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Abstract The Diviner Lunar Radiometer Experiment on the Lunar Reconnaissance Orbiter has been
acquiring visible and infrared radiance measurements of the Moon for nearly 10 years. These data have
been compiled into polar stereographic maps of temperatures poleward of 80° latitude at fixed local times
and fixed subsolar longitudes to provide an overview of diurnal temperatures of the polar regions. The data
have been divided into winter and summer seasons, defined by the times of year when the subsolar latitude
is above or below the equator, to characterize the variations in seasonal temperatures that result from the
1.54° angle between the Moon's spin pole and the ecliptic plane. Since the illumination in the polar regions is
perpetually at grazing angles, topography plays a dominate role in surface temperatures. Consequently,
the surface and near-surface thermal environment can vary in complex ways with time of day and season,
which produces areas that are seasonally shadowed for prolonged periods and that are much more extensive
than the permanently shadowed regions (PSRs). We find that surfaces below 110 K capable of cold trapping
water over 1 Gyr increases by factors of 2.8 and 4.3 in the winter for the south and north polar regions,
respectively, with seasonal residence times of adsorbed water molecules occurring at higher temperatures
and thus larger areas.

Plain Language Summary The Diviner instrument on the Lunar Reconnaissance Orbiter has
been providing temperature measurements of the lunar surface for nearly 10 years. These observations
have been compiled into polar maps of the summer and winter seasonal temperatures. Illumination in the
polar regions is perpetually at grazing angles, and therefore topography plays a large role in surface
temperatures which can vary in complex ways with time of day and season. The areas that are cold enough to
trap water during the winter season are significantly larger than the cold, permanently shadowed regions.

1. Introduction

The Diviner Lunar Radiometer Experiment, one of seven instruments on board the Lunar Reconnaissance
Orbiter (LRO; Chin et al., 2007; Tooley et al., 2010; Vondrak et al., 2010), has been acquiring solar reflectance
and midinfrared radiance measurements of the Moon since July of 2009 (Paige et al., 2010). These radiance
measurements have provided information on how regolith on airless bodies store and exchange thermal
energy with the space environment (Bandfield et al., 2011, 2015; Hayne et al., 2017; Vasavada et al., 2012).
The thermal state of the regolith can have consequences for the transport and sequestration of volatiles.
The polar regions, where solar illumination is perpetually at high incidence angles, are of special interest
as permanently shadowed regions (PSRs) often possess temperatures low enough to cold-trap water ice
and other volatile species where the residence times can become geologically long (billions of years;
Watson et al., 1961; Arnold, 1979; Ingersoll et al., 1992; Vasavada et al., 1999; Schorghofer & Taylor, 2007;
Zhang & Paige, 2009; Paige et al., 2010). The potential for near-surface water ice makes the polar regions
of significant interest for in situ exploration; mission planning for landing and operating in these regions will
require understanding the extreme thermal environment and illumination conditions (De Rosa et al., 2012;
Kokhanov et al., 2018; Lemelin et al., 2014; Speyerer et al., 2016). The original LRO mission objectives
included mapping temperatures of the PSRs along with characterizing the illumination conditions in the
polar regions and identifying whether near-surface water ice exists (Vondrak et al., 2010).

In this paper, we present temperature maps of the lunar polar regions to characterize the thermal environ-
ment and how it varies seasonally based on nearly 10 years of accumulated data from Diviner. The relatively
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Figure 1. (top) Diviner channel 1 maximum visual brightness in south polar stereographic projection down to 80°S
latitude for the summer and winter months with the large PSRs labeled. Colored stars are locations of the temperature
profiles with corresponding marker colors. (middle) The subsolar latitude during the Lunar Reconnaissance Orbiter
mission (July 2009 to February 2019) with color shading highlighting the data used for the southern summer/northern
winter (red) and southern winter/northern summer (blue) mapping. Each season represents approximately half of the
Moon's 346-day draconic year. (bottom) Diviner channel 9 brightness temperatures for locations within three PSRs—
Amundsen (91.28°E, 83.68°S), a sizable PSR between craters Haworth and Nobile south of Malapert Mountain designated
Region 5 (15.05°E, 87.03°S), and Haworth (—2.57°E, 87.35°S). Marker colors correspond to color of stars in visual
brightness maps denoting locations. Haworth and Region 5 are two exceptionally cold locations identified by Paige and
Siegler (2016) with winter temperatures extending below 20 K. The seasonal trend is more complicated in Amundsen as its
southern wall receives large and varying amounts of solar illumination resulting in more complicated variations of
reflected visible and emitted infrared radiance into its PSR. PSR = permanently shadowed regions.

