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CHAPTER

SIX

LOFAR MEASUREMENTS OF THE LOW FREQUENCY
BRIGHTNESS TEMPERATURE OF THE MOON

Vedantham H. K. et al., In preparation for submission to MNRAS

Abstract

The first measurement of the large scale diffuse Galactic synchrotron spectrum via inter-
ferometric observation of its occultation by the Moon was recently presented by Vedan-
tham et al. (2014). Here we present results from follow-up LOFAR-LBA observations
between 35 and 75 MHz that employ differencing of data between 2 consecutive nights
to subtract confusion from unwanted sources in the field, while retaining the lunar oc-
cultation response (the Moon moves by about 12 degrees per day). Using the priors
on the Galactic synchrotron spectra from previous measurements, we find an unexpect-
edly high radio brightness temperature of the Moon of about 717 ± 135 K (systematic
error) for a lunar albedo of 8%. A more precise albedo calculation based on a 2 layer
regolith model (soil+bedrock) stills yields a lunar temperature of 420± 100 K (system-
atic error). This anomalous result may be explained by lunar thermal evolution with
depth and/or an increased albedo due scattering from additional subsurface structures.
However, accurate interferometric and total power flux-scale determinations at low fre-
quencies (ν . 200 MHz) are required to reach firm quantitative conclusions about any
lunar regolith evolution with depth, which will have to await new data.



140 chapter 6: Low freq brightness temperature of the Moon

6.1 Introduction
The quest to observe the highly redshifted 21-cm emission from the unexplored epochs of
Cosmic Dawn and Reionization have resulted in the construction of a new generation of
radio interferometers (van Haarlem et al. 2013; Tingay et al. 2013; Peterson et al. 2004;
Parsons et al. 2010), as well as highly accurate single (or dual) dipole radiometers (Patra
et al. 2013; Rogers & Bowman 2008; Greenhili et al. 2012). While the interferometers
are attempting to measure the power spectrum of angular fluctuations in the redshifted
21-cm signal, the single dipole spectrometers are targeting the sky averaged or global 21-
cm signal. Recently Vedantham et al. (2014) demonstrated a novel technique of using an
interferometric observation of the lunar occultation of the diffuse radio sky (that is other-
wise resolved out by the interferometer) to measure the brightness contrast between the
Moon and the occulted diffuse radio background. This technique has the potential to cir-
cumvent certain calibration challenges inherent to single dipole radiometers. Vedantham
et al. (2014) were able to determine the spectrum of the Moon-background contrast to
only about ∼ 15 % accuracy since their measurement was limited by systematic effects—
a dominant contributor being sidelobe confusion from unsubtracted sources in the field.

In this chapter, we report follow-up observations of the Moon acquired with the
LOFAR-LBA telescope (van Haarlem et al. 2013) between 35 and 75 MHz. To reduce
confusion from unmodelled Galactic and Extragalactic emission, we have acquired data
on two consecutive nights towards two lunar fields (using the multi-beaming capability
of LOFAR) at the same sidereal time, such that we can difference the visibilities between
the two nights. The beams towards the two lunar fields were placed at the lunar transit
points on the two nights respectively, providing two independent measurements of the
occultation. Since the Moon moves by about 12 degrees per day, the inter-night differ-
ence should in principle eliminate stationary confusion and sidelobe noise while retaining
the occultation response1 (McKinley et al. 2013) during both nights.

This differencing technique allows us to significantly reduce the systematic errors in
the data to within a few percent. This allows us to use previous measurements of diffuse
radio background to determine the lunar thermal emission component, lunar albedo, or
combinations thereof. In section 6.2 we present the data processing steps leading to
our determination of the lunar brightness temperature. In section 6.3 we present a brief
discussion of our results and in section 6.4, we draw our conclusions and recommendations
for future work.

