
The small crater Heinsius A which exhibited the 
radar enhancement is the bri ght s pot indicated by 
the arrow. 

Also, it is known that durin g a lun a r eclipse the 
rayed crater s exhibit a differen t coo lin g rat e than the 
rest of th e lunar s urface. Th e mos t rece nt measure· 
ments of a lunar eclipse in Dece mber 1964, show that 
many other craters a lso show thi s anam olous coo ling 
behavior. On e of the ne wly di scove red " thermal
anamolou s" cra ters has bee n te nt atively identified 
as He insiu s A, the c ra te r whic h was bright under full 
moon and showed a radar e nhance ment. The optical, 
thermal, and radar results can be explained by lo
calized areas of bare, ex posed , and com pact roc k. 

In conclus ion , lunar radar echoes were examined 
in delay and freque ncy in a mann e r such that ret urns 
were reflected from localized areas on the lunar 
surface. The ma pping of these re turn s showed that 
young and r ayed cra ters have e nh a nced radar sca tte r
ing. The c raters which s how th ese rada r e nh ance
me nts a lw ays a ppear bright on the full moon a nd from 
the latest infrared res ult s, appear to be anamo lous 
in that regim e also. The resu lt s a t all wavele ngths 
can be exp lain ed if th ese are loca li zed a reas of bare, 
exposed, and co mpacted roc ks. 

Although this paper concerned the radar behavior 
of young a nd rayed craters it should be noted that the 
mountainou s regions we re shown to re flect more power 
than th e maria regions. The e nhan cements were 
mu c h less modes t th a n those for th e craters . For 
example, mountainous regions reRected 11f2 to 2 times 
as much power as the maria region , while scattering 
enhancements of craters show they reflec ted up to 10 
or 20 times as much power as other areas on the 
moon . 

Discussion Following Thompson's Paper 

T. Hagfors: What reflection law did you use? 
T. W. Thompson: An empirical law based on obser · 

vation from Millstone Hill at 440 Mc/s, us in g a 100-
f..tsec pulse length. 

C. Sagan: Have you looked to see whether there is 
any systematic difference between the scattering be
havior of craters without central peaks? 

T. W. Thompson: I have not looked specifi cally for 
thi s effec t. 

C. Sagan: Such a correla tion might be expected . 
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A previous ly de ri ved formula. ex press ing the variation of the mean power backscatte red from 
the rough s urface of a planet with the delay time or angle of inc idence by taking into account both the 
co mposite roughness of the surface and shadowing effec ts, is c hecked against new data from the Moon 
and Venus a t five diffe rent wavelengths. The agree ment with the lunar data is very good and leads to 
ce rtain conclu s ions on the nature of the lunar surface. The data on Venus are also in good agreement 
and indica te that its surface is smoother than that of the Moon, but with an abundance of small s tructure. 

1. Introduction 

The proble m of extrac ting inform ation on the lunar 
and p]ane tary surfaces from th e meas ure me nts of 
. radar bac ksca tt e r from these surfaces has been the 
subject of many studies in recent yea rs [cf. bibliography 
given by Evan s, 1965al. Until rece ntly, no theory 
free of arbitrary and unnatural assumptions could 
provide a fit to the measured curves of backscattered 
power versus delay time (i .e., angle of incidence) and 
in the abse nce of thi s basic agree ment the conclusions 
drawn from the meas ured c urves must necessarily be 
doubtful. 
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In the present paper we hope to show that very good 
agreement with the measured c urves may be ob tain ed 
over the entire range of delay time by app lyin g basic 
Kirchhoff theory and re finin g it to include two impor
tant effec ts: co mposite roughness and s hadowin g . 

