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Time-of-day-dependent global distribution of lunar
surficial water/hydroxyl

Christian Wohler,'* Arne Grumpe,® Alexey A. Berezhnoy,? Vladislav V. Shevchenko?

A new set of time-of-day-dependent global maps of the lunar near-infrared water/hydroxyl (H,0/OH) absorption band
strength near 2.8 to 3.0 pm constructed on the basis of Moon Mineralogy Mapper (M?) data is presented. The analyzed
absorption band near 2.8 to 3.0 um indicates the presence of surficial H,O/OH. To remove the thermal emission
component from the M? reflectance spectra, a reliable and physically realistic mapping method has been developed.
Our maps show that lunar highlands at high latitudes show a stronger H,O/OH absorption band in the lunar morning
and evening than at midday. The amplitude of these time-of-day—-dependent variations decreases with decreasing lati-
tude of the highland regions, where below about 30°, absorption strength becomes nