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A method for routine monitoring of the aerial

migration of insects by using a vertical-looking radar

A. D. SMITH!, J. R. RILEY! anp R. D. GREGORY?

! Natural Resources Institute Radar Unit, North Site, Leigh Sinton Road, Malvern, Worcestershire WRI4 1LL, U.K.
2Department of Mathematics, University of Manchester, Oxford Road, Manchester M13 9PL, U.K.

SUMMARY

Radar has been successfully used for over twenty years to study the flight behaviour of a variety of
migrant insects. However, the complexity of the equipment and the time-consuming nature of data
analysis procedures have precluded use of the technique for routine, long-term monitoring. We report
here the development of a technique specifically intended to make such routine monitoring a practical
proposition. The 3 cm radar transmits a vertical-looking beam which nutates about a vertical axis, and
in which the plane of linear polarization is rotated. Overflying insects modulate the radar signal in a way
which is related to their speed and direction of movement, their orientation, size, and shape. We have
shown that all these parameters can be extracted from the complex Fourier transform of the returned
radar signal, by using appropriate algorithms on a modern desk-top computer. The success of this
development means that economic, automatic, and long-term monitoring of the density, direction of
movement, orientation and composition of insect aerial faunas should now be possible.

1. INTRODUCTION

Radar has been used for nearly 25 years to study the
aerial migration of a variety of insects (Schaefer 1976;
Riley 1980, 1989; Reynolds 1988). These studies have
greatly improved our understanding of nocturnal
insect migration, and have emphasized its importance
in the distribution and population dynamics of grass-
hoppers, locusts, moths and planthoppers (Schaefer
1976; Drake & Farrow 1983, 1985; Riley & Reynolds
1979, 1983, 1990; Riley et al. 1983, 1991; Reynolds &
Riley 1988). However, the complexity of the equip-
ment and the time-consuming nature of the data
analysis procedures have hitherto precluded the use of
radar for long term migration monitoring. We report
here the development of a radar technique which
should make it feasible to economically carry out
routine, long-term observations of insect migratory
flight. The technique substantially improves the capa-
city of radar to identify the species of insects detected
by providing estimates of the mass of individuals and
data related to their shape. It also yields individual
displacement speed and direction, and body align-
ment azimuth. All the data can be automatically
gathered and processed using a desk-top computer
(for example, a top-of-the-range 486-based personal
computer). The potential uses of the technique
include monitoring the movement of insect pests of
agriculture, and assessing long-term changes in the
biomass and faunal diversity of insects caused by
environmental perturbations.

Phil. Trans. R. Soc. Lond. B (1993) 340, 393-404

2. THE EVOLUTION OF VERTICAL-
LOOKING RADAR

(a) Polarization rotation

Over twenty years ago, Atlas et al. (1970a) reported
the incidental detection of insect-like targets on their
vertical-looking, meteorological radar and it was
noted that the temporal variation of the signals from
these targets provided a measure of their horizontal
translation speed (Atlas ¢t al. 19706). We subsequently
decided to exploit the potential of vertical-looking
radar for entomological observations, and in 1975
deployed a vertical-looking system during our studies
of locusts and grasshoppers in West Africa. This
simple, pulsed radar operated with a wavelength
(3.2 cm) more appropriate for insect detection than
the 10 cm, continuous-wave, frequency-modulated
system used by Atlas. The most significant difference,
however, was that our radar transmitted a circularly
symmetric, plane-polarized beam, in which the plane
of polarization was continuously rotated (Riley &
Reynolds 1979). The main reason for introducing
polarization rotation was that we expected insects to
scatter radar waves like prolate dielectric spheroids, so
that echoes from long, thin insects would show more
response to polarization rotation than short, fat ones.
It was hoped that this difference could be used to
supplement wing-beat frequency (often also available
from the radar returns (Riley 1974; Schaefer 1976)) as
a means of species identification. Rotating polariza-
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Figure 1. Elevation view of the VLR.

tion also promised to provide a means of accurately
measuring the alignment of individual insects, because
maxima in the signals scattered back to the radar were
expected to occur when the electric vector in the radar
waves became parallel with the insect major body
axis.

(b) Early experimental results

In the event, the alignment measurement process
proved to be very successful, and vyielded novel
measurements of insect heading distributions in both
our own experiments (Riley & Reynolds 1979, 1986)
and in concurrent and later airborne applications
(Schaefer 1979; Hobbs & Wolf 1989; Wolf et al. 1990).
We found, however, that extraction of body shape
information was unfortunately frustrated by inade-
quate dynamic range in our receiver. It later became
clear that there was a more fundamental problem
with the body shape technique, because polarization
dependence was found to be a function of body size as
well as shape, at least in the case of larger insects
(Riley 1985). In our experiments, target size could not
be deduced from signal amplitude, because this is
strongly influenced by the (unknown) distance of the
insect targets from the radar beam centre.