For radar backscatter from th e Moon or a planet 
the pertine nt: geometry may be seen from fi gure 1. 
A radio pulse of duration T,. travelin g with velocity c 
illumin a tes a n a nnular ring of a rea A o n the s urface 
of the pla net. Thi s area is easil y s hown inde pe nde nt 
of pos ition and equal to A = 2rracTp with a the radius 
of t he planet. The angle of inc ide nce () changes from 
0° to 90° as th e pulse travels from the s ubterrestrial 



r-RADAR PULSE 

PLANET 
(MEAN SURFACE) 

-----------------
D 

TO RADAR 

F IGURE 1. Geometry of radar backscatter from a planet. 

point D to the limbs of the planet; for sufficiently short 
pulse durations Tp (or equivalent techniques of attain
ing high resolution), e remains essentially constant 
over the illuminated area. The radar will measure 
the mean backscattered power P* as a function of the 
delay time t; we set t= 0 when the pulse first reaches 
the point D. It will be seen from figure 1 that e is a 
simple function of the delay time t: 

e = arccos (1- ct/2a). (1) 

Using (1), the measured curve P*(t) is easily plotted 
as a function of e and, to permit comparison under 
varying conditions of equipment, etc., is normalized 
to the "angular spectrum" by dividing by P* for 
e=o, i.e., 

p*(e) 
P( e) = P*(O) · (2) 

It is against this experimentally measured function 
that a theoretically derived function P( e) must be 
checked before any conclusions on the nature of the 
planetary surface can be drawn. 

2. Theory 

There is at present no general theory leading to 
explicit results for elec tromagnetic scattering by any 
kind of a rough surface ~(x, y) where ~ is the deviation 
from a (mean) xy plane, the surface being the interface 
between two regions of arbitrary electrical constants. 
However, the solution is available [Beckmann and 
Spizzichino , 1963] for a large class of surfaces, includ
ing those generated by a stationary random process 
~(x , y) ; this class is limited by the following assump
tions: (a) the surface bounds a perfectly conducting 
region , (b) the radii of curvature of the surface are 
large compared to the wavelength , i.e., the surface 
does not have an abundance of sharp points or edges, 
and (c) multiple scattering may be neglected. 

Assumption (a) seems at first sight unrealistic for 
lunar or planetary surfaces, and so it doubtless is if 
only the conductivity per se is considered. However, 

all experimental and theoretical evidence indicates 
that for the scattering characteristics of a surface, 
the roughness is much more significant than the con· 
ductivity: a change in conductivity may change the 
scale of the scattering diagram, but will not -like a 
change in roughness or slopes - significantly change its 
shape and general character. On the other hand, the 
above statements concern only the amplitude and 
power scattering characteristics (mean or random); 
they certainly do not apply to problems of depolariza
tion, which can be shown to be very strongly dependent 
on conductivity, and permittivity. In fact, the theory 
to be outlined below is not suited for direct application 
to problems of depolarization and we shall not attempt 
to solve them in this paper. 

Under the above assumptions one may derive the 
field scattered into an arbitrary direction (e.g., the 
backscatter direction) when the surface is illuminated 
by a plane wave at an angle of incidence e. In the 
case of interest here, namely when ~(x , y) is generated 
by an isotropic stationary process with probability 
density p(z) and correlation function 

(3) 

with 7 the distance between the points (Xl, Yl) and 
(X2, Y2) on the mean (smooth) surface, the solution 
is derived in chapter 5 of Beckmann and Spizzichino 
[1963]. 

When the above procedure is applied to the case 
of backscatter for the geometry of figure 1, the agree
ment with the measured curves (2) is closest if p(z) is 
normal (mean 0, variance (Ti) and the correlation func
tion (3) is exponential: 

(4) 

where the constant Tl is the correlation distance, 
i.e., the value of 7 for which B(7) = e- l . For the above 
functions p(z) and B(7) one obtains [Beckmann, 1965a] 

P o( e) = ( cos4 e + 1 ~:::!t sin2 (J) - 3/2 , 

with A the wavelength of the incident radiation. 

