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AMLYSIS AND CLASSIFICATION OF BIID FLIGHT AND ECITO DATA OBTAINED BY Rtr.DAR

r  B l d c k v e I L ,  L  W  H o u g h t o n  a n d  T  A  l r i  l n o l

SU},IMARY

The latge scale moveEnts of birds observed on the plan posit ion indicaror of
a survei l lance radar cannot be resolved to give the ident i ty erd size of s ingle
birds unless the bird EoveEenr€ are sarnpled by a high resolur ion radar capable
of isolat ing and exaninins individual bird echoes.

Radar f l ighl  and echo data is required for rhe study of bird xnovemencs, for
g a ' r g i n g  l h e  b i r d  s E r i k e  t h r e a E j  f o r  e s t i m a t i n g  b i r d  s i z e  a n d  f o r  p o s s i b l e
ident i f icat ion of bird species. Detai led infoI] lar ion of rarger paraneters is
also needed for designing nev bird radars or ad4t ing oLd ones, or in plarning
f o r  t h e i  r  o D e r a t i o n a l  u s e .

A large anount of f l ight and echo
L r " c k j n B  r a o a r  o u r i n g  a  r v o  r n i n u r e
radar engagenents are nade in rhe
tha! ihe potent ial  accL-l loulat ion of

data can be obtained froro a high resolut ion
period of bird tracking. Thousands of such

course of Spring and Auir l rm bird oigraEion so
such data is enonnous.

Ho',r  can this data be analysed, classi f ied and caLalogued for rapid retr ievat
aIId e f fect ive use ?

It  is the conEenrion of the aurhors that rhere is not yet a single neat solut ion
to this probler,  but using a large nuxober of exanples fron the Naro-cibral lar
Bird Migrat ion Radar Study they consider rhis quest ion in rerns of rhe bird
s l r i k e  t h r e a t .  P a r t i c u L a r  a r t e n r i o n  h a s  b e e n  p a i d  t o  t h e  s p e c i f i c a t i o n  o f  r h e
anpl i tude variar ion of rhe bird act iwity nodul i t io" "onpo""nt" over rhe i lhole
Lwo mhute penod cf the echo signal record.



ANA]-YSIS AND CLASSIFICATION OF BIRD FL IGHT AXD ECHO DATA OBTAINED BY RADAX

F  B l a c k u e l  l ,  E  l . l  H o u g l r L c n  a n o  I  A  W i  . n  r *

INTRODUCTION

R a d a r  @ t h o d s  w h i c h  e n a b l e  c h €  p l e s e n t  a o d  p r e d i c r e d  p o s i t i o n s  a n d  v e l o c i t i e s  o f
aircraft  shich are hundreds of Ei les from rhe radars to be esr inated with great
accuracy in al l  l , ,eathers are unable to def ine wbether rhey are fr iend or foe or
to gauge thei i  ptrysical  diensions. Spectacular echo disptays seen on the ppl 's
of niLi tary and air  t raf f ic conrrol  radars have been correlareal r4 ' i rh rhe knoln
passages of mierat ing birds buE in general  i t  is inpossible ro srate l rherher each
e c h o  r e p r e s e n t s  f i v e  o r  f i f r y  b i r d s  L e r  a l . r n e  t b e i r  p h t ' s i c a l  d i m e n s i o n s  o r  s p e c r e s .

T h e  i d e n t i f i c a t i o n  o f  a n  w c o o p e r a r i v e  r a r g e r  b y  r a d a r  i s  g e n e r a l l )  a  v e r y  d i f f i c u r r
task but the discovery by Davenport  (1) and the doppler records of Lanyon (2)
showed a bird nodulates i rs echo inrensity and generates doppler spectra by r ing
f l a p p i n g .  T h e s e  r e s u l t s  s u g g e s t e d  n e r h o d s  o f  i d e n t i f y i n g  s i n g l e  b i r d s .  A s  f a r  a s
t h e  b i r d  s t r i k e  h a z a r d  i s  c o n c e m e d  r h e  f a c t  r h a E  e s r i m a t e  o f  a  b i r d , s  D h v s i c a l
dineosions can be ob.ained fron i rs radar vingbeat frequency goes a long uay'ro
enabte the threar ro be judged (3).  Species uirh \ , , ingbear frequencies above 2OHz
are unl ikely !o prove a ser ious rhrear in Europe, bur species I ' i rh uingbeat
frequencies belor,r  10Hz are porent ial ly daneerous.

Birds End aircraft  are forrunaEeLy nor often in conf l ict  excepr when rhey use the
s ane alrspace near air f ie lds, or when 1or{ level missions are f tov.nj  usuatty
thousands of netres ln heighr separate rhen. Consequenrly i r  is alnost as iqortant
to know the height of  bird novererts as ro track rheir  f l ighr through a re8ion.

Echo and f l ight character isr ics of birds are atso required for studying rhe tr)ove-
Dents of birds aDd their  rhrear ro aircraf i ,  "na tr .eylGfso required in planning rh.
design or nodif icat ion of radars and in their  operar ion. There ale Dr@erous uays
of obtaining echo and f l ight infonnarlon bur one thar sar isf ies ! !any requrrenenrs
is to use a high resolut ion tracking radar to separale a specif ic bird fron unwanred
largets aod then obtain fron i t  rhe desired infornarion for analysis.

