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Abstract. Observations of lunar radio emission were made at 3.09 mm wavelength (97.1 GHz) from 
April 18 to May 20, 1971. Absolute brightness temperatures were measured for five distinct areas - 
Copernicus, Sea of Serenity, Sea of Tranquility (Apollo 11 landing site), Ocean of Storms (Apollo 12 
landing site), and a highland region near the mean center - and lunation curves were determined. 
Theoretical brightness temperatures throughout a lunation were calculated for Copernicus, Sea of 
Serenity, and the Highlands region using a thermophysical model employing variable properties of 
the lunar soil. The results showed that the predicted lunation curves are quite sensitive to the value 
of the electric loss tangent. The model for the loss tangent which best fits the observed data is signifi- 
cantly different from that describing particulate basalt. Calculations were also made for comparison 
with earlier observations at the same frequency of the total lunar eclipse on February 10, 1971. 
Variations in the observed eclipse and lunation curves between regions are sufficiently great to 
prevent matching all the observations with a single model. 

1. Introduction 

M a n y  au thors  have made  significant cont r ibu t ions  to bo th  exper imenta l  and  the- 

oret ical  aspects  of  lunar  microwave  emission.  Reviews of  this area  have been 

presented  by Weaver  (1965), Hagfors  (1971), and  M u h l e m a n  (1972). Efforts to con- 

s t ruct  a theore t ica l  mode l  to sat isfactor i ly  predic t  bo th  eclipse and luna t ion  temper-  

a tures  have been h indered  by  a lack of  knowledge  of  the physical  t empera tu re  dis- 

t r ibu t ion  beneath  the lunar  surface, the physical  p roper t ies  o f  the lunar  soil, and 

perhaps  the effects of  surface slopes. 

Observa t ions  o f  lunar  rad io  emiss ion have previously  been repor ted  by G a r y  et al. 

(1965), Low and Dav idson  (1965), G i b s o n  (1958), Troi tski i  et al. (1967), and  others.  

These studies have con t r ibu ted  great ly  to the under s t and ing  of  the physical  proper t ies  

of  the Moon .  However ,  such pract ices  as averaging da ta  t aken  over many  lunat ions  

to ob ta in  a single luna t ion  curve, using single scans of  the lunar  disk to derive a 

luna t ion  curve, present ing the da ta  in ha rmon ic  form, and omi t t ing  absolute  temper-  

a ture  ca l ibra t ion  of  the da ta  have compl ica ted  a t t empts  to const ruct  a sat isfactory 

model .  The exper imenta l  da t a  ana lyzed  in this pape r  were ob ta ined  in such a way as 

to faci l i tate  compar i son  with a ca lcula ted  model .  The da ta  were taken  dur ing a 
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single lunation and no averaging was performed. Specific regions of the Moon were 
studied with enough angular resolution to distinguish between different types of 
terrain. The data were absolutely calibrated and yield a new measurement of the 
lunation average brightness temperature of the center of the Moon, which is important 
for calibration of other sources (Linsky, 1973, and Ulich et al., 1973). 

2. Observations 

The 4.88 m diam parabolic antenna at the Millimeter Wave Observatory (elevation 
2070 m) on Mt. Locke, Texas was used to make the observations. The antenna half 
power beamwidth at 97.1 GHz is 2.52'. The radio telescope is equatorially mounted, 
and digital position encoders have a resolution of 3.6". Absolute pointing accuracy 
is better than 15" maximum error. 

Efficiency losses due to spillover, spar blockage, scattering, and radiometer blockage 
have been calculated to be 7.6, 3.5, 1.3 and 0.6% respectively, at 3.09 mm wavelength, 
giving a beam efficiency of 87.5 +_2.2%. This efficiency is the antenna coupling factor 
to a uniformly bright disk of the same angular diameter as the Moon. The brightness 
temperature of the Sun at 3.09 ram, determined using this coupling efficiency, is 
6815_+310 K (Ulich et al., 1973). The total absolute calibration error for extended 
sources is estimated to be less than 4%. The receiver was a standard superheterodyne 
Dicke radiometer located at the prime focus; its sensitivity was 3.8 K RMS for an 
integration time of one second. 

