th is  p rm u ’ .L’mlmlue . t ine sa l um ’ .’

ot 
l

uul u u l ,m ,u C  c a i n he c , m l ’ . t i l a i ’ .’uf for t Ine \( \ l( S s m m m m m n m l ’ .’ n \ s s m m n m u i i l g  tI m’ .’ \O”s l( S , m c m u t i s t m c

tr. i ils uui i t t i in g .m n r ~i~ to .mpp m’o ximum. i I ’ .’ t hiat of a pc rt’ .’ c I p m s t m m m n  ‘ource ( Vu I) \ef  t ot tIn ’ .’
Vu ,i~ ‘.‘ b’ i u u l ) ,lm! ,i I um i mn I ahuur, i Io r~ a guu u ud approxi il)Jt it )n ui the gain ta il h)’. pr’.’dic’te d
tro iin dii i r,m’ . t m u u m i  th m ’ .’or’. I r’.’l ~ I .m s

I ) ) X — i l 1
~

= . - ( , 1 l u i ) I) 1 I0,1 I
i 5~ , I ,\ .~ (

ira \
Ii

~ is t ine tm , m mn s ni i t le i ’  oin a x is  gain , X is the , R u m m l s t i c  w as e len ng t l i ,  ~ is tI n ’ .’ t ra im s i nn i t t m n ig

,mi it e mina .m pc ’rI tire .ur ’ .’ ,u and I ~ 115 a Ik’se l hamle t m m m l i  oh the form.

)/_ iracs (~ ., / .~7T iCl \
____ - .. 

. ( , \4 1
0 o ~ I

w hierc ’ a is the r , Idmm m s of t ilt’ trio nsnim ittmm ng a ntenna apertulrt ’ .
line power ba,’k sca t t i .’ret l lrt sm nn a in ‘.‘ l t  ‘.‘~ l i t ’ .’ il lumn u nated ml u n mie . deli ned is~ ,i rmg lnt

c ircular t’v him ider of Imeigin t cr , 2. c i i i  he obta imned h~ c o m u n h m n i  m u g  e q t m a t i ( u i l s  A $ aund A 2 and
assu mnnilng t inat I) 1’(a0 ~~ ,, = I)~ia0 ~~ 

I i iuo nim usia t i c  cast ’ so m ere t ine sa ii ’ .’ ~m u nte mn n a is mm sed for
hotin traun s mitt in g au th r’.~ec’iv inig I Ihi ~s d e f i n i tmu m m n ms

PT
G(’TA rO(O )L

2R -

ss tier ’ .’ ( is the gain—compe n sation fac tor  f’ . r t he b:Ick scat te r case aund us g mv c ’n l by :

(0 [. (a0 )

, ‘i -I

4ir ’-&’ A
0 T

t i t ua t ion  A~ is the standard hackscatter ac ’o m m s t i c ’ - m ad ar equa t io mi f ’or i ’ :uuu i o s t a t  m .

acoustIc souuiding. I lowever , for bmst : i t  ic operation. eq Uat iom n A5 does not apply siunec
1
~’r~~o a~~ ~ l)r ao ~~~ 

(s e pa rate tramis mniitti ng and rece iv m m ng antennas ) amid the ef ’f ’ec tu s ‘.‘
i l lum innattd volumnne is m~o longer a riglnt circular cy limnder ot Ineight ( r 2. I’he sc at t ’ .’ r mn ng
so hinne b r  hist ;it ic operatio n is  now defined as t inat volunne to runned b~ the m nter sec t io nn of
tine conical trans uni itter beam amnd ellipsoidal surfaces with f’oci at t he pOim nts of e u n n issmm m mn
transm i t te r )  am id receptio un ( recei s  ‘.‘r I tornning the tuppc ’r am n d lower houmids of the ilhu i u nn i m na ted

vo lume. l ii’.’ surfaces are e lli pso idal s u c h  that energy s c a t  t ’ .’rc d at dil’l’ere mnt tu rn’s b dii ft ’rt ’nt
points on am iv one s m m r t a c e  will arnis c’ at tine receis t’r (located it the l’oci point I at tlit’ s.Iumi ’.’
time. Figure A I slu m mss s ,I ve rt ical plane of the scatter iing m uf u nne del’m m i e d h~ tine ellipsoidal
smur l ac o ’s.