Such data can be recorded onro a nult i t rack magneric tape recorder which catr  be
either a digi tal  or instrumentat ion recorder.  In our case an insr lumentat lon
recorder \ras used ro record data in analogue form as this rerhod was fuLly coqat ibie
with the radar ouEputs and analysis equipnent,  Data was recorded for appr"xiuarety
tvo ninutes for each individual bird echo and each reel of  rape gave a running r iDe
of over 3 hours. Several  thousand such records ! , /ere obtained of reptesenc.] t ive
saEples of al l  species observed on the radar day and night dur ing Spring and
Aut r .@r nigrat ion as described in a recent paper (4).  This col lecr ion of recorded
lapes occupy aeveral  hundred houis of running r ine and i t  is obviously inpract ical
to rud through such records each t ine some i teo of infon0at ion is needed. An
atteBpt n1lst  therefore be nade to analyse, classi fy and cataLogue the records in
such a l 'ay thai  maLes a quick reference possible. l f  rhe records are on srandard
nagtel ic tape then the analysis,  c laEsif icat ion and caraLoguing can De programed
to sui t  the part icular uset such as:-  radar designer,  air  rraf f ic manager,  r .adar
operator or:  orni thologist .

I t  should be eEphasised that such a caralogue is not a replacenent for rhe long
recordings of raw data but a neans of quick reference to where specif ic charactel
ist ics nay be found. In many cases specif ic information wiLl  require a re-&alysi , ,

*  T t r e  a u l h o r s  a r e  a t  r h e  R o y a l  R a d a r  E s r a b l i s h n e n r ,  M a t v e m  ! , l o r c s .  U . K .



to be nade froro r l le or iginal  recordinSs

t n  t h e  e x a e p l e s  g i v e n  i n  t h i s  p a p e r  u e  h d ! €  ; L r e n p r F r  r u  f o r n  l a r e  s o m 4  ! . i j , r , i
a  p o s s i b l e  c a t a l o g u e  u s i n g  d a t a  o b t a i n e d  t r o n  o u r  N a r o - c i b r a t t a !  B i r d  M i g r a ! : . . , ,
R a d a r  S t u d y ,  l n i t i a l l y  l o n g  h a n d  r o e t h o d s  a r e  u s e f u i  f o r  e x p l o r i n g  r h e  a n a t y s r !
probleDs, but the bulk of data can only be processed by naking ful l  use of
a n a l o g u e  d n d  d i  d i L a t  c o m p u L a r i o n ,

A l t h o u g h  t h e  r a d a r  s t u d y  o f  s i g h t  i d e n t i f i e d  b i r d s  o n  l o c a L  a n d  n i g r a r o r y  f l j g t j i
i s  e s s e n t i a l  f o r  r h e  d e t a i l e d  c l a s s i f i c a t i o n  o f  s D e c i e s  a  s r e a t  d e a t  o f  t h e  r a d ; ,
d a t a  o b t a i n e d  i s  f r o n  b i r d s  f l y i n g  o u t  o f  r a n g e  o f  h u n a n  s i g h t  s u c h  a s  d u r i n g  r l r .
hours of darkness. lnfornarion fron rhese larter sources is also viral  in
buiLding up our knowledge of bird radar echo returns and fr igbr character ist ics.
In our e-xanp les we concentr:ate on unident i f ied birds on noctumal I I igrar ion but
l ,e also include some exanples of records obrained on raptors jn dayl ighr.

2 RADA.R DETAILS

The X-band (waverength 3 cn) high-resolur ion autoroat ic rracking radar used at
GibraLtar has a range of approxinately 5 naurical  Ei tes on a Herr ine cutt  (Larus
a r g e n t a t u s ) .  T h e  d i a m e t e r  o f  t h e  r e s o l u r i o n  c e l l  a r  a  r a n g e  o f  1 O m  n e t r e  l s
L5 netres approxiDately,  and the ranBe and angul6r precision are 3 Derres and
0 - 2  n i l r i r a d i a n  r e s p e c t i v e l y .

Radar (srant) range, azirouth (bearing) angle and elevarion angle dara nsre
cont inuously obtained fron a bird being rracked and rhis infonnat ion was senr
electr icalLy to an analogue conpurer rhich converted polar into carresl :rn dara,
The carlesian oi l tput of  the computer gave rhe posir ion of rhe bird in rrue heighl
above a ground plan scaled in ground range N*orrhings and Easrings. cround range
Northings and East ings and heighr were cont inuously recorded onro mutEi-rrack
magnetic tape for storage purposes and subsequent analysis.  The radar echo signnr
and accurate digiral  r i re ( ieferenced ro cMT or Zulu t ine) were atso conrinuoust, l
recorded. An addir ional t rack was used to carry rean-leader and operator conver: .
t ions uhich were a vi tal  part  of  rhe acquisi t ion, lock-on and fo11ow sequence o{
each bird ergagenent.  We found that a l ive1y descript ion of rhe engagenmE uas -. i
greal benef ir  ! . 'hen r0aking an analysis.