Five regions of the lunar surface were chosen for observation. Three of them - Cop- 
ernicus, Sea of Serenity, and the Highlands - represent distinct types of lunar terrain 
and have been observed during a total eclipse at the same frequency (Ulich, 1972). 
Copernicus and its surrounding rays are a relatively recent crater system. The Sea 
of Serenity is a relatively smooth mare region, and the Highlands area represents the 
mountainous terrain. The areas around the landing sites for Apollo 11 and Apollo 12 
were chosen since comparisons with in situ and returned sample measurements are 
possible. Antenna positions for the five regions were predetermined with corrections 
for librations, refraction (Davis and Cogdell, 1970), and mount eccentricities (Davis 
and Cogdell, 1969). Observations were made on 30 days between April 18, 1971 and 
May 20, 1971, during lunation number 598. 

Antenna temperatures were measured using an OFF-ON-OFF (SKY-MOON-SKY) 
technique. Each baseline observation lasted 80 seconds, and each lunar observation 
lasted 160 s. Integrated digital data were recorded every 10 s. The antenna temperature 
scale was periodically determined by injecting a signal from a thermally calibrated 
neon noise tube. Each cycle of observing the five sites and a calibration required 
about 45 rain to complete, allowing approximately eight complete cycles during each 
observing period. Atmospheric extinction data were taken using drift scans of the 
Sun for periods when the Moon was in the daytime sky. Near full Moon observations 
of the Moon were made at low elevation angles, and these data wele used to calculate 
the extinction. 
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The radiometer digital output, the time of each data set, the antenna position, and 
auxiliary information were recorded on punched paper tape. The data were converted 
to punched cards and analyzed on a digital computer. Voltage deflections for each 
OFF-ON-OFF observation were converted to antenna temperatures by comparison 
with the noise tube calibration signal. The noise tube equivalent antenna temperature 
of 80_+2 K was previously determined by comparison with a well matched termina- 
tion thermally cycled between boiling water and ice slush. Linear interpolation was 
used between calibration points. Antenna positions were used to calculate the air 
mass corresponding to each observation, and corrections for atmospheric extinction 
were made in the usual manner (Shimabukuro, 1966). Corrected antenna tempera- 
tures were then converted to brightness temperatures using the calculated beam 
coupling efficiency. 

3. Theoretical Calculations 

Early analyses by Piddington and Minnett (1949) and by Troitskii (1954) produced 
an expression of the following type to describe the thermal emission from the Moon 
at radio wavelengths 

oo 

T, (2, t) = [1 - R (00) ] f T (x, t) K (2, x) sec 0 (x, 0o) 

0 

x 

xexp[-f  K(2,~)secO(~,Oo)d~]dx, 
0 

where 

0) 

T~ = Brightness temperature (K) 
2 = Wavelength (m) 
t = Time (sec) 
R = Fresnel reflection coefficient at the surface 
0 o = Angle between the normal to the surface and the line of sight to 

the observer 
T = Physical temperature 
x = Depth beneath surface (m) 
K --- Power absorption coefficient (m- 1) 
0 = Angle between the normal to the surface and the refracted ray 

in the absorbing medium 

The calculations presented here have been made using Equation (1) and incorporating 
available information on the variable thermophysical properties of the lunar soil. 
The electrical properties have been shown to be functions of wavelength, temperature, 
and density (Katsube and Collett, 1971, and Chung et al., 1971). However, these 
effects are not well defined for the lunar soil at millimeter wavelengths; consequently, 
studies of terrestrial basalt powder (Wechsler, 1971) at 3.24 cm and 1.18 cm were 
assumed to account for the effect of a variable density. The temperature dependence 
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is uncertain and was ignored in this analysis. The calculations assume the density 
of the uppermost layer to be represented by the model of Jones (1968), in which the 
density increases with depth beneath the lunar surface. The studies of basalt powder 
by Wechsler (1971) revealed that for values of the dessity 0 from 0.6 to 1.6 gm/cm 3, 
the relative dielectric constant e and loss tangent tan 6 are represented by 

