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Abstract 14 
A 3D thermal model that includes a discrete subsurface exponential density profile, surface shadowing 15 

and scattering effects has been developed to simulate surface and subsurface temperatures across 16 

the Moon. Comparisons of the modelled surface temperatures with the Lunar Reconnaissance 17 

Orbiter's Diviner Lunar Radiometer Experiment (“Diviner”) measured temperatures show significant 18 

improvements in model accuracy from the inclusion of shadowing and scattering effects, with model 19 

errors reduced from ~10 K to ~2 K for mid-latitude craters. The 3D thermal model is used to investigate 20 

ice stability at potential landing sites near the lunar south pole, studied for Roscosmos’ ‘Luna 21 

Resource’ (Luna 27) lander mission on which the ESA PROSPECT payload is planned to fly. Water ice is 22 

assumed to be stable for long periods of time (> 1 Gyr) if temperatures remain below 112 K over 23 

diurnal and seasonal cycles. Simulations suggest ice can be stable at the surface in regions near to 24 

potential landing sites in permanently shaded regions and can be stable below the surface in partly 25 

shaded regions such as pole-facing slopes. The simulated minimum constant subsurface temperature 26 

(where the seasonal temperature cycle is attenuated) typically occurs at a depth of ~50 cm and 27 

therefore the minimum depth where ice can be stable is 0 ≤ 𝑧𝑧 ≲ 50𝑐𝑐𝑐𝑐. 28 
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1 Introduction 29 

Thermal models based on finite difference methods can be used to simulate the heat transport and 30 

therefore the temperature environment of the lunar regolith – the layer of granular material that 31 

covers the lunar surface produced by the cumulative effect of impacts and other surface processes 32 

over geologic time. The 1D thermal diffusion equation can be solved using assumed regolith properties 33 

and conditions to calculate the evolution of the lunar surface and sub-surface temperature over time. 34 

Lunar surface temperatures are inferred by remote sensing measurements made by the Lunar 35 

Reconnaissance Orbiter Diviner Lunar Radiometer Experiment (“Diviner”), which observes infrared 36 

radiance from the lunar surface in 4 broadband thermal channels. These remotely-sensed 37 

temperatures are important for thermal model validation and are used to infer lunar surface 38 

properties. Retrieval of regolith parameters is achieved by inverting a thermal model for parameter 39 

values that result in best fit between model and measured temperatures (Paige et al, 2010a). For 40 

example, the near-surface density affects the thermal inertia1 of the surface, leading to different 41 

heating and cooling rates for different densities (Hayne et al, 2017). 42 

Sub-surface temperature profiles are difficult to remotely measure, so thermal models are crucial for 43 

understanding the temperature environment in the top ~1 m of the lunar surface, where diurnal and 44 

seasonal thermal signals dominate. Of particular importance is the role of these signals with respect 45 

to permanently or temporarily shadowed terrain in polar regions, due to evidence for the presence of 46 

sub-surface volatiles and the dependence of volatile stability on sub-surface temperature (Paige et al, 47 

2010b, Paige et al, 2010a). 48 

The Chinese Chang’E 1 and 2 microware radiometer (MRM) instruments have both taken global 49 

measurements of the lunar surface from lunar orbit. Both instruments were identical and observed 50 

the Moon in four different channels at 3.0, 7.8, 19 and 37 GHz (~ 10, 7, 1.5 and 0.8 cm). For average 51 

                                                           
1 Thermal inertia, I =  �𝐾𝐾𝐾𝐾𝑐𝑐𝑝𝑝, quantifies the resistance of the lunar surface to temperature changes (Hayne et 
al, 2017). 
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regolith densities found across the Moon those channels will be sensitive to sub-surface temperatures 52 

down to depths of ~10x the observation wavelength. The Chang’E MRM instruments therefore 53 

potentially offer a way of remotely sensing the sub-surface temperatures across the lunar surface.  54 

However, interpreting the MRM dataset is complex.   Sub-surface temperature profiles retrieved using 55 

the MRM observations can be degenerate with composition and density. The MRM data is also at 56 

lower spatial resolution than the Diviner observations used in this study (2 Km compared to 30 Km) 57 

(Siegler and Feng, 2017, Wang et al, 2010, Wei et al, 2016). 58 

After consideration of these two complications, this study did not attempt to use the Chang’E MRM 59 

datasets to constrain the modelled sub-surface temperature profile.  The Chang’E MRM dataset does 60 

have potential for additional measurement constraint of sub-surface temperature and so will be a 61 

useful additional data source for future comparisons between thermal models such as the one 62 

described in this study. 63 

In this study, water ice is assumed to be stable for regions where the temperature remains <112 K 64 

throughout the diurnal and seasonal cycles, implying a sublimation rate <1 kg m-2 Gyr-1(Paige et al, 65 

1992). The exact value of 112 K is not a unique indication of ice stability, as the presence of ice is 66 

dependent on the history of deposition and subsequent subsurface migration of the ice, leading to a 67 

range of temperatures below which ice may be located at the current time (Schorghofer and Taylor, 68 

2007, Zhang and Paige, 2009). However, a discrete value of 112 K is useful in this study to allow simple 69 

classification of areas where ice can and cannot be stable for very long periods (~Gyr).  70 

This simple thermal modelling with a cut off of 112 K, cannot be used to positively determine the 71 

existence of all water ice locations on the moon (as water ice will not exist everywhere it can possibly 72 

be stable) but can be used to identify the limited areas where water ice may be present and what 73 

approximate depth. 74 

Examples of existing surface thermal models with differing levels of complexity include the Paige 75 