The range perfornance of the radar t , ras cal ibrared on a ne-raLl ized sphere of kno!. ,
echoing area (carr ied by a bal loon).  Recotds of wind veloci ty at di f ferent
al t i tudes and other essent ial  wearher dara t^Jere nade throughour each day by rhe
Meteorological  Unit  of  RAF Cibral tar,

At Gibral tar an ATC survei l lance radar ! 'as used ro locare the high-resolur ion
radar on to the cent ie of a ndgratory novement and rhen the radat operator
Dethodical ly scanned through an assigned rarger posit ion in elevarion. I iowever
the echo paltems on the PPI of sone broad front novements were so honogeneo$ thfr
i t  was not feasible to pick out cenrres. 0n rhose occasions i t  was usuar to
est inate the migratory heading and concentrare on approaching talBers; per iodi-
caLly scanning in elevat ion to obrain the nigrat ion heighr band. When a suirabr,
l a r g e .  w a s  f o u n d  ( i e  o r e  t h a t  i r o u l d  a u t o - f o l 1 o w  c l e a r  o f  o t h e r  r a . g e r s  a n d  c l u r r .
and provided good echo and f l ighr dara) al l  radar data ouLpuls were swirched ro
tecord on tape. Duriag Eigral ion large nuders of birds could be acquired with(
accurate "putt ing-on" information and about 50 birds or so \rere tracked (for noi
less lhan 2 rainutes p€r track) per warch, The acquisiEion proceoure was gen€ra
Drcre di f f icul t  to carry our on diurnal novenenrs because rhen birds tend ro f ty
h bunches and soro€. i tnes a grear deal of  operaror skir l  l ras required. A freqrc,



c d u s e  o f  H a s r e d  b j  r d -  : o i r . i r g  d
Ehrough the recording.

ANALYSIS

s e l e c t e d  e i n g L e  b i r d  p a ! t - " ' a y

Ve shal l  not di . 'eLl  in great detai i  on rhe anaiysis of ' , rad'radar records as r ,re
have already described some of our nethods in previous papers (5).  Sore aspects
of previous work suc-h as est inat ing ecl loing area (6),  a para@ter \rhich is l ,orrh
cataloguing, have been Left  out in or i ter !o concentrare on other features such as
the conparison of rhe characrer isr ics of a nuober of birds of the s arne soecies,

As severaL of our plevious papers vere wriLten abouL resutts EakeE on a high-
resolut ion C-band (5cn waveiengrh) radar in Wales i t  is \ , , /orrh pointang ouc
dif ferences \re encourrered using the X-band radar in cibral tar.  Ceneral ly ve
etrgaged targers ac Gibral tar at  about I /3 rhe range obtained in l la les. Consequenrl)
at  Grbral tar the change in slant range vas ofren Elr ice as nuch in percent change
of range as in l , la les, and rhe change of elevat ion angLe on radiat rargels was
sonet ines 10 t ines as nuch and the change of azinuth angle \ras sonetrmes . ]  rrmes
ux)re than ln wales.

After replesentar ive sanples of dara fron species moving in narrow or broad front
Eovenents have been obtaj .ned by the operat ions B€nt ioned above i t  rs necessary ro
analyse the data.

3 . 1  f L i g h t  C h a r a c r e r i s t i c s

The heighrs and tra&s of four birds vi th sini lar wingbeat frequency specrra are
shorr ' r  in Fig 1, The f i rsr oumbe! before the obl ique sign is the bird engagenent
run number and the second nud)er and rhe lerrer refers to t1le part icular maFeric
tape on L'hich that run l ras recorded. This quarter of f l ighr observat ions w;re
done on lhe sane Augusa evening and approximaLely la, i rhin one hour of each other,
vizr run 158 lras started ar 20 hours 7 oinures 15 seconds Zulu and run 178 r,as
ended at 21 hours 19 ninutes 27 seconds ZuIu,

The vert ical  and t lor izonral  scales on the ground plan posit ion diagran Fie I  are
given in tems of gro$d range NorthiDgs and East ings respect ively,  md the
posit ion of lhe radar is marked. ALI rhe tracks are approxinatety srraighr,
Runs 158, 160 and 153 are crossing Lracks, but r-un i78 is a radial  t racL, In
al l  cases the birds are recedin6 fron rhe radar.  The percenrage change in radar
(slant)  range is as loir  as 132 approxinately for nm 160 and as hj-Eh as 7ZZ.
approxinately for run 178, Corresponding ro rhese radar relge changes chere are
changes in echo intensiry of approxinacely 2dB and 9.5dB, respecrively.

The heigh! versus t ime diagran is sholrn in Fig 1 for rhe four birds. Att  bi lds
nere observed at fairLy consrant heights berlreen 1500 and 3OOOft,  As rhe engage-
uent runs are accurarely r imed atd the ground range scales are carefuLly cal ibrated
it  is possible !o calculate the ground veloci t ies of runs l5B-178 aDd they raoge
frost 21 to 34 knots. Air  speeds of f rom 18 to 23 knars can be est in0ated fron vind
veloci t ies occurr ing at the appropriate heights and ar thar t ie.

The heights and tracks of f ive birds l r i rh sini lar $ingbeat frequeDcy specEra Dur
di f ferent froD above are shornn in Fig 2. This quarrer of f t ight oDservarlons
vere done on the s axoe october evening berlseen approxinarely 19.30 - 20.00 hours
Zu1u, The nost inreresr ing fearur:e of these character ist ics is the effec! of
d i f f e r e n t  v i n d  v e L o c i t i e s  w i r h  d i f f e r e n r  h e i g h r s .  T h e  v i n d  s p e e d s  r a n g e d  f r o n
approxrnately 20 knots at 40mfr ro approximately 29 knors at 70o0ft  in heighr,
The effect of  wind velociry on runs 1O3 and 113, shich were at rhe towest heightsj
is lhat their  ground and air  speeds are approxinately rhe same .41d equat to



2 8  k n o t s ,  v h i l s t  t h e  e f f e c t  o !  r u n  1 1 4 ,  r h e  b i r d  f l y i n g  a t  T O O O f t ,  \ r a s  f o r
g r o u o d  a n d  a i r  s p e e d  t o  d i f f e r  c o n s i d e r a b l y ,  v i z :  t 4  k n o c s  a n d  3 3  k n o t s .