(5) 

However, the agreement of (5) with the measured 
dependence pee) is not satisfactory for two reasons: 
(a) The value of TT./(Tl for which the best agreement is 
obtained is unrealistically high, i.e., far off the values 
to be expected from optical observations of the lunar 
surface, (b) agreement is obtained only over the range 
of e from 0° to about 60°, but not near the limbs, where 
the measured. "tail" of the echo falls off rapidly as 
e approaches 90°, whereas (5) approaches a constant 
value. 

The theory was therefore refined in two respects. 
The first [Beckmann, 1965a] concerns an analysis of 
a rough surface generated by a superposition of sev
eral random processe.s: 
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each with its own distribution and correlation function_ 
Let the distributions of the tj be normal with mean 
zero and variances crJ , so that the scale roughness of 
the jth component tj\X , y) is 

(7) 

and let the correlation function of this component be 

(8) 

so that its "equivalent" root-mean-square slope is 1 

(9) 

It can then be shown [Beckmann , 1965a] that in

stead of (5) we obtain the more general expression 

(10) 

where 

(11) 

I A random process with correlat ion func tion (8) does no t have a n rms s lope: the quan
t ity Sj is de fi ned by (9) a nd is na med "'equi vale nt' " fm s slope for re asons ev id ent from its 
deri va tion [Bec kmann. 1965a ]. This is done he re to avoid cert a in mat he mat ical issues of 
seconda ry importa nce. 

O~--'----'----r----r---'----'----'----.---, 

- 10 

Cl 
-0 

'" 
(L 

-20 

90' 

8-

For a given wavelength, R is a constant and thus (10) 
has the same form as (5); however, owing to Cauchy's 
i nequali ty , 

(12) 

the numerical value of R, now a result of summing 
many components, is reasonable when interpreted in 
terms of scale roughness and rms slope of the surface _ 
It should be noted from (11) that (10) will be strongly 
affected not only by the roughness rj of the individual 
components, but also by their slopes Sj , which stresses 
the importance of small-scale components_2 

Curves of (10) for various values of R are shown in 
figure 2. 

The second refinement of the theory, which correc ts 
the disagreement of (10) with the measured depend
ence near the limbs, concerns partial shadowing of 
the rough surfaces . It is usually assumed in calcu 
la tions of rough-surface scatter that all parts of the 
surfaces are illuminate d_ In reality thi s is only true 
for normal incidence (0 = 0°); for other values of f) 
the hills will cast shadows on other parts of the sur
face (fi g. 3). These parts of the surface will not be 
effective in scattering. The power backscattered by 
a partially shaded surface may be calculated by deter
mining the sta ti s tical charac teristics of the surface 
consisting of the illuminated parts of the original 
surface only. This has been done elsewhere [Beck-

2 Rela tio ns (10) and ( II ) hoJd if t he components in (6) are inde pe nd ent . I f thi s is not so. 
e ross·corre lat ion fun ct ions musl be conside red . whic h leads to morc invo lved m at he ma tics . 
but not to c hanges in principle [ef. Hayre. 19651. 
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FIGURE 2. Mean relative backscattered flower as {{iven by (1 0) fo r 
various values of R. 
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( 0 ) (b) 

FIGURE 3. S hadowing of a rough surface, (a) general , (b) effect of 
sma.LL structure. 

mann, 1965b] and leads to a shadowing function S(e) 
which yields the mean backscattered power for a 
partially shaded surface through 

p(e) = S(e)Po(e), (13) 

where po(e) is the backscattered power calculated 
without regard to shadowing, e.g., (10). 

In the special case of a normally distributed surface, 
the shadowing function reduces to [Beckmann, 1965b] 

- 4 

CD 
-a 

§ 

-6 

-8 

S(e) =exp [-itan e erfc (K cot e)], 
where 

(14) FIGURE 4. Shadowing functio n 5(0) given by (14) for va.rious va.lues 
ofK. 

erfc x= l- erf x=-- e- t2 dt 2 1'" y7i x ' 

and the constant K is given by 

(15) 
From (10), (13), and (14) we obtain our final formula 

for the mean relative power backscattered from the 
lunar or Venusian surface as a function of the angle 
of incidence, 

K= 1 
\1'2 1 B"(O) 1 ' 

(16) P(e) = 

or in the case of (6) and (8) by 

K= 1 

)2±Sj 
j=! 