6.2 Data Reduction
LOFAR-LBA data between 35 and 75 MHz were acquired on two nights between 19-Dec-
2013 23:00:00 UTC and 20-Dec-2013 05:00:00 UTC, and between 20-Dec-2013 22:56:04
UTC and 21-Dec-2013 04:56:04 UTC. The exposure windows were chosen such that we
acquired data at the same sidereal time on both nights. Simultaneous interferometric
data from three fields2 were acquired: Field-0 pointed at the calibrator source 3C196
1 The 12 degree angular motion is significantly larger than the telescope resolution
2 LOFAR primary antennas are phased arrays and unlike dishes can be electronically beamformed in

multiple directions simultaneously.
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(170 Jy at 60 MHz), Field-1 pointed at 07h52m52.4s, +15d14m21.6s which is the lunar
transit point on the first night, and Field-2: pointed at 08h41m51.37s, +12d24m44.7s
which is the lunar transit point on the second night. All positions refer to the epoch
J2000.0. We split LOFAR’s available instantaneous bandwidth of 95 MHz equally be-
tween the three fields. This gave us visibility data at 1 s, 3 kHz resolution spanning the
frequency range (non-contiguous) of 35.16 MHz to 75 MHz with 31.64 MHz of bandwidth
per field.

The data at full resolution were flagged to remove Radio Frequency Interference using
the AOFlagger software (Offringa et al. 2010, 2012), and then averaged to a resolution of
2 s, 13 kHz. Despite the presence of bright 3C sources, the dominant source of flux in the
lunar fields (Field-1 and Field-2) is the Cassiopeia-A supernova remnant (3C461) that is
viewed through the primary-beam sidelobes. We used the Black-Board Self-Calibration
(BBS) software to solve for antenna-dependent gains in the direction of Cassiopeia-A
with gains solutions obtained every 1 minute and 195.3 kHz. The data resolution of
2 s, 13 kHz ensured minimal bandwidth and time smearing of the out-of-field source
Cassiopeia-A. We used the ensuing gain solutions to subtract Cassiopeia-A from the
visibilities. The data were then averaged to a resolution of 10 s, 65 kHz at which in-field
sources still suffer minimal bandwidth and time smearing.

6.2.1 Out of field calibration transfer
Despite having good quality commensal data on 3C196, we were unable to accurately
calibrate the lunar fields by transferring gains from 3C196. The reason for this involves a
less appreciated difference between dishes and phased arrays. Discounting the effects of
ground reflections and dish-deformation due to mechanical loading, the forward gains of
a dish is nearly identical towards both the calibrator and target. This is because dishes
are mechanically steered and present the same full aperture to the calibrator and the
target fields. Phased array telescopes such as LOFAR on the other hand electronically
steer their beams. In this case, not only is the projected aperture different towards the
calibrator and the target, but the forward gain of the beam is also direction dependent
due to complex coupling coefficients between the phase array elements (dipoles) which
are difficult to determine in practice. The spectra of sources such as 3C190 in the lunar
field images at different frequencies made after calibration transfer (from 3C196) showed
unexpected features on top of the expected power-law like behaviour, probably due to
the reason mentioned above. We were therefore unable to take advantage of calibration
transfer from 3C196 to the lunar fields and we sought other avenues to bandpass calibrate
the lunar fields and to set the correct flux scale.

6.2.2 In-field calibration
To properly calibrate the data, we therefore constructed a sky model with all sources
within about 10 degrees from the pointing centre of the lunar field that have flux densities
above 5 Jy in the VLSS catalogue (Lane et al. 2014) at 74 MHz. We used a spectral
index3 of −0.8. However, some of the brighter sources in the catalogue are well studied
3 The flux of radio sources typically follows a power-law S(ν) = S0(ν/ν0)α where α is the spectral

index.
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at low frequencies and wherever possible, we used the spectral indices from the 3CRR
catalogue (measured between 178 and 750 MHz). Our model for three of the brightest
sources in Field-1 (3C190, 3C191, 3C192) and their flux densities from previous studies
are shown in Fig. 6.1. Since the bright sources dominate the flux in the field, they
serve to set the flux scale in our determination of the occulted sky spectrum. 3C190
is particularly important in setting our flux scale because it is close to the Moon and
at higher frequencies, it is also the dominant source in the lunar field. To demonstrate
the accuracy of our flux calibration, in Fig. 6.1 we show the measured peak flux in the
direction of 3C190 determined from images at different frequencies made after bandpass
calibration.