(Paige et al, 2010b), Vasavada (Vasavada et al, 2012) and heat1d (Hayne et al, 2017) thermal models. 76 
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The Paige model simulates the lunar regolith as two discrete layers, with a lower density layer near 77 

the surface and a higher density layer below. It is a 3D thermophysical model, so simulates regions of 78 

the lunar surface, accounting for terrain blocking solar radiation and radiation between the model's 79 

surface elements (because of the surface elements' thermal emission and scattering of radiation)2. 80 

The Vasavada thermal model (Vasavada et al, 2012) introduced a continuously increasing sub-surface 81 

regolith density profile. This density profile produces modelled temperatures which are a significantly 82 

better match to Diviner temperature measurements than a two-layer density profile, especially 83 

around sunrise and sunset when the temperature changes rapidly. 84 

The heat1d thermal model (Hayne et al, 2017) is a 1D model, so treats each surface element 85 

independently and does not account for any 3D effects from the surface element's environment. It 86 

uses a continuous density profile, based on the profile introduced by Vasavada et al (2012), with 87 

density increasing with depth 𝑧𝑧 as  88 

𝜌𝜌(𝑧𝑧) =  𝜌𝜌𝑑𝑑 − (𝜌𝜌𝑑𝑑 − 𝜌𝜌𝑠𝑠)𝑒𝑒−
𝑧𝑧
𝐻𝐻 89 

Equation 1 90 

where the 𝐻𝐻 parameter is the scale height of density variations, 𝜌𝜌𝑠𝑠 is the density at the surface (𝑧𝑧 =91 

0) and 𝜌𝜌𝑑𝑑 is the density at large depths (𝑧𝑧 ≫ 𝐻𝐻). See Figure 1 for typical density profiles produced by 92 

Equation 1. 93 

                                                           
2 In this study, the blocking of solar flux is referred to as “shadowing”, the radiation from other surface elements 
is collectively referred to as “scattering”. Shadowing and scattering are collectively referred to as “3D effects”. 
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 94 

Figure 1: heat1d model (Hayne et al, 2017) density profiles for the top 50cm of the lunar regolith for different values of the 95 
H parameter (the vertical density scale height given in Equation 1) with 𝜌𝜌𝑠𝑠=1100 kg/m3 and 𝜌𝜌𝑑𝑑=1800kg/m3. 96 

The heat capacity and conductivity of the lunar surface depend on the local density, so are functions 97 

of 𝐻𝐻 (Hayne et al, 2017, Fountain and West, 1970). This makes the parameter H important in modelling 98 

how fast the lunar surface cools at night and hence the minimum temperature of the surface. 99 

The 3D thermal model developed in this study (the Oxford 3D thermophysical model, O3DTM) 100 

combines the 1D sub-surface heat flow from the heat1d model (Hayne et al, 2017) and the 3D 101 

shadowing and scattering effects used in the Paige and Vasavada model (Paige et al, 2010b) for the 102 

first time. Validation of O3DTM has been completed by comparing modelled surface temperatures to 103 

bolometric temperatures observed by Diviner (see section 4.1). The same surface regions were also 104 

simulated using the heat1d thermal model to compare the 1D and a 3D thermophysical model 105 

approach. 106 

After ground testing, the O3DTM has been used to assess the potential for water ice stability at eight 107 

south polar study landing sites for the Roscosmos Luna 27, “Luna Resurs”, lander. The PROSPECT 108 

instrument package is currently being developed by the European Space Agency (ESA) for flight on 109 

Luna 27 and to investigate potential in situ near-surface volatiles that might be present in the lunar 110 

polar regions. Launch is scheduled for the early 2020s (Trautner et al 2018, Sefton-Nash et al 2018). 111 

PROSPECT will consist of a drill (ProSEED) that will collect samples from the regolith at depths of up to 112 
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1 m below the lunar surface and transfer them into a miniaturised chemical laboratory (ProSPA), 113 

where samples will be heated to 1000° C in the presence of different reagent gases to extract a range 114 

of different volatile species, including water.  115 

The eight study landing sites used in this study have been provided by ESA, identified as specific 116 

study sites for Luna 27. We have performed simulations using O3DTM of the thermal environment 117 

over spatial domains that extend up to ±10o latitude and ±5o longitude from each site, at a variety of 118 

resolutions (from 4 to 128 pixels per degree). In section 6 we report in detail the results from the 119 

simulation of landing site number 8 as a case study (see https://github.com/tw7044/O3DTM.git 120 

where all simulations can be downloaded). Finally, in section 8 we map the depth at which water ice 121 

would be expected to be stable across landing site 8. 122 

2 Datasets 123 

This study uses data from two instruments onboard the Lunar Reconnaissance Orbiter (LRO). Elevation 124 

and albedo Gridded Data Records (GDRs) are from the Lunar Orbiter Laser Altimeter (LOLA) 125 

experiment (Smith et al, 2010) and GDRs of surface bolometric temperature are from the Diviner Lunar 126 

Radiometer Experiment (Paige et al, 2010a). 127 

The modelled simulations were at resolutions of 4, 16 and 128 ppd (pixels-per-degree). For 128 

convenience and comparability with non-polar model runs, input data was sourced from cylindrical 129 

projection GDRs. The highest spatial resolution LOLA albedo dataset providing global coverage 130 

available to download from NASA’s Planetary Data System (PDS) is 8 ppd, so the albedo was inferred 131 

by fitting to the maximum Diviner temperatures (see section 5).  132 

Diviner GDRs of bolometric brightness temperature (TBOL) are the best available estimate of surface 133 

kinetic temperature and are calculated by spectrally integrating radiance and fitting to a Planck curve. 134 