1 

sV2' (17) 

with Sj given by (9) and hence S the overall "equivalent" 
rms slope of the surface (see footnote 1). 

It should again be noted that it is the slopes of the 
surface that determine the extent of shadowing, since 
IB"(O) 1 equals the mean square slope of the surface; 
thus it may again be the small-scale components (small 
roughness Tj ) that are decisive if their slopes are suf
ficiently large. The physical reason for this is evident 
from figure 3b, where the small-scale variations par
tially shade the "south" slope of the large-scale 
roughness without adding light to the "north" side. 

Curves of (14) with K as parameter are shown in 
figure 4. The shadowing functions S(cf» are plotted 
in decibels so as to facilitiate multiplication by the 
curves of po(e) in figure 2. 

(cos4 e + R sin2 e)- 3/2 exp [-i tan e erfc (K cot e)], (18) 

where K and R are meaningful physical constants 
given by statistical characteristics of the surface 
through (11) and (17). Note from figures 2 and 4 that 
R determines the curve for the lower range of e, while 
K determines it near the limbs; thus in fitting (18) to 
the experimental data, there is no possibility of arbi
trary adjustment of R at the expense of K or vice versa. 

In the rest of this paper we hope to show that (18) 
does indeed give a very good fit to the data available 
to us. However , before we go on to the experimental 
curves, it is well to realize that Rand K are constants 
only with respect to 8 ; in general they are functions of 
the wavelength. This may be seen immediately from 
(11) and (7), from which it follows that R is propor
tional to 'A2. This principal wavelength dependence 
is in fact borne out by the experimental measurements 
made at different frequencies: the longer the wave
length, the more peaked the response near e=oo (cf. 
figs. 5 and 6). 

However, apart from this principal and explicit 
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wavelength dependence, there are other frequency
dependent fac tors which are not as easily de termined 
quantitatively. Of these , two appear mos t important. 
First , le t us write (6) in decreasing orders of (Tj ; the 
co mponents with (Tj < < t... will obviously have no effect 
(or the same e ffect as I;j == 0) on the bac kscattered 
power, e.g., local facets of the surface that reflec t 
radio frequencies specularly may be rough on an optical 
scale. Thus n in (6) is , in effect, frequency-dependent 
and hence by (11) and (17) Rand K mus-t also be 
frequency-dependent. Secondly, the shadowing fun c
tion (14) was derived from purely geometrical con sid-

-10 

l -20 

-CD -Cl. -30 

LYNN eta!., )..=8.6mm 

-40 

6}{EVANS, ).. = 3.6 em 

, PETTENGILL,)..= 68 em 

• KLEMPERER,).. = 6 m 

erations ; the penumbral regions caused by diffraction 
were neglected. Since diffraction is a frequency
de pe ndent phenomenon, this is a further re ason why 
K must be frequency-dependent. The error in neglect
ing diffrac tion will appear as a di storted numerical 
value of K as de termined through (17); this part of 
the error will vanish as t... ~ O. 

These secondary, implicit frequency-dependencies 
are in fact borne out in the numerical values of Rand 
K even when the explicit dependence of R on t... 2 has 
been accounted for , as we shall see in the following 
sections. 
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--LOMMEL - SEELIGER LAW (OPTICAL) 
SOLID LINES ARE THEORETICAL CURVES 
(EQUATION 18) FIT T ED TO DATA. 
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FI (;U RE 5. CO II// Il/ rison 0/ i/8 ) lVilh //l I1/1 r m d" r data measured at five different wave/enlahs. 
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3. The Moon 
For a convincing check of (18) against the experi

mental lunar data, the measured curve P(()) should 
be known over a sufficiently wide range of (); other
wise the fit is obtained too easily to provide a re
liable verification of the theory. The high-resolution 
lunar backscatter measurements over a sufficiently 
wide range of () that are available to us are those made 
at wavelengths of 8.6 mm, 3.6 cm, 68 cm and 6 m as 
reported below. 