In addition, figure 6.2 shows a synthesis image of the lunar field after calibration.
We have chosen an image at the lowest frequencies in our data since it has the largest
primary-beam field of view. The Moon suffers significant decorrelation due to its motion
(relative to the ‘fixed’ stars) during the synthesis and is hence not visible in the image.
The approximate track of the lunar motion during the synthesis is shown as a blue
polygon in the figure.

6.2.3 Lunar flux estimation
We model the Moon as a circular disc of diameter given by the average angular size of the
Moon on the night of the observations. For observations in Field-1, the average angular
size of the Moon was a = 29.416 arcmin. The occultation response of a circular disc in
the Fourier plane (or uv-plane) is given by the well known Airy-function:

Vocc(bλ, ν) = Sapp
M (ν)2J1(πabλ)

πabλ
(6.1)

where J1 is the Bessel function of the first kind of order 1, bλ is the projected interferom-
eter baseline in wavelength units, and Sapp

M is the apparent interferometric flux-density
of the Moon. We use the term apparent since the observed flux density of the Moon has
reflected Galactic radiation in addition to the lunar thermal emission. The apparent flux
density of the Moon can be written as

Sapp
M (ν) = 2kΩM

λ2 [T app
M (ν)− Tdrb(ν)] (6.2)

where we have assumed the Rayleigh-Jeans’ approximation to relate brightness temper-
ature to flux-density, T app

M , and Tdrb are the apparent radio brightness temperatures of
the Moon and the diffuse radio background it occults respectively, and ΩM is the solid
angle of the lunar disc:

ΩM = 4π sin2(a/4) ≈ πa2

4 (6.3)

The diffuse radio background primarily consists of Galactic synchrotron emission and
integrated emission from a myriad of Extragalactic radio sources. Using equations 6.1
and 6.2, we can infer the integrated flux of the lunar disc and convert it to a background-
Moon brightness temperature contrast.
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Figure 6.1: Flux density of three of the brightest sources in the field— 3C190, 3C191, and
3C192. Circles with error bars are previous measurements by various authors (values taken from
the NED database: https://ned.ipac.caltech.edu/). The solid line is the model we use in
this chapter and has been constructed from the VLSS 74 MHz flux of the sources with spectral
indices from the 3CRR catalogue determined between 178 MHz and 750 MHz. Blue boxes in
the top panel are the peak flux density towards 3C190 in our images made after calibration.

https://ned.ipac.caltech.edu/
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Figure 6.2: An image of the first lunar field (Field-1) made with 8 subbands (each 200 kHz
wide) equally spaced between 35.16 MHz and 38.28 MHz with 6 hours of synthesis. The image
was made by ‘robust’ weighting baselines between 10λ and 500λ. The PSF is (asymmetrical)
about 10’×7’ in size. The blue polygon shows the approximate track of the Moon during the
synthesis.

In practice, as shown by Vedantham et al. (2014), the lunar flux is also contaminated
by reflected RFI (Radio Frequency Interference) which we will call ‘Earthshine’ here-
after. If the Moon were a perfectly smooth sphere, then the Earthshine would appear as
a compact 15 arcsec source at the centre of the lunar disc due to the specular nature of
reflection. Vedantham et al. (2014) took into account the measured topographic features
on the lunar surface and estimated Earthshine to be scattered to about 3 arcmin in size
which is still smaller than the resolution of the baselines we will be using in our analysis
(b . 500λ), hence for now, we will treat it as a point source, and we model the Earthshine
as a baseline independent flux-density of Srfi(ν).