GDRs of TBOL used in this study were downloaded from the PDS, and cover over 6 years of surface 135 

temperature measurements, from July 2009 to November 2015, providing surface temperatures for 136 

https://github.com/tw7044/O3DTM.git
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each gridded surface element at a wide range of local times. This means extreme temperatures, that 137 

normally occur at midday (maximum) and just prior to sun rise (minimum) are recorded. These 138 

extreme temperatures are important for fitting parameters in the model, such as H, albedo and 139 

emissivity (see section 5). 140 

The LOLA albedo measurements are performed by a 1064.4 nm laser (Smith et al, 2010), so are scaled 141 

to the broadband solar albedo value using the method described in (Hayne et al, 2017). LOLA albedo 142 

measurements have the advantage of being based on zero phase angle measurements over the entire 143 

lunar surface, so artefacts introduced by increased shadowing at high latitudes are removed. 144 

Ephemeris data downloaded from JPL Horizons were used for modelling the lunar rotation and 145 

seasonal variation. Additional lunar parameters are taken from (Hayne et al, 2017) and are given in 146 

section 13.1. 147 

3 Thermal model description 148 

The thermal model developed in this study consists of a 1D subsurface model coupled with a 3D 149 

radiative transfer model which together simulate the surface and subsurface temperatures of any 150 

region on the lunar surface. The model divides a surface that is to be modelled into a grid of surface 151 

elements and each element contains discrete subsurface layers at increasing depths from the lunar 152 

surface. 153 

3.1 1D sub-surface model 154 

Below the surface, only vertical heat conduction is considered, meaning that the subsurface behaviour 155 

of each surface element is independent of the other surface elements. The surface elements are 156 

several hundred metres across (limited by the resolution of the 128ppd LRO datasets), which is much 157 
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larger than the temperature scale lengths3 in lunar regolith (𝑧𝑧𝑠𝑠< 1 m), so any horizontal subsurface 158 

heat flux can be neglected. 159 

The heat1d model (Hayne et al, 2017) is used to model subsurface heat flux in this study. It typically 160 

uses 26 layers in the top 2.5 m of the lunar surface and numerically simulates their temperatures at 161 

discrete time steps for a given set of surface parameters. A full list of variable names, the model 162 

parameters and their default values are given in Appendix 13.1. 163 

The temperature variation of a layer at depth z below the lunar surface at time t is modelled using the 164 

one-dimensional heat equation, Equation 2: 165 

𝜌𝜌𝑐𝑐𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=
𝜕𝜕
𝜕𝜕𝜕𝜕

  �𝐾𝐾
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� 166 

Equation 2 167 

where T is temperature and 𝜌𝜌 is density. The specific heat capacity 𝑐𝑐𝑝𝑝 is a function of T and the thermal 168 

conductivity K is a function of T and 𝜌𝜌 (Hayne et al, 2017). See Appendix 13.1 for functional forms of K 169 

and 𝑐𝑐𝑝𝑝. Equation 2 is used to model the conduction between the model subsurface layers. The bottom 170 

boundary condition accounts for the internal heat flux of the moon, 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 = 0.018 𝑊𝑊𝑚𝑚−2 (Langseth 171 

et al, 1976) and the surface boundary condition accounts for incident flux and thermal emission. 172 

Temperature gradients decrease with depth, i.e. the largest temperature gradients occur near the 173 

surface, to capture this in the model the thickness of the model subsurface layers increases with depth 174 

below the lunar surface. This ensures the sharp temperature gradients (~2 K/µm) are captured 175 

adequately whilst also minimising the total number of model layers (as simulation time scales 176 

approximately linearly with number of layers). 177 

                                                           
3 The thermal skin depth, 𝑧𝑧𝑠𝑠 =  �

𝐾𝐾𝐾𝐾
𝜌𝜌𝑐𝑐𝑝𝑝𝜋𝜋

, is the depth where temperature variations with a period P are damped 

by a factor of e (Carslaw and Jaeger, 1959). 
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In this study, simulations are run to a depth of 2.65 m, as diurnal and seasonal variations are 178 

completely damped at this depth. A typical simulation (with default parameter values given in section 179 

13.1) to 2.65 m depth has 26 layers, 20 of which are in the top 1m of the regolith. 180 

For a more detailed discussion of the heat1d model, see the Appendix in Hayne et al (2017). 181 

3.1.1 Temperature initialisation 182 

The heat1d model initial temperature profile is an exponential decay between the temperature at the 183 

surface 𝑇𝑇0 and the temperature at large depths 𝑇𝑇𝑁𝑁 where the temperature at depth z is given by 184 

𝑇𝑇(𝑧𝑧) = 𝑇𝑇𝑁𝑁 − (𝑇𝑇𝑁𝑁 − 𝑇𝑇0)𝑒𝑒−
𝑧𝑧
𝐻𝐻 185 

and 𝑇𝑇0 is found by calculating instantaneous thermal equilibrium with incoming solar radiation and 186 

𝑇𝑇𝑁𝑁 = 𝑇𝑇0 √2⁄ . 187 

After the temperature initialisation, the heat1d model is run for 5 years to allow the temperatures to 188 

stabilise over several diurnal and seasonal cycles: 189 

1. Initialise all layer temperatures. 190 

2. Run model for (5 year) stabilisation period. 191 

3. Run model for (~5 year) period overlapping Diviner data to produce results. 192 

This stabilisation period is sufficient to remove any effects of the temperature initialisation on the 193 

model output temperatures for simulations which are run to depths ≲ 1𝑚𝑚. However, for simulations 194 

> 1 m this temperature initialisation was found to be inadequate to quickly initialise the temperature 195 

profile. Simulations to the depth of 2.65 m used in this study would require a stabilisation time of > 196 

