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Abstract

Sunlit and shaded slopes have a variety of temperatures based on their orientation with respect to the 

sun. Generally, greater slope angles lead to higher anisothermality within the field of view. This 

anisothermality is detected by measuring changing emitted radiance as a function of viewing angle or 

by measuring the difference in brightness temperatures with respect to observation wavelength. 

Thermal infrared measurements from the Lunar Reconnaissance Orbiter Diviner Radiometer were used 

to derive lunar surface roughness via two observation types: 1) Nadir multispectral observations with 

full diurnal coverage and 2) multiple emission angle targeted observations. Measurements were 

compared to simulated radiance from a radiative equilibrium thermal model and Gaussian slope 

distribution model. Nadir observations most closely match a 20° RMS slope distribution, and multiple 

emission angle observations can be modeled using 20−35° RMS slope distributions. Limited sampling 

of the lunar surface did not show any clear variation in roughness among surface units. two-

dimensional modeling shows that surfaces separated by distances greater than 0.5−5 mm can remain 

thermally isolated in the lunar environment, indicating the length scale of the roughness features. Non-

equilibrium conditions are prevalent at night and near sunrise and sunset, preventing the use of the 

equilibrium thermal model for roughness derivations using data acquired at these local times. Multiple 

emission angle observations also show a significant decrease in radiance at high emission angles in 

both daytime and nighttime observations, and hemispherical emissivity is lower than is apparent from 

nadir observations. These observations and models serve as a basis for comparison with similar 

measurements of other airless bodies and as an initial template for the interpretation of TIR 

measurements acquired under a variety of geometric conditions.
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Highlights
LRO Diviner thermal infrared measurements were used to derive lunar surface roughness

Measurements indicate 20−35 degree RMS slope distributions at millimeter scales

Lunar thermal emission is lower at high emission angles than nadir observations

Anisothermality effects can dominate thermal and near-infrared planetary measurements
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1. Introduction

 1.1 Utility of roughness derivations

The development and reworking of the lunar surface is dominated by impact and space weathering 

processes, recording the history of the interaction between the Moon and the outside environment.  By 

understanding this history, we can better understand surface processes on the Moon as well as other 

airless bodies within the Solar System.  In addition, the surface layer is the principal factor influencing 

most remote sensing measurements, and it is crucial to understand the relationship between the regolith 

at the surface and the primary materials from which it is derived.

Regolith properties, such as particle size distribution and density, represent a delicate balance of lunar 

surface processes that produce a highly structured regolith over time (e.g., Keihm et al., 1973; 

Vasavada et al., 2012; Hayne et al., 2011; Ghent et al., 2012). For example, overburden acts to 

compress and increase the bulk density of the regolith, while small impacts have a tendency to disrupt 

the regolith locally, lowering its bulk density (Bandfield et al., 2014).

There are few terrestrial analogs for the processes unique to the vacuum and space weathering 

environment and the resulting development of planetary surfaces. We can, however, rely on remote 

observations as well as samples and observations collected at lunar landing sites. Recent high 

resolution imaging from the Kaguya, Chandryaan, Chang'E, and Lunar Reconnaissance Orbiter (LRO) 

spacecraft has provided a wealth of morphological data at a spatial sampling of down to ~0.5 m. 

However, outside of the few lunar landing sites that can be directly accessed, the vertical structure and 

sub-meter textures and heterogeneity of the lunar regolith must be characterized via alternate 

measurements and methods.

 1.2 Measurements for roughness derivation

Large-scale lunar surface roughness (meter scales and greater) has been derived from laser altimetry 

and photogrammetry. The Lunar Orbiter Laser Altimeter (LOLA; Smith et al., 2010) on the LRO 
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spacecraft has been used to derive quantitative global slope information at decameter and larger scales 

(Rosenberg et al., 2011; Kreslavsky et al., 2013). In addition, digital terrain models derived from stereo 

Lunar Reconnaissance Orbiter Camera (LROC; Robinson et al., 2010) and Selene Terrain Camera 

(Haruyama et al., 2006) images have been used to characterize lunar surface slopes at scales as small as 

2 m (e.g., Manhanti et al., 2014). These studies have, for example, quantified differences in surface 

slope distributions between lunar highlands and maria, characterized crater shapes at a variety of scales, 

and documented the development of ejecta deposits with age (Rosenberg et al., 2011; Kreslavsky et al., 

2013; Manhanti et al., 2014).

Photometric (Hapke, 1984; Shkuratov et al., 2005) and in-situ (Gold, 1970; Lumme, et al. 1985; 

Helfenstein and Shepard, 1999) measurements have been used to characterize small-scale (centimeter 

scales and smaller) lunar surface roughness. Helfenstein and Shepard (1999) derived surface slope 

distributions from Apollo Lunar Surface Closeup Camera images at scales from ~0.1 to 85 mm, and 

found average RMS slope angles of ~16−25° for the lunar regolith. These slope distributions are 

dominated by steep slopes at the smallest scale of measurement. Photometric observations derived 

similar values for lunar surface roughness (e.g., Helfenstein and Ververka, 1987; Helfenstein and 

Shepard, 1999; Goguen et al., 2010); however, these observations have shown a wide range of 

roughness values, and cannot confidently separate roughness from other factors such as porosity and 

albedo (Shepard and Helfenstein, 2007; Goguen et al., 2010).

Radar measurements can be used to characterize the lunar surface roughness at centimeter to meter 

scales (e.g., Hagfors, 1967). Both surface roughness and subsurface heterogeneities cause increased 

radar backscatter that can be used to define and characterize lava flows, crater ejecta, and other features 

(e.g., Thompson et al., 1974; Ghent et al., 2005; Thompson et al., 2006; Campbell et al., 2009; 

Campbell et al., 2010; Carter et al., 2012). Radar measurements are particularly sensitive to the 

presence of rocks at the surface and in the shallow subsurface, and have been used to better understand 
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lunar regolith development (e.g., Ghent et al., 2005).

 1.3 Thermal infrared roughness measurements

Thermal infrared (TIR) measurements have been used to infer the surface roughness of the Moon and 

other bodies such as asteroids, comets, and Mars (e.g., Sinton, 1962; Smith, 1967; Buhl, 1968; Spencer, 

1990; Johnson et al., 1993; Jämsä et al., 1993; Lagerros, 1998; Bandfield, 2009; Davidsson et al., 2009; 

Rozitis and Green, 2012; Groussin et al., 2013; Davidsson et al., 2013). Much of this work has focused 

on producing a unitless “beaming” parameter to correct for surface roughness effects in order to derive 

other properties, such as estimated sizes of the unresolved objects, with greater accuracy (e.g., Spencer, 

1990).

Thermal infrared measurements are sensitive to surface roughness in two basic ways: 1) The relative 

proportions of sunlit and shaded surfaces within the measurement field of view changes based on the 

viewing angle. For example, a greater proportion of warm, sunlit surfaces contribute to the 

measurement when viewing a rough surface from the same azimuth angle as the sun, resulting in a 

warmer apparent temperature. 2) From a single viewing angle, both warm sunlit and cool shaded 

surfaces contribute to the measurement. This mixture of temperatures will result in spectrally non-

uniform brightness temperatures with higher temperatures at shorter wavelengths. In general, the 

greater the roughness of the surface, the more prominent these effects appear in the TIR data

Temperature measurements are sensitive to length scales at which surfaces can remain thermally 

isolated. The scale of sensitivity is dependent on the thermal conductivity of surface materials and the 

rotational and seasonal periods of the body, but is typically millimeter to meter scales. This bridges a 

gap between sub-millimeter-scale roughness derived from photometry studies and larger scale slope 

distributions derived from laser ranging and photogrammetry. TIR roughness determinations also 

complement radar-based measurements that are sensitive to subsurface heterogeneities. In this manner, 

TIR measurements can be used to derive surface information that can be directly related to the 
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properties of the lunar regolith, such as the development of surface textures with soil maturation.