Lynn, Sohigian, and Crocker [1964], using a radar 
located at Lexington, Mass., at 34,990 Mc/s (8.6 mm) 
with a power of 12 Wand a beamwidth of 4.3 min of 
arc, measured values of P(()) shown in figure 5 together 
with the curve computed from (18). A close fit is 
obtained for R = 3 and K in the neighborhood of 4; 
their measurements do not go far enough out to the 
limbs to determine K more accurately. 

A better check on (18) is provided by the data re
ported by Evans and Pettengill [1963] for A. = 3.6 cm 
and 68 cm. The measurements at 3.6 cm were made 
with a radar located at Pleasanton, Calif., with 12 kW 
peak power with a resolution of 30 p,sec. The result
ing data are again shown in figure 5, together with the 
curve computed from (18) for R = 21, K = 3.6. It will 
be seen that the curve fits the measured dependence 
to within 1 dB. 

The next set of data in figure 5 is the one measured 
by Evans and Pettengillll963] with a 440-Mc/s (68-cm) 
radar located at Westford , Mass. Using a power of 
2 MW, a resolution of 12 J-tsec was attained. Because 
of the high resolution of these measurements and the 
range in e (almost to 90°), this set of data is of the 
highest quality and ampleness presently available. 
As may be seen from the figure, (18) again provides 
an extremely close fit for R = 85 and K = 0.95. 

The squares in figure 5 show the data obtained by 
Davis and Rohlfs [1964] at a wavelength of 11.3 m 
using 250-J-tsec pulses; a fit to these data is obtained 
for R = 200. The measurements do not go out far 
enough to the limbs to determine a value for K; also, 
the relatively large scatter and error bars make ac· 
curate comparison difficult. 

Finally, figure 5 shows the data on P( ()) obtained at 
A.= 6 m (49.92 Mc/s) by Klemperer [1965] usin a the 
radar at Jicamarca, Peru, with a power of 2 MW and 
resolution of 100 J-tsec. The solid line computed 
from (18) for R = 165 and K = 0.03 once more yields 
a very good fit to the measured data. 

Also indicated in figure 5 (top curve) is the Moon's 
uniform brightness at optical sequence as given by 
Lommel-Seeliger law [Evans , 1965a, p. 35]. Formula 
(18) matches this curve for R - 2, K - 5. 

As expected, Rand K turn out to be frequency· 
dependent. Figure 6 shows an attempt to plot the 
functions K(A.) and R(A.). Although we certainly do 
not claim these curves - given by only four points 
each - to be the exact dependencies, the figure leaves 
little doubt that the values of K and R, originally 
picked to give the closest fits in figure 5, are not 
accidental, but follow a monotonic pattern consistent 
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FIGURE 6. Dependence of Rand K on wavelength for the lunar 
surface. 

~ith the discussion at the end of the preceding sec
tIOn: on the longer wavelengths, diffraction will be 
more effective and will thus reduce the shadowing 
~ffect (compare the dependence on K in fig. 4). Sim
Ilarly, the values of R(A.) appear to lie on a smooth 
mOI?otonic ~urve; f?r the reasons given in the pre: 
cedIllg sectIOn , R IS an increasing function of the 
wavelength. 

Rela~ion (17) was derived by geometrical optics 
and WIll therefore be strictly valid only as A. ~O. 
For the shortest wavelengths available, 8.6 mm [Lynn, 
Sohigian, and Crocker, 1964] and 3.6 cm [Evans and 
Pettengill, 1963], K will be seen from figure 6 to lie 
in the neighborhood of 4, which by (7) corresponds 
to an effective rms slope of the lunar surface of 10°. 
However, for the reasons given above, this value 
should be used with caution. 