(¢) Beam nutation

Fortunately, information about the target-to-beam
centre distance can be gained by causing the radar
beam to rotate about an axis offset from the beam
centre by a fraction of a beamwidth (figure 1). This
nutation technique has been extensively developed for
tracking radars (Dunn et al. 1970), and was exploited
by Bent (1984) in an attempt to use radar to estimate
the size of flying aphids. The aphid work was
apparently frustrated by a lack of resources, and by
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the formidable problems of obtaining signals of ade-
quate signal-to-noise ratio from such tiny targets. In
the present work, we have applied the nutation
principle to our rotating polarization radar, and have
found that it allows us to measure the speed and
displacement direction of individual overflying insects,
their alignment direction, wingbeat frequency, and
three parameters related to their size and shape.
Measurements may be made simultaneously in many
altitudinal ranges, and the data can be automatically
processed by a desk-top computer.

3. THE PRINCIPLE OF OPERATION

(a) Factors affecting the amplitude of the radar
echoes

The analysis which follows describes the signals
returned by individual insects. The radar aerial
consists of a vertically-pointing paraboloid reflector,
fed by a double dipole feed (Silver 1949) which is
offset slightly from the parabola axis of revolution.
This assembly forms a transmit-receive beam which is
approximately circularly symmetric, plane polarized
in the plane containing the dipoles, and in which the
gain falls off as a Gaussian function of the angular
distance from the beam axis (Dunn et al. 1970).
Rotation of the feed produces two effects: the plane of
polarization rotates and the beam axis nutates about a
vertical axis by a fraction of a beamwidth (figure 1).
An insect which flies through the nutating beam is
illuminated from below and will return time-varying
radar echoes whose characteristics are determined by
(i) the radar scattering properties of the insect, (ii) its
trajectory.

If the insect is mirror symmetric in the vertical
plane containing its body axis, then the cross-polar-
ized radar back-scattering terms are zero and the
mono-static back-scattering matrix of the insect may
be written

\/ O, 0
S = )
0 e*\/o,

where o0, is the maximum value of the (co-polarized)
radar cross-section (rcs) as the plane of polarizationt
rotates, o, is the rcs for the polarization direction
orthogonal to that at which the maximum occurs, and
w is a phase angle (Kell & Ross 1970). For insects that
are small compared with the radar wavelength, the
(horizontal) axes Oxy are such that Ox is parallel to
the insect’s longitudinal body axis; for large insects
however, the maximum Rcs may occur when the
plane of polarization is perpendicular to this body axis
(Riley 1985; Aldous 1990). It follows (Aldous 1990)
that, when the plane of polarization makes an angle ¢
with this x-axis, the Rcs g(¢) is given by

(3.1)

o(P) = ap + ay cos 2¢ + a, cos 4¢, (3.2)

t We define the plane of polarization to be the plane containing the
propagation direction and the E-vector.
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where
to = 3/8(0. + 0,) + 1/4(6,40,,)} cos p,

a=1/2(0,— 0 (3-3)

)
Ay = 1/8(6xx + Jyy) - 1/4(o-xxo'yy)% COS p.

¥y />

The (real positive) constants dq, @z, a4 (or equivalently
0.,0,,n) are determined by the size, shape and
dielectric properties of the insect.

Because the insect is moving and the radar beam is
nutating, the intensity of the beam incident upon the
insect is not a constant. For our antenna the off-axis
gain G(r) is approximately Gaussian, that is

G(r) =Gy exp( — %krz), (3.4)
where G, is the on-axis gain, £ =81In2 and 7 is the
(angular) distance from the instantaneous axis of the
beam; this distance is measured in half-power beam-
widths. On combining (3.2) and (3.4), the power of
the signal received by the antenna at time ¢ has the
form

f(t) = Cexp ( — kr?){ap + aycos2¢ + ascos4d}, (3.5)

where C is a known constant containing the transmit-
ted power and the target range; the time dependence
is through r and ¢.

Note: It is implicitly assumed in equation (3.5) that
the scattering matrix remains unchanged during the
target overflight. This requires the insect to maintain
constant pitch and yaw, but the assumption is still not
strictly valid for two reasons. Firstly, some modulation
of rcs is to be expected as a consequence of wing
beating, and secondly, the change of presented aspect
which is caused by target translation relative to the
radar, will also produce a change in rcs. Fortunately,
wingbeat induced modulation is usually small (Riley
1973), and in any case will not affect the general form
of f(£). Aspect change is potentially more significant,
at least in the case when insect dimensions are greater
than the radar wavelength, because even the small
(2°-3°) changes occurring during a beam transit may
then produce quite large variations of rcs (Riley
1973). However, in the great majority of field record-
ings of individual insects which we have made with
our 3 cm radar, the observed f(f) (see example in
figure 5a) corresponded very closely to simulated
signals of the type shown in figure 5b. It thus seems
reasonable to conclude that with radars of this and
longer wavelengths, the scattering matrix of most
insects may be taken to be effectively invariant during
a transit of the radar beam, and that equation (3.5)
provides an adequate description of f(¢).

(b) Extraction of target parameters from f(t)

The value of our vertical-looking radar (VLR)
technique depends critically on the practicability of
extracting, from measured values of f(¢), six para-
meters associated with each insect which overflies the
radar. These are the speed V and displacement
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displacement

orientation
-

Figure 2. Plan of the geometry of the flight path and the vLr
beam; the E-vector is along OC.

direction 7y, the body alignment 8, and the three cross-
section parameters ag, dg, a4 which are related to the
size and shape of the insect, and which (together with
the wingbeat frequency) may provide important clues
to its identity.