Most roughness studies using TIR measurements have had to rely on unresolved whole-disk 

observations, and are often acquired over a limited time span. However, some work has been 

documented regarding the derivation of surface roughness properties from TIR measurements acquired 

of a single surface from a variety of phase and emission angles (Winter and Krupp, 1971; Jakosky et 

al., 1990; Bandfield and Edwards, 2008). These spacecraft observations are able to systematically 

assemble a more complete emission phase function of planetary surfaces. These phase function 

observations not only provide a semi-independent means of determining surface roughness, but also 

provide important information regarding the radiative budget of planetary surfaces.

Thermal emission from the lunar surface is well known to be affected by surface roughness (Pettit and 

Nicholson, 1930; Sinton, 1962; Smith, 1967; Buhl et al., 1968; Winter, 1970; Winter and Krupp, 1971). 

Telescopic measurements showed that, for example full Moon measurements showed significantly 

more radiance at the limb than would be expected from a smooth Lambertian surface. This was 

generally attributed to preferential viewing of sunlit slopes due to small scale cratering (Sinton, 1962; 

Buhl et al., 1968; Winter and Krupp, 1971). By contrast, Smith (1967) described roughness in a more 

generalized RMS slope distribution, though without attributing the roughness to any particular 

formation process.

 1.4 Scope of work

Our goal is to model and derive lunar surface roughness using LRO Diviner Radiometer measurements. 

We characterize the spectral phase behavior of lunar TIR measurements, and show that surface 

roughness can have significant and sometimes dominant effects on lunar TIR measurements. We also 

present a simple TIR roughness model for comparison to the Diviner measurements. This work is an 

initial exploration and characterization of lunar surface roughness and phase effects, and we investigate 

a limited number of sample regions. Systematic global mapping of surface roughness or a detailed 
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examination of the effects of specific surface slope distributions on measurements and models is 

beyond the scope of our work as it is presented here.

2. Modeling

 2.1 Thermal model

Our thermal model assumes radiative equilibrium to predict surface temperatures. Sloped surfaces 

include a downwelling radiative component proportional to the fraction of the hemisphere filled by 

adjacent surfaces rather than space. To maintain computational efficiency, the solar and thermal 

infrared downwelling radiance is calculated assuming it is coming from a horizontal surface at radiative 

equilibrium. The assumption of radiative equilibrium is appropriate for daytime surfaces of slowly 

rotating bodies with low thermal inertia, such as the Moon. Under these conditions, heat diffusion 

models predict equatorial surface temperatures within ~1K of radiative equilibrium between 0800H and 

1600H. This methodology is not appropriate for prediction of measurements at night or during rapidly 

changing radiative conditions, such as near sunrise or sunset.

Where the solar incidence for a given slope angle is greater than 90° or for surfaces within cast 

shadows (described below), the surface is set to 100K, consistent with nighttime temperature 

measurements (e.g., Vasavada et al., 2012). In practice, the precise temperature of shaded surfaces 

matters little for daytime measurements at thermal infrared wavelengths because the amount of 

radiance is small relative to that from warm sunlit surfaces.

 2.2 Surface roughness model

We use a simple Gaussian roughness model that is similar to that described by Helfenstein and Shepard 

(1999) and has been used for comparison to martian TIR datasets (Bandfield and Edwards, 2008; 

Bandfield, 2009). Surface temperatures are predicted for slopes of 0 to 90° at 2° intervals and azimuth 

orientations of 0 to 360° at 20° intervals. The radiance of each slope/azimuth combination is calculated, 

and its contribution to the total modeled radiance is weighted by the statistical probability of its 
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occurrence. This reduces the surface slopes/roughness to a single parameter (RMS slope) that is 

independent of length scales while maintaining reasonable fidelity to natural surfaces.

The probability distribution P for a given slope angle, θ, is described by the following (derived from 

Eq. 13 of Shepard et al., 1995):

, where θ0 is the tangent of the RMS slope angle. This describes the adirectional distribution of slopes, 

which closely approximates a Gaussian distribution of unidirectional slopes for a RMS slope angle of 

θ0 (Shepard et al., 1995). For our purpose, the azimuth direction for the slope of any given surface has 

no preferential orientation and our measurements are sensitive to an adirectional distribution of slopes 

with random azimuths rather than the slope distribution along any particular transect or orientation.

Using the modeled temperatures and slope distributions, the mixture of Planck radiances are calculated 

in proportion to their contribution to the measurement field of view based on the observation geometry. 

For example, slopes facing away from the observer will contribute proportionally less to the 

measurement than slopes facing the observer. This factor is calculated from the dot product of the 

vector normal to the local surface and the observation vector.

Shadows greatly influence the emitted radiance from planetary surfaces at high angles of solar 

incidence or where high slope angles are present. Although it is simple to predict whether a sloped 

surface has a local solar incidence of greater than 90°, predicting the distribution of cast shadows on 

slopes that would otherwise be sunlit is much more difficult and an exact solution requires ray-casting 

and other computationally expensive methods.

We use a shadowing approximation methodology modified from that developed by Smith (1967) and 

Hapke (1984).  This model assumes that any slope/azimuth surface that would otherwise be illuminated 

has the same statistical chance of being within a shadow cast by another surface. This is a relatively 
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simple approach for nadir observations described by the following (derived from Eq. 21 and 24 of 

Smith, 1967):

, where S(θ) is the fraction of the shadowed surface, μ is the cotangent of the solar incidence angle, ω is 

the RMS surface slope distribution, and erfc(x) is the complementary error function (the integral 

between 0 and x of a Gaussian distribution function).

This equation can only be applied as is to nadir observations, where no surface is hidden from the 

spacecraft view (assuming no overhanging surfaces). For off-nadir observations, it is necessary to 

include a modification of Eq. (2) with a function that describes the abundance of cast shadows that are 

visible from the elevation/azimuth of the viewing platform. For example, when viewing a surface from 

the same elevation and azimuth as the sun, no shadowed surfaces will be visible even if shadowed 

surfaces might otherwise be visible from a nadir orientation (i.e., “shadow hiding”). To account for 

viewing orientation effects, we use an approach similar to that described by Hapke (1984). Where the 

viewing emission angle is greater than the solar incidence angle, the shaded fraction observed at nadir, 

Snadir(θ), is modified by the following:

, where Sview(θ) is the fraction of shadowing that is present within the field of view, φsun is the azimuth 

angle of the sun with respect to the surface, and φobs is the azimuth angle of the spacecraft with respect 

to the surface. Where the viewing emission angle is less than the solar incidence angle, the following 

applies:

, where Sobs(θ) is the shadowing function described in eq. (1), except as applied to the viewing 

incidence angle of the spacecraft rather than the sun.
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3. Diviner Data

 3.1 Instrument description

The Diviner Radiometer has seven thermal infrared spectral channels; three spectral filters are near 8 

μm wavelength and separate filters also cover ~13–23, 25–41, 50–100, and 100–400 μm wavelengths 

(Paige et al., 2010a). Each channel consists of a 1 by 21 element detector array, and separate spectral 

channels are arranged and data are typically collected in a nadir-pointing pushbroom configuration. The 

spatial sampling of each Diviner detector element at nadir is ~160 by 320 m from a 50 km polar orbit 

and the local time of observations migrated across the full diurnal cycle throughout the primary LRO 

mission. The two axis pointing capability of Diviner allows for collection of targeted observations and 

two point full-aperture calibration observations of space and a reference surface. More complete 

descriptions of the Diviner instrument characteristics and operations are given in Paige et al. (2010a; 

2010b).

 3.2 Datasets

 3.2.1 Nadir observations

We selected four equatorial regions of interest (ROIs) for analysis using nadir-oriented Diviner 

measurements. These include dark mantled deposits in southern Sinus Aestuum (Gaddis et al., 1985), 

cold spot surfaces (Bandfield et al., 2014), and mare and highlands surfaces (Table 1; Figure 1). All 

data were acquired between June 2009 and March 2014 with emission angles of 0–5°. These ROIs 

were selected based on their relatively uniform terrain and large spatial extent to ensure well-sampled 

diurnal coverage. These ROIs are used for an initial analysis of several different lunar surface units and 

are not meant to serve as a comprehensive global analysis. All measurements from each orbit within the 

ROI were averaged, resulting in 122 to 733 data points for each spectral channel and full diurnal 

coverage for each region.