8 (x) = 0.74 + 1.60 (x), (2) 

tan 6 (x) = 0.0029 + 0.00380 (x). (3) 

Both parameters are depth dependent since they vary with the density which is depth 
dependent. The power absorption coefficient K may be expressed in the usual form 

K (2, x) = 2re_ ~ / e ~ )  tan 6 (x). (4) 
A 

The reflection coefficient R at the surface (x=0) is determined from the Fresnel 
relationships for parallel and perpendicular polarization of the radiation as 

R(Oo) = RLI (0, 0o) cos27 + Rl(0,  0o)sin2 ~, (5) 
where 

R,,(x, Oo)=[~(x)c°sOo - ~/~-~)- sin2 0o72 ' 
(x)  cos 0o + sin 2 (6) 

= -[co  0o  - - 0ol  " - 

kcOS0o + ~/~-(x) s in2~]  ' (7) 

and 7 is the polarization angle of the emitted radiation, measured clockwise from the 
north in the plane of projection. The angle 0 is determined by Snell's law of refraction 

[- sin0o ~ 
0 (x, 0o) -- sin-* k ~ _ l .  (8) 

Numerical values of T(x, t) and 0 (x) were supplied by Jones et al. (1973) from their 
model which best matches the observed infrared emission. A computer program 
using the relationships presented here and the physical temperature profiles presented 
by Jones et al. (1973) was used to evaluate Equation (1) for comparison with the 
observations. 

4. Results 

Good observing conditions allowed daily observations of all five regions during a 
complete lunation with the exception of two days. Brightness temperatures were 
calculated and a lunation curve was established for each site. Daily brightness tem- 
peratures are given in the Appendix. Plots of brightness temperature versus fraction 
of a lunation period (FOP), reckoned from full Moon, are given in Figures 1-5. The 
brightness temperatures of all sites were between 318K maximum and 153K mini- 
mum. Maximum temperature readings occurred in general at approximately 0.075 
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3.09 mm Lunation data for Sea of Serenity with theoretical curve. 
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3.09 mm Lunation data for Highlands with theoretical curve. 
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FOP, which corresponds to a phase lag of 27 °. The lunation average brightness 
temperature of the Highlands region, which is quite near the mean center of the Moon, 
was found to be 223_+ 8 K, and at new Moon the Highlands brightness temperature 
was 165_+6K. Cooling rates for Copernicus and Apollo 12 were less than the other 
sites in the 0.1 to 0.2 FOP range. During this part of the lunation, the temperatures 
of Copernicus and Apollo 12 declined more slowly, producing a more rounded curve 
than the other sites. 
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In addition to the observed data, Figures 1-3 show theoretical curves of brightness 
temperature during the lunation calculated using Equation (1). These theoretical 
lunation curves were selected to best fit the observations using values of the relative 
dielectric constant and the loss tangent within the range of values commonly accepted 
as representing the lunar soil. The assumed variation of density with depth is given 
in Figure 6. 

In making the initial calculations, two points concerning the loss tangent became 
apparent. The first was that the values of the loss tangent determined from studies 
of basalt powders (Wechsler, 1971) produce calculated brightness temperatures which 
are lower than the observational data. The second was the manner in which slight 
changes in the magnitude of the loss tangent produce significant changes in the 
calculated temperatures. As a result the loss tangent was allowed to be a free parameter 
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in the calculations and was varied by trial and error to determine theoretical curves 
comparable to the observed brightness temperatures. The magnitude of the loss 
tangent was varied by simply changing the coefficients of Equation (3). For Coper- 
nicus, Sea of Serenity, and the Highlanos areas, the most suitable lunation curves 
are calculated with a loss tangent of the form 

tan 5 (x) = 0.013 + 0.004~ (x).  (9) 

For Copernicus this produced a maximum brightness temperature of 314K, a mini- 
mum temperature of 159 K, and a 25 ° phase lag. When the constant term of Equation 
(9) is decreased, the maximum temperature decreases and the minimum temperature 
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Variation of lunar soil density with depth beneath the surface. 