small angle between the Moon's spin pole and the normal to the ecliptic plane of 1.54° results in regions that
are permanently shadowed topographically from the Sun down to latitudes ~60° (McGovern et al., 2013;
Siegler et al., 2015). Though seasonality has minimal influence on surface temperatures at middle to low
latitudes, in the polar regions where solar illumination is perpetually at grazing angles, seasonality can
have a large effect as topography exerts a significant influence on temperatures and regions of persistent
shadowing or illumination can vary significantly with the position of the subsolar latitude as discussed in
this paper (Figure 1). This is shown using Diviner's channel 1, spectral passband of 0.35-2.8 um, providing
visual brightness of the south polar region during the winter and summer (Figure 1). The channel 1
Reduced Data Records (RDR) data were binned at 240 m/pixel and 0.25 hr of local time. The maximum
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values were selected to generate polar stereographic maps of the maximum reflectance of the surface
observed by Diviner relative to the reflectance of a normally illuminated Lambertian surface.

2. Diviner Mapping

For this study, we compiled nearly 10 years of Diviner radiance observations to generate polar stereographic
projected seasonal bolometric brightness temperature maps of the north and south polar regions of the Moon
extending to latitudes 80°N and 80°S, respectively. All nadir-pointing observations from the Diviner RDRs
were used from 5 July 2009 to 17 February 2019. The RDRs from Diviner's channels 3-9 provide calibrated
radiance measurements over a wavelength range from 7.55 to 400 um which were map projected and binned
at 240-m/pixel resolution. Each channel consists of a line array of 21 detectors that are nominally nadir-
pointing collecting data in a push broom mode of operation with an integration period of 128 ms. After a brief
commissioning phase in an elliptical orbit, LRO transitioned into a near-circular 2-hr-period mapping orbit
on 15 September 2009, with an average altitude of ~50 km (referenced to a 1,737.4-km sphere; Mazarico et
al., 2012). LRO eventually transitioned back into an elliptical low fuel consumption quasi-frozen orbit on 11
December 2011 with spacecraft altitude varying between ~40 and 170 km and orbit periapsis near the lunar
south pole (Mazarico et al., 2018).

Prior to binning, the effective fields of view (EFOV) of the detectors were calculated for each RDR record
using the spacecraft velocity, altitude, and each channel's average instantaneous field of view, to account
for the spacecraft motion and thermal response time associated with each detector which results in an elon-
gation in the in-track direction. The Monte Carlo method is then utilized to ray-trace the EFOV onto a Lunar
Orbiter Laser Altimeter (LOLA) digital elevation model (Smith et al., 2010). This ensures all bins within the
EFOV are populated (see Williams et al., 2016; Sefton-Nash et al., 2017, for further details). Variations in
spacecraft altitude have been minimal over the south polar region, and as a result the ground-projected sur-
face footprint of Diviner in the south high latitudes has remained relatively fixed during the mission: ~140 m
cross track and ~400 m in track at a spacecraft altitude of 50 km (full-width half-maximum resolution; Paige,
Foote, et al., 2010; Williams et al., 2016). The spacecraft altitude at high latitudes in the north, however, has
varied due to the transition from the near-circular orbit to the elliptical orbit with apoapsis near the north
pole where cross-track and in-track dimensions are ~460 and ~800 km, respectively, at a spacecraft altitude
of 170 km. The cross-track width scales with altitude; however, the influence of the spacecraft motion and
the detector response time are reduced with altitude which partially offsets the in-track broadening with alti-
tude. The mixture of different orbit altitudes in the north polar region makes the EFOV modeling
particularly important.