 3.2.2 EPF observations

The two-axis pointing capability of Diviner allows for the collection of off-nadir targeted observations. 
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In addition to the typical nadir-oriented mapping observations, we include a limited set of targeted 

observations that were acquired over surfaces from a series of emission and azimuth orientations as the 

LRO spacecraft passed overhead. These observations are referred to as emission phase function (EPF) 

observations throughout this manuscript.

The EPF observations were collected from nine angles parallel to the LRO orbit track. Surface 

emission angles are ~0, 53, 62, 69, and 76°, with observations collected both up- and down-track with 

respect to the spacecraft orbit, producing a series of measurements symmetrical with respect to the 

nadir observation. Sixty-four separate EPF sequences were acquired by Diviner between LRO orbits 

4450 and 7398 at a variety of local times and equatorward of ~70° latitude. Of these, we selected six 

EPF sequences that covered warm surfaces (local times between 0900H and 1500H and equatorward of 

60°) with solar incidence angles exceeding 20° for comparison with the thermal roughness model 

(Table 2; Figure 1).

In addition, we also investigated 23 nighttime EPF sequences (Table 2; Figure 1). Our rough surface 

model cannot be accurately applied to the nighttime sequences because it assumes radiative equilibrium 

and all surfaces would, as a result, be modeled at 0 K. However, we include these observations here for 

the purpose of documenting their temperature and radiative phase behavior.

Both the increased target distance and the oblique projection of the measurement field of view on the 

surface result in a much larger spatial sampling at increased emission angles. For example, from the 50 

km LRO mapping orbit, surface sampling grows to ~650 by 5500 m at an emission angle of 76°. As a 

consequence, useful observations are limited to relatively homogeneous areas. Similar EPF sequences 

were acquired by the Mars Global Surveyor Thermal Emission Spectrometer, and the variable spatial 

resolution and surface sampling did not prevent their use and the derivation of surface characteristics 

(Bandfield and Smith, 2003; Bandfield and Edwards, 2008).
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 3.2.3 Comparison of model with instrument data

In order to directly compare Diviner measurements with model results, it is necessary to account for 

instrument and environment characteristics. Modeled radiance is convolved with the Diviner filter 

bandpasses to produce integrated radiance values that are the equivalent of the Diviner calibrated 

radiance. These radiance values were converted to brightness temperature using a lookup table 

consisting of Planck radiance spectra convolved with each of the Diviner filter functions. In addition, 

the solar band albedo values for modeled surfaces were derived from the average of the 0.45 μm and 

0.75 μm Clementine global multispectral mosaic reflectance (Isbell et al., 1999). Although these data 

do not provide the precise value of the Bond albedo necessary to predict the surface temperature, our 

primary goal is to model temperature differences between different phase angles and wavelengths, 

rather than absolute temperatures. Small changes in albedo have little effect on these temperature 

differences.

In addition, variable surface emissivity can cause significant variations in radiance between Diviner 

spectral channels. In order to determine surface emissivity for the nadir Diviner observations, we use 

nadir noontime equatorial observations. Modeling indicates that surface roughness has little effect 

where solar incidence is less than ~30°, and these observations can be considered free of its interfering 

effects (Davidsson et al., submitted). Surface kinetic temperature is determined by assuming a 

maximum emissivity of 0.99 in Diviner Channels 3–5, consistent with laboratory thermal infrared 

reflectance spectra of lunar samples (Salisbury et al., 1997). EPF observations, for our purposes, only 

require comparison between observations of the same spectral channel. In this case, we simply assume 

an emissivity of 0.99 for each spectral channel. Although spectral emissivity variations exist between 

surfaces of different composition and maturity (e.g., Greenhagen et al., 2010), they are relatively subtle, 

and their effects are minimized when only comparing data from a single spectral channel over a given 

surface.
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4. Results

 4.1 Nadir observations

To characterize surface roughness using the nadir oriented measurements, we use all Diviner 

wavelengths, but focus on brightness temperature differences between Diviner Channels 4 or 6 (8.2 or 

12–25 μm) and 7 (25–41 μm). Channel 4 is typically at the peak of the Christiansen feature in Diviner 

data (Greenhagen et al., 2010) and is less susceptible to emissivity variations than Channels 3 and 5 

(7.8 and 8.6 μm respectively). Channel 7 was used because the long wavelengths relative to Channel 4 

allows for anisothermality due to surface roughness to be detected readily, and these two channels are 

nearly co-boresighted. The longer wavelength Channels 8 and 9 (50–100 and 100–300 μm) present 

some difficulties because there is a potential source of extra radiance present at the hottest temperatures 

(e.g., noontime equatorial observations) that interferes with the analysis.

The difference in brightness temperature between spectral channels provides an indication of the range 

of temperatures within the measurement field of view. Surfaces that are nearly isothermal can be fit 

well with a single Planck radiance function and will have similar brightness temperatures at all 

wavelengths. By contrast, a rough surface and higher angles of solar incidence can result in a large 

range of temperatures within the measurement field of view. Under these circumstances, the Planck 

radiance function can only match the measured radiance at a single wavelength, with shorter 

wavelengths requiring higher temperatures to fit the measurement.

All Diviner spectral data show a clear trend of increasing blue spectral slope with increasing solar 

incidence angles for all four surface units (Figures 2 and 3). For example, near 1200H, Diviner 

measured mare surfaces at 398K and 393K brightness temperatures in Channels 4 and 7 respectively. 

By contrast, the same surface at 0630H had brightness temperatures of 249K and 205K. For the early 

morning observations the brightness temperatures differed between short and long wavelengths by 44K 

versus 5K for the noon time observations.
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The nadir measurements for all four ROIs display surface temperatures similar to the equatorial surface 

temperatures analyzed by Vasavada et al. (2012). Peak noontime temperatures reach nearly 400K and 

drop to less than 100K at night (Figure 4). Diviner Channel 4 brightness temperatures are always 

higher than the longer wavelength Channel 7 temperatures throughout the lunar day. From 0900H to 

1500H, the Channel 4 brightness temperatures are 5–10K warmer for all surfaces and there is no clear 

systematic variation of anisothermality between 1000H and 1400H (Figure 2). With higher incidence 

angles closer to sunrise or sunset, the brightness temperature differences are much higher, commonly 

reaching 40K and above within an hour of sunrise or sunset. The degree of anisothermality is 

significantly higher (commonly by 10–15K) just after sunrise compared to just before sunset.

There is no clear difference in the pattern of anisothermality throughout the lunar day between the four 

ROIs (Figure 2). The highlands and cold spot surfaces show a greater amount of scatter in their 

temperatures due to the regional topography of the highlands surfaces within the ROI. However, both 

locations show a pattern of increased anisothermality with increasing solar incidence similar to the dark 

mantle deposit and mare surfaces.

For comparison of nighttime and full diurnal measurements, Channel 6 was used instead of Channel 4 

(Figure 5). Channel 6 is the shortest wavelength measurement that can be used at night with adequate 

signal. All of the nadir-oriented ROIs have rock abundance values of <1% (Bandfield et al., 2011) and 

any potential anisothermality is not caused by surfaces with heterogeneous thermophysical properties. 

The daytime brightness temperature differences between the Channel 6 and 7 Diviner data follow a 

pattern similar to the differences between the Channels 4 and 7 data. During the lunar night, the 

brightness temperature differences are nearly constant and are typically ~2–5 K; somewhat lower than 

the noontime measurements. There is no clear signal of residual anisothermality just after sunset.

The model described in Section 2 was applied to each nadir observation for the four ROIs, using the 

observation average geometric parameters (latitude, longitude, emission angle/azimuth, solar incidence 
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angle/azimuth, and solar distance), and Clementine-derived local albedo. Each observation was 

modeled using a RMS roughness of 5–35° at 5° intervals. Similar to the Diviner data, the modeled 

Diviner brightness temperature differences between separate channels show little variation between the 

four ROIs. We focus here on the mare ROI for comparison of the model to the measurements, but the 

other surfaces show similar results.

All modeled surface brightness temperatures show anisothermality and a blue spectral slope that is 

correlated with solar incidence (Figure 6). The magnitudes of the anisothermality and spectral slope are 

also highly correlated with the steepness of the surface slopes. Similar to the Diviner measurements, 

the model predicts little variation (<2K) in anisothermality between 1000H and 1400H for even the 

roughest surfaces. Unlike the Diviner measurements, modeled brightness temperature spectra and 

temperature differences are symmetrical about noon, due to the radiative equilibrium nature of the 

model.