Assuming that all other astrophysical sources have been removed in the inter-night
differenced visibilities, the measured visibility as a function of baseline length is

VM(bλ, ν) = Vocc(bλ, ν) + Srfi(ν) = Sapp
M (ν)2J1(πabλ)

πabλ
+ Srfi(ν) (6.4)

The linearity of Equation 6.4 in Sapp
M and Srfi allows us to cast the process of determining
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the lunar and Earthshine flux densities as a linear estimation problem.

To accomplish this, we divide the measured visibilities into time and frequency bins.
We have conservatively chosen frequency bins of size 195 kHz such that once we have
fringe stopped the visibilities on the Moon, the data do not suffer appreciable amounts
of bandwidth decorrelation. Since Earthshine may be time variable as transmitters come
in and out of the Earth’s rim as viewed from the Moon, we conservatively choose the
time interval to be about 10 minutes. Within each time and frequency interval, we
collect the measured visibilities in a data vector denoted by d of dimensions Nvis × 1.
We only take the real part of the visibilities since after fringe-stopping on the Moon,
the imaginary part must not contain the occultation response. We denote the parameter
vector as θ = [Sapp

M , Srfi]. Let the thermal noise in the measurements be represented by
the random vector n of dimensions Nvis × 1. The linear model can then be represented
as

d = Hθ + n (6.5)
where the transform matrix H has dimensions of Nvis × 2. The first column of H is
given by the value of the Airy function (see equation 6.1) at the baselines on which
the visibilities in d have been measured, and the second column consists of ones since
we model the Earthshine as a baseline independent flux (point-source approximation).
We assume the noise vector to consist of independent identically distributed Gaussian
random values with variance σ2

n. With this assumption, the maximum likelihood value
of the parameter vector can be shown to be

θ̂ =
(
HTH

)−1 HTd (6.6)

where the superscript T denotes matrix transpose. The 2 × 2 covariance-matrix of the
estimated parameters can be shown to be

σ2
θ = σ2

n
(
HTH

)−1 (6.7)

Finally the residues of the maximum-likelihood fit are given by the vector

r = d− Hθ̂ (6.8)

An inspection of our data in the visibility and image domains shows that our intra-night
differencing is not perfect, especially for sources that are far away from the field of view.
This comes about since the sidelobes of the phased array station beams can vary from
night to night, as can the apparent position of sources due to differential ionospheric
refraction between the nights. To isolate the fit from bright 3C sources that might come
into a primary-beam sidelobe as a function of time and frequency, we perform two it-
erations of the maximum likelihood estimation shown in equation 6.6. We use all the
available data in the data vector d in the first iteration. We then find the residual vec-
tor using equation 6.8, and flag all visibilities that lie beyond 2 standard deviations (on
either sides of the mean) in the residual vector. We then perform a second iteration of
equation 6.6 but now only with an abridged data vector that contains only the unflagged
visibilities. We also determine the thermal noise variance in the data as the variance
of the residual vector r after the second iteration, and use this value of thermal noise
variance to estimate the formal errors in our parameter estimates via equation 6.7.
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Figure 6.3: Results from the simultaneous determination of the Moon-background temper-
ature contrast (left vertical axis), and the Earthshine flux density (right vertical axis). The
vertical dashed lines mark the assigned video carrier frequencies for different channels in the
analogue television broadcast, and the dotted lines mark the associated audio carrier frequency.
Earthshine levels from 66 to 72 MHz is most likely channel 4 analogue TV broadcast

Fig. 6.3 shows the results of the procedure described above, where we have shown
the inferred lunar flux (converted to a temperature contrast using equation 6.2) and
Earthshine flux. The thermal noise in the visibilities are elevation dependent and vary
over the 6 hours of synthesis. In Fig. 6.3, we have inverse variance weighted our estimates
that are obtained every 10 minutes, to compute the apparent lunar flux and Earthshine
flux averaged over the entire 6 hour synthesis duration. The vertical lines in the figure
are drawn at the position of known carrier frequencies for analogue TV transmission
where we expect to find particularly strong Earthshine.