At this point i t  is again worth nent ioning thar the cataLogue can be as br ief
or detai led as the user requires. In lhe calalogue developed for the Nato-
Gibral tar Bird Migrat ion Radar Srudy and used as a "specien" catalogue in rhis
paper facLors of ioportance in radar design and operar ion are included. For
example, pre. ' . ious studies have sho*n rhat the average echo signat var ies with
aspect,  but no systematic effort  has been Eade to relate DroDert ies of the
BAM (ie Bird Act iv i ty Modular ion) waveforE virh aspect.  i t  is aot knoim yer how
the nodulat ion index changes l ' i rh aspect or rNf iether rhe loss of rhe fundasencal
wing beat frequency cooponeDt and enhanceeent of harrnonics of rhe BAM $ave l . 'h ich
can occur can be strongly correlated to aspect.  lmportant factors necessary to
Lackle this problen have been catalogued; rhey are an esr imare of the bird 's aspect
at lhe star!  of  the engagement ard thetoral  angutar change in aspect (vert ical
and horizontal)  l rhich occur during rhe run, and rhe mean and standard deviat ion
values of the BAM waveforn.

3 . 2  E  c h o  C h a r a c r e r i s t i c s

The echo character ist ics have been obtaiued fron the tape recordings nrade of the
radar autoEatic gain conrrol  (AcC) and Ehey are anatysed in a var iety of rays.
The anpl i rude response and bandr^' idrh of the AGC systen was also reasured at the
beginning and end of each nigrat ion period in order ro check irs perfornance.

Anpl i tude versus t ine records (BAX savefon0s) have been nade over rhe cotrpIeLe
tun using an ul tra-violer paper recorder.  In Fig 3, BAM ! 'aveforros wirh wing bear
frequencies of 3.5, 5.0, 6.9, : r2,L and t4.6 Hz a.e cotnpared. These records can
be nade at var ious paper speeds pemfrEing the BAM lraveforn record !o be expanded
Fhere necessary for comparison purposes, Figs 4-IO, The $avefonD record is
exaoined for \ thether the \ravefo!trr  is a sinpLe quasi-sinusoidal wave or:  a conplex
one, and \ .rheEher the I 'ave is a conrinuous one such as generated by retat ively
cont inuous f lapping as 95/5C in Fig 3 or per iodical ly interrupled by quiescent
p e r i o d s  p t o d u c e d  b y  c l o s e d  v i n g  p a u s e s  o r  s r i d e s ,  s u c h  a s  9 9 / 1 1 C  a n d  8 6 / 7 8  i n  F i g  :
( \ . ' i th a sui table radar i t  is possibLe to clear ly dist inguish berireen rhe f lar
quiescent per iod produced by a closed r ing pause and rhe irobbly quiescenr period
produced by a bird gLiding wirh oulsrretched &' ings).  As rhe I ' iE.g f lapping and
pause cycle can be used in rhe ident i f icar ion procedure i r  is \ , rorrh whi le specify ir
and including in the catalogue. The appropriare values for rhe 2 minures of run
95/ l1C in Fig 4 are average nunber of f laps per I ' ing cycle -  22, srandard
deviat ion = 10, r 'h i le the average pause period per wing cycle = 1.5 seconds,
standard deviat ion = O.7 seconds. The f lap and pause periods of BAl4 I 'avefonos
can soBetiDes be exaroined nore effect ively by seLecrive f i l ter ing. The @rhod
adopled in this paper for presenring the AGC waveform as an aEpLiEude variat ion
w i t h  t i n e  u s e d  a  1 o w  p a s s  f i l t e r  c u t r i n g  o f f  a r  a p p r o x i m a c e l y  f S g r .  r l i "  i "
s h o n n  f o r  r u n  8 6 / 7 8  i n  F i g  1 L A .  F o r  F i g  l t B  a n  a d d i r i o n a l  f i l r e r  h a s  b e e n  u s e d  a n (
only frequencies bet,reer LO-3582 are sho&.n in rhe anpt irude/t i r0e waveforn, For
Fig 1lC the high pa!.€ f i l ter was replaced by a Low pass f i l rer lh ich only a1lor 'ed
frequencies up to 4Hz to pass.

A not iceable feature of Ehe radar bird studies of nighr nigrar ion in Wales i . 'as
t h a l  t h e  E a j o r i t y  o f  r e s u l r s  \ r e r e  o f  e c h o  s i g n a l s  o f  f a i r l y  c o n s r a n t  i n r e n s i t y
and nodulal ion index, but this was nor so ar cibraLrar.  As rhe f luctuat ion
characler ist ics affect a nusber of factors such as Larget detecr ion range, Ebe
variat ions in nean 1evel and srandard deviar ion of rhe evelope of rhe BAI
wavefonn are considered over the ent ire observat ion record and specif ied. The
AGC voLtage 1.tas tecorded on a B and K 1eve1 recorder with a lons



of several  seconds ro reoove rhe high frequency coEponents of the BA}4 wavefodr
and leave the waveforn envelope. These envelope records have been used with a
niDicoFputer progranme ro obrain average value and srandard deviat ion of rhe
BA.t l  waveforn envelope. A singte f igure of merir ,  pearsonts coeff ic ienr of
varratron equal to the standard deviar ion/average value rat io,  has been u€ed
to specify the absence or presence of f luctuarion or a 1oi '  1eve1 of raodulat ion.
A descript ion of the specif icat ion and the values associated vi th di f ferent
BAM uavefonr envelope shapes is given in Appendix A, c€neraLly,  BAM vaveforn
envelopes which f luctuare retar ively violenr ly such as nm 103/9C in Fig 12
have a high standard deviat ion/average rat io 1A.2124.9 and a higb coeff ic ient
of var iat ioa 422, \ thi le rraveforo envetopes rhich have relat ivelv less f luctua-
t i o n s  a s  r u n  1 1 6 / 9 c  i n  F i g  t 2  h a v e  a  t o w  s c a n d a r d  d e v i a c i o o / a v e i a g e  r a r l o  3 . 5 /
1 4 . 5 ,  a n d  a  l o w  c o e f f i c i e n t  o f  v a r i a r i o n  2 3 2 ,