It is supposed that the insect I displaces along a
horizontal straight line % with constant speed V.
Figure 2 shows the horizontal plane containing #. In
this plane the vLrR beam has centre C, which nutates
about the fixed axis O with constant offset radius 4
and constant angular speed 2; at time ¢ = 0, OC lies
along the fixed reference line OA4. The line of flight &
is specified by 7, the angle between & and 04, and p,
the minimum distance of % from O; the insect is at
this point of closest approach to O at some (unknown)
time 7. Finally the body axis of the insect is supposed
to make a constant angle § with OA4, where B #7
necessarily. The plane of polarization contains OC.
Then the power received by the antenna is given by
(3.5) with

¢ =t B, (3.6)

r2= A* + R®* — 2AR cos (2t — a), (3.7)
where a = 104 and R( = OI) is given by
R?=V2(t—1)%+p2 (3.8)

On making these substitutions into (3.5) and after
some trigonometry we obtain

S(t) = C{ag + azcos 2(2t — B) + a4 cos 4(2t — )} x
e—-k(42+ﬂ2)e~—kV2(l-—t)2 exp QkA{V(l _ ‘L') cos (Ql —
+ psin (2t — )} (3.9)

In equation (3.9), k =81n2 and C, 4, 2 are known
constants; the remaining constants ag, az, 44, 9, 9, T, V,
B are properties of the insect and its flight.

If all the above constants are known, then it is a
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0.8 1

0.4 1

signal amplitude

0.0 1
~4 -2 0 2 4

time /s
Figure 3. The simulated received signal amf)litude for the
data: C=1, 4=0.1, 2=1Hz, a=1.0, a3=0.8, a4=0.5,
y=65°, p=0.5, t=0.0, V'=0.25, f=40°.

simple matter to calculate the resulting signal ampli-
tude; a typical simulated signal amplitude is shown in
figure 3.

However, we need to solve the inverse problem to
the above, namely: Given the signal amplitude func-
tion f(f) and the constants C, 4, £, how can we
determine the ‘insect constants’ ag, az, a4, v, V, B? (p,
7 are not of interest although p must still be deter-
mined.) These parameters are extracted by consider-
ing the complex Fourier transform F(w) of f(¢)
defined by
F(w)= [ f(t)e™dt (3.10)
Because the general extraction procedure is quite
involved, we will explain the method for the special
case in which a3 = a, = 0. (In this case f will also not

0.8 7
3 04
E J
0.0 vA T T T L E— T T A|/\' 1
-2.0 0.0 2.0

w/Q

Figure 4. |F(w)| against @ for the case in which C=1,
A4=0.1,2=1Hz, a,=1.0, ag=0a4=0, y=65°, p=0.5,7=0.0,
V=0.25.

Phil. Trans. R. Soc. Lond. B (1993)

A radar to monitor insect migration

appear in (3.9) and is therefore indeterminate.) The
general case is treated in Appendix 2.

F(w) has a much simpler form than f(¢). For the
parameters used in figure 3 (but with a; = a4 = 0) the
absolute value of F(®) is shown in figure 4. This was
constructed directly from the signal f(¢) by numerical
integration using the trapezium rule. The same can be
done for real signals so that F'(w) can be found for any
value of w. We observe that [F(w)| consists of a
number of distinct peaks approximately centered on
the points o =72 (n=0,+1,+ 2, ...).

The transform F(w) can also be found analytically
in terms of the unknown parameters a4y, 7, V, p, 7.
By using the generating formula (Watson 1944, pp. 14
and 77)

exp [%z (w + i):l = =§iwwnln(z),

the formula (3.9) for f(f) can be written

S =

(3.11)

[ee]
Caoe—k(A2+p2) e—sz(l—'r)z « Z(

— 00

Vit—1)—ip >
(Pt—1)+p*p

"M VLKAV — 1) + p*P]. (3.12)

Here the functions I,(z) are the Bessel functions ‘of
imaginary argument’ defined by L(z) = ( — 0)" J,(zz).
They are real positive and increasing functions when z
is real positive and increasing. If we now substitute
(3.12) into (3.10) and integrate term by term, we
obtain

F(w) =

C%Cik(A2+p2) Z e_inyei(nﬂ+m)'ar((w+nQ)/V)’

n=

(3.13)

where the functions R,(«) are defined by

Ro) = | —h

I ek‘2<m> L[2kA{s? + p2¥le™ds,

(3.14)

the dependence on 4, p being suppressed. (s = V(t — 1)
is a new variable of integration.) The nth term of the
series in (3.13) corresponds to the peak of F(w) near
o= —n2 and if 2/V is large enough§ (2/V > 12 is
sufficient) then these peaks will be effectively separa-
ted. We will assume that £2 is chosen large enough so
that 2/V > 12 always holds. Then, in particular, the
complex quantities F( — nf2) are given by
F(—nQ) = Clap)V)e & +1Me-imR (3.15)

where R, means the expression (3.14) with a =0 so
that

Ry= | e "L [2kA{s® + p*H]ds, (3.16)