The LRO orbit plane is in a near-polar orbit with an inclination approximately 90° from the equator. The
orbit is nearly fixed in inertial space, and the subspacecraft longitude migrates 360° every sidereal rotation
period (27.3 days) as the Moon rotates 360° relative to the LRO orbit plane. Each LRO orbit crosses the day-
side and nightside of the Moon, and consequently Diviner makes observations at day and night local times
separated by 180° longitude. Local time is expressed in hours by normalizing the angular distance between
geographic longitude and the subsolar longitude to a 24-hr day (daytime is between 6 a.m. and 6 p.m., and
nighttime is between 6 p.m. and 6 a.m. local time). The local time of the LRO orbit shifts ~1.8 hr earlier each
sidereal day as the Earth/Moon system orbits the Sun, providing a full range of local time observations over
the course of half of an Earth year. As a result, many years of observations are required to provide a compre-
hensive view of global surface temperatures of the Moon with Diviner.

Compiling the first ~5.5 years of Diviner observations into a gridded global data set, Williams et al. (2017)
provided a global perspective on the lunar surface temperatures at a coarse 0.5°/pixel resolution. However,
distinct seasonal temperature variations at the highest latitudes result from the +1.54° variation in subsolar
latitude during the Moon's 346-day draconic year (Figure 1). Measured temperatures within PSRs show a
dominantly seasonal variation including exceptionally cold locations that experience minimum tempera-
tures below 20 K (though the absolute calibration of the data at the lowest brightness temperatures is not well
constrained) (Aye et al., 2013; Paige & Siegler, 2016; Paige, Siegler, et al., 2010; Sefton-Nash et al., 2013). For
this reason, we split the cumulative data set into winter and summer defined by subsolar latitudes either
above or below the equator for each pole. The data are further divided into fixed local time and fixed subsolar
longitude in increments 0.25 hr of local time, or 3.75° of subsolar longitude resulting in 96 map planes of each

WILLIAMS ET AL.

2507



'AND SPACESCIENCE

Journal of Geophysical Research: Planets 10.1029/2019JE006028

covering a full lunation (Figures 2 and 3). Bolometric brightness temperatures are then determined from the
binned radiance measurements from Diviner channels 3-9 (e.g., Paige, Siegler, et al., 2010). Variations in
surface temperatures resulting from changes in celestial parameters such as the Moon-Sun distance or the
18.6-year nodal precession are not distinguished and are averaged during the binning of the data.
Figures 2 and 3 provide examples of the fixed local time and subsolar longitude maps where four of the
0.25-hr local time maps are averaged to provide mean seasonal temperatures for the midnight hour and mid-
day hour and similarly four of the 3.75° fixed subsolar longitude maps are averaged to provide mean seasonal
temperatures over 15° of subsolar longitude.

Local time coverage is more limited in two regions centered around 89°N/S latitude and + 90°E longitude
due to phasing of an intramonthly variation in spacecraft inclination of approximately +0.7°. This corre-
sponds to a reduction in local time coverage focused in these areas ~6-10 hr during summer and ~18-
22 hr during winter in both hemispheres (Figure 4). Coverage is better in the north due to the larger surface
footprints resulting from the higher spacecraft altitude during elliptical orbits. The spacecraft inclination has
been systematically decreasing since the start of the mission from ~90.2° to ~86.0° by early 2019 due to the
nodal precession of the Moon. As a result, a coverage gap has emerged over the poles and continues to widen
to lower latitudes. This can be seen in the time series of temperatures in Figure 1 where temperature obser-
vations within the Haworth and Region 5 locations terminate when the boundary of the coverage gap crossed
these latitudes.