Fourier analysis of rhe BA.} '  waveforn has been carr ied out using t i@ compression
analysrs technique and aEpl irude/frequency spectrum diagraos are i l lusrrated in
F i s  1 3  f o r  b i r d s  g e n e r a r i n g  v i n g  b e a t  f r e q u e n c l e s  o f  3 . 3 ,  4 . 9 ,  6 . 9 ,  A . 2 , 1 0 , 3 ,  r r . 7
and 14.6 l tz ad for groups of s imi lar spectra Fig 14-20. A key paranerer 1n the
catalogue is the fundamenral f requency conpooent of the BAM lraveforn as rhis
conponent corresponds to rhe wing fLapping frequency of the bird. The presence
of harnonics of the fundameoral cor0ponent as in f ig 15 are also iEportanc in
establ ishing the fuodanenral  conponen t  accurarely.  In our caralogue the widlh
of the fundauental  f requenry response is measureal ar the L/2 poser poinrs as rhis
i?idlh caD be used ro indicare ! , r ing beac frequency var iat ions,

Another way of Looking at var iat ion in wing bear frequency over the enrire 2
minute record has been neorioned in a previous paper (5).  This is rhe inEensity
Eodulated frequency/t i rne diagrar sho!, ,n in Fig 21. The ampl irude/frequency
f luctuat ions used to produce the spectrun diagram are used to intensity nodulate
ultra-vioLet sensit ive paper and nahe a plor of  f requency on the vert ical  axi6.
The horizonral  axis is in terros of observarion t ine froE rhe start  oI  Ehe record
for a period of one ninure. This diagram enabtes any var iat ions of l r ingbeat
frequency !o be revealed over the durat ion of Ehe recoral ,  and i t  also shows up
periods ' rhen the fundanenral  or han0onics of the BAU waveform fa11 ro a tor '
level or are absent.  The intensity nodulared frequency/r i@ diagrar shown in
I ig 2l  of  run 1o5/ l lc indicates thar rhe frequency var iat ion of the fundanental
is Iess than 5%.

Another check on var iat ion of wing bear frequqlcy versus t i r0e is sho!,rn for s ix
of che sevgl groups of birds by rhe diagrarn given in Fig 22. The fuodasertal
slng t 'eat t requency coroponenls of rhe spectra ot the 24 birds have been accurately
measured at 12 second inrervats,  In each case rhe De ar I , ing beat frequency of
one bird of a group is givsr ro indicare rhe frequency sca1e.

4 CLASSIFICATION

The Bird Radar Fl ight and Echo DaEa Tables, Fig 23 ro Fig 29 are one Berhod of
classi fy ine some of rhe inforBarion obrained by naalar from a 2 ninute observa-
t ion of a bird. Each sheer cortains tabulaced infornat ion on a di f ferenr species
but ( for the purposes of the paper) in order ro conDare sDecies with wnat aie
c o n s i d e r e d  r o  b e  s i r l i l a r  s p e c i e s ,  4  b i r d s  a r e  r a b u l a t e d  o n  e a c h  s n e e c .  a
col lect ion of such tables ! 'ou1d be rhe basis for a quick reference catalogue.

The chief factor used here for tabeLt ing a species is Ehe fundanental  cooponent
of the Fourier spectra of the bird act iv i ty noduLat ion ravefono, In nost cases
the fundanertal  is easi  ro obrain but iE can be absent for patt  of  the tecord
as we have nert ioned in a previor:s paper (5) and ir  is then necessary to calcutate
lhe fundaoental  t ron rhe hatEonic conponents of the BAM uaveforn. Other coEptica-
t ioDs can ar ise i f  the bear and pause sequence of v ing act iv i ty has a quasr-
repet i t ive periodici ty and an exanple of such species is given in rhe tabtes.

i
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(Bruderer (7) advised us that i0any of his records taken in S\r i tzerLand possess
the6e character i  st  ics ) .

T h e  c l a s s i f i c a t i o n  u s i n g  t h e  t a b l e  i n  F i g  2 3  a s  a n  e x a n p L e  i s  a s  f o l L o w s :

l)  Date of naking the observat ions record.

2) Tape Record: the f i ret  nunber before ihe obl ique sign is the bird engage-
nsrt  .un nr.mber a.1d the number and let ter af ter refer to the parl icular
nagnetrc tape on which that run is recorded.

3) Run TiDe: the top set of  nul lbers refer to the
and the bottoo set of  nuobers to the erd of the
to Zulu t ine in hours, uinures ano seconos.