§ Here £ is measured in radians per second and V in beamwidths
per second.
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Table 1. Values of parameters extracted by the ‘five peak’ approximation, compared with their exact values, for various 4

‘five peak value’

exact value 4=0.1,2=1Hz

‘five peak value’
4=0.2,2=1Hz

‘five peak value’
4-0.3, 2=1Hz

az/ao 0.8 0.8000 0.8003 0.8004

asfao 0.5 0.5001 0.5010 0.5049

B 40° 40.00° 39.93° 39.68°

b 65° 65.00° 64.99° 65.07°

b 0.5 0.5002 0.5007 0.5012

alV 4.0 4.004 4.012 4.017

V 0.2500 0.2500 0.2498 0.2491

w ek ‘ /2 such that] the left side of (3.25) lies between (say)

Ri=—ip {32+—p2}511 [2kA{s® + p*}7]ds, (3.17) 0.3 and 0.7. Then V must satisfy the equation

— o0

= T e (S \nokat + 2 s, (318
Ry= | ™\ G JRI2KAL® % ds (3.18)

Note that the R, depend only on the known beam
offset 4 and the single parameter p. The values of
F(w) at the points w = — nf2 are of special impor-
tance and are denoted by F,; these F, may be
calculated approximately from f(¢{) by numerical
integration of (3.10).

It follows from (3.15) that

Fy = Cap|V)e H4+#) Ry,
(Fy[Fo) = e™"(Ry/Ry).
Because R, is real and positive and R, is negative pure
imaginary, it follows by taking the argument of (3.20)
that y is given by
Y = —arg(Fi/Fy) — (m/2), (3.21)

while by taking the modulus of (3.20) it follows that p
must satisfy the equation

(3.19)
(3.20)

14 e MRIKAL + p7ds

1 — 0

= Tl —z (3.22)
j m[l [2kA{S2 + p2}%]d5

It is convenient to solve this equation for p numeri-
cally by iteration, taking as the starting value p =
|Fy/Fy|/(k4), which is the solution in the limit as
4—-0; when 4 =0.1, about two iterations were
required to achieve three figure convergence (four
when 4 = 0.2).

Now that p is known, the ratio ay/V is determined
from (3.19) to be

a]V = @ +PECR,,. (3.23)

The insect speed V can be determined from the
‘width’ of the central peak of |F(w)|. For @ near zero,
we have from (3.13)

F(w) = Clay/ V)e K&+ R (| V) (3.24)
where Ro(a) is defined by (3.14); thus
|F () [F(0)] = |Ro(/V)[Ro(0)]. (3.25)

Now choose some value @’ from the range 0 < @ <

Phil. Trans. R. Soc. Lond. B (1993)

|Ro(@'[V)[Ro(0)] = |F () [F(0)].

This equation for V can be solved numerically by
bisection, taking the initial range of w’/V to be
2< w'|V<6. Now that V is known, the remaining
parameter gy can be found since the ratio ay/V is
already known from (3.23).

This completes the process of parameter extraction
for the case in which a; = a4 = 0. The general case is
treated in Appendix 2 by the ‘three peak’ and ‘five
peak’ approximations, which are extensions of the
method described above. The ‘five peak’ approxima-
tion is a remarkably accurate method of parameter
extraction. When applied to the signal shown in figure
3, the values obtained for the extracted parameters are
given in the second column of table 1; the exact values
are in the first column. The corresponding extracted
values when 4 = 0.2,0.3 are given in columns 3 and 4.

(3.26)

(¢) The effect of signal noise

The accuracy of the parameter extraction method
in the presence of signal noise was investigated by
generating pseudo-random signals with a normal
amplitude distribution (Williams 1991), adding them
to simulated values of f(¢), and then running the
extraction routine on the resulting signal. Table 2
shows how the errors in the extracted parameters
varied with the signal-to-noise ratio, when using
simulation parameters appropriate for our field radar.
The numerical extraction procedure is seen in this
example to generate some (very small) errors even
when no noise is added to the signal, but these errors
would not be of significance in entomological appli-
cations, and can, in any case, be reduced by optimis-
ing the value of 4. More importantly, the table shows
that the extraction method is remarkably robust in the
presence of noise, and that errors in the extracted
quantities do not become excessive until the signal-to-
noise ratio becomes less than 10 dB, and even at a
value of 3.6 dB the errors in the trajectory data and
the principal cross-section term would be acceptable
in most cases. The reason for this robustness is that our

1 This will put the point @ =’ near the steepest part of the central
peak of |[F(£)| and will give a more accurate value for V.
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Table 2. Examples of extracted parameters for various signal-to-noise ratios

(Errors are shown in brackets. Signal-to-noise ratio is defined as 10 x log (signal maximum power/mean noise
power). Target simulation parameters: = 34/214°, y=176°, V=1.15 beamwidth per second, ap=42 x 10~% cm?,
a2=33x10~* cm? and a;=2.6 x 10~* cm?. Radar parameters: 4=0.25 beamwidth, 2=6 Hz, range gate sample
rate =300 Hz.)