50 years to completely remove the influence of the temperature initialisation. This would be 197 

unfeasibly long, so a new temperature initialisation routine was developed to allow faster simulations 198 

of larger depths. 199 
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The new routine initially runs the model for a shallow depth, then progressively adds model layers to 200 

increase the simulation depth. This provides a more accurate estimate (first guess) to the subsurface 201 

temperature, and hence allows for a faster initialisation of the model. The new model sequence is as 202 

follows: 203 

1. Initialise temperatures of top layers, down to depth of 2 diurnal thermal skin depths (≈20cm) 204 

2. Run model for 1 year to allow temperature of top layers to stabilise over a seasonal cycle. 205 

3. Run model for 3 years, progressively adding deeper layers at equal intervals (one new layer 206 

added every 3 months). 207 

4. Run model for 5 years to allow temperature profile (with all layers) to fully stabilise over 208 

multiple seasonal cycles. 209 

5. Run model for (~5 year) period overlapping Diviner data to produce results. 210 

This technique allows significantly faster simulations of temperatures at large depths, only requiring 211 

9 years to initialise and stabilise the temperature profile. The new technique was tested by using 212 

different temperature initialisations (varying from 50K to 350K at large depths) which all produce the 213 

same final output temperature profiles (see Figure 2). 214 
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  215 

  216 
Figure 2: Temperature of deepest model layer (2.65m) using different values for 𝑇𝑇𝑁𝑁 in the heat1d model temperature 217 
initialisation process (at a latitude of 80˚) and the deepest simulated layer with our new initialisation process. 50 K is 218 

representative of a shadowed area, 170 K for a flat area and 250 K for a sun-facing slope. The heat1d model initialisation 219 
process requires 60 years for the different initialisation temperatures to be consistent to 1 K while our new routine is 220 

consistent to < 0.01 K in only 9 years. The vertical dashed lines show when model layers are added in the new initialisation, 221 
increasing the simulated depth and therefore decreasing the size the diurnal temperature oscillations occurring in the 222 

bottom modelled layer. 223 

The simulated period covers about 15 years of simulation time, corresponding to real lunar conditions 224 

(using ephemeris data from JPL Horizons) from 2000 to 2015. The simulation begins at midday local 225 

lunar time in January or February 2000 (the exact date depends on the longitude of the simulated 226 

area). 227 

3.2 3D radiative transfer 228 

The surface boundary condition for each surface element takes the form 229 
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𝜀𝜀𝜎̅𝜎𝑇𝑇4 = 𝐾𝐾
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕�𝑧𝑧=0

+ 𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎 230 

Equation 3 231 

which balances the grey body thermal emission from the surface (𝜀𝜀𝜎̅𝜎𝑇𝑇4) against the heat flux from 232 

subsurface layers (𝐾𝐾 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
𝑧𝑧=0

) and the absorbed flux incidence on the surface (𝑄𝑄𝑎𝑎𝑏𝑏𝑏𝑏). The absorbed flux 233 

includes contributions from the visible solar irradiation directly incident on the surface plus visible 234 

radiation scattered from other surfaces (including multiple scatterings) and infrared thermal radiation 235 

emitted from other surfaces.  236 

Scattering calculations are performed by calculating matrices of flux coefficients 𝐶𝐶𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣and 𝐶𝐶𝑖𝑖𝑖𝑖𝐼𝐼𝐼𝐼. 𝐶𝐶𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣 237 

represents the fractions of direct solar radiation scattered from surface element 𝑖𝑖 and absorbed by 238 

surface element 𝑗𝑗.𝐶𝐶𝑖𝑖𝑖𝑖𝐼𝐼𝐼𝐼 represents the fraction of infrared radiation emitted by surface element 𝑖𝑖 and 239 

absorbed by element 𝑗𝑗. These coefficients give the total flux absorbed by surface element 𝑗𝑗 in a given 240 

time step as 241 

𝑄𝑄𝑗𝑗𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄⊙𝑗𝑗 + �(𝐶𝐶𝑖𝑖𝑖𝑖𝐼𝐼𝐼𝐼𝑄𝑄𝑖𝑖𝐼𝐼𝐼𝐼 + 𝐶𝐶𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑠𝑠𝑄𝑄𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣)
𝑖𝑖

 242 

where 𝑄𝑄⊙𝑗𝑗 is the direct solar flux absorbed by 𝑗𝑗, 𝑄𝑄𝑖𝑖𝐼𝐼𝐼𝐼 = 𝜀𝜀𝜎̅𝜎𝑇𝑇𝑖𝑖4 is the grey body thermal emission from 243 

𝑖𝑖 and 𝑄𝑄𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣 is the solar radiation directly scattered by 𝑖𝑖. 244 

The direct solar flux absorbed by a surface element is given by 245 

𝑄𝑄⊙ = 𝐹𝐹⊙�1 − 𝐴𝐴(𝜃𝜃)� cos𝜃𝜃 246 

where 𝜃𝜃 is the angle to the surface normal and 𝐹𝐹⊙ is the solar flux which has been taken to be  247 

1361𝑊𝑊𝑚𝑚−2 when the sun is visible, consistent with the heat1d model. The albedo of the surface 248 

(𝐴𝐴(𝜃𝜃)) is dependent on the incident (angle between the incoming sun light and the surface normal) 249 

angle of the solar illumination. In this model as in the heat1d model, the albedo of the surface for a 250 

ray at a given incidence angle is parametrised as 251 
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𝐴𝐴(𝜃𝜃) = 𝐴𝐴0 + 𝑎𝑎 �
𝜃𝜃
𝜋𝜋 4⁄

�
3

+ 𝑏𝑏 �
𝜃𝜃
𝜋𝜋 2⁄

�
8

 252 

Equation 4 253 

where a and b are constants (Keihm, 1984), given in section 13.1. For computational efficiency, the 254 

sun is simulated as a point source of radiation. The approximation of the sun as a point source allows 255 

faster simulations, at the cost of slightly reduced model accuracy. This reduction in accuracy is mainly 256 

confined to times around sunrise and sunset where the point source approximation causes a step 257 

change in incident flux rather than the smooth change in flux from an extended source. 258 