3. Polar Temperatures

The polar maps provide an overview of the mean, minimum, and maximum seasonal temperatures
(Figures 5 and 6) highlighting the variations in temperatures resulting from the half-year seasons when
the subsolar latitude is either above or below the equator. The summer maximum temperatures show the
extent of the PSRs. The black contours on the maximum temperature maps highlight the regions that are
below 110 K, corresponding with the break between cool and warm temperatures of the color scale and
the approximate maximum temperature of water ice stability against sublimation in a vacuum (e.g.,
Zhang & Paige, 2009). Extrapolation of the sublimation rate of crystalline water ice (e.g., Murphy & Koop,
2005) to lower temperatures indicates that at 110 K the loss rate is about 10 cm/Gyr. At this temperature, sub-
limation is so slow that it is no longer measurable in the laboratory and ice is usually in amorphous rather
than crystalline form. The sublimation rate depends sensitively on temperature (it changes by a hundredfold
between 110 and 120 K) so that the dependence of the effective cold trap area on ice structure and the choice
of threshold value is expected to be minor. The temperatures permanently below 110 K in the south comprise
a surface area of 1.30 X 10* km? poleward of 80° latitude which is ~4.5% of the total area, similar to the
~1.1 x 10*km? cold trap area poleward of 82.5° latitude estimated by Hayne et al. (2015). In winter, the
regions that experience prolonged shadowing and are below 110 K expand by a factor of 2.8 to
3.73 x 10* km?, ~12.8% of the mapped area. These seasonally shadowed regions (SSRs) experience 2100 K
variations in maximum temperatures between the summer and winter months. Figure 7 shows the differ-
ence in maximum temperatures between summer and winter highlighting the SSRs. The extent of the region
permanently below 110 K in the north polar region is smaller than in the south with a surface area of
5.3 x 10° km?, ~1.8% of the total mapped area. The seasonal difference in the north, however, is larger,
and the region of maximum temperatures below 110 K increases by a factor of 4.3 to an area of
2.28 x 10* km?, ~7.9% of the mapped area. The larger extent of the cold regions in the south is in large part
due to the close proximity of the large craters Faustini, Shoemaker, and Haworth to the South Pole (within a
few degrees).

Ice retreat rate and average molecular residence times are related by simple physics; 10 cm/Gyr (110 K) cor-
responds to a residence time of 3 years, and 1 m/Gyr (115 K) corresponds to 0.3 years. However, this is the
residence time for water molecules on ice, and adsorbed molecules on other mineral surfaces can have sub-
stantially longer residence times (e.g., Hibbitts et al., 2011; Schorghofer & Aharonson, 2014). Hence, water
molecules can remain stable seasonally even outside of the cold trap area delineated by the 110-K threshold
(Table 1).

Ilumination modeling by Mazarico et al. (2011) and McGovern et al. (2013) estimate similar total PSR areas
between 1.6 x 10* and 1.7 x 10* km? in the south and 1.2 x 10* and 1.3 x 10* km? in the north poleward of 80°
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Figure 2. Seasonal bolometric temperature maps (left column—summer; right column—winter) of the south polar region to 80°S latitude for (top) nighttime local
time 0-1 hr, (middle) daytime local time 12-13 hr, and (bottom) subsolar longitude —90° to —105°E.
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Figure 3. Seasonal bolometric temperature maps (left column—summer; right column—winter) of the north polar region to 80°N latitude for (top) nighttime local
time 0-1 hr, (middle) daytime local time 12-13 hr, and (bottom) subsolar longitude —90° to —105°E.
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Figure 4. Diviner local time coverage of (a) south and (b) north polar regions mapped as fractions of the 96 local time
planes with observations in each spatial bin. (c-f) Histograms of spatial local time coverage within each local time plane.

latitude, intermediate between our summer and winter cold trap areas below 110 K. These area estimates are
consistent with our results as PSR temperatures can exceed 110 K in summer but are located within the
regions below 110 K in winter.