Spectra: the fundar0enral ,  nirh the 2nd and 3id
of the BAM uaveforn are recorded together wirh
fundanental  component,

s tart of the engagetrert
run. Tine is referenced

harnonrc6 ulrPr€ present,
the 3dB spread of Ehe

5) Other Spectra Couponents: These frequency conponents nay be generated by
c h e  b i r d , i e  i I  i r  g e o e r a t e s  a  q J a s i - r e p e t i ( i v e  r l a p  a n d  p a u 6 e  n i n g  s e q u e n G ,
or i t  may indicate a radar or processing faul t  condit ion.

Wingbeat Cycle: This is a record of the average and standard devlatron in
seconds of the \ . 'ho Le lr ing cyc1e, both f lap and pause.

4 )

5 )

7 )

8 )

9 )

NuDber of Flapsr The average nunber of f laps oI the ia ' ing, the slandard
deviat ion and Ehe raDge in the nrmber of f laps over the fu11 2 oinuce run.
These paraneters apply only to birds thaE f lap and gl ide or f lap and pause,

Pause: the average, standard deviat ion and range in seconds of pause or
gl ide durat ion is given together with the nunber of pauses that occur in a
2 El inut e observat ion run on a bird.

Bird Act iv iry Modulat ion: Using the rnethod described in the analysis and
i n  A p p e n d i x A , K  P e a r s o n r s  c o e f f i c i e n t  o f  v a r i a t i o n  i s  u s e d  t o  i o d i c a t e  t h e
qual i ty of rnodulat ion, The average value and slandard deviat ion is also
giveo so that i t  is possible to gauge whether the poor quaLity of mdulat ion
is due lo a Low nxean or to f luctuat ions in the BAM waveforE.

LO) Aspectr The top rov of f igures and let ters give the est imated azinuth aspect
of rhe bird at the siart  of  the observat ion !un: v iz:  017 degrees frorn rai l -on
aspect in the horizontal  plane. Angular changes A O and A € are Ehe aspect
changes in horizontal  and veri icaL planes occurr ing during the 2 Dinute run,

11) Track: The top word glves a veiy approxiEate descr ipt ion of whether the
grould plan track is straight or not,  the second lrord tel ls whether rhe bird
l tas approaching or going away from rhe radar a,1d the las! \ rord whether
the track vas radial  to lhe radar or crossinp.

L2) Range: The number is the radar (s1ant) range in yards at the start  of  rhe
run, Th€ change of radar range d R as a percetrtage of Ehe sEart  range is also
grvgI.

r l )  The top nLmber is lhe radar azirnuth angle a! the start  of  the run and is
E h e  c h d n g p  o f  b e a r i n g  a n g l e  o c !  L r r i '  g  d u r i n g  r n e  r u n .



15) The track heading is the ! t re an bearing obtained by the radar

14) The top n@ber is the radar elevat ion angle at the start  oJ
is the change in the elevat ion a$g1e during rhe run.

16) Est inated speeds are given in knots si lh the
and the Loirer f igure is the air  speed whi ch
direct ion.

operator dur ing

t o p  f i g u r e  b e i n g  c h e  g r o u n d  s p e e d
al lows for \ r i [d speed and

f l ight and alr  i . rdicat ion is
a constant height.

17) The heighl is
given uhether

gived at the start  and end of
or not the bird i . 'as f ly ing at

CONCLUSIONSDISCUSSION A.\D

Itethods of analysing'  c lassi fy ing and cataloguif lS data obtained fron individual
birds in f l ight have been denonstrated, such Derhods can be or ienlated lo sui t
the userrs requirenents, Tt le catalogue can be used as a rePository of general-
ised inforoat ion as a reference to specif ic nagnet ic tape iecords and kept in
the forn of a book of lab1es or in a corDputer store.

The fuada.@n!a1 ving beat frequency conponent of Ehe BAM spectrun extracted fron
lhose points of ihe echo signal ! }odulated by ! . ' ing f lapping has been chosen as
the key character ist ic.  This parameter is eEpLoyed because i t  is fair ly easy
to obtain from echo sigDals of birds. Anbiguit ies cal l  occur in deternining the
fundanental  r / ing bea! frequency coirponent '  because i t  l lay be abseni in part  of
the eogagerent record or because the f i rs!  components in the BA}I wave sPectr lm
naybe duetothe quasi-repet ic ive f lap and rest wing acl iv i ty ol  sone sPecies
Bolh condir ions can be detected and resolved.

An abbreviated "specinen" catalogue has been given for species l ' i th ! . t ing beat
f r e q u e n c i e s  o f  a p p r o r i n a t e l y  3 . 3 1 1 2 ,  4 , 9  H z ,  6 , a  F . z  t  8 . 6  E z ,  1 0 . 1  E z ,  L 2 . 1  E z
and 14.5 rL. In order Eo give the reader soEe idea of the comparison possibi l i t ies
f l ight and echo characrel ist lcs have been tabuLated for groups of 4 or 5 birds
l inked by a comcm uing bea! frequency. The data for eaci  bird nas obtained frotn
magne!ic tapes hoLding thousands of bird runs takeo during the Nalo-Cibral tar
Bird Migrar ioD Radar Study (a study desiened to sample broad ald $arrow f tont
bird EoveEents, day and night '  dur ing Spring and Autuxoo).

In processrng the resuLts r t  iJas formd yet again that the wing beaL frequ€nry
component of the BA.!,I wave spectrum can be remarkably constant for birds on
rdgrat ion, The frequency deviat ion in the wors! case of Ehe 29 runs used in
the catalogue eas a standard deviat ion of approxinatel t  4Z fot t ] | .e birds in the
noBiDal ly 4.9 Ez group.