The 𝐶𝐶𝑖𝑖𝑖𝑖 coefficients are calculated by ray tracing between the centres of each pair of surface elements 259 

and incorporate the angular dependence of albedo (Equation 4) for visible scattering. The coefficients 260 

account for all possible paths for the radiation through the simulated area, including via multiple 261 

scatterings. The model, therefore, accounts for an infinite number of scatterings from the lunar 262 

surface by tracing a ray from facet to facet until it leaves the surface. 𝐶𝐶𝑖𝑖𝑖𝑖 = 0 for surface elements 263 

which have no line of sight and no indirect lines of sight via multiple scatterings. Surface elements are 264 

assumed to be flat for scattering and shadowing calculations. For a more detailed discussion of the 265 

calculation of these coefficients, see 13.2. 266 

This model does not include azimuth angle4 effects on scattering, meaning the 𝐶𝐶𝑖𝑖𝑖𝑖 coefficients are 267 

constant with time. This allows the coefficients to be pre-calculated in the simulation and the flux 268 

calculation to be performed rapidly as simple matrix multiplications at each time step. The intensity 269 

of scattered radiation has been shown to be dependent on azimuth angle and is described more fully 270 

by a bidirectional reflectance distribution function (Foote et al, 2009, Pommerol et al, 2011, Warren 271 

et al, 2017, Warren et al, 2019). The inclusion of bidirectional reflectance functions would improve 272 

the model accuracy in non-flat areas, by more accurately simulating the scattering of radiation. 273 

However, the inclusion of bidirectional reflectance would require the values of 𝐶𝐶𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣 to be calculated 274 

                                                           
4 The azimuth angle is the angle between the projections of the incident and reflected rays onto the surface. 
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at each time step due to the changing solar angle, significantly slowing the scattering calculations. It 275 

was therefore decided the inclusion of full bidirectional reflectance would make the simulation too 276 

slow with the computing power and time available for this study.  277 

Additional less significant effects from sources of radiation, such as ‘earthshine’ (radiation from the 278 

earth) and stellar flux (from stars other than the Sun) are not accounted for in this model. This will 279 

slightly reduce the accuracy of the modelled absorbed flux, though the magnitude of this error will be 280 

small, especially at the polar latitudes used in this study where the Earth is low on the horizon.  281 

4 Effect of inclusion of 3D thermal transfer on temperature estimates 282 

The addition of 3D effects was found to have a large effect on crater temperatures. The addition of 283 

shadowing reduces the maximum temperature of permanently shaded craters by >150 K. Including 284 

scattering was found to increase the maximum temperature of small craters by ~10 K at the equator, 285 

rising with latitude to >100 K for permanently shaded regions at the lunar poles. The temperatures of 286 

flat surfaces are unaffected by including scattering, due to the absence of lines of sight between 287 

surface elements (Figure 3). Minimum temperatures were found to be similarly affected by 3D effects, 288 

with the magnitude of changes in minimum temperature being about a quarter of the magnitude of 289 

changes in crater maximum temperatures. 290 

The scattered radiation absorbed by each surface element is roughly constant over the crater and 291 

varies significantly less than the solar radiation absorbed by each surface element. Therefore, the 292 

temperature difference between the 3D and 1D models is larger in regions where the incident solar 293 

flux is lower, as scattered radiation is a more dominant heat source in these regions. This is seen in 294 

simulations of mid-latitude craters where the north facing crater wall (for northern hemisphere 295 

craters) has a larger temperature difference between the 1D and 3D models than the south facing 296 

crater wall. 297 
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4.1 Comparison to Diviner temperatures 298 

The addition of scattering was found to significantly improve the accuracy of simulated crater 299 

temperatures when compared to the measured Diviner temperatures. Figure 3 shows the model 300 

surface temperature error for a typical equatorial crater. Here we define model error as the difference 301 

between the bolometric maximum surface temperature measured by Diviner, and the modelled 302 

surface temperature corresponding to the time of the Diviner maximum temperature measurement. 303 

Figure 3 shows that errors in the base of the equatorial crater maximum temperatures are reduced 304 

from ~-10 K with the 1D model to ~-2 K with the 3D model, which is small enough to be accounted for 305 

by parameter variation across the lunar surface. 306 

The simulated temperatures of east facing crater walls in these small craters are generally too cold in 307 

both the 1D and 3D models. These crater walls are well illuminated at sunrise and early in the lunar 308 

day but have less illumination by midday (when the maximum temperatures generally occur). 309 

Therefore, this error is likely due to a combination of incorrect parameters (such as density, thermal 310 

conductivity or the H parameter) reducing the thermal inertia of the surface and causing these areas 311 

to cool too quickly in the model and therefore have lower temperatures. 312 

 313 

 314 
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315 

316 

317 

 318 

Figure 3: 3D model improvements in simulated maximum temperatures for ‘Blagg’ crater (at 1.2°N). A and B show the 319 
differences in modelled temperatures and measured diviner temperatures for the 1D and 3D models respectively. C shows 320 
the change in temperature error for each surface element as an arrow starting at the 1D model error and ending at the 3D 321 

model error. Arrows are coloured by their length (i.e. difference between 1D and 3D model temperatures); the yellow 322 
arrows represent the surface elements on the surface surrounding the crater which have negligible temperature changes 323 

between the 1D and 3D models. 324 
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5 Parameter fitting 325 

Diviner temperatures are used to infer the bond albedo 𝐴𝐴0 and H parameter across the lunar surface 326 

for each surface element within the simulation environments. Measured maximum and minimum 327 

Diviner temperatures for each surface element are compared to modelled surface temperatures with 328 

a range of parameters to estimate the value of the parameter consistent with the Diviner temperature. 329 