Direct comparison of the model with measurements indicates that no single RMS slope value matches 

the measurements at all local times. Between 0900H and 1500H, the 20° RMS slope model closely 

matches the Diviner measurements. However, relative to the measurements, modeled anisothermality 

increases more rapidly approaching sunrise/sunset. Close to 0600H and 1800H, measurements compare 

most closely with the 5–10° RMS slope models (Figure 6). This pattern extends to all Diviner 

wavelengths; modeled anisothermality compares most closely to higher RMS slope distributions closer 

to noon local time with lower angles of solar incidence (Figure 6).

 4.2 EPF observations

 4.2.1 Day

The six daytime EPF observations acquired with moderate angles of solar incidence (Table 2; Figure 7) 

all show a distinct asymmetry in brightness temperature about the nadir observation. In each case, the 

measurement pointing equatorward has lower brightness temperatures than the equivalent emission 
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angle observation that points poleward. As with the nadir only observations, shorter wavelength EPF 

observations typically have higher brightness temperatures than longer wavelength observations 

(Figure 7). There is some variability, especially at higher emission angles due to surface variability in 

the precise footprint for each separate emission angle observation for each channel.

Superimposed on the general brightness temperature asymmetry, the observations show a decrease in 

brightness temperature with increasing emission angle at all azimuths about nadir (Figures 7 and 8). 

Average brightness temperatures decrease by ~4–6K for all channels at 53° emission angles versus 

nadir. This increases to ~9–11K for Diviner Channels 3–7 at 76° emission angles. There is a more 

pronounced decrease in brightness temperature of 13 and 25 K for Diviner Channels 8 and 9 

respectively.

In order to compare the modeled surface roughness properties to the Diviner EPF observations we 

reduced the EPF data to the difference in brightness temperature between the opposing up- and down-

track observations. This maximizes the apparent temperature differences due to roughness effects and 

minimizes other effects on brightness temperature, such as albedo, thermal inertia, and emissivity 

(Bandfield and Edwards, 2008). In addition, we averaged the brightness temperature differences in all 

channels, giving equal weight to each.

As expected, both the model and Diviner measurements show a trend of increasing temperature 

differences at higher opposing emission angles. Temperature differences reach ~63K for the EPF 

observation near 98°E, 52°S at opposing 78° up- and down-track emission angle observations. The 

modeled temperature differences also predict increasing temperature differences for higher RMS 

surface slope distributions. The six daytime EPF sequences compare most closely with modeled surface 

slope distributions of ~25–35° (Figure 9).

 4.2.2 Night

Nighttime EPF measurements show no clear asymmetry in brightness temperature between up- and 
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down-track observations within 50° of the equator (Figure 10). By contrast, high latitude EPF 

observations show poleward-facing 76° emission angle observations to be an average of 3–4K higher 

than equatorward-facing observations in Diviner Channels 7–9 (Figure 10). Similar to daytime 

measurements, higher emission angle nighttime measurements have lower brightness temperatures than 

the corresponding nadir observation for a given EPF sequence. For example, average 76° emission 

angle observations within 20° of the equator are ~5K lower than the nadir observation in Channels 7 

and 8 and 8–9K lower in Channel 9.

5. Discussion

 5.1 Surface roughness

 5.1.1 Measurements

Both Diviner nadir and EPF observations show clear evidence for anisothermality due to surface 

roughness. Nadir observations have higher brightness temperatures at shorter wavelengths, with 

differences that increase in magnitude with increasing angles of solar incidence. Daytime EPF 

observations show an increase in brightness temperature across all Diviner channels when viewing 

surfaces from the same azimuth as the Sun.

There is no apparent difference in the character of the nadir observations of the four ROIs besides 

absolute temperatures that are due to albedo variations. Brightness temperature differences between 

Diviner channels are similar between the surfaces at all angles of solar incidence. This indicates that 

there is little difference in the surface textures at the scale of sensitivity (discussed in Section 5.1.3). 

Maria, highlands, dark mantle deposits, and cold spots all appear to have similar slope distributions 

regardless of composition and other properties. That the processes responsible for the development of 

the regolith surface appear independent of surface composition might be expected because it may be 

dominated by micrometeorite bombardment and perhaps thermal cycling (e.g., Delbo et al., 2014), 

which operates on geologically short timescales.
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However, cold spot features show clear differences in thermophysical properties that have been 

attributed to a thicker low density layer within the upper several centimeters of the lunar regolith 

(Vasavada et al., 2012; Hayne et al., 2013; Bandfield et al., 2014). We expected this thicker, low density 

layer to be due to more loosely packed materials. This could result in greater variation in the small-

scale topography that would be reflected in a higher surface roughness, but that does not appear to be 

the case. One possible explanation is that, besides its greater thickness, this low density surface layer 

does not have different textural properties relative to typical upper lunar regolith. Consequently, 

textures at the surface may remain unchanged over cold spot surfaces, and the only effect of the thicker 

low density layer is to lower nighttime surface temperatures. The lack of textural contrast between cold 

spots and surrounding surfaces is also consistent with visible imaging that also shows no color or 

intensity contrast under a variety of illumination conditions.

 5.1.2 Comparison with models

Our roughness thermal model shows good qualitative agreement with the nadir measurements, and the 

sign and magnitude of brightness temperatures and brightness temperature differences appear to match 

the data well. However, close inspection reveals significant differences between the measurements and 

the modeled data.

Although the lunar surface temperature can be approximated by assuming radiative equilibrium for low 

angles of solar incidence, there are clear indications near sunrise and sunset where the thermophysical 

properties of the surface materials influence surface temperatures. Although this effect can be quite 

subtle in terms of absolute temperature, the relative effects are amplified when comparing brightness 

temperatures at different wavelengths where sub-K differences can reflect significant differences in 

surface slope distributions.

Nadir measurements show a distinct asymmetry in brightness temperature differences about noon 

before 0900H and after 1500H that grows in magnitude approaching sunrise/sunset. This indicates that 
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our equilibrium model is not appropriate for use at these local times. Between 0900H and 1500H, there 

is no distinct asymmetry, but brightness temperature differences between Diviner Channels 4 and 7 

only show changes of ~3K. At these times, the Diviner measurements most closely match the 20° RMS 

slope model, and the 15° and 25° RMS models show distinctly lower and higher amounts of 

anisothermality respectively (Figure 6).

Regardless of the temperature difference asymmetry about noon, earlier and later local times more 

closely match models with lower roughness levels; to the point that the measurements most closely 

match a 10° RMS slope model near 0600 and 1800H. We do not fully understand why the 

measurements are in better agreement with smoother modeled surfaces near sunrise and sunset, though 

we suspect that there are several potential factors; 1) the presence of cast shadows are treated in a 

simplistic manner in the model and there are potential inaccuracies in the predicted proportion of 

shadowed surfaces; 2) shadowed surfaces are assumed to be at equilibrium temperature even though 

the transition from sunlit to shaded conditions can be rapid relative to the rotation of the Moon; 3) 

illumination conditions in general change more rapidly near sunrise and sunset and again the 

assumption of radiative equilibrium is likely faulty.

The net effect of factors 2 and 3 described above is to reduce the range of temperatures present within 

the measurement field of view. Under these conditions, sunlit and shaded surfaces have yet to reach 

equilibrium and can be cooler and warmer respectively than predicted by the model. The equilibrium 

model will tend to overestimate anisothermality, resulting in a lower predicted surface roughness. The 

model is likely more trustworthy between 0900H and 1500H (in agreement with a 20° RMS slope 

distribution) where cast shadows do not cover a significant proportion of the surface and illumination 

conditions change slowly.

EPF observations compare most closely with modeled surfaces with ~25–35° RMS slope distributions. 

There is significant scatter in derived roughness between separate EPF sequences that can be attributed 
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to variations within the observation footprint between different emission angles. The limited number of 

daytime EPF sequences with optimal illumination conditions prevents their use much beyond a 

demonstration of their utility for an initial estimate of surface roughness. Although the level of 

roughness is somewhat higher than retrieved from the nadir measurements, there is broad agreement 

between the two types of measurements. A much larger EPF measurement dataset is needed in order to 

establish trends in apparent roughness with respect to surface units, illumination, and other conditions.