In addition to the seasonally changing regions of shadowing, the amplitude of temperature extremes
observed within the PSRs, that is, the difference between the maximum and minimum temperatures, varies
substantially with the seasons (Figures 7 and 8). For example, temperatures on the floor of Faustini vary ~30-
40 K in winter, while the range is ~45-70 K in summer. The floor of Haworth, in addition to being one of the
coldest PSRs, experiences smaller variations in temperatures: ~20-30 K in winter increasing to ~30-45 K in
summer. The amplitude of near-surface temperatures can have consequences for the diffusion of water mole-
cules into the subsurface as temperature cycles under the right conditions are predicted to drive ice down-
ward along thermal gradients into the regolith (Schorghofer & Aharonson, 2014; Siegler et al., 2011).
Thermal cycling of the regolith may also have consequences for regolith porosity. Most PSRs, such as those
within Haworth, Shoemaker, Faustini, and Amundsen craters, have low surface reflectance at far-ultraviolet
(far-UV) observed by LRO's Lyman Alpha Mapping Project (LAMP) interpreted to result from significantly
higher porosity of the surface regolith (Gladstone et al., 2012). This could result from reduced thermal
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Winter

0

Figure 5. (top) Maximum, (middle) average, and (bottom) minimum winter and summer temperatures for the south polar region to 80°S latitude. The contour on
the maximum temperature maps is 110 K.
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Winter

Figure 6. (top) Maximum, (middle) average, and (bottom) minimum winter and summer temperatures for the north polar region to 80°N latitude. The contour on
the maximum temperature maps is 110 K.
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Figure 7. Difference in maximum summer and winter temperatures for the (a) south and (b) north polar regions highlighting seasonally shadowed regions where
the change in maximum temperatures exceed 100 K. Amplitude of temperature extremes in the summer in (c) the south and (d) the north polar regions and
amplitude of temperature extremes in the winter in the (e) south and (f) north polar regions. White boxes in (c) and (e) are locations of Figure 8.
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Table 1

Seasonal Winter Cold-Trapping Area for Threshold Temperatures 110-115 K

amplitudes experienced with the PSRs relative to non-PSRs as thermal

cycling of the regolith may result in compaction through settling of grains

Cold  trap Area (km?) (Blanc & Géminard, 2013; Byron et al., 2019; Chen et al., 2006, 2009;
temperature Divoux, 2010).

(K) South North

110 3.73 x 10* 2.28 x 10*

111 3.79 X 101 233 X 10: 4. Discussion

112 3.86 X 10 2.38 X 10 1

113 3.92 x 101 242 % 10: 4.1. Cold Traps

114 S LY 247x10 = Water and other volatiles may reside within cold traps in the polar regions
115 4.04 X 10 2.51 X 10

where temperatures are low enough that minimal sublimation loss occurs

over billions of years. Remote sensing observations of the polar regions
from orbiting spacecraft have provided evidence for volatile enhancement in PSRs (e.g., Lawrence, 2017,
and references therein). The Lunar Crater Observation and Sensing Spacecraft impact experiment confirmed
the presence of water and other volatile species within the PSR of Cabeus crater (Colaprete et al., 2010;
Gladstone et al., 2010; Hayne et al., 2010; Schultz et al., 2010), and bistatic observations by LRO Miniature
Radio Frequency (Mini-RF) instrument in Cabeus are consistent with a ~10- to 20-cm near-surface layer
of water ice (Patterson et al., 2017). Enhanced hydrogen abundance at both poles has been found by both
the Lunar Prospector Neutron Spectrometer (Eke et al., 2009; Feldman, 1998; Feldman et al., 2001;
Lawrence et al., 2006; Teodoro et al., 2010) and LRO's Lunar Exploration Neutron Detector (Boynton et
al., 2012; Mitrofanov et al., 2010, 2012) instruments.