6.2.4 Lunar flux - Earthshine covariance

Fig. 6.3 shows that the inferred Moon-background contrast still suffers from systematic
errors that are larger than the formal error bars. A large part of the systematic error is
also correlated with the inferred Earthshine flux. This is a result of a non-zero covariance
between the estimated parameters that is allowed by the data. For instance, on short
baselines for which the lunar disc is largely unresolved (limiting case), we cannot distin-
guish between an elevated Earthshine flux and diminished Moon-background brightness
contrast. Since our data consists of many baselines that resolve the lunar disc, the de-
generacy is small but non-zero and accounts for a significant amount of systematic error
seen in Fig. 6.3. To understand the magnitude of degeneracy between the inferred lunar
and Earthshine flux values, in Fig. 6.4, we show their normalised covariance computed
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Figure 6.4: Normalised covariance between the inferred lunar and Earthshine flux densities as
a function of time and frequency. Towards the beginning and end of synthesis, the projected
baselines are foreshortened. At lower frequencies, the baselines (in wavelength units) are shorter.
The relative lack of longer baselines in these two regimes leads to increased (negative) covariance
between the inferred lunar and Earthshine flux values. Inclusion of LOFAR’s remote stations
(after calibration) may mitigate this partial degeneracy.

using the parameter covariance matrix from equation 6.7 as

Cov(Sapp
M , Srfi) = σ2

θ [1, 2]√
σ2
θ [1, 1]σ2

θ [2, 2]
, (6.9)

where σ2
θ [i, j] is the element on the ith column and jth row of σ2

θ . Towards the beginning
and end of the synthesis, the Moon is at low elevations (≈ 35 degrees) leading to shorter
projected baselines. At lower frequencies, the baselines in wavelength units are also rel-
atively shorter. In the above regimes, the data suffer from elevated covariance as seen in
Fig. 6.4.

While we have only used the baselines within the LOFAR core (2.5 km diameter) in
this chapter, data were also acquired on remote stations that give projected baselines of
up to 80 km. Since Earthshine is expected to be about 3 arcmin in size (Vedantham
et al. 2014), data on baselines of up to 10 km (projected length) may be instrumental
in reducing the degeneracy between the lunar and Earthshine flux estimates. LOFAR’s
remote stations however are not on a common clock and hence require additional cal-
ibration to correct for clock drifts in addition to ionospheric phase errors, and we not
attempt it here. Instead, since strong Earthshine is present only in isolated frequency
channels, we can partly mitigate this degeneracy using Tikhonov regularisation where
we penalise a nonzero value of estimated Earthshine. In effect, such an algorithm allows
for a non-zero Earthshine only when the data demands for it. The estimated parameters
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with Tikhonov regularisation are given by

θ̂ =
(
HTH + α2ΓTΓ

)−1 HTd (6.10)

where Γ is a 2 × 2 matrix given by [0 0; 0 1] and α is the regularisation parameter.
α = 0 yields the unregularised solution, and increasing α, increases the dominance of
regularisation. For simplicity, we choose

α =
√
Nvis (6.11)

such that the algorithm allows for a non-zero Earthshine only when not doing so would
significantly affect the χ2 of fit. Fig. 6.5 show the estimated lunar flux with Tikhonov
regularisation (equations 6.10 and 6.11). The regularisation has indeed decreased the
scatter at low frequencies, and as expected the overall trend in the Moon-background
contrast has not been affected. We note that another form of regularisation that demands
a smooth solution for the apparent lunar flux as function of frequency is also under
consideration.

6.2.5 Lunar brightness temperature
To determined the lunar brightness temperature from our Moon-background contrast
measurement, we use prior measurements of the diffuse radio background in the direction
of the lunar field. Several surveys of the low frequency radio sky in total intensity are
available, but such data are known to suffer from zero-point offset and scaling errors
(Subrahmanyan & Cowsik 2013; Fornengo et al. 2014). However most authors find that
the low frequency brightness temperature spectral index away from the Galactic plane
(where free-free absorption becomes important) is about −2.5 (Patra et al. 2014; de
Oliveira-Costa et al. 2008). Guzmán et al. (2011) have made attempts to correct their
map at 45 MHz for zero point offsets, and since their frequency lies within our observation
bandwidth, we will use the radio background temperature from their map at the position
of the Moon. Guzmán et al. (2011) have separated their map into a Galactic component,
and an isotropic Extragalactic component with their respective spectral indices. Based
on their results, we estimate the aggregate occulted radio background to be