 5.1.3 Specific roughness type

We chose to use a Gaussian distribution of slopes here because of its relative simplicity and reasonable 

fidelity to natural surfaces (e.g., Helfenstein and Shepard, 1999). However, several other surface 

roughness types have been used with other models. Davidsson et al. (submitted) compared several 

roughness types and found significant differences in the predicted range of temperatures and resulting 

modeled radiance. These models included flat surfaces, a series of uniform trenches, spherical 

segments (e.g., craters embedded within an otherwise flat surface), and a random Gaussian distribution 

of slopes. An initial comparison of these models with Diviner nadir data showed that only the Gaussian 

distribution could reasonably match the lunar data (Davidsson et al., submitted).

Regardless, we have also described systematic differences and potential shortcomings between our 

model and the Diviner measurements. Our goal here is not to uniquely determine the specific roughness 

distribution. Even though a unique determination of the slope distribution is not probable from these 

data, the use of a Gaussian slope distribution can serve as a relatively simple baseline against which 

measurements can be compared. In addition, although there are several specific forms of Gaussian 

slope distributions (e.g., Hapke, 1985; Spencer, 1990; Helfenstein and Shepard, 1999), there is a 

significant body of previous work that the results here may be compared against in a relatively direct 

manner.
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 5.1.4 Nighttime measurements

Surface roughness has little apparent effect on nighttime equatorial EPF or nadir measurements. 

Opposing 73° emission angle observations show differences of less than 0.5K in brightness 

temperature. The orientation of the EPF observation along the north-south LRO orbit track minimizes 

variation in observed temperature distributions due to an equatorial sun traveling from east to west. 

However, nadir oriented measurements would still be expected to show indications of anisothermality 

regardless of solar azimuth. Despite this, Diviner measurements show little evidence of anisothermality 

throughout the lunar night, including just after sunset when residual heat from sunlit slopes might be 

most prominent (Figure 5). Much of the small amount of anisothermality present in the nadir 

observations (2-5K between Diviner Channels 6 and 7) may be attributed to emissivity variations 

between spectral bands. High latitude EPF observations do show clear evidence of relatively warm 

south-facing slopes with ~2–3K differences in brightness temperature present between opposing 73° 

emission angle observations (Figure 10).

Even at high latitudes, the relatively modest amount of anisothermality is unlikely to interfere with 

other effects, such as those due to the presence of high thermal inertia rocks. Typical lunar surfaces are 

nearly rock-free, but when present, their extremely high temperatures in the lunar night relative to the 

surrounding regolith overwhelms any residual surface roughness anisothermality signal, including at 

low rock abundances (~1%).

 5.1.5 Insight from two-dimensional thermal diffusion modeling

Roughness derived from TIR measurements is sensitive to features with length scales that can remain 

thermally isolated. For example, although a small pebble may have sunlit and shaded slopes, its high 

thermal diffusivity will tend to equalize the sunlit and shaded surface temperatures. However, a large 

boulder will be able to maintain a high temperature contrast throughout the lunar day. By contrast, 

lunar surface roughness is typically inversely correlated with length scale (Shepard and Campbell, 

1998; Lumme et al., 1985; Helfenstein and Shepard, 1999; Campbell et al., 2003). As a result, TIR 
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roughness measurements characterize the roughness at the smallest scales that can remain thermally 

isolated.

In this sense, although the lunar highlands may visually appear quite rough and maria appear smooth, 

meter and larger scale morphologies can have little to no effect on roughness derivations (e.g., 

Bandfield and Edwards, 2008).  There can be exceptions, such as yardangs and dune fields on Mars, 

where large-scale morphology dominates the roughness measurements (Bandfield and Edwards, 2008; 

Bandfield, 2009). Most lunar surfaces are generally rock-free, and the surface roughness is dominated 

by loosely consolidated mounds and clods of lunar regolith. These materials are highly insulating and 

are capable of maintaining a high temperature contrast between sunlit and shaded slopes.

Buhl et al. (1968) estimated the scale of sensitivity to roughness features from the maximum 

temperature gradient that could be maintained by the lunar regolith. Using estimates for lunar regolith 

thermal conductivity, they found the maximum gradient to be 330K/mm. Using updated values for 

temperature dependent thermal conductivity from Vasavada et al. (2012), we calculated higher values 

of 500-2200K/mm for material temperatures of 380 and 90 K respectively. It is clear from these 

estimates that surfaces separated by only a millimeter are capable of maintaining vastly different 

temperatures.

In order to better understand the scale of sensitivity in more detail, we used a two-dimensional thermal 

diffusion model similar to that described by Williams et al. (2013) and Bandfield and Edwards (2008). 

This model is intended to provide some insight to the effects of thermal diffusion that are not captured 

by equilibrium models. Our use of this model is not intended for direct comparison to the Diviner data, 

which would require many computationally expensive three-dimensional model runs.

The model is set at the equator and is composed of a north-south trending series of crests and troughs 

with an east-west topographic profile that mimics a sine function (Figure 11). The topographic profile 

was set to 0.001 m, 0.01 m, 0.1 m, and 1 m wavelengths so that sunlit and shaded slopes are separated 
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by half the wavelength (0.0005, 0.005, 0.05, 0.5 m) and the maximum slope is 32.5°. We used the lunar 

regolith thermophysical properties described in Vasavada et al. (2012) and Hayne et al. (2013), 

including temperature and density dependent thermal conductivity and temperature dependent heat 

capacity. The model assumes that density increases exponentially with depth from 1100 to 1800 kg/m3 

with an e-folding length scale of 6 cm. Material properties follow the local topography so that the 

density gradient follows the surface profile.

As expected, when separated by a larger distance, the east- and west-facing slopes show a greater 

difference in morning and afternoon surface temperatures (Figures 11–13). Surfaces separated by >0.05 

m can maintain 160–180K temperature differences near sunrise and sunset (Figure 12). This difference 

is reduced to ~145 and 65 K for the surface slopes separated by 0.005 and 0.0005 m respectively.  

Temperature differences are relatively small at midday and anisothermality is much reduced compared 

to conditions with higher angles of solar incidence. Temperatures on illuminated surfaces are not 

affected by length scale, and are close to the thermal equilibrium approximation.

There is no sharp cutoff scale at which surfaces are or are not thermally isolated, and indeed this scale 

can change throughout the lunar day as the solar illumination conditions change more or less rapidly. 

However, it is clear that even at length scales of 0.005 m, surfaces can maintain much of their thermal 

isolation. At scales of 0.0005 m, this isolation is much reduced, though still considerable for so short a 

distance. Consequently, we estimate the smallest scale of sensitivity for TIR measurements of the lunar 

regolith to be larger than 0.0005 m, but less than 0.005 m. At smaller scales, the reduced 

anisothermality due to thermal diffusion would not be distinguishable from anisothermality due to 

lower roughness at larger scales.

Unlike the equilibrium model, the two-dimensional model temperatures show a greater range at sunrise 

than at sunset. This agrees well with the Diviner measurements that show greater anisothermality at 

early local times (Figures 2 and 5). The diurnal temperature profiles also show a secondary “bump” 
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immediately preceding local sunrise and after local sunset. This is absent in the equilibrium model, 

which does not include either reflected sunlight or thermal diffusion from adjacent sunlit surfaces.

These non-equilibrium effects reduce overall surface anisothermality and they are most prominent 

where conditions are changing most rapidly; mainly near sunrise and sunset. This explains the reduced 

RMS slopes derived by the equilibrium model from the nadir Diviner measurements (Figure 6). The 

equilibrium model overestimates anisothermality for a given surface roughness at these local times. 

The treatment of hard shadows in the equilibrium model introduces cold temperature surfaces 

instantaneously whereas the more sophisticated model moderates the effects of these surfaces.

At lower angles of solar incidence, the effects of hard shadows are greatly reduced and the equilibrium 

model more closely matches the results of the two-dimensional diffusion model, such as between 0830 

and 1530 H. Under these conditions, the nadir data match a RMS surface slope distribution of ~20°; 

somewhat less than the 20–35° RMS slope distribution derived from the Diviner EPF measurements.