Hovever nany qoite di f feren! species have approxinately sini lar wing beat
frequencies and so a consideral ion of sone other fealures such as the relat ive
durat ions of the f lap and pause periods of the BAM waveforxo rDust be invest igated
if  further select ion is needed. There is an interest ing exaDple in the calaLogue
where furthet select ion is possibLe. This is for the four birds grouped under
the noninal ly 8.6 Hz wing beat frequency where the average virg cycle per unir
p e r i o d  i s  8 . 6  e r d  8 . 7  s e c o n d s  f o r  t v o  o f  t h e  b i r d s  a n d  2 . 6  a n d  2 , 9  s e c o n d s  f o r
che other rr , to birds, shiLst the average pause/* ing cycle/run i 's 2.7 ar 'd 2.8
secoods for t ! .o birds and 0.51 and 0.78 for the other l to birds, Hence in this
select ion usiag rhe fudanental  wing beat frequ€ncy as the cr i ler ia the f lap and
pause periods of two birds selected are very di f ferent fron the other lwo birds.

On several  of  the f l ight and echo data sheets i t  has troE been possibLe to show
beat/pause f igures as i t  was not feasible to oblaio these fron the 2 Ddrute

l
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records of bird returns.

The aurvei l lance of bird6 invadiDg col l t rol lecl  airspace requires a kooeledge
of lheir  poBit ion, path ancl speed; a knowledge of their  di@trsiotrs would further
aid decisiou.oakiog of the bird str ike hazard. I t  is our content ion that rhe
systenat ic classi f icat ion aod cataloguin8 of bi ld f l ight aod echo infornat ion
obtained by radar a6 suggested in this paper \r i1 l  be necessary both in the study
and real t i rne Eurvei l lance of airspace and air f ie lds.
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APPENDIX A

S?ECITICA|ION Of TMi AMPLITT]DE C}IA.RACTERISTICS OF Tt[  BIRD ACTIVIfY MODULATION
I{AVEFOM OVER THI 2 MI NUTE OBSERVAT]ON RU\,

I t  w a s  p o i n t e d  o u t  i n  a  p r e v i o u s  p a p e r  ( 7 )  t h a t  t h e  e c h o  s i R n a l  f r o r n  a  b i r d
c o n s i s t s  o i  a t  L e a s r  t w o  c o E p o n e f r s \  a n  a v e r a g e d  o r  m e a n  s i g n a l  c o E p o n e n t  a n d
an ampti tude modulated conponeni.  Both rhe c;nponenrs affe; t  the range perforo-
a n c e  o f  a  r a d a r ;  s p e a k i n g  v e r y  g e n e l a 1 l y  a  b i r d  g e n e r a t i n g  f a i r t y  c o n s r a n r
c o m p o n e n t s  v i 1 l  b e  a b l e  r o  b e  t r a c k e d  f u r t h e r  i n  r a n g e  l h a n  a  b i r d  g e n e r a r i n g
f l u c t u a t j n g  c o m p o n e B t s .  F u r r h e r D o r e  i c  m a y  n o r  b e  p ; s s i b l e  ! o  e x r r a c t  t h e  L , i n g -
b e a t  f r e q u @ c y  o r  i t s  h a r B o n i c s  i f  r h e  m d u t a t i o n  c o n p o n e n t  i s  s n a r l  o r  m a r r e d
b y  v i o t e n  r  f l u c r u a t i o n s .

The BA-M raveiolm can be specif ied l ike any orher al 'pt i tude nodulated sisnal bv
t h e  d e g r e e  o f  n o d u l a t i o n  o r  t h e  n o d u l a t i o n  i n d e x .  S u c h  a  s p e c i f i c a c i o r  i s  m o s t
c o n v e n i e n t  t o  l e a L i z e  a n d  u s e  i f  r h e  d e g r e €  o r  d e p t h  o f  m o d u l a t i o n  r e m a i n s  f a i r l y
c o n s L a n r  o u r r n g  t h e  t \ r o  o r .  n r o r e  r n a n u r e s  \ r h i l s t  t h e  b i r d  i s  b e i n g  r r a c k e d .  T h i s
w a s  n o t  t h e  c a s e  a r  C i b r a t t a r  a n d  c o n s e q u o t l y  i t  i r a s  n e c e € s a r y  E o  p r o v i d e  a
m e a n s  o l  s p e c i f ) ' i n g  r h e  a n p l i r u d e  c h a r a c r e r i s t i c s  o f  r h e  \ r h o 1 e  o b s e r v a r i o n  r u n ,

T h e r e  i s  n o  r e a s o n  a r  a l t  w h y  E h e  B A I  v a v e f o r n  s h o u l d  n o t  b e  s p e c i f i e d . i n  r e r m s
o I  a v e l a g e  m o d u l a t i o n  i n d e x  a n d  s r a n d a r d  d e v i a r i o n  o f  n o d u l a t i o n  i n d e x .  b u r , e
d e c i d e d  h o q e v e r  L o  r a c k l e  i r  i n  a n o r h e r  \ r a y ,  o n e  t h a t  a p p e a r s  e a s i e r  t o  e v a l u a r €
a n d  u s e  } n  a  c a r a l o g u e .  A  c h a r a c r e r i s r i c  w e  v a n t  r o  e v a t u a r e  f o r  c o n p a r i s o n
p u r p o s e s  i s  o n e  L h a r  s p e c i f i e s  r h €  B A M  v a v e f o r n  f o r  r h e  c o m p l e r e  r u n .