Tcrb(ν) = 4450
( ν

45 MHz

)−2.5
+ 1116

( ν

45 MHz

)−2.79
Kelvin, (6.12)

where the two terms account for the Galactic and Extragalactic components respectively.
We note here that the de Oliveira-Costa et al. (2008) sky models give a similar temper-
ature at 60 MHz albeit with a shallower spectrum. The reflected Galactic emission is
dominated by the Galactic disc where the spectrum is flatter and show variation with
Galactic longitude. Computing the Galactic emission requires multi-frequency maps with
large sky area coverage since almost the entire 4π steradian of the sky is reflected to us by
the Moon. We used the all-sky models of de Oliveira-Costa et al. (2008) to compute the
temperature of the reflected Galactic emission from the Moon using the same procedure
as the one described in Vedantham et al. (2014). For now, we will assume a frequency
and position (on the Moon) independent lunar albedo of 8% (Evans 1969). Under the
above assumption, the reflected Galactic emission contribution to the apparent lunar
brightness temperature is

Tref = 162
( ν

60 MHz

)−2.3
Kelvin. (6.13)
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Figure 6.5: Top panel: Moon background contrast temperature estimated with Tikhonov
regularisation. Also shown are the diffuse background temperature (Guzmán et al. 2011) and
the reflected Galactic emission (de Oliveira-Costa et al. 2008) estimates from previous mea-
surements. Bottom panel: Lunar brightness temperature from this work. The data have been
binned to a channel width of about 1 MHz. The ‘bumps’ around 60 and 70 MHz is probably
due to confusion from Earthshine (analogue TV broadcast).

Accounting for these two contributions to the Moon-background temperature contrast,
in Fig. 6.5, we plot the inferred lunar brightness temperature with the formal error bars
(±1σ). We find a lunar brightness temperature of (averaged) 717 Kelvin. The scatter
around the mean temperature of 717 K amounts to an rms of σ = 135 Kelvin which
may be considered the systematic error in our measurement. This result is unexpected
since the average physical temperature of the lunar surface is about 250 Kelvin, which
with an albedo of 8% yields a lunar brightness temperature of 230 Kelvin. This has
observationally been confirmed in the centimetre band (Krotikov & Troitskii 1963).
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6.3 Discussion
The inter-night differencing has significantly (i.e. by an order of magnitude) reduced
the systematic errors in the Moon-background contrast measurement as compared to the
previous work (Vedantham et al. 2014, and chapter 5). From Fig. 6.5 the formal errors
in our temperature measurements is between 40 and 60 Kelvin in a 1 MHz channel for
50 MHz . ν . 75 MHz. Discounting the ‘bumps’ in the data around 60 and 70 which
probably arise due to confusion from Earthshine (which may be mitigated using longer
baselines), the scatter in the data approximately follow the error bars in this frequency
range.

Our measurement of the lunar brightness temperature is in conflict with expectations
based on measurements at higher frequencies. The lunar brightness temperate in the
centimetre band has been measured to be about 230 K by several authors (see Keihm &
Langseth (1975) for a compilation of results). Lunar thermal emission at lower frequen-
cies is known to originate preferentially from deeper regolith layers given the opacity of
the lunar regolith (Keihm 1984). Analysis of lunar soil samples imply an effective emis-
sion depth of about 20λ. In addition, due to heat transport from the lunar interior (due
to a radioactive core), upper layers of the lunar regolith are known to show a temperature
gradient of about 1.75 Kelvin per meter (Langseth et al. 1972) which gives a wavelength
dependent temperature evolution of 35λ−1 Kelvin m−1. However such a steep thermal
gradient is not expected to persist to depths relevant at our frequencies owing to increas-
ing thermal conductivity with depth, in addition to scattering from sub-surface boulders
(if any) leading to a decrease in emissivity at meter and decametre wavelengths (Keihm
& Langseth 1975).