At night, residual temperature differences between the east- and west-facing slopes are insignificant, 

even immediately following sunset. Troughs do remain about 20K warmer than crests throughout the 

lunar night (Figure 13) due to radiative heating from adjacent surfaces. However, these temperature 

differences are small when compared to the daytime anisothermality, especially when considering the 

surface emission in terms of radiance. These small temperature differences are only capable of 

producing a small range of brightness temperatures between Diviner channels.

 5.1.6 Roughness scale and comparison with previous results

Smith (1967) used lunar infrared telescopic measurements to derive RMS slopes of 10-20°. The 

roughness was attributed to large scale surface slopes visible in high resolution telescopic images 

(estimated to be 9°). The TIR phase behavior was also attributed to cratering of the lunar surface 

(Sinton, 1962; Buhl et al., 1968; Winter and Krupp, 1971). We find, however, significantly higher RMS 

slope values that must be attributed to smaller scale surface features that reflect regolith physical 
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properties. This is in agreement with more recent roughness studies, such as that of Rosenberg et al. 

(2011), which used LOLA data to derive surface slope distributions at 17m and larger scales. They 

found median slopes of 2.0–7.6° at 17m length scales, with significant differences between regional 

terrains. Although the median slope values can be slightly different than the RMS slope values for a 

given surface, the LOLA slope values are much lower than those reported here. Other meter and larger 

slope distributions have returned similar low slope values (e.g., Archinal et al., 2011).

The scale of sensitivity and derived RMS slope distributions can be compared to surface slope 

distributions derived from Apollo Lunar Stereo Closeup Camera images by Helfenstein and Shepard 

(1999). They derived RMS slope distributions of ~15–29° at length scales of 0.00085m, and ~6–24° at 

scales of 0.0085m from eleven lunar regolith samples. This is in good agreement with the Diviner 

results presented here, given the small sample and large range of roughness values.

 5.1.7 Regolith surface roughness and textures

Roughness at these small scales is apparent in photographs of undisturbed regolith acquired from the 

lunar surface (Figure 14; e.g., Carrier and Heiken, 1972). The lunar regolith has a visibly rough, 

hummocky appearance at millimeter to centimeter scales, and numerous clods and clumps are also 

visible. Although the presence of clods indicates that the materials are cohesive, they are weak enough 

to readily disaggregate when disturbed. Astronaut boots, for example, can mold the regolith into a 

surface that is smooth at millimeter length scales and can maintain vertical surfaces, indicating the 

cohesive nature of the regolith. Much of the roughness has been attributed to micrometeorite impacts 

that create what has been described as a “raindrop” appearance. However, the clods and what is 

described as a weak duricrust (Greenwood et al., 1971; Carrier and Heiken, 1972) indicate that an 

additional process binds the regolith particles together. These textures are apparent at all of the landing 

sites, and surface roughness appears uniform at the ROIs investigated here. Although the formation 

process is not well understood, it appears to be pervasive. The weak cohesiveness of these materials 
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suggests that their individual particles do not have much contact with each other and can maintain a 

low thermal conductivity and high temperature contrast between sunlit and shaded surfaces, despite 

their apparently clumpy nature.

 5.2 Hemispherical emission

Both daytime and nighttime Diviner EPF observations show a clear decrease in emitted radiance with 

increasing emission angles (Figures 7 and 8). These effects appear to vary in intensity as a function of 

wavelength. Given that the Diviner observations do not typically show evidence for significant 

anisothermality at night based on nadir multispectral measurements (Bandfield et al., 2011), the 

emission differences cannot be due to the presence of variable temperature surface slopes in the field of 

view.

Fresnel reflection and emission has a strong dependence on the angle of incidence/emission. Although 

this predicts lower emission with increasing emission angle similar to the Diviner observations 

described here, there are several inconsistencies with the observations as well. Fresnel reflection for 

high emissivity materials, such as the lunar regolith (Salisbury et al., 1995; 1997) shows little change in 

emissivity at emission angles lower than ~60°. The Diviner EPF observations show a clear decrease in 

apparent emissivity even in the case of the 53° emission angle observations, and the overall magnitude 

of the decrease in emissivity is greater than would be predicted by Fresnel emission. Based on both the 

daytime EPF and nadir observations, the lunar surface is rough. This modifies Fresnel effects on 

surfaces, increasing the apparent emissivity at greater emission angles and decreasing it at lower 

emission angles. However, this effect is not significant enough to account for the large changes in 

emissivity observed with the EPF measurements.

In addition, we also investigated whether multiple scattering of emitted radiance from underlying 

materials through a thin layer of particulates could have a strong dependence on emission angle. We 

used a relatively simple two-stream delta-Eddington multiple scattering model (Wiscombe and Warren, 
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1980) to investigate these potential emission effects. Similar to Fresnel emission, changes in apparent 

emissivity are most prominent at emission angles greater than ~60°. In cases where the nadir apparent 

emissivity is low, a reduction in emissivity is more prominent in the model at low emission angles. 

However, nadir oriented apparent emissivity of the lunar surface is too high for this reduction at low 

emission angles to be present based on laboratory measurements of lunar samples and the low spectral 

contrast between Diviner spectral channels under isothermal conditions (Salisbury et al., 1997; Figures 

3−5).

If lateral anisothermality and Fresnel effects can be ruled out, what is the cause of the emission 

variations with increasing emission angle? One possible explanation is that the EPF measurements 

probe different depths within the surface materials similar to the multiple scattering example described 

above. Fine-particulate surface materials in a low pressure or vacuum environment can have severe 

thermal gradients in the upper few microns (Logan et al., 1973; Hapke, 1996; Henderson and Jakosky, 

1997). During the day, solar heating occurs to a depth greater than the emission source, resulting in an 

increase in temperature with depth (Hapke, 1996). At night, no solar heating occurs, but there is still a 

positive temperature gradient as the immediate surface insulates materials at depth that retain their heat 

from the lunar day. Under these circumstances, infrared measurements measure emission integrated 

over depths that can include significantly different temperatures both day and night. With higher 

emission angles, the depth of integration shallows and the surface will appear colder. It is important to 

note that this effect may reflect surface textures at the scale that photons interact with the surface 

materials. This is controlled by the optical constants of the material for a given wavelength of light. At 

TIR wavelengths, this can be highly variable, but can be considerably smaller than the scale of thermal 

sensitivity discussed in Section 5.1.5.

An additional factor that may be contributing to this effect may be due to the presence of radiatively 

insulated concave hollows in the surface. Because the hollows receive both direct sunlight and 
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downwelling radiance from adjacent surfaces, they can be warmer than topographic peaks both day and 

night (Figure 13). The concave hollows would be visible from nadir orientations, contributing to the 

overall measured radiance but hidden from high emission angle observations at all azimuths. Although 

on a qualitative level, these hypothesis appear viable, both laboratory measurements and detailed 

modeling would need to be completed to better support (or refute) the mechanisms as an explanation 

for the Diviner observations.

Regardless of the underlying mechanism, the reduction in emission at high emission angles can have 

significant effects on both whole disk measurements and the surface radiative balance. To show the 

magnitude of this effect, we calculated broadband apparent emissivity as a function of emission angle 

for the daytime and nighttime Diviner EPF observations (Figure 15). Assuming a broadband (Diviner 

Channels 3–9) nadir emissivity of 0.99, the average daytime apparent emissivity decreases to 0.95, 

0.94, 0.93, and 0.92 for the 53, 62, 69, and 76° emission angle observations respectively. Nighttime 

measurements show apparent emissivity values of 0.92, 0.88, 0.86, 0.82 for the same series of emission 

angles (using only Diviner Channels 6–9; Channels 3–5 have no detectable signal at cold nighttime 

temperatures). The apparent emissivity can be approximated by a simple function (Figure 15) and the 

average hemispherical apparent emissivity can be calculated. Apparent broadband hemispherical 

emissivity is 0.951 and 0.901 for the average daytime and nighttime EPF measurements respectively. 

Part of the reason for this day/night difference is the increased proportion of radiance emitted from 

longer wavelengths (coinciding with the more severe effects present in Diviner data) at colder 

nighttime temperatures.