nsect
signal: insect insect displacement radar cross-section terms/(10~* x cm?)
noise alignment displacement speed/beamwidth
ratio/dB axis/deg direction/deg per second ap ag as
o) 35/215 (+1°) 175 (—1°) 1.16 (+19%,) 40 (—5%) 32 (—6%) 2.7 (+1%)
30 35/215 (+1°) 175 (—1°) 1.16 (+1%) 40 (—5%) 32 (—6%) 2.7 (+1%)
20 35/215 (+1°) 175 (—1°) 1.16 (+1%) 40 (—5%) 32 (—6%) 2.7 (+1%)
10 35/215 (+1°) 175 (—1°) 1.13 (—2%,) 39 (—-9%) 31 (—9%) 2.5 (—4%)
3.6 32/212 (—2°) 171 (—5°) 1.23 (+7%) 39 (=9%) 30 (—12%) 3.7 (+38%)

extraction method uses the values of the transform
function F(£2) at the points w =0, — 2, —2Q, .. |
— 582, which are at (or close to) the peaks of |F(w)|;
thus the errors induced by random noise are propor-
tionally minimized.

4. EXPERIMENTAL RESULTS

We had an opportunity to test a prototype vertical-
looking radar at the beginning of 1991 during a
collaborative field study with GSIRO in Australia.
The radar was operated for a fortnight, mostly during
the late afternoon and evening, at Narrabri in New
South Wales, while a conventional entomological
scanning radar was in use nearby. Signals were
obtained from 15 altitude ranges simultaneously, and
were multiplexed and digitally recorded on a tape
recorder. A technical description of the radar is given
in Appendix 1.

(a) Analysis of the recorded signals

For some of the observational period, especially just
after dusk, the signals from the radar range gates
(especially the lower ones) became semi-continuous
because insects were entering the volumes sampled by
the radar in close succession. At other times however,
returns from individual insects were well separated,
and were seen to be very similar to the simulated
example shown in figure 3, although of varying
amplitude. These signals (an example is shown in
figure 5a) were analysed using the five-peak method
described above, and the six extracted parameters
were then used to re-calculate f(¢) (see figure 54) for
comparison with the original signal. In almost all
cases, the measured and re-constituted signals were
found to be very similar, and this similarity gave us
confidence that the assumptions made in the scatter-
ing model were valid. Some examples of the extracted
parameters are listed in table 3. The table also gives
estimates of the masses of the individual insects
detected. The estimates were derived from the empiri-

cal formula for 3.2 cm wavelength:
m= (0, x 10°/6.4) (4.1)

for g,, < 10~ *cm? (Riley 1992). For higher values of

Phil. Trans. R. Soc. Lond. B (1993)

o,., where Mie or resonance effects occur, the rela-
tionship between mass and o, found by Aldous (1990)
is more appropriate:

log m = 2.54 4 0.766 log(a,,) + 0.179{log(a,,)}*. (4.2)

In both expressions o,,, g,, are expressed in cm?, and
m in mg. All the targets had a mass less than 1000 mg,
so the axis of x was taken to correspond to the
alignment of the insect major body axis (Riley 1985,
Aldous 1990).

1071 @)

10—10 N

10—11 L

power / W

10—12 -

1079"(17)

0 1 2 3
time /s

Figure 5. (a) Real signal, log (power). (§) Simulated signai,
parameters as for experimental radar, log (power).


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

A radar to monitor insect migration

A. D. Smith and others 399

Table 3. Examples of results extracted from data recorded at Narrabri, New South Wales, from 23 h40 to 23 h 41 on 28

January 1991. The altitude range is 195 to 240 m

scattering matrix terms insect insect insect
insect displacement displacement alignment
Or/cm? G, /cm? phase u/deg mass/mg speed/m s~} direction/deg axis/deg
3.2x 101 1.0x 10! 70.3 89.7 10.8 313 37/217
1.4x 102 6.8x 103 71.0 14.8 7.5 9.6 134/314
1.6x 102 5.0% 1073 78.9 15.8 7.7 10.8 133/313
1.1x10°1! 1.5x 10-2 90.1 54.7 9.9 52.6 151/331

(b) Aerial density estimates

A value for the insect aerial density was estimated
by noting the fraction of time for which a range gate
was occupied, and dividing the volume sensed within
the gate by this fraction; this gave the volume
occupied, on average, by one target. The sensed
volume was calculated using the expression:

V,= (c/2) x dt x R% x = x (0/2)2 m?, (4.3)

where ¢ here is the velocity of light (3 x 108 ms™1),
d¢ = the range gate timing interval (selected to be in
the range 0.1 to 1 ps), R is the distance of the gate
from the radar (usually in the range 150-800 m), and
0 is the beam nutation angle plus the angular width
(both in radians) of the radar beam within which
targets of a representative cross-section (chosen to be
0., = 0.01 cm?) would return signals above the radar
detection threshold. The average aerial density esti-
mated in this way for the period during which the
data in table 3 was acquired, was 0.3 insects per
10* m®,

A more accurate assessment of density could be
obtained if account were taken of the way in which
target size distribution affects sensed volume (see
Riley 1979), but this is not attempted here.