4. Venus 

The experimental data that are available in suffi
cient de.tail to permit a check of (18) are those by Dyce, 
PettengIll, and Sanchez [1965], Kotelnikov [1965], 
and Evans [1965b]. In addition, the angular charac
teristic may be inferred from the frequency spectrum 
reported by Carpenter [1964] and Muhleman [1965] or 
from the power-delay time curve obtained with a lon a 

pulse [Klemperer, Ochs, and Bowles, 1964]. b 

. Figure 7 shows the data measured by Dyce, Petten
gIll, and Sanchez [1965] at the Arecibo Ionospheric 
Observatory at 430 Mc/s (70 cm). The full curve is 
a plot of (18) for R = 120, K = 1.0. The theoretical 
curve is seen to be generally in good agreement with 
~he measured data, although an irregularity appears 
III .the range from about 20° to 50°; a similar irregu
la:Ity appears in figure 9 in a different position, and 
mIght therefore be attributed to a large inhomogeneity 
of the surface (e.g., continents) presenting different 
aspects to the terrestrial radar at different times owin a 

to Venus's rotation [Carpenter, 1965]. 10> 

Figure 8 shows the data measured in the USSR in 
1962 (upper curve) and 1964 (lower curve) at a wave-
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FIGURE 7. COmlJGrison oj (18) with data measured at 70 em Jor 
Venus [Oyee, Pett engiLL, and Sanchez, 1965 1. 
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FIGURE 8. COmlJGrison oj (18) with the data measured at 43 em Jor 
Venus [Kotelnikov, 19651· 

length of 43 cm as reported by Kotelnikov [1965]. The 
full c urves plot (18) for R = 35 a nd 120 res pec tively. 
Kotelnikov [1965] attributes the diffe re nce in the two 
sets of meas ure me nts to a smoother side of Venus 
being turned to the Earth durin g the 1964 meas ure
ments; howe ve r, no such difference is apparent in 
the JPL data [Carpenter, 1964; Muhle man, 1965], 
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FI GURE 9. Comparison oj (18) with data measured at 23 em Jor 
Venus [Evans, 1965 &1. 

whic h were also take n in 1962 and 1964 at a different 
wavele ngth (12.5 cm). Also, the value R = 35, which 
provides a fit to the 1962 data , is far lower than any 
corresponding to any other se t of meas uremen ts, and 
we are the refore inclined to give more weight to the 
1964 USSR data , which are consistent with all the 
rest of th e data whic h we have inves ti gated. 

Figure 9 shows the data obtain ed by Evan s [196Sb] 
a t a wavelength of 23 cm. A very good fit is obtained 
from (18) for R =200 , K = O.l. 

Additional values for the parameter R a nd so me 
estimates for K can be obtained [rom the data available 
at A = 12.5 cm and A = 6 m. A c urve of P( f)) versus f) 
was obtained by Carpe nter [1964] from a CW radar 
spectrum of Venus taken on Dece mber 5, 1962, by 
inverting an integral eq uation. The radar was op
erated at 8350 Mc/s with a power of 12 k W. Values 
of R - 140 and K - 0.4 are appropriate in fittin g equa
tion (18) to these data, although the scal ter in the 
points beyond f) = 30° is considerable. T he same 
radar was used again in 1964 (near closest approac h 
to Venus) but with an increase in CW transmitter 
power to 100 kW _ A very fin e spectrum was ob tained 
on June 17 [D. O. Muhle man , private co mmunica
tion] , from which a valu e of R = 120 can be inferred 
for the backscatter fun ction. Th e data a t A= 6 m 
[Kle mperer , Ochs, and Bowles, 1964] were obtain ed 
with the ]icamarca radar in P eru usin g SOO-,usec 
pulses. Onl y an es tima te of the true P(f))-versus
f) c urve can be made, as co nvo luti on effec ts are serious. 
Inde pe nde nt es timates of th e valu e for R were also 
obtained from (a) the s pectrum of fadin g, (b) the com
panson of echo amplitu de on 3-msec and SOO-,usec 
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pulses. The value for the parameter R thus found is 
200 ± 50. All the data available from A. = 6 m to A. = 
12.5 cm are summarized in table 1. 