The average hemispherical emissivity is significantly lower than is generally assumed for modeling 

lunar surface temperatures (e.g., Paige et al., 2010; Vasavada et al., 2012; though Hayne et al., 2013 use 

an emissivity of 0.95). The result of a lower emissivity is a loss of radiative efficiency and higher 

overall daytime and nighttime surface temperatures. To compensate for the higher hemispherical 
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emissivity assumed in thermal models, both a lower albedo and higher thermal inertia are required 

(e.g., Vasavada et al., 2012). Further complicating matters, the apparent hemispherical emissivity 

changes with surface temperature, and thermal models would need to incorporate this variability to 

accurately model lunar surface temperatures.

Whole disk measurements are also affected by this effect with an overall apparent emissivity that is 

significantly lower than that of measurements collected at zenith. This effect is opposite in sign as that 

of the beaming parameter, resulting in lower brightness temperatures. For example, with a whole disk 

integrated apparent emissivity of 0.951, the bolometric brightness temperature of a uniform 350K 

object would be 345.6K. Under the same conditions, except with an apparent emissivity of 0.905 and a 

100K object, the brightness temperatures would be 97.5K.

 5.3 Implications for measurements of other airless bodies

The Diviner measurements are a unique set of systematic and well-calibrated observations acquired 

across a wide spectral range. This set of measurements may serve as a starting point for the 

interpretation of observations from other airless body surfaces, such as asteroids. Clearly, there is a 

great deal of variety among Solar System objects in terms of thermophysical properties, surface 

textures, composition, and temperatures. However, the Diviner measurements provide an example of 

the general behavior of infrared measurements for rough surfaces in a vacuum. These observations can 

also be used to validate thermal models used to interpret unresolved TIR observations of airless 

planetary bodies.

The lack of an atmosphere and the fine-particulate nature of many airless body surfaces allows for 

surfaces to be thermally isolated even at sub-centimeter scales. We have shown here that on the Moon, 

a surface can have a wide variety of apparent temperatures based on the wavelength or geometry of the 

measurement. For example, one of the EPF observations that we presented here recorded brightness 

temperatures that vary by more than 65K based simply on the azimuth of observation.
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Thermal infrared measurements of Mercury and asteroids will be acquired by the BepiColumbo, 

Origins-Spectral Interpretation-Resource Identification-Security-Regolith Explorer (OSIRIS-REx), and 

Hayabusa-2 spacecraft (Heisinger et al., 2010; Boynton et al., 2012; Yoshikawa et al., 2008). The 

Diviner measurements may provide a baseline in terms of the expected behavior of these infrared 

measurements, leading to a more accurate interpretation of surface temperatures and spectral features. 

This will also provide an initial opportunity to sample the variety that may be present in surface 

textural and thermophysical properties among airless bodies in the Solar System.

 5.4 Implications for short wavelength observations

Near infrared measurements have been used to derive surface temperatures and thermophysical 

properties for the Moon and a variety of Solar System bodies (Clark et al., 2011; Groussin et al., 2013; 

Keihm et al., 2013; Capria et al., 2014; Audouard et al., 2014). In addition, the thermal contribution to 

the measured radiance at short wavelengths must be accounted for in order to properly interpret 

spectral features (e.g., Pieters et al., 2009). Surface roughness and the resulting anisothermality will 

have significant effects on these measurements and must be accounted for in order to accurately 

interpret shorter wavelength datasets.

With a surface of mixed temperatures, longer wavelength observations have brightness temperatures 

that approach the areal weighted average temperature. Conversely, shorter wavelength observations 

have brightness temperatures that approach the highest temperature within the field of view, no matter 

how small the proportion of the area at that temperature. Use of near-infrared measurements for the 

derivation of surface temperatures has similar properties as the shorter wavelength Diviner 

measurements, and the measured brightness temperatures can often be much higher than the average 

surface temperature in the field of view. In addition, the brightness temperature will not be constant 

with respect to wavelength even within limited spectral ranges. The severe effects of surface roughness 

on near-infrared observations warrants a separate investigation to more fully explore and quantify the 
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magnitude of the roughness effects and the implications for thermophysical and spectral interpretations.

6. Conclusions
Diviner TIR measurements show that the Moon can be highly anisothermal due to surface roughness. 

We were able to detect and quantify this roughness using both multispectral nadir and multiple 

emission angle data combined with a relatively simple equilibrium thermal roughness model. An 

assessment of four lunar surface units using nadir data shows no significant differences in surface 

roughness, and can be fit well assuming a RMS slope distribution of ~20°. Multiple emission angle 

observations from several sites are most closely modeled using higher RMS slope distributions of ~20–

35°. The similarity in surface roughness among these geologically distinct units implies that the impact 

gardening process responsible for generating the lunar small-scale roughness occurs on a rapid 

timescale, and is independent of geologic unit type.

Our simple model appears to work well for low angles of solar incidence, where radiative equilibrium 

is closely approximated. However, thermal diffusion modeling shows that the simple model is less 

accurate under more rapidly changing radiative conditions with a greater proportion of hard shadows. 

The diffusion modeling also indicates that TIR measurements are sensitive to surface roughness 

features with length scales greater than 0.0005 to 0.005 m. This is similar to the size of surface 

structures that develop in the lunar regolith.

We have also more fully characterized the lunar surface radiative environment. Lunar emission shows a 

significant decrease with increasing emission angle at all local times. As a result, surface radiative 

efficiency is lower than would otherwise be assumed by extrapolating from nadir-oriented 

measurements. This effect should be incorporated in lunar thermal models and will also counter-

balance the effects of surface roughness beaming from whole-disk measurements.

A detailed characterization of the wavelength and phase angle dependent radiative behavior of the lunar 

surface can be used to better understand other datasets, such as near-infrared measurements that have 
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thermal contributions that are particularly sensitive to surface roughness. In addition, the work 

presented here may serve as a basis for comparison with similar measurements of other airless bodies, 

and may be used as an initial template for the interpretation of TIR measurements acquired under a 

variety of geometric conditions.
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Tables
Table 1. Regions of interest for nadir-oriented Diviner measurements.

Region of Interest Longitude Latitude Orbit Tracks

Mare 304.65–307.86°E -0.13–0.16°N 721

Highlands 210.56–213.87 -0.14–0.13 733

Dark Mantle 350.93–352.41 5.24–5.51 166

Cold Spot 151.18–152.33 -3.74–-3.55 122
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Table 2. Diviner Emission phase function observations used for this study. The orbits marked with an 

asterisk were used for roughness derivations. All orbits were used for characterization of apparent 

emissivity as a function of emission angle.

LRO Orbit Longitude Latitude Local Time Solar Incidence Solar Azimuth Temperature

Day
5497 -96.3°E -9.4°N 13.8 27° 75° 373K
5497* -96.0 -25.7 13.8 35 51 365
5498* -97.8 22.2 13.7 34 130 360
5498 -97.6 8.6 13.7 28 110 377
6005* 98.2 -52.3 11.2 52 344 340
6006* 95.6 22.0 11.1 27 212 379
6006 95.8 8.4 11.1 17 235 387
6352 97.9 -9.7 9.3 42 279 361
6352* 98.2 -25.8 9.3 46 296 356
6353* 96.3 21.8 9.2 47 246 352
6353 96.5 8.2 9.2 42 259 357

Night
4450 -92.2 -9.3 19.1 114
4450 -92.0 -25.7 19.1 111
4451 -93.7 22.3 19.0 114
4800 85.9 4.6 5.3 94
4800 86.0 18.3 5.3 93
4800 86.3 34.8 5.3 91
4800 86.7 48.5 5.4 86
5150 83.6 12.9 3.5 95
5150 83.8 26.6 3.6 95
5150 84.7 57.6 3.6 85
5498 83.5 29.2 1.8 96
5498 83.8 42.9 1.8 91
5498 84.5 59.3 1.9 85
6006 -83.3 11.2 23.1 100
6006 -80.7 70.3 23.3 81
6352 -83.4 -30.6 21.2 102
6352 -83.1 -16.7 21.2 104

6352/6353 -82.8 0.0 21.3 104
6701 -84.5 -12.9 19.4 110
6701 -84.3 1.0 19.4 112
7397 98.7 -68.4 3.9 77
7398 94.1 22.1 3.6 93
7398 94.4 8.4 3.6 95
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Figure Captions
Figure 1. Clementine global 750nm mosaic. Red and blue symbols show the locations of daytime and 

nighttime emission phase function observations respectively. Green areas show the locations of the 

nadir-oriented measurements used in this study.