and phase lag increase. This demonstrates that the loss tangent is an important 
factor in the theory of millimeter lunar emission and underscores the need to more 
accurately determine its functional dependence. In the density range of Figure 6 the 
loss tangent calculated from Equation (9) varies from 0.016 to 0.021. This range is 
acceptable in view of the measurements of Apollo fine grained material by Katsube 
and Collett (1971). Their measurements were made between 103 and 107 Hz, and 
although the analysis here is directed toward much higher frequencies, it is interesting 
to note how well the values determined here compare with the values measured for 
the Apollo fines. 

Values of the relative dielectric constant in the range commonly accepted for fine 
grained lunar material do not greatly influence the calculated lunation curves. Bright- 
ness temperatures for all sites were calculated using the relative dielectric constant 
given by Equation (2). 

In addition to calculations of lunation temperatures, calculations were also made 
for comparison with previous eclipse observations by Ulich (1972) which have been 
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revised upward based upon a more accurate thermal calibration of the receiver. These 
calculations were made for Copernicus, Sea of Serenity, and the Highlands sites ob- 
served by Ulich and used the same physical temperature profile, density, loss tangent, 
and relative dielectric constant as the lunation calculations. Only the variation in 
solar insolation due to the difference in time from February to April, 1971 was 
allowed• Comparisons of the theoretical eclipse curves with the observations are shown 
in Figures 7 and 8. The Highlands data compare reasonably well with the calculated 
eclipse curve. Pre-eclipse brightness temperatures averaged near 312K and fell to a 
minimum of 286K. Immediately following the eclipse the calculated temperature is 
303K, whereas the observations indicate a brightness temperature near 310K. The 
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13 

calculated brightness temperatures for Copernicus prior to the eclipse are 10K higher 
than the observed values but agree better during and after the eclipse. The observations 
and theoretical eclipse curve for the Sea of Serenity are similar to those of Copernicus. 
In general, the calculated lunation curves fit the observations better than the calculated 
eclipse curves. 

5 .  C o n c l u s i o n s  

Observations of the Moon's millimeter brightness temperature during a lunation can 
be duplicated by theoretical calculations with considerable success using the physical 
temperature profile from a model which is consistent with observations of infrared 
emission during both the lunar day and a lunar eclipse. Our analysis showed the luna- 
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tion curves to be quite sensitive to the magnitude and functional dependence of the 
loss tangent. The model for the loss tangent best fitting the lunation data is signifi- 
cantly different from that describing basalt powder. The sensitivity of the calculations 
to changes in the loss tangent points out the importance of further studies of  the 
dielectric properties of the lunar material, particularly at millimeter wavelengths. 

The model best fitting the lunation data resulted in a reasonable fit to the eclipse 
data. However, the lunation and eclipse curves for the separate regions of the Moon 

are sufficiently different to prevent matching all the regions with a single model. A 
unique determination of the electrical properties of  each region cannot be made until 
a more sophisticated model is developed utilizing a dependence of the thermophysical 
properties on temperature, wavelength, density, and particle size. 

TABLE I 
Selenographic coordinates of observed regions 

Site Name Selenographic Selenographic 
longitude (°) latitude (°) 

1 Copernicus -- 19.98 9.62 
2 Sea of Serenity 18.17 26.10 
3 Highlands 5.80 -- 8.63 
4 Apollo 11 24.43 0.69 
5 Apollo 12 -- 23.41 -- 3.04 
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Appendix 

The lunar  radio observations reported here are averages of the emission over a sub- 

stantial  area of the lunar  surface. The region viewed by the main  beam at the half  

power level is a circle about  280 km in diam. The theoretical calculations described, 

however, are strictly valid only for a single point  on the lunar  surface. Table I gives 

the selenographic coordinates of the observed regions which were used to calculate 

the an tenna  positions, the fraction of a luna t ion  period (FOP), and the theoretical 

lunat ion  curves for each site. Table II gives the observed brightness temperatures 

versus bo th  Universal  Time and  FOP.  
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