(c¢) Wingbeat frequency modulation

Standard Fourier analysis of the recorded signals
showed few convincing examples of wingbeat fre-
quency modulation in our recordings. The reason for
this result is not clear, but we have found in the past
that smaller insects appear to produce a lower ampli-
tude of wingbeat modulation than larger grasshoppers
and moths, and our size distribution data (figure 8)
shows that in the experiments described here, the
insects were rather small.

(d) Comparison with measurements made by the
scanning radar

The vLrR makes detailed measurements on many
individual insects, whereas the scanning radar gives a
more qualitative overview of the aerial population as a
whole. Comparisons between the two systems are thus
not exact, but nevertheless provide a check of the vLR
results.

Figure 6 summarizes insect trajectory and body
alignment data extracted from signals accumulated in

Phil. Trans. R. Soc. Lond. B (1993)

five gates during the period 23 h 40 to 23 h 43 on 28
January 1991, over an altitude range of 195-540 m.
The insects detected by the scanning radar during this
period, and in the same altitude range, had average
displacement speeds estimated to be 8-11 ms~*, and
were moving towards the north-northeast; both of
these results are in excellent agreement with the data
in figures 6a,b.

For part of the observational period, the scanning
radar display showed evidence of the sectorial distri-
bution of echoes characteristic of common orientation
(Riley 1975), which indicated that there was a
tendency for the detected insects to align their body
axes in the 100°-280° direction. This result agrees less
well with the alignment distribution shown in figure
6¢, where the mean alignment axis was 131°-311°.
However, the discrepancy probably arose because the
sectorial pattern was discernible over only part of the
altitude range, and was only weakly developed, so
that determination of the common alignment axis was
rather inexact. Very close agreement has previously
been found between alignment axes deduced from
sectorial patterning, and from distributions measured -
with (non-nutating) vertical-looking radar (Riley &
Reynolds 1979).

A pilot balloon tracked by the scanning radar
provided an estimate of the wind velocity at the range
gate altitudes, at about 23 h 15. Vector subtraction of
this data from the individual insect displacement
velocities measured by the vir produced the air speed
and heading data shown in figure 7. Because the wind
speed (9 ms~!) was substantially higher than insect
air speeds, these results are rather sensitive to errors in
wind velocity measurements and to changes which
may have occurred between the times of the balloon
flight and the radar measurements. Nevertheless, the
calculated heading distribution (figure 75) is seen to
be broadly consistent with the alignment distribution
in figure 6¢, and identifies its western half as the
heading end. Most of the calculated air speeds (figure
7a) are within the range to be expected for smallish
insects (2-4ms~?'), and the mass distribution data
shown in figure 8 suggests that the majority of the
detected insects were, in fact, quite small (between 4
and 32 mg). There was no aerial netting data to
provide an independent measure of insect mass distri-
bution at altitude, but specimens trapped during the
evening in a vehicle-mounted net were mostly small
Lepidoptera, of length about 10 mm and estimated
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Figure 6. (a) Displacement polar histogram. (b) Displacement speed histogram. (¢) Alignment polar histogram.
Number of targets=49.

mass 10-30 mg, so the radar results do not seem
improbable. They are also consistent with the fact that
the scanning radar was detecting, at its operational
range of 900 m, insects presenting cross-sections
greater than about 0.02 cm?, i.e. with masses above
10-20 mg.

5. DISGUSSION
(a) The validity of the model

The similarity between examples of f(f) measured by
our 3.2 cm radar in the field, and those generated by
simulations based on our overflying insect model,
strongly suggest that the model provides an adequate
description for f(¢), at least in the case of the insects
observed in our Australian study. In addition, the
general agreement between the flight trajectory data
extracted from the vertical-looking radar with that
observed on the scanning radar tends to validate
convincingly both the model and the analysis pro-
cedure for f ().

(b) Insect identification

Further studies, supported by aerial sampling, are

Phil. Trans. R. Soc. Lond. B (1993)

required to show how well the three cross-section
terms, uniquely available from the vertical-looking
radar, form useful insect identification features. How-
ever, it is already certain that the terms will, at the
very least, greatly improve the capacity of radar to
discriminate between species of different size. In the
case of larger insects, wingbeat frequencies will usually
be discernible in the radar returns, so a powerful, four-
character identification scheme should be practicable.

(¢) Non-ideal signals

The analysis method presented in this paper is
appropriate only for situations where the aerial den-
sity of targets is such that less than one target at a time
passes through the radar beam in each range gate
interval. For our system, this corresponds to less than
one insect per 12000 m® at an altitude of 300 m. At
higher densities, the shoulders of the Gaussian enve-
lope of f(t) become distorted in a way not described
by our model, as echoes from sequential targets
overlap. If overlapping targets are also in the same
pulse volume, then interference between the reflected
radar waves will also occur and may produce deep
modulation of the combined signal (Blacksmith ef al.
1965), as their differential range from the radar
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changes during the overflight. Distortion of the Gaus-
sian envelope corrupts information about target size
and translation speed, but the alignment angle and
direction of displacement are encoded in the phase of
the signals at frequencies 2 and 22 and can be
recovered from selected segments of f(¢).