Evidence for surficial frost has also been observed. The spectral signature of reflected far-UV wavelengths in
PSRs observed by LAMP suggests the presence of ~1-2% of water frost at the surface. Additionally, Hayne et
al. (2015) found a strong change in UV spectral characteristics at temperatures below 110 K, providing com-
pelling evidence for the presence of surface water frost. Reflectance at 1064 nm from the LOLA instrument
has also been shown to correlate with Diviner-derived temperatures with a sharp increase in reflectance
below ~110 K (Fisher et al., 2017; Lucey et al., 2014; Qiao et al., 2019). Most of the areas within the PSRs that

40 60 80 100 120 160 200 240 280 40 60 80 100 160 200 240 280
Maximum Temperatures Temperature Amplitude

Figure 8. (a) Maximum summer temperatures within permanently shadowed regions in close proximity to the south pole
and (b) the amplitude of summer temperature extremes and (c) maximum winter temperatures and (d) amplitude of
winter temperature extremes. See Figure 7 for location.

WILLIAMS ET AL.

2515



'AND SPACESCIENCE

Journal of Geophysical Research: Planets 10.1029/2019JE006028

exhibit reflectance values and UV spectra consistent with surface water frost also exhibit near-infrared
absorption features diagnostic of water ice in reflectance spectra acquired by the Moon Mineralogy
Mapper on the Chandrayaan-1 spacecraft (Li et al., 2018), and a recent study by Sefton-Nash et al. (2019)
found that differential emissivities observed by Diviner between the PSR and adjacent non-PSR terrain on
the floor of Amundsen crater may be related to the presence of water frost.

The characterization of the abundance and spatial distribution of water, however, has remained challenging
and has not been established definitively. Water does not appear to be uniform or emplaced in thick contig-
uous deposits like Mercury where ice is unambiguously detected wherever it is predicted to be thermally
stable in its PSRs (Paige et al., 2013).

Observations suggest global surface hydration (Pieters et al., 2009) and a potential time variability of tem-
perature-driven transport of water through the exosphere (e.g., Sunshine et al., 2009). The seasonal changes
in temperatures would influence the geographic pattern of diurnal variations in surface water concentrations
in a lunar water exosphere, because substantial changes in surface temperatures with season affect volatile
residence times (Schorghofer et al., 2017). Further, the substantial increase of cold-trapping surface area in
winter may also play a role in the depletion of the exosphere by temporarily expanding the shadowed area
that can capture and concentrate migrating volatiles in the polar region. In winter, water molecules residing
in SSRs are exposed to destructive space weathering. The lifetime of adsorbed H,O exposed to H-Lyman-
alpha radiation from the very local interstellar medium is 4 years (Morgan & Shemansky, 1991); therefore,
the loss over half a draconic year is not negligible. In summer, as these molecules are mobilized, they are
more likely to reach a permanent cold trap due to their vicinity to PSRs. Modeling by Prem et al. (2018) shows
that surface roughness can have this effect by providing cold surfaces at high latitudes that can act as tem-
porary reservoirs for molecules near the poles. A semiannual oscillation in argon observed by the Lunar
Atmosphere and Dust Environment Explorer spacecraft has been linked to sequestration in transitory seaso-
nal cold traps (Hodges & Mahaffy, 2016; Kegerreis et al., 2017). Hodges (2018) notes that the magnitude of
seasonal oscillation implies that significant areas of high-energy adsorption sites on soil grains in the seaso-
nal cold traps are free of water molecules, placing a restrictive upper bound on the exospheric transport
of water.

4.2. In Situ Exploration

The enhancement in water, and possibly other volatiles, makes the polar regions a science-rich candidate for
future landed missions and could facilitate human exploration by creating potential locations for in situ
resource utilization. Ground truth via in situ exploration will ultimately be required to disentangle the ambi-
guities in our understanding of the nature, distribution, and accessibility of water from remote sensing (Neal
& Lawrence, 2017) with the thermal data discussed here serving as a guide.