25. Bor n, M and Wolf . F, Principles of Optics , p 295-395 , MacMillan , New York , 1964
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The ef fect  us ’ .’ ineiglit of the pu lse —i l lt i m niim nated olunne for bi s t , mlm c uu pt ’ r : mt  iou cai n he
,il’. mut a ted from tine geo unnetrical configurat iomn m i t  ti ne scat ter ing uulunne A t time , t . u c o i m s t  ic

‘.‘ m n ’ .’rg’. . w hich is  sc attered from al l  points along tIne Iowci el l ip s um idal  surface as so ‘.‘ll as h’. al t
po ints I’. ing below ti me snr f acc ’ . ;i rrm s es at t he r’.’ cemv ’ .’r \ t  time. t +~~t . tine rec’ .’mv ’ .’d s cat t e red ‘~mm!i ia I
w i ll he Ironi the tipper el lipsoidal surface k uc, i  ted at some d istau icc ’. (‘it . a hove tint ’ lower stir-
l’acc ‘I’tne height. Ii, is det ’iuned as that height winere the power scattered , mt a s ca t te n mm lg  ang le.
0. h~ parti c les a hmm n n mu tine tippe r ellipsoidal surface t’rom t he f ront  m i t  the u umm tgomi n g pulse u u l

length , ( r , sou th arrive ml tIne rec’ .’ is er at the samc’ t Ime as the pots en s cat t ’ .’re d b’. part cli’s
aloing the lower elli psoidal surtace t ’ro nn tine rear ot tine outgoing pulse . Tine h’.’mg hit . In . us a
l’umnct iom u ol scatter ing aung le. H , aund pulse length, ,- . amid is given isv:

( ‘ r
In = — - —-‘— ( A )

I —c (msi/  I

l quat mon ‘\ “ is in agreeunnent wi t i n the results 1)1’ Kal l ist natova (ref 26) ’
a lcm m ta i  m m m i i  0) 1 the piils’.’ - illunniunated volunie . S , ta kuung im nto accoum nt the ellipsoidal

sur faces , is comple’s . Iinere f’ore . an approximate calculation of V was made assuming that
the ellipsoidal surfaces forming the tipper and lower hounds of the illuminated volume mina\
he replaced by plane sm i rfac ’ .’s and the resulting plane stirf ’aces are parallel to eac h other.
The il lommi mnated solume is then , ms smmn ned to he approxinnated by a cylinder whose cross sec-
t ion us a parallelogra m oi l height . in eq A7 . annd radius , R 1a0 (fig A l  ) . Since tIne hounding
planes of the cyliunder are assu med to he parallel , the vo ltume is that of a righ t circular cone
and us given by (utilizing equation A ’7 ) :

,, ‘I

irR” a~’Cr
h o

V ( R 1a0 ) - h =  . (A S )
( 1 —cosO )

(‘onnhinmng equations A2 . A3 . amid AS . one obtaimis the scattered power:

P’r ( ’ rA r O( O )L I~’T~° ~~~ T(
~

Eo )Dr(ao )avglp i I .  ) , A H)r 
R ; I l -cose I 4nrA-~- J

w here the quantity in bracke t s is tine heann-shapirng comm npeins ation factor. ( ‘
. for ~he h us t a tuc

sounder system, The quantity, ( ‘. co ntaiun s se parate parameters descrihimig both the transmit-
ter and histatic receIver antennas . Rewr iting equatioui Atm’). we get. :

PTG’(’ TA r0(O IL
(A 10)

R ( I —cos0 )

26. Kallistratova , MA . “Experimental Investi gation of Sou nd Wave Scattering in the At mosp here .~’ Tru~y
lu ist i to m a , Fiziki Atmosf ’er y. Atmosfernaya Turhulentnnost . No 4 , p 203— 256 (translated by Foreign
Technology Division,Transla tmon FTD.TT’63.44 I/ l + 2 + 4). 25 June 1963
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so here