The problem of multiple targets can be avoided by
using a very narrow radar beam and short range gates
so that overlapping signals rarely occur. The disad-
vantage of this solution is that at times of low density
overflight, the rate of target interception might be
unacceptably low. In most cases, it will be desirable to
have the capacity to vary the range gates and perhaps
also the radar beamwidth, so that both high and low
density overflights can be adequately monitored.

The more sensitive dependence of cross-section on
aspect, to be expected in large insect species, may also
produce signals not adequately described by our
model, and more field studies with 3 cm radar are
required to determine if this is the case.

(d) Future developments and applications

The full potential of the method described in this
paper will become clear only when its species identifi-

40
b
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5 ___!—\__
%
o 20+
o
S
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8
5
a,

0 8 64 512

mass / mg

Figure 8. Mass distribution histogram.

cation capability has been thoroughly demonstrated
in a series of field studies in different environments. It
also remains to determine whether a wavelength
longer than 3 cm will be required to reduce the aspect
sensitivity of cross-section which is a feature of the
larger insects at 3 cm wavelength.

Nevertheless, it seems certain on present evidence
that vertical-looking radar will provide a very power-
ful means to automatically observe insect flight at
altitude, and will be especially useful in long-term
studies of orientation behaviour and of migration.
Because the system is based on the mature technology
of marine radars and personal computers, it will be
inexpensive, and can be expected to perform reliably
over long periods. It is therefore uniquely suited to
monitoring aerial pest movement for agricultural
forecast and control schemes, perhaps deployed in
networks or chains. Vertical-looking radar also holds
considerable promise as a means of automatically and
cheaply monitoring changes in the biodiversity of
airborne insects.

We are grateful to Dr G. A. Bent for alerting us to the
potential of the nutation technique, and to the Division of
Entomology of CSIRO, Australia, for supporting the field
trials of the vertical-looking radar. Thanks are also due to
Dr. V. A. Drake and Mr. W. Rochester for their hospitality
and collaboration, and for supplying data acquired by the
scanning radar.

APPENDIX 1. TECHNICAL DESCRIPTION OF
THE RADAR

Our equipment is based on a simple marine radar
transceiver which combines the virtues of being rela-
tively inexpensive and rugged enough for field use.
The transceiver was fitted with a precision log ampli-
fier to increase the receiver’s accuracy and dynamic
range, and connected to a vertical-looking, parabolic
antenna. The technical details of the radar are
summarized in table Al. Signals from selected altitude
ranges are captured by the use of 15 ‘range gates’
which sample and hold echoes returning at set
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Table Al. VLR specification

transmitter
frequency 9.4 GHz
p.r.f 1.5 kHz
pulse length 100 nS
receiver
precision Logarithmic with low

noise front end
IF frequency 60 MHz
noise figure (including duplexer) 7 dB
IF bandwidth 20 MHz
antenna
parabolic reflector with offset

dipole feed 1.2 or 1.5m
dipole rotation rate 6.01 Hz
dipole offset (in beamwidths) 0.1 to 0.5
data acquisition system
primary sample rate (radar p.r.f.) 1.5 kHz
range gate channels 15
north marker channel 1
secondary sampling anti-alias filter

cut off 100 Hz
secondary sample rate (12 bit A to

D converter) 300.48 Hz

secondary samples per dipole 50 per revolution

revolution per channel
data rate 4808 samples per
second
multiplexer bit rate 62500 bits per second
housekeeping data rate 600 baud

intervals after the transmission of an outgoing pulse.
Sampling takes place at the radar pulse repetition
frequency, but the gate outputs are low-pass filtered
and sampled at a lower frequency (300 Hz) which
reduces by a factor of five the rate at which data must
be processed or recorded. The signals from the gates
are then multiplexed into one channel, with ‘house-
keeping’ data on another.

APPENDIX 2. PARAMETER EXTRACTION
IN THE GENERAL CASE

As in the special case treated in § 3, the parameters are
extracted by considering the Fourier transform F(w)
of the signal f(¢). First consider the contribution of ag
by setting ap=as=0. Then f(¢) is the same as in (3.12)
except that ag is replaced by ag cos 2(£2¢— f), which
can be written

%aze—Ziﬂ)e%.Ql + (% a262iﬂ)e—2iﬂl‘

(A.1)

The Fourier transform of f(¢) will now be the
superposition of two transforms, each like that shown
in figure 4. The first has ‘amplitude’ iase ~*# instead of
ay and is shifted to the left by 2£; the second has
amplitude 3a2¢®* and is shifted to the right by 2Q.
The contribution of a, is similarly accounted for,
and gives rise to two more transforms of amplitudes
sase * % shifted now by + 4Q. The general case then
has a transform function F(w) which is the superposi-
tion of five transforms, each of which is like that shown
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Figure Al. |F (w)| against @ in the general case.

in figure 4. A typical example of the general beha-
viour of |F(w)| is shown in figure Al.