The polar regions also offer the advantage of illumination conditions that can be more favorable for power
generation and thermal stability than lower latitudes with surfaces that experience extended periods of sun-
light and minimal shadowing. Landing site selection and traverse planning, for mobile platforms such as
rovers, will need to contend with rapidly changing and complex illumination conditions, and seasonality
should be an important consideration as surfaces of prolonged shadow and sunlight will vary seasonally.
Figure 9 shows the fraction of observations mapped that were below 110 K. Unlike at lower latitudes where
diurnal temperatures, in general, predictably change with latitude and local time of day once the local slope
is accounted for (e.g., Hayne et al., 2017), within the polar regions, topography plays a dominant role, and
illumination modeling accounting for terrain is necessary to predict temperatures (e.g., De Rosa et al.,
2012; Gléser et al., 2014, 2018; Margot, 1999; Mazarico et al., 2011, 2018; Noda et al., 2008; Paige, Siegler,
et al., 2010). Such complexity is highlighted in Figure 10 that shows the local time at which peak tempera-
tures were observed, along with several temperature profiles for specific locations in the mapped area
that demonstrate the diurnal and seasonal variability and spatial complexity of observed temperatures.
The example in Figure 10b shows how peak temperatures can occur in the nighttime when the surface
is illuminated by the Sun across the pole from the dayside. In this location (85.8°S, 30.0°E), peak tem-
peratures are centered on the midnight hour in the summer. In winter the surface is illuminated briefly,
seen as a spike in temperature > 150 K around 21 hr. The location in Figure 10c (88.0°S, 75.0°E) also
experiences only brief periods of illumination in winter, around 12 and 18 hr. Higher and more consis-
tent illumination of this location, in summer between 11 and 23 hr, is disrupted with brief periods of
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Figure 9. Fraction of observed diurnal temperatures (lunation) below 110 K in the 96 local time maps for the summer (a)
south and (b) north polar regions, and winter (c) south and (d) north polar region above 80° latitudes. White areas were
colder than 110 K in all observations. Limited regions of higher elevations have a low fraction of temperatures mapped
below 110 K in the summer months as they experience periods of prolonged illumination.

cold temperatures (before and after 18 hr) as shadows sweep across the surface. Figure 10d shows the
seasonal diurnal temperatures on a ridge between Shackleton and de Gerlache craters that has been
identified using Digital Terrain Model-based studies (Bussey et al., 1999, 2010; de Rosa et al., 2012;
Gldser et al., 2014, 2018; Mazarico et al.,, 2011) and Lunar Reconnaissance Orbiter Camera (LROC)
imagery (Speyerer et al., 2016; Speyerer & Robinson, 2013) as a location with high average
illumination. Temperatures are shown for the site designated “Connecting Ridge C2” as reported by
Gldser et al. (2018). Summer temperatures are systematically high, ~200 K; however, a decrease in
temperatures at ~20-22 hr shows a period of local time that experiences shadowing, and winter
months experience interspersed periods of illumination and shadowing.

The potential for extreme and rapid temperature changes also presents challenges for the design of long-term
habitats and other structures and needs to be accounted for in the selection of locations and construction
materials, as designs will need to accommodate large amounts of thermal expansion and contraction and
associated fatigue stresses with thermal cycling (Benaroya et al., 2002; Malla & Brown, 2015; Mottaghi &
Benaroya, 2015; Naser & Chehab, 2018; Ruess et al., 2006; Sherwood & Toups, 1992).
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Figure 10. (a) Local time at which peak temperatures were observed in the summer south polar region and diurnal tem-
perature profiles for (b) 85.8°S, 30.0°E (c) 88.0°S, 75.0°E, and (d) 89.3157°S, —114.06°E. Locations of (b—d) are denoted with
black circles and labeled in (a). The location in (d) has been identified by Gldser et al. (2018) using Lunar Orbiter Laser
Altimeter digital terrain modeling as a surface with high average illumination on a ridge between the craters Shackleton
and de Gerlache and is designated “Connecting Ridge C2.”