The lunar albedo assumed here of 8% is based on radar reflectivity measurements at
low frequencies which have a questionable accuracy (Evans 1969). At this albedo, the
reflected Galactic emission is expected to be about 160 K at 60 MHz. An increase in
the albedo to 20% can accommodate the observed anomaly at 60 MHz. This is plausible
since the Moon is expected to have a substrate4 whose dielectric constant can be as
high as ε ≈ 6 for basaltic rock and ε ≈ 9 for anorthositic rock (Keihm 1984). Assum-
ing the top soil to be mostly transparent to radiation at our wavelengths, the Fresnel
reflection coefficients at normal incidence for the substrate yield albedos of 18 and 25%
which are within the range required to explain the anomaly. However the exact val-
ues of the albedo depend on the depth of the substrate layer, wavelength dependence of
the electromagnetic penetration depth, and scattering from boulders and rock fragments.

We therefore performed an independent estimation of the lunar albedo based on
known dielectric properties of the lunar regolith. Based on the analysis of Apollo sam-
ples, the lunar top soil has a dielectric constant of about εsoil = 2.7 (Keihm & Langseth
1975). We assume a dielectric constant for the bedrock (or substrate) of εsub = 6. The
depth of the substrate is expected to be between 3 and 5 m in the lunar maria, and
between 10 and 15 m in the highland regions (Heiken et al. 1991). The electromagnetic
penetration depth of 35λ is significantly larger than the expected range of substrate
depths, and hence the albedo may be approximately computed from the Fresnel reflec-
4 I use substrate to denote the lunar bedrock.
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Figure 6.6: Lunar brightness temperature inferred using an albedo based on a 2 layer
(soil+bedrock) model. Open circles are from data set to a flux scale based on the calibra-
tor (3C190) spectral index measured between 178 MHz and 750 MHz. Filled circles correspond
to a flux scale based on the low frequency spectral index of 3C190 measured between 178 MHz
and 74 MHz. The solid horizontal line shows the expected brightness temperature for our 2 layer
model, in the absence of any thermal evolution with regolith depth.

tion coefficients for a lossless 2 layer interface (vacuum-soil and soil-substrate) while
taking into account the interference of radiation reflected from the two interfaces5. Due
to this interference, the albedo is strongly dependent on the wavelength and the angle of
incidence. We therefore carried out ray tracing based on the prescription in Vedantham
et al. (2014) to compute the incident radio intensity on a grid of points on the Moon,
and the reflected intensity based on the 2 layer Fresnel reflection coefficients. In doing
so, to account for the varying regolith depths, we used an ‘ensemble albedo’ by averaging
the computed albedos for different depths uniformly distributed in the range 3 − 5 and
10 − 15 m. In Fig. 6.6, we plot the inferred brightness temperature of the Moon with
the computed albedo as open circles. An increased albedo also results in a corresponding
decrease in emissivity. In the absence of any thermal evolution with regolith depth, our
new albedo values yield a lunar thermal brightness temperature of about 220 K which is
shown as the solid line in the figure.

Another source of systematic error is a possible overestimation of the Moon-background
contrast at the lowest frequencies by forcing our data to follow a steeper-than-real spec-
tral index for the bandpass calibrator sources (mainly 3C190). We have set the flux scale
in our measurements using the VLSS flux for 3C190 at 74 MHz with a spectral index
from the 3CRR catalogue (http://3crr.extragalactic.info/) which was computed
between 178 MHz and 750 MHz. The spectral index of 3C190 (at low frequencies) com-
puted using its 178 MHz and 74 MHz flux is 0.81 which is shallower and perhaps more
accurate in our frequency range. We therefore placed the data on the new flux scale