TABLE 1. Values of Rand K for Venus. 

f Mc/S A R K Exp date Hefe rcllces 

50 6m - 200 12/2/62 Kle mpe re r. O ehs. and Bowles [11)64[. 
430 70 em 120 1.0 5/22/64 Dyce. Pe llen)!ill. and Sa nchez [19651. 
700 43 em - 35 1962 Kut elnikov [1lJ65]. 

120 1964 
12% 23 em 200 0.1 1964 E 'UllS 11%5b l. 
8350 12.5 CIlI - 140 - 0.4 12/5/62 I Carp~nter [)964]. 

- 120 6/17/64 Muhle m a n (pri vate co mmuni ca li lln). 

It will be seen from figures 7 to 9 that again (18) is 
in good agreement with the measured depende ncies. 
The values of K are now less reliable than in the case 
of the Moon, since the measurements taken from 
Venus, particularly at the shorter wavelengths, do 
not "0 out to the limbs far enough. The values of R 
do n~t vary with wavelength as strongly as in the case 
of the Moon; they range from 120 to 200 for all five 
sets of data. This behavior is characteristic of a 
smooth surface having an abundance of small struc
ture. For, if the slopes of the Venusian surface are 
steeper than those of the Moon (as indicated by the 
lower values of K), then diffraction effects may offset 
the basic wavelength dependence more than in the case 
of the lunar surface . 

Comparison between the lunar and Venusian sur
face is best made for the mutually closest wave
lengths available. This is the case for the lunar data 
measured at 68 em [Evans and Pettengill, 1963] and 
the Venusian data obtained at 70 em [Dyce, Petten
gill, and Sanchez, 1965], yielding the values R = 85 , 
K = 0.95 (fig. 5) and R = 120, K = 1.0 (fig. 7) respec
tively. Comparing the values of R, it follows that the 
surface of Venus is smoother than that of the Moon. 
This is also confirmed by the data of Klemperer, Ochs, 
and Bowles [1964], measured at a wavelength of 6 m, 
which yield R = 165 for the Moon (fig. 5) and R = 200 
for Venus. On the other hand, the smaller values of 
K at the shorter wavelengths (0.1 at A. = 23 em and 
0.4 at A. = 12.5 em for Venus as against 3.6 at A. = 3.6 em 
for the Moon) indicate steeper slopes for Venus. 
Recalling that "smoother" refers to the standard 
deviation of the surface, whereas its slopes are deter
mined by the correlation function, the above results 
indicate that small structure is present to a larger 
degree on Venus than on the Moon. 

5. Conclusions 

The expression (18) for the mean power backscat
tered from the rough surface of the Moon or a planet 
was derived under certain assumptions stated in sec
tion 2. The formula is in very good agreement with 
the measured curves at .. five different frequencies in 
the case of the Moon; for the data available from Venus 
the agreement is also good. Comparison of the two 
sets of curves shows that Venus must be smoother 
than the Moon, but has more small structure. 

The limitations of (18) are primarily given by the 
quantitatively unknown part of the wavelength de
pendence of the parameters Rand K, as explained 
in more detail in section 2. Although (18) is evidently 
the correct functional dependence, the numerical 
values of the parameters Rand K should therefore 
be used with caution when drawing conclusions on 
the properties of the surface that determine Rand K. 

The other limitations appear less important. The 
fact that (6) assumes a stationary process (although 
the statistical characteristics of the lunar surface 
will vary around the illuminated ring) does not appear 
detrimental to the good agreement shown in figure 5, 
although in the case of Venus a small irregularity 
appears that may well be due to this point. Simi
larly, the assumption of perfect conductivity is, for 
the reasons given in section 2, practically immaterial 
for the calculation of the relative mean power backscat
tered at various angles of incidence. The conductivity 
will, however, significantly affect the depolarization 
of the backscattered radiation; this is an altogether 
different problem that we have not investigated here. 
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Discussion Following Beckmann and Kle mperer's Paper 

T. Hagfors: Doesn't the theory presented here 
grossly overestimate the effects of shadowing, since 
the shadowed regions would not be inclined favorably 
for reflection anyway? 

