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Aims: To investigate if there is evidence of a lati-

tude-dependent density change in the lunar regolith us-

ing 1) the thermal infrared signal measured by the Di-

viner lunar radiometer and 2) new laboratory data of the 

Bidirectional Reflectance Distribution Functions 

(BRDFs) as part of the boundary condition in a 1D ther-

mal model . 

 

Introduction: The term lunar regolith describes the 

fine-grained particulate rock present on the lunar sur-

face. Processes thought to have altered the properties of 

the regolith over billions of years include impacts from 

micrometeorite bombardment, Moon quakes and vol-

canism [1]. These cause impact gardening which com-

presses and churns the regolith causing a depth-depend-

ent density. Recent experimentation has suggested that 

thermal cycling has a greater effect on the density of the 

regolith than that of micrometeorite impacts [2,3]. Ther-

mal cycling is caused by thermal fatigue – the erosion 

of rocks due to thermal stresses [4]. It has been shown 

that more compaction occurs in the upper layers of the 

regolith if the amplitude of the diurnal thermal wave is 

larger [1,5,6]. Measurements taken by the Diviner Lu-

nar Radiometer (Diviner) on the Lunar Reconnaissance 

Orbiter [7] show that there is a greater diurnal thermal 

wave amplitude at the equator than at higher latitudes. 

The diurnal thermal wave amplitude depends on the lu-

nar latitude – the thermal wave amplitude is larger at the 

equator than at higher latitudes due to greater incident 

solar flux throughout the lunar day. These findings sug-

gest that significantly less thermal fatigue occurs at 

higher latitudes leading to the formation of less dense 

regolith structures. This is currently the only established 

process affecting regolith density with a latitudinal de-

pendence [1,5,6]. 

 

The H-Parameter: Using Diviner measurements to 

constrain the thermophysical properties of the upper 

layers of regolith, it is possible to globally map an esti-

mate for its depth-dependent density structure. Within 

the Hayne et al. model [8] (hereafter referred to as the 

Hayne model), the 1-dimensional heat equation is 

solved to obtain thermophysical characteristics of the 

regolith from the Diviner nighttime data [7]. Diviner is 

a nine-channel filter radiometer consisting of 7 infrared 

and 2 visible light channels. Nighttime thermal emission 

is measured in 4 of the infrared channels: ~13–23, 25–

41, 50–100, and 100–400 μm wavelengths [9]. From 

studies of the Apollo core samples, the regolith is shown 

to have a depth-dependent density [10], and Hayne uses 

this data, alongside modelled best fits to equatorial 

brightness temperatures [11] to parameterize the rego-

lith density, ρ, as:  

 

𝜌(𝑧)= 𝜌𝑑 − (𝜌𝑑 − 𝜌𝑠)𝑒−𝑧/𝐻 

 

where z is the depth, H is the H-parameter; 𝜌𝑠 and 𝜌𝑑 are 

the densities at the surface and at depths z >> H, respec-

tively. The H-parameter determines the depth-depend-

ence of the density: a smaller value for the H-parameter 

equates to a steeper depth-dependent density gradient 

(Figure 1). 

 

 
Figure 1: Regolith model profile showing variation of density 

with depth for three different H-parameter values:  1cm (solid 

curve), 6cm (dashed curve) and 15cm (dotted curve) after 

Hayne [8].  

      

     Lunar Surface Temperature: Due to the Moons’ 

low obliquity, at local midday the sun always remains 

below the zenith at high latitudes. Therefore, the maxi-

mum and minimum surface temperatures at non-equa-

torial latitudes are highly dependent on surface albedo 

variation with solar incidence angle. 

 

Bidirectional Reflectance Distribution Functions 

(BRDFs): In the Hayne model [8], the lunar albedo is 

assumed to have a dependence on the solar incident an-

gle, derived from the Apollo missions [12]. This re-

moves any latitudinal dependence of the H-parameter. 

The BRDF is defined as the ratio of scattered radiation 

at the detector,  to the collimated incident radiation that 

illuminates the surface perpendicular to the direction of 

incidence, per unit area. Recent experimental studies in 

Oxford have measured visible wavelength BRDFs of 

regolith samples in ambient conditions (Figure 2), in 

agreement with E. Foote’s 2010 work [13]. Conducted 
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with the Visible Oxford Space Environment Goniome-

ter instrument (VOSEG), these measurements have 

shown that an experimentally determined alternative pa-

rameterisation of the angular albedo dependence may be 

more valid [14].  

 
Figure 2: Albedo scattering functions against incidence an-

gle: blue line is function used by Hayne, red is the function 

determined by E. Foote et al. [13] and black dashed is the 

function determined by R. Curtis et al. [14] 

 

The surface layer temperature boundary condition for 

the Hayne model is calculated using the albedo scatter-

ing function. Inputting the VOSEG’s laboratory meas-

ured albedo scattering function, derived from the inci-

dence angle-dependence of laboratory measured 

BRDFs, into the Hayne model induces a latitudinal de-

pendence for the H-parameter as shown in Figure 3.  

 

 

 

Figure 3 Left: H-parameter against latitude with the previ-

ously assumed albedo scattering function. Right: H-parame-

ter against latitude with the new laboratory measured albedo 

scattering function. 

 

With increase in latitude, the diurnal thermal wave am-

plitude decreases - the initial regolith compaction and 

H-parameter should both decrease. Figure 2 shows an 

increasing H-parameter with latitude, in disagreement 

with theory. This suggests that the model is physically 

incomplete. This could be due to the lunar surface infra-

red scattering, described by the Emission Phase Func-

tion (EPF).  

 

     Thermal Infrared Emission Phase Function 

(EPF) of the Lunar Surface: The Hayne model as-

sumes Lambertian scattering of the lunar surface in the 

infrared. This defines a constant emissivity, independ-

ent of solar incidence angle. Recent Diviner off-nadir 

and laboratory measurements of the Lunar EPF suggest 

this assumption is incorrect, shown in Figure 4 [15]. 

Inputting a realistic EPF into the Hayne parameter will 

determine latitudinal-dependent lunar regolith compac-

tion. 

 
Figure 4: Diviner-measured EPF at 70 incidence angle for 

the high-latitude highland target taken from [15] 

 

Conclusion: Updating the functions for the lunar al-

bedo scattering and the emissivity into the Hayne 

model, using Laboratory and Diviner measurements of 

the BRDFs and EPF of the Lunar Surface, will improve 

its physical accuracy. Incorporating the latest EPF and 

BDRF data into the Hayne model may establish if the 

H-parameter has a latitude dependency that is in agree-

ment with theory. 
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