Figure 2. Diviner Channel 4 (8.2 μm) minus Channel 7 (25–41 μm) brightness temperature differences 

for nadir-oriented measurements for each of the 4 regions of interest used in this study. Scatter is higher 

for the highlands and cold spot locations because of topographic variability within the measurement 

areas.

Figure 3. Diviner mare region of interest spectra from near sunrise to noon local times. The blue 

spectral slope increases with increasing solar incidence and greater anisothermality. All spectra are 

shown in brightness temperature relative to Diviner Channel 4 (8.2 μm).

Figure 4. Diviner Channel 4 (8.2 μm; red) and Channel 7 (25–41 μm; blue) brightness temperatures for 

each of the 4 regions of interest showing diurnal temperature variations and the increased separation of 

brightness temperatures between the two channels near sunrise and sunset. Channel 4 temperatures are 

unreliable below ~150K and are not valid at night.

Figure 5. Diviner Channel 6 (13–23 μm) minus Channel 7 (25–41 μm) brightness temperature 

differences for nadir-oriented measurements for the mare region of interest used in this study. 

Anisothermality is restricted to high angles of solar incidence and is not significant during the night or 

near equatorial noon.

Figure 6. Diviner Channel 4 (8.2 μm) minus Channel 7 (25–41 μm) brightness temperature differences 

for nadir-oriented measurements for the mare region of interest used in this study (black triangles). 

Modeled Diviner brightness temperature differences for RMS slopes of 10, 15, 20, and 25° are also 

shown. The bottom plot shows a subset of the data designated by the rectangle in the top plot.

Figure 7. Diviner daytime emission phase function measurements for Channels 4, 6, and 9 (8.2, 13–23, 
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and 100–300 μm). Each observation set (Table 2) includes measurements made from the north 

(negative emission angles), nadir, and from the south (positive emission angles). Inc and Az are the 

solar incidence and azimuth (degrees clockwise from north) respectively for each observation set.

Figure 8. Decline in brightness temperature as a function of emission angle relative to the nadir-

oriented observation. Data are taken from the average of all daytime emission phase function 

observations listed in Table 2. Diviner Channels 3 and 5 are not shown for clarity, but follow a pattern 

similar to that of Channel 4. Observations include averages of both poleward- and equatorward-facing

 observations (distinguished by positive and negative emission angles in Figure 7), which largely 

cancels out roughness effects that are azimuth dependent.

Figure 9. Comparison of Diviner daytime emission phase function observations (red symbols and 

lines) to RMS roughness models with mean slopes of 5–45° (black lines). Data and models are an 

average of all Diviner spectral channels. The brightness temperatures in the plots represent the 

difference between opposing north- and south-facing emission angle observations. Inc and Az are the 

solar incidence and azimuth (degrees clockwise from north) respectively for each observation set.

Figure 10. Average brightness temperatures for nighttime emission phase function observations at 

latitudes poleward of 50° latitude (top) and equatorward of 50° (bottom). Negative emission angles 

correspond to viewing angles from the equatorward direction and positive emission angles correspond 

to viewing angles from the poleward direction.

Figure 11. 2-dimensional temperature model results for a local time of 0800H with the sun in the east 

at an incidence of 60°. Each image shows an east-west trending cross section for the 4 separate length 

scales that were investigated. Specific surfaces discussed in Figures 12 and 13 are labeled in the top 

cross section.

Figure 12. Temperature differences between the east- and west- facing slopes (denoted in Figure 11) 

for the 4 length scales as a function of local time. Smaller length scales are unable to remain as 
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thermally isolated as the larger scale features.

Figure 13. Surface temperatures for the east- and west-facing slopes, crest, and trough surfaces 

denoted in Figure 11. Two length scales are shown; 5cm, where the four surfaces remain thermally 

isolated, and 0.5mm, where the thermal isolation is significantly reduced.

Figure 14. Apollo image AS15-82-11155 showing several lunar regolith textures; undisturbed regolith, 

a rake sample collection site indicated by the parallel linear ridges, and compressed and smoothed 

regolith that is present within the astronaut boot prints.

Figure 15. Diviner broadband apparent emissivity as a function of emission angle (red crosses) for 

daytime (top) and nighttime (bottom) emission phase function observations. Nadir emissivity is 

assumed to be 0.99. The equations (black lines) are fits to the data used to calculate hemispherical 

emissivity discussed in the text.
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Figure 1. Clementine global 750nm mosaic. Red and blue symbols show the locations of daytime and nighttime 
emission phase function observations respectively. Green areas show the locations of the nadir-oriented 
measurements used in this study.
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valid at night.
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nadir-oriented measurements for the mare region of interest used in this study. Anisothermality is restricted to high 
angles of solar incidence and is not significant during the night or near equatorial noon.
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Figure 7. Diviner daytime emission phase function measurements for Channels 4, 6, and 9 (8.2, 13–23, and 100–
300 μm). Each observation set (Table 2) includes measurements made from the north (negative emission angles), 
nadir, and from the south (positive emission angles). Inc and Az are the solar incidence and azimuth (degrees 
clockwise from north) respectively for each observation set.
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Figure 8. Decline in brightness temperature as a function of emission angle relative to the nadir-oriented 
observation. Data are taken from the average of all daytime emission phase function observations listed in Table 2. 
Diviner Channels 3 and 5 are not shown for clarity, but follow a pattern similar to that of Channel 4. Observations 
include averages of both poleward- and equatorward-facing observations (distinguished by positive and negative 
emission angles in Figure 7), which largely cancels out roughness effects that are azimuth dependent.



Figure 9. Comparison of Diviner daytime emission phase function observations (red symbols and lines) to RMS 
roughness models with mean slopes of 5–45° (black lines). Data and models are an average of all Diviner spectral 
channels. The brightness temperatures in the plots represent the difference between opposing north- and south-
facing emission angle observations. Inc and Az are the solar incidence and azimuth (degrees clockwise from north) 
respectively for each observation set.
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Figure 10. Average brightness temperatures for nighttime emission phase function observations at latitudes 
poleward of 50° latitude (top) and equatorward of 50° (bottom). Negative emission angles correspond to viewing 
angles from the equatorward direction and positive emission angles correspond to viewing angles from the 
poleward direction.
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Figure 11. 2-dimensional temperature model results for a local time of 0800H with the sun in the east at an 
incidence of 60°. Each image shows an east-west trending cross section for the 4 separate length scales that were 
investigated. Specific surfaces discussed in Figures 12 and 13 are labeled in the top cross section.
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Figure 12. Temperature differences between the east- and west- facing slopes (denoted in Figure 11) for the 4 
length scales as a function of local time. Smaller length scales are unable to remain as thermally isolated as the 
larger scale features.
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Figure 13. Surface temperatures for the east- and west-facing slopes, crest, and trough surfaces denoted in Figure 
11. Two length scales are shown; 5cm, where the four surfaces remain thermally isolated, and 0.5mm, where the 
thermal isolation is significantly reduced.



Figure 14. Apollo image AS15-82-11155 showing several lunar regolith textures; undisturbed regolith, a rake 
sample collection site indicated by the parallel linear ridges, and compressed and smoothed regolith that is present 
within the astronaut boot prints.



Emission Angle

 0.5

 0.6

 0.7

 0.8

 0.9

 1

A
pp

ar
en

t E
m

is
si

vi
ty

ε = 0.99∙cos(θ)0.14

 0  10  20  30  40  50  60  70  80  90

 0.7

 0.75

 0.8

 0.85

 0.9

 0.95

 1
A

pp
ar

en
t E

m
is

si
vi

ty

ε = 0.99∙cos(θ)0.06

Figure 15. Diviner broadband apparent emissivity as a function of emission angle (red crosses) for daytime (top) 
and nighttime (bottom) emission phase function observations. Nadir emissivity is assumed to be 0.99. The 
equations (black lines) are fits to the data used to calculate hemispherical emissivity discussed in the text.