~X 2 1 1 0m ,u II) r(a tmm I
.it e

— .. . 
~~~~~

. _. . . ‘ (A l  l u
4ir . \

I ‘.ul~~itio~i oi l’ t ine t ) c .mmn — slmapi l lg  ‘ .o u mn u pensat io n  i , m c t m u r . G’. (e q A l  I I. for time bistat ic
\( )\ I( S soo n m o len  reqt l i res that Dr t((o ~~ 

he es ,m lo ia ted t’or the famn — beauin his t at mc rec ’ em v e n

, i mnten m n a s I hit ’ s’.’ a un te nnm n , is base be~u m nn so Jths o ut  65
0 iii t h e  h orizontal amid 360

in I hit’ t’ rtm c , i l annd c .mllnl ot he t reated as perfect  1) istuin sources w it ln cir cmul ar apertures . l’he
eva l m u a t ionn m u f  l)nl t u m 1, ,, us . t hnerefore , c’n~ comp lex and does not follow tine developme!it
f s~ f I , ml l  ammd Wi se mit I r~ 1 2-4 . Since this comp lex developunnent is not withi mn the scope m i t

t h i s  studs . t he s a l u m ’ .’ of ’ t ine compeunsatio mi factor for tine h is tatuc acot istic— so umnder case will

be assuluni ’ .’d t u n  closely approx innate t inat gise n i by Hall and Wescott (ref 24) for the niom no—

s t a t i c  case,  me , (~‘ (1 2-4
Inel umdimng time ‘.‘t t m c l c ’ mn c o f the conversion of tine t ramnsmitted electrical to acoustical

eunengy I I’~ I. tIne et l e c t i ve  recei v ’ .’r a ntenna apertu re t am ’tor (E u ). and the molectmlar at temnu a-

t ioul Li’. lou ( 1 , = e4’
~ 

R 1 + R 2 )
) , eqtuatio~n A 10 for the available acoustic power from tine

re cemvm rig a m nten mna is g iveu n by:

P
r4PT
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: 100 I  . ( A 1 2 )
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Figure A t .  Geometr ical conf igurat ion of scattering volume for bistatic acoustic echo
sound ing: (a) Verti ca l plane view showing’the scattering volume defined by the conical

• transmitter beam and the ellipsoidal surfaces (z axis out of page); (b) Expanded view of
scattering vo lume shown in (a).
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APPENI)IX B: RE (’E NT SYSTE\1 \lOI)IFI(’ ATIONS

System modit ’ications to imnnprove t u e  operational capability of’ t he acoustic ecino-
sounder and wind s’.’mn so r system have been made since the completion of t his report.
\( )\l ( ’ S I\( . after successful ly counn pleting a tc ’ s i  ami d evaluation ot a similar doppler wind
s~ s t ’ .’ m n u  (re f 27). unna de innod ifmc ati onns to tIne NI L(’ sounder to imnnprove f lue s igu nal-to—nouse
rat io and to iunnprove tine software data processing. Time s\ sit -rn now consis ts  of ’ two fain
heann rec’ .’ us rug antenn nas placed in nnear orthogouial directions I’ronn the transmitter (t os o-
ax is s y s t ’ .’m amid provides time-av eraged s : i lmi es of the two-ort h ogonal horizointal wi nd
couniponents . The~ eonnnetricaI configuratioun of ’ tI me two-ax i s system can he imagined frounn
figure 3 by relocating antenuna 2 such t lnat 0 1 2 is approximatel y 0)00 aind e l i mm umu ia t in g
antenuna 3. Annteun uia 2 is m ow in ani area of lower ambient noise as connpared to its previous
location. Software ch anges were also inncorporated to reduce doppler spectrum contamina-
tion caused by impulsive noise. The minimum averaginng time was increased ‘romin I to 2
minutes.

Initial observations showed the acoustic winds to be reasonable and in general
agreement with surface observat ions. Evaluation of the two-connponent acoustic wind sys-
tem will be published in a later report.

27. NOAA Technical Memorandum ERL-WDL.l 6, !erforn~
nce ,’!est .ResuIts for a XONICS Acoustic

Doppler Sounder, by Duane A Haugen, May l976
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