The sensitivities in Figure 4 show that surface bond albedo (𝐴𝐴0 in Equation 4) is very dependent on 330 

the maximum (midday) surface temperature, but has little effect on the minimum surface 331 

temperature experienced just prior to sunrise. The H parameter, however, is very dependent on the 332 

minimum temperature and has little effect on the maximum temperature. Given these sensitivities, 333 

the bond albedo should be fitted by comparing the maximum simulated temperatures to the 334 

maximum surface temperatures measured by Diviner and the H parameter should be fitted by 335 

comparing the minimum temperatures. The use of the maximum and minimum temperatures for 336 

fitting reduces the effect of the degeneracy between the bond albedo and H parameter which is more 337 

significant at intermediate temperatures. 338 
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339 

 340 

Figure 4: Effect of bond albedo 𝐴𝐴0 and H parameter variation on typical modelled maximum and minimum temperatures. 341 

The temperatures shown here correspond to a point at a latitude of 80° with no slope and all other parameters held 342 

constant. The exact relationship between 𝐴𝐴0, H & T will vary for each surface element, depending on its latitude, slope and 343 

environment. 344 

The parameter fitting routine used in this study to fit the bond albedo and H parameter was: 345 

1. Run the 3D thermal model with initial parameter guess (e.g. 𝐴𝐴0 = 0.12 for every surface 346 

element) to generate initial model surface temperatures 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚. 347 

2. For each surface element, compare 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 with the corresponding Diviner temperature 348 

𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 to choose a new parameter value for this surface element (e.g. if 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 < 𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 349 

then the new albedo value for this surface element is 𝐴𝐴0 = 0). 350 

3. Run the 3D thermal model with the new parameter values to produce new values for 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚. 351 
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4. For each surface element, perform a linear interpolation with the two previous parameter 352 

values and their associated 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 values to find a new parameter value consistent with 353 

𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷. 354 

5. Repeatedly run the 3D thermal model with new interpolated parameter values to allow the 355 

parameter values for each surface element to converge and stabilise. 356 

This routine quickly converges on parameter values, requiring only 5 iterations of running the thermal 357 

model. The routine produces parameter fittings which account for the simulation environment, such 358 

as with higher albedo values for one surface element slightly increasing the temperature of nearby 359 

surface elements due to the increased flux scattered from this surface element. 360 

6 Case study sites 361 

The model was used to investigate eight study landing sites near the lunar south pole; with the 362 

coordinates of each of the simulated landing sites given in Table 1 and mapped in Figure 5. The landing 363 

sites were simulated at three different resolutions (4 ppd, 16 ppd and 128 ppd). Each model simulation 364 

was kept to ~2 hours in length by adapting the size of the simulated area. The size of the simulated 365 

area varied from ~245 km for the 4 ppd resolution simulations to ~9 km for the 128 ppd resolution 366 

simulations, full details are given in Table 1 and Table 2. The different simulation resolutions and area 367 

lengths are given in Table 2 and shown graphical in Figure 6. In this paper site 8 has been chosen for 368 

more detailed study. 369 

Site Latitude Longitude 
1 -79.30 -56.00 
2 -80.56 -37.10 
3 -81.24 68.99 
4 -81.35 22.80 
5 -84.25 -4.65 
6 -84.33 33.19 
7 -85.33 -4.78 
8 * -82.70 33.50 

Table 1: Landing sites analysed with thermal model. Latitudes and longitudes are degrees North and East respectively. 370 
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 371 

Figure 5: Map of landing sites, centred on the lunar south pole and extending to 75°S. All landing sites are on the near side 372 
of the moon. The colour scale shows LOLA elevation data. 373 

 374 

Resolution Latitude buffer Longitude buffer Simulation size Surface element size 
4ppd 4.00° 20.00° ~ 245 km ~ 8 km 
16ppd 2.00° 10.00° ~ 122 km ~ 2 km 
128ppd 0.15° 0.75° ~ 9 km ~ 230 m 

Table 2: Landing site simulation resolutions. The resolution gives the number of pixels per degree of latitude. The latitude 375 
and longitude buffers give the distance from the landing site that is simulated at each resolution (e.g. Landing Site 1 at 376 

16ppd simulates longitudes from -46° to -66°)). The sizes given are the North-South lengths of the whole simulation 377 
environment and each surface element.  378 

 379 

Figure 6: Map of different landing site resolutions for Landing Site 8. The red boxes from largest to smallest are 4ppd, 16ppd 380 
and 128ppd. 381 

The simulation grids are based on the cylindrical projection used for LOLA and Diviner elevation and 382 

temperature datasets, allowing for easy direct comparison between modelled and measured surface 383 

temperatures. At polar latitudes, the East-West spatial resolution of this grid (surface elements per 384 
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metre) is significantly higher than the North-South spatial resolution, as one degree of longitude 385 

corresponds to a much smaller physical distance than one degree of latitude at high latitudes (by a 386 

factor of cos𝜙𝜙, where 𝜙𝜙~ 90° is the latitude). Therefore, the grids used in the simulations are 387 

compressed in along the East-West direction to produce a surface element grid which has 388 

approximately equal East-West and North-South spatial resolution5. 389 

The 16ppd wide resolution was generally used for more detailed analysis as it provided a balance 390 

between simulating the local small-scale variations of the lunar surface and simulating a large enough 391 

area to account for shadowing and re-radiation effects. 392 

                                                           
5 Compression is performed by taking the mean of the elevation values for every 𝑛𝑛 ∼ Δ𝑁𝑁𝑁𝑁 Δ𝐸𝐸𝐸𝐸⁄  surface elements 
in the uncompressed site where Δ𝑁𝑁𝑁𝑁  is the surface element size in the North-South direction and Δ𝐸𝐸𝐸𝐸 is the 
uncompressed surface element size in the East-West direction and n is an integer. 
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 393 