' r ie can do this 5y looking ar rhe var iar ions in the mean value and srandard
d e v i a t i o n . f  E h e  e n v e L o p e  o f  r h €  B A M  i . r a v e f o l r a  o v e r  t h e  e n t i r e  r \ r o  n i n u r e s .  T h e
a v e r a g e  a n d  s t a n d a r d  d e v i a r i o n  o f  E h e  B A x  e n v e t o p e  c a r l  b e  o b t a i n e d  e t e c t r i c a l l y
by rect iJt ' ing and f i l rer ing out the wingbeat frequency conponerars of rhe BAM
waveforn t , t i th rhe result  s holr l  in r ig 12.

The mean valu€ enables a conparison ro be made as ro eherher the depth of
modulat ion is great or snal l ,  and rhe standard deviat ion as to eierher rhe
n o d u l a t i o n  i s  f a i i l y  c o n s t a n t  o r  f l u c r u a r i n g  d u r i n g  t h e  o b s e r v a r i o n  r u n .  F o r
q u i c k  t e f e r e n c e  p u r p o s e s  a  s i n g l e  d e f i n i t i o n  w h i c h  f o c u s s e s  a E r e n t i o n  o n  t h e
q u a l i t y  o f  r h e  B A  ! ' a v e f o r E  l s :

K a r l  P e a r s o n i s  c o e f f i c i e n t  o f  v a r i a r i o n  ( v )  =  t O O  x  s  Z

where s = sarp le standard deviat ru!

X  -  " e p l e  r v € r o 8 i  o r

g e n e r a l l y  b e  p o o r  i f  t h e  c o e f f i c i e n r  o f
d u e  t o  a  s n a l 1  d e p t h  o f  n o d u l a l i o n  o r  v i o l e n r

i '  . n e  ^ . o c , l a r i o r  i n d e x  i s  f a i r l  . " " r , " '
a n d  r h e  c o e f f i c i e n t  w i l l  b e  s D a l l

A l t e m a t i v € l y  i t  i s  s o m e r i m e s  € a s i e r  w h e n  , . r s i n g  d i r e c t  e l e c t r i c a l  m e E n o d s  c o
obtarn lhe roor l rean square (ms) value of rhe BAt{ rraveforo enveloDe rhan i ts
s t a n d a r d  d e v i a r i o n  ( b u r  i t  n u s t  b e  r n s  v a l u e  i n t e g r a t e d  o v e r  r h e  o b s e r v a r i o n
t i n e ) .  T h e  f l u c r u a c i o n  c h a r a c t e r i s c i c s  o f  a n  e l e c r r i c a L  v a v e f o r r  r s  c r v e n  b v

x

The qual i ly of  rhe BAtl  L 'aveforn \r i1 l
v d r . a (  i o n  i s  [ . . g e ,  L h e r h e r  r h i s  , s
f l u c t u a r i o n s  i n  m o d u l a r i o n .  r n d e e d ,
t h e  v a l u e  o f  r h e  s r a n d a r d  d e v i a r l o n
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a n d  P e a r s o n ' s  c o e f  f i c i e n  r  ( v )
"  I ,

r ' -  
l ' x  

1 0 o

x
(2>

( 3 )t
S o n e  i d e a  o f  t h e  e f f e c t s  o f  v a r i a r i o n s
b y  l o o k i n g  a t  F i g  3 0 .  I n  r h e s e  c a s e s
L s e d  " u . n  d s  f u l l - - u d v e  r e c r i i i e d  s i n e ,
rect i f ied sirre vaves for che envelope
enverope wi l l  be nore l ikely to be an
f u n c t i o n s  a r e  e a s i l y  a p p r o x i n a r e d  a n d

on the BAII  waveforn aql i tude can be seen
l 'e11 knortn periodic funct ions have been

sawtooth, 50/50 rect€nguLar and half-rave
shape funct ion! aLthough iB pracr ice rhe
aperiodic or randon funct ion. The periodic
enable a conparison table to be dra\" 'n upl

Ful l  i tave 50/50
Rect angular

Hal  f -wave
Rect i  f  ie  d

R M S  V a l @

Average -

C o e f  f i  c i e n t  o f

0

1

7 A i

6 3

t to

4az

o . 5 J l

0 . 5

1 . 1 5 4

141

5

4141 .

1002

o . 5

0 .  1 3 8

12\Z

We can see fron the values giver in the rable rhat forn facror and coeff ic ient
o f  v a i i a t i o n  i n c r e a s e  r o g e r h e r .  H o w e v e r  i t  i s  n o t  a t v a y s  p o s s i b l e  r o  e s l i n a c e ,
by conparing waveform enveLopes such as shorn in Fig 30 by eye, whether one
vaveforn rr i l i  have a larger coeff ic ient of  var iat ion rhan anorher.  Usuat ly i !
rs necessary to evaluate the waveforns Euroerica1ly.  In pract ical  cases waveform
envelope shapes are nuch sore di f f iculr  to est inare by eye than Ehe periodic
waveforns shovn.

I t  is inportant ro remelnber rhar the use of a singLe factor suc_h as pearson's
c o e f f i c i e n t  o f  v a r i a t i o n  n u s r  b e  u s e d  a s  w i r h  a I I  g e n e r a l i s a E i o n s , i r i t h  c a r e .
I o r  e x a n p l e  i t  i s  e s s e n t i a l  r o  c o n p a r e  s i n i l a r  b e a r  a n d  p a u s e  o r  b e a t  a n d  g l i d e
s p e c i e s  o r  s i r n i l a r  c o n r i n u o u s l y  f l a p p i n g  s p e c i e s .
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