As a first approximation we shall assume that each
of the five transforms which make up F(w) consists of
three peaks only!; in figure 4 this means disregarding
all peaks except those near w =0, + £. Subject to
this ‘three peak’ approximation, there is only one
contribution to each F, for n =0, 2, 4, 5 and two
contributions for n = 1, 3, as follows:

Fy = Clag|V)e & +P Ry, (A2)
Fi|Fy = (e”?(RRy)) +
(axe =2 ]2a0) (e""(Ri[Ry))", (A.3)

Fy|Fy = axe = %#|2q,, (A.4)
Fs3|Fy = (aze™**[2ay) (e 7(Ry/Ry)) +

(ase™**|2a5) (e "(R/Ry))", (A.5)
Fy|Fy = age™**|2q,, (A.6)
FolFo = (ase~#12a0) (e~ (Ry|Ry))". (A7)

We can now begin the process of parameter extrac-
tion. Because ap, ag, a4 are positive, it follows from
(A.4) that

azlag = 2|Fy/Fy| (A.8)

and that

B = —zarg (Fy/Fy). (A.9)
Similarly from (A.6)

aslag = 2|Fy Ky ). (A.10)

Equations (A.3), (A
give

G = (FI/FO) — C_4iﬂ(F3/F0)* +
e*(F5|Fy) = e 7(RyJRy). (A.11)
As B is now known from (A.9), the left side G of

.5), (A.7) may be combined to

' This approximation becomes more accurate as 4—0. However,
for very small 4, the peaks near = + £ also become very small
and this is undesirable since the information they contain will be
lost.
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Table A2. Values of parameters extracted by the “three peak’
approximation, compared with their exact values, for various A

‘three peak’ ‘three peak’
value with value with
exact 4=0.1, 4=0.2,
value Q=1Hz Q=1Hz
as/ao 0.8 0.773 0.715
as/ao 0.5 0.494 0.484
B 40° 39.0° 36.4°
b 65° 66.0° 69.4°
P 0.5 0.495 0.471
aolV 4.0 3.85 3.39

(A.11) is also known, and this equation can be used to
find y and p as in § 3. The ‘three peak’ approximate
determination of Vis identical to that described in § 3.

When applied for instance to the signal shown in
figure 3, the values obtained for the extracted para-
meters are those in the second column of table A2; the
exact values are in the first column. The correspond-
ing extracted values with 4 = 0.2 are in column three.
Clearly the accuracy of the ‘three peak’ approxima-
tion deteriorates with increasing 4, and this restricts
its use to small values of 4. This restriction can be
overcome by using an improved ‘five peak’ approxi-
mation for the basic transform. The ‘five peak’
approximation retains the Fy, F_,, F, 5 of each basic
transform and neglects F, for |n| > 3; each basic
transform is thus regarded as consisting of five peaks
only. In this approximation we may write

FO = FO -+ Cﬁ; -+ C*Fz,

Fy = Fy + cFy + ¢*F,, (A.12)
F, = Fy + cF,,
and
G = (Fy/Fy) — e “P(Fy/Fy)* + e*P(Fy|Fy) =

e "(R/Ry). (A.13)
In (A.12), (A.13),
¢ =e *RyR, (A.14)

and £y, E,, F, are the contributions to Fy, F,, F, from
the ‘three peak’ theory; the terms involving ¢ can be
regarded as correction terms. Equations (A.12) and
their complex conjugates can be arranged as a 5 x 5
set of linear equations to determine the £, from the F,,
as follows:

1 ¢* ¢ 0 Fy F,
¢ 1¢200 F, F,
0¢100 El = | & (A.15)
¢0 01 ¢ Fy Fy
000c¢1 ) 24 F}
In (A.15), the right side is known, but the matrix

elements are functions of y, p and are not yet known.
A direct solution does not seem to be possible, but we
may proceed iteratively as follows:

First use the ‘three peak’ method to determine
values for y, p. Now put these values into the matrix in
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(A.15) and solve for the F,; we can then find § (see

(A.9)) by

B = —3arg (FyFy).
Substitute this value for §, and £, from (A.13), into

(A.13) and determine y, p from this equation as

described in the ‘three peaks’ theory with G replaced

by G. This determines more accurate values for y, p

and the iteration can begin again. When the values of
y, p have converged sufficiently we may finally use

(A.16)

azfay = 2|F‘2/Fo| > (A.17)
wag = 2|Fy/ By, (A.18)
a|V = @ ICR,. (A.19)

The convergence of this iteration process is quite
rapid; when 4 = 0.1 the parameters are within 0.19%,
of their final values after about 2 iterations (4 when
4 =0.2, 6 when 4 = 0.3).

In the ‘five peak’ theory the equation for V
corresponding to (3.26) is

Ry(0)|F ()] = [Ro(e'[V)Fy + e~ *"Ry(c' | V) 5 +
Ry — o' V) Fal,  (A.20)

which can also be solved for V by bisection; all the
other parameters which appear, that is 7y, p, F,, F,,
have already been determined.

Further ‘multi-peak’ approximations are possible,
but would seem to be unnecessary in view of accuracy
of the ‘five peak’ theory (see for instance the example
of parameter extraction from a simulated signal by the
‘five peaks’ theory given in § 3, table 1). It is fair to
regard the ‘five peak’ procedure as the solution of the
problem of parameter extraction, at least for exact
data.
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