5 This is akin to the well understood thin-film interference effect seen in soap bubbles at optical
wavelengths

http://3crr.extragalactic.info/
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based on the low frequency spectral index of 3C190. The resulting brightness temper-
ature of the Moon is shown in Fig. 6.6 as solid circles. Excluding the ‘bump’ between
66 and 74 MHz which is probably caused by confusion from Earthshine, we measure a
lunar brightness temperature of 420± 100 Kelvin (systematic scatter). We consider this
measurement to be our ‘best’ measurement given the available prior information on the
flux scale, lunar albedo, and the global sky models. More accurate determination of the
flux scale at low radio frequencies (interferometric and total power) are required to affirm
the anomalous result we have obtained.

6.4 Conclusions and future work
In this chapter, we have significantly improved upon our previous LOFAR-LBA measure-
ments (Vedantham et al. 2014) of Lunar occultation of the diffuse Galactic background
by employing inter-night differencing of visibilities. The Moon-background contrast is
determined to a high accuracy of about 45 Kelvin (1σ) around 55 MHz over a 1 MHz
bandwidth— an order of magnitude improvement over our previous measurement. This
is the first accurate determination of the Moon-background temperature contrast at me-
ter wavelengths made over an octave in frequency (35− 75 MHz).

Using the observed Moon-background contrast, and estimates for the occulted back-
ground spectrum and reflected Galactic spectrum from global sky models from Guzmán
et al. (2011); de Oliveira-Costa et al. (2008), and an albedo of 8% (Evans 1969), we find
the lunar radio brightness temperature temperature between 35 and 75 MHz (4− 8.5 m
wavelengths) to be about 717± 135 Kelvin (systematic error). A more precise determi-
nation of the lunar albedo based on a simple 2 layer model (soil+bedrock) stills yields a
lunar brightness temperature of 420± 100 Kelvin (systematic error).

The above result is unexpected. Apollo temperature measurements (in-situ) show a
thermal gradient of about 1.75 K m−1. The penetration depth of electromagnetic waves
at low frequencies is expected to be about 20λ. Yet these implied thermal gradients
are not expected to persist at the depths probed by our frequencies due to an expected
decrease in thermal conductivity and emissivity (due to subsurface scattering) based on
known properties of the lunar regolith. While lunar regolith properties at the relevant
depths are poorly understood, due to possible systematic errors in our estimate of the
occulted radio background temperatures, and our flux scale, we are currently unable to
definitively establish the observed anomaly as ‘true’.

Current and future work include the exploration of several strategies to reduce sys-
tematic errors in our data, and corroboration our hypothesis that the observed lunar
temperature anomaly is indeed true. We summarise some of them here.

1. We have acquired data similar to the one presented here but within the LOFAR high
band (110−175 MHz). VLA P-band data (around 327 MHz) has also been recently
provided to us by Dr. R. Perley and Dr. B. Butler of NRAO. Repeating our analysis
with these data-sets will provide a sufficiently large spectral baseline to confirm the
detected wavelength evolution of lunar brightness temperature. Processing of data
from the second lunar field is ongoing and will help in cross validation of systematic
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effects.

2. Our data still suffer from a nonzero covariance between the inferred Earthshine flux
and the lunar disc averaged flux. This can be mitigated by use of longer baselines,
the data for which are already available since LOFAR remote stations (baselines
up to about 80 km) participated in our observations. Since the remote stations are
not tied to a common clock, processing data from longer baselines will involve a
considerable amount of work in calibration pipeline development.

3. Accurate polarimetry of the Moon will also help in mitigating the problem of
Earthshine-lunar flux degeneracy. Since most terrestrial transmitters are expected
to be polarised, so is the reflected Earthshine. Hence polarimetry may be useful in
an independent estimate of Earthshine flux. Thermal and reflected emission from
the Moon are also expected to be polarised and are sensitive to dielectric constant
variations. Polarimetry may thus be useful in independently determining the lunar
albedo and in determining if the observed anomaly is indeed true.

4. Finally, current and future efforts also entail a proper error-analysis to assess the
propagation and covariance of errors in our measurements.
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