Figure 7: Modelled surface temperatures for different simulation environments around landing site 8. From top to bottom, 394 
plots are for 128ppd, 16ppd and 4ppd environments with minimum temperatures on the left and maximum temperatures 395 

on the right. The landing site location is given by the red dots.  396 

7 Comparison to Diviner temperatures 397 

In this section the modelled surface temperatures for each simulated landing site are compared to the 398 

measured Diviner bolometric temperatures. The measured temperatures are from the level 3 gridded 399 

Diviner dataset, which is on the same grid as the LOLA dataset, allowing easy comparison between the 400 

model and Diviner temperatures. 401 
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The temperatures are compared by calculating the ‘average absolute error’ and ‘average error’ for 402 

each surface element to identify regions which have various types of mismatch. The average absolute 403 

temperature error is defined as 404 

1
𝑁𝑁
� ��𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(𝑖𝑖) − 𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
(𝑖𝑖) ��

𝑁𝑁

𝑖𝑖=1
 405 

Equation 5 406 

for each surface element, found by comparing the Diviner measurements 𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
(𝑖𝑖)  and corresponding 407 

modelled surface temperatures 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(𝑖𝑖)  where  𝑁𝑁 is the number of Diviner measurements for the 408 

surface element. This average absolute error is a measure of how consistently accurate the modelled 409 

temperature is. The average temperature error is defined as 410 

1
𝑁𝑁
� �𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(𝑖𝑖) − 𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
(𝑖𝑖) �

𝑁𝑁

𝑖𝑖=1
 411 

Equation 6 412 

and is a measure of if the modelled temperature is systematically too warm or too cold. These errors 413 

are shown in Figure 8 for landing site 8. 414 

In general, across all the simulations, the temperature errors are largest around sunrise and sunset, 415 

where the temperature is changing rapidly with time and the solar elevation is very low. During this 416 

period, errors in the model temperatures (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) may be ~10 K due to a “timing error” 417 

where the model temperature changes slightly earlier or later than the Diviner temperature. This is 418 

likely to be due to the model only simulating the sun as a point source. The current implementation 419 

of the Sun as a point source causes the incident flux to change as a step function at the edge of a 420 

shadow. In reality the incidence flux should reduce gradually at the edge of a shadow (as there are 421 

parts of the surface where only part of the sun is visible). This will be improved in future versions of 422 

the model by representing the Sun as an extended source. 423 
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The “timing error” could also be due to the discrete simulation grid causing discrepancies in the 424 

calculated local solar incidence angle at low solar elevations.  425 

The model accuracy is also low in regions that are in near permanent shadow, such as pole facing 426 

shallow slopes and surface elements on the boundary of permanently shaded regions. For many of 427 

these areas, the modelling of the sun as a point source and the discrete simulation grid causes the 428 

model to treat them as permanently shaded, even though they are only temporarily shadowed during 429 

the summer, leading to 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚 ≪ 𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 . 430 

431 

 432 

Figure 8: Error analysis of 3D thermal model at landing site 8. The top map shows the average absolute temperature error 433 
and the bottom map shows the average temperature error. The red dots show the location of landing site 8. 434 
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 435 

Figure 9: Comparison of model and diviner surface temperatures at landing site 8. The blue line is the modelled surface 436 
temperature and the black dots are Diviner measurements. There are multiple Diviner measurements at each time due to 437 
the simulation surface elements covering multiple Diviner pixels, so the model temperature should lie within the range of 438 

Diviner temperatures. 439 

 440 

Figure 10: Illumination map for region surrounding landing site 8., calculated using ray tracing code used in the 3D model. 441 
Black regions are permanently shaded. The red dot shows the location of the landing site. 442 

 443 

The model is less accurate for regions towards the edge of the simulated area. This is an expected 444 

result, as these regions will be much more affected by areas outside the simulated area than regions 445 

towards the centre of the simulated area. For example, the surface elements along the northern edge 446 

of the simulated area in Figure 8 are generally too warm in the model, as the terrain which shades 447 

them during part of the lunar day is not included in the simulation. The accuracy of the simulation at 448 
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the edge of the simulated area is therefore dependent on the local terrain – areas with steep slopes 449 

(e.g. craters and mountains) will be less accurate whereas a perfectly flat area would be accurate to 450 

the edge of the simulated area (due to the absence of mutual lines of sight between different parts of 451 

the surface). 452 

8 Ice stability 453 

 454 

Figure 11: Sub-surface temperature profiles for simulated points near Landing Site 8. Ice is assumed to be stable for long 455 
periods of time at depths where the maximum temperature is less than 112 K, represented by the shaded area. The solid 456 
lines are a typical profile of an area where ice can be stable from a depth of 5 cm below the surface, the dashed lines are 457 

where ice can be stable from 29 cm to 167 cm below the surface and the dotted lines are a typical profile where ice cannot 458 
stable at any depth. The black arrows show the location of the minimum constant temperature for each profile. The large 459 

temperature variation near the surface is due to the diurnal temperature cycle, and the increase in temperature with depth 460 
is due to the lunar interior heat flux. Temperature values are from a year of simulation time (i.e. include a full seasonal 461 

cycle). 462 

Ice stability is highly dependent on the temperature structure of the regolith. In this study, ice is 463 

assumed to be stable at a given depth if the temperature at that depth never exceeds 112 K (Paige et 464 

al, 1992). Therefore, it is possible for ice to be stable below the lunar surface at a given location if the 465 

“minimum constant temperature” of that location is <112 K. The minimum constant temperature of 466 

a surface element is defined to be the coldest maximum temperature of all the model layers for that 467 

surface element. For example, in Figure 11, the minimum constant temperature of the solid profile is 468 