R . M. Goldstein: It seems as though the returned 
power does not go to zero at the limb, in your ex· 
press ion. 

Answer: It goes to zero , cf. (14) for ()~ n/2. 
Answer: No; cf. sec III and IV of Beckmann [1965b]. (Paper 69Dl2- 621) 

A Note on the Radio Reflectivity of the Lunar Surface 
A. Giraud 

National Center of Telecommunicational Studies, CDS Department, Issy les Moulineaux (Seine) 

To the extent that scattering phe nomena can put boundary conditions on properti es of the surface, 
the results obta ined by the use of radar have provided less information on the lunar surface than the 
pass ive radio observations. Where the latter have given information such as on the refractive index 
or the thermal res istivity , the interpre tation of the lunar rad ar echoes has dealt principally with the 
charac ter of the geometry of the re flec ted surface. Once thi s aspec t is esta blis hed, it is poss ible to 
obtain the refl ec tion coe ffi c ient at normal inc ide nce, given by Fresne l's formula , 

1-~ 

1 +VK' + iK" 

where K ' a nd K" are the real and imaginary parts of the co mplex relative pe rmittivity. 

(1) 

' In thi s way one find s K' = 2.7 at deci"rrie te r wavelengths. The same coeffi c ient of re flectivity 
obtaine d a t centimete r wavelengths by Russ ian rad io astrono mers, throu gh the surface e mi ss ivity 
a nd Kirchhoff's Law, give us K' = 1.5. This difference be tween the properti es of the lunar surface 
was allributed to the greater penetration of the longer waves. 

I n thi s s tudy we propose to explain such a variat ion of the coeffi c ient of re fl ec tivity with wavele ngth , 
by usin g only radar data. We will quantitatively expla in thi s varia tion by the use of a model where 
the lunar surface does not consis t of abrupt di scontinuities- whe re the re fl ec ti ve prope rti es may be 
ex pl a in ed by (1) at wavele ngths greater tha n a few mete rs. 

1. The Spectra of the Lunar Reflectivity at 
Short Wavelengths 

assume that the cons tituents have the same dielectri c 
constant K to a depth much larger than the wave
lengths in use . 

1.1. General 

The published results of lunar radar observations 
range from wavelengths of about 1 cm to more than 
10 m. They show a progressive change in the mech· 
anism of refl ection , be ing diffu sed at millimeter wave· 
lengths and se mitran sparent at decameter wavelengths 
(fig. 1). At the same tim e, the fraction of the returned 
energy, or the e ffective scattering cross section U", 

seems to increase by a factor of the order of two (fig. 2) 
between 10 cm and 10 m. We can write 

(2) 

Where a is the radius, g represents the "gain" due to 
the geometric characteri s ti cs of the surface, and r is 
the mean "albedo" corresponding to the intrinsic 
electromagnetic properti es of the material responsible 
for it. 

For the extreme cases of a perfectly smooth sphere 
and of one completely diffused (according to Lambert's 
law), the factors rand g are independent. Let us 

In the first case we have 

- 21 R 12 U"smooth - n a , (3) 

where R is Fresnel's coefficient for normal incide nt 
given by (1). For K = 3 , for example, we have 

U"smooth = O.072na2 • 

In the second case, 

8 "IR-I? U"Lambert = 3" na- -, 

(4) 

(5) 

where IR 1 represents a mean reflection coefficient 
averaged for all incident angles and all polarizations. 
It is possible to show numerically that IRI2=O.125 ; 
therefore 

(6) 

As the wavelength becomes longer , the effective 
lunar cross section, instead of increasing, decreases 
by a factor of 4 or 5 at the same time that the specular 
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