4.3. Illumination in PSRs

Recent imaging and spectroscopic experiments have obtained data in regions of permanent shadow using
indirect illumination from scattered light reflected from nearby topographic highs including crater walls
and massifs (Haruyama et al., 2008; Koeber et al., 2014; Cisneros et al., 2017; Mitchell et al., 2018; Li et al.,
2018). Figure 10a shows that the maximum available illumination, as indicated by the local time of maxi-
mum temperature, is not always at local noon due to the irregularities of surrounding topography but rather
can occur over a wide range of local times. Illumination models can estimate this effect, but Diviner observa-
tions can provide validation of these models and help predict optimum times for observations.

5. Conclusions

Temperature fundamentally controls the stability and mobilization of water and other volatiles on the Moon.
The thermal environment within the polar regions is complex with significant changes occurring over differ-
ent spatial and temporal scales. Using nearly a decade of acquired radiance observations from Diviner, we
have mapped the seasonal changes occurring poleward of 80° latitude. Surface areas that are capable of cold
trapping water expand by a factor of ~2.8 and ~4.3 during the winter months for the south and north polar
regions, respectively. Thermal cycling within PSRs has a significant seasonal component. Temperature
extremes in PSRs are the result of diurnal variations superposed on seasonal variations. Reflected and
emitted radiation into PSRs is strongly dependent on solar declination, even within areas that are double sha-
dowed, that is, shadowed from indirect illumination reflected and radiated from surrounding terrain within
PSRs; the location in Haworth crater and “Region 5” (Figure 1) are examples of this.

Since Diviner does not continuously sample all local times at all seasons, but rather obtains data from high-
resolution orbit tracks that migrate around the poles, many years of data must be compiled to provide a com-
prehensive picture of the polar temperatures. These maps provide seasonal temperatures at different local
times and subsolar longitudes; however, illumination conditions can change rapidly as the subsolar latitude
transitions between extremes (+1.54° latitude) and sampling of local time/subsolar latitude is not exhaustive
(Figure 4). Additionally, any longer-term variation due to the 18.6-year nodal precession of the lunar orbit
cannot be characterized with the current data. The mean, maximum, and minimum temperatures
(Figures 5 and 6) are therefore approximations. As a result, detailed illumination models are required to
extend temperature measurements from Diviner to accurately predict thermal conditions on the surface

WILLIAMS ET AL.

2518



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Journal of Geophysical Research: Planets

10.1029/2019JE006028

Acknowledgments

We would like to thank the LRO and
Diviner operations teams for the
collection of the high-quality data sets
used in this work and Tristram Warren
and an anonymous reviewer for helpful
comments and suggestions that
improved the manuscript. The data
used in this study are publicly available
via the Geosciences Node of the
Planetary Data System (http://pds-
geosciences.wustl.edu/missions/lro/
diviner.htm), and all maps generated
for this study are available online
(www.diviner.ucla.edu/data). The
contributions of J.-P. Williams and N.
Schorghofer were funded by NASA
Lunar Data Analysis Program Grant
80NSSC19K1255. Part of this work was
supported by the NASA Lunar
Reconnaissance Orbiter project.

and to estimate the longer-term stability of volatiles in the subsurface. The stringent engineering and opera-
tions requirements for mission planning precludes the reliance on one-dimensional regolith models to estab-
lish thermophysical properties of the regolith and local thermal conditions, as has been successfully done at
lower latitudes (e.g., Bandfield et al., 2011; Hayne et al., 2017; Vasavada et al., 2012; Yu & Fa, 2016). Recent
efforts related to future missions instead move toward use of three-dimensional regolith thermophysical
models (e.g., Warren et al., 2019) that aim for improved treatment of reradiation and high-order reflections,
which play a more dominant role in the lunar polar thermal environment than at lower latitudes, due to
diurnal and seasonal shadowing.
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