80 K, the dashed profile is 109 K and the dotted profile is 169 K (as indicated by the black arrows). This 469 

implies ice cannot be stable for the dotted profile as its minimum constant temperature is >112 K. 470 
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 471 

Figure 12: Relationship between simulated minimum constant temperature and its corresponding depth for the area 472 
surrounding landing site 8. White areas represent no surface elements. 473 

The minimum constant temperature typically occurs at a depth of ~0.5 m (Figure 12). The depth of 474 

the minimum constant temperature varies slightly with the location – cold permanently shaded areas 475 

have shallower minimum constant temperatures due to the internal heat flux of the Moon dominating 476 

the temperature profile rather than surface heating (Figure 13). The modelled temperatures implicitly 477 

assume that the lunar surface consists of regolith-like material to depths >2.65 m. Therefore, the 478 

presence of any non-regolith subsurface material, such as bedrock, at these depths would significantly 479 

reduce the accuracy of the modelled temperatures and the ice stability inferred from them. 480 
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 481 

 482 

Figure 13: Minimum subsurface constant temperatures and corresponding depths for region surrounding of landing site 8. 483 
The red dots show the location of the landing site. 484 
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485 

 486 

Figure 14: Simulated minimum stable depth of ice layer for landing site 8 (assuming ice is stable for a layer with a maximum 487 
temperature < 112 K). In the coldest, permanently shaded, areas ice can be stable at the surface. The graphs only show 488 

values for surface elements where ice can be stable. The red dot on the map shows the location of the landing site. 489 

Figure 13 and Figure 14show the minimum sub-surface temperatures and therefore ice stability for 490 

the simulation of landing site 8. As expected, craters and pole-facing slopes are the coldest regions 491 

and are significantly below the 112 K required for long-term ice stability. This modelling work suggest 492 

the surface temperature in permanently shaded regions is usually cold enough to expect ice to be 493 

stable at the lunar surface. In more illuminated (>2.5% illumination time) regions ice can only be stable 494 

below the surface, as a layer of insulating regolith is required to keep the ice layer below 112 K during 495 

the day. 496 
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Across the model region surrounding site 8 the deepest minimum stable depth was found to be ~60 497 

cm, consistent with the depth where the coldest constant temperatures generally occur (Figure 12). 498 

For surface elements where ice can be stable, the deepest stable layer is generally the bottom 499 

simulated layer, implying ice can be stable (T < 112 K) to large depths (much deeper than the 2.65 m 500 

simulated by the model). Ultimately, the internal heat flux of the moon will determine the depth of 501 

the bottom of the stable ice layer. 502 

9 Conclusions 503 

A new 3D thermal physical model (known as the Oxford 3D Thermal Physical Model) has been 504 

developed in MATLAB and is free to download along with example data outputs described in this 505 

paper (https://github.com/tw7044/O3DTM.git). The newly developed model combines the latest 1D 506 

thermal diffusion heat1d model (Hayne et al, 2017) with a 3D surface scattering model which was 507 

developed for this study. The new model is able to include non-lambertian scattering in both the 508 

thermal infrared and the visible. Although applied to the Moon in this study the Oxford 3D Thermal 509 

Physical Model can be applied to any airless body in the solar system. 510 

For modelling the surface temperature of the lunar surface, the Oxford 3D Thermal Physical Model 511 

was found to be significantly more accurate than a 1D thermal model, at high latitudes and areas of 512 

strong terrain features where 3D (scattering and shadowing) effects are significant. In such regions a 513 

1D model had typical errors of > 100 K, when compared to the measured surface bolometric 514 

temperatures from Diviner. A 3D model had typical errors in the same locations of ~10 K, when 515 

compared to the measured Diviner temperatures. 516 

The main trade off with using a 3D model versus a 1D model is the long simulation times constraining 517 

the complexity and size of the model. Future studies with access to faster computers (or with more 518 

available time) will be able to carry out simulations on larger areas of the lunar surface and improve 519 

model complexity. The errors found with the 3D model suggest future model improvements should 520 

https://github.com/tw7044/O3DTM.git
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focus on improving scattering calculations by including a bidirectional reflectance function and on 521 

modelling the Sun and each surface element as more than one point. 522 

Modelling of study Luna27 landing sites near the lunar south pole identified two types of regions 523 

where ice can be stable. Permanently shaded regions are typically stable from the lunar surface down 524 

to large depths. Most illuminated regions are not generally stable at the surface (as brief periods of 525 

illumination in the summer heat the surface layer to > 112 K) but can have a layer of sub-surface ice 526 

stability. The coldest constant temperature typically occurs at a relatively shallow depth of ~50 cm 527 

and the minimum stable ice depth is also typically shallow <30 cm. These results show that, assuming 528 

careful selection of landing site the current design depth of the PROSPECT drill (~1 m) should be 529 

sufficient to sample trapped water ice. 530 

The study sites modelling demonstrates to sample potential water deposits, it is more important to 531 

select your landing site accurately than to be able to drill deep. Most of the modelled regions 532 

surrounding the study sites did not contain any potential water ice at any depth and in the regions 533 

that did contain water ice the depth of expect water ice was relatively shallow. Therefore, the choice 534 

of landing site location and the precision landing capability of the lander are essential given the 535 

engineering constraints on the sampling system. There is an obvious correlation between the 536 

illumination fraction and the volatile stability conditions. Luna27/PROSPECT will therefore have a 537 

trade-off to select a site that will satisfy both critical power/operations requirements and science 538 

objectives of the PROSPECT mission. 539 

10 Data Availability 540 

All MATLAB code required run the O3DTM and data from the 8 sites described in this paper can be 541 

downloaded from https://github.com/tw7044/O3DTM.git. 542 

  543 

https://github.com/tw7044/O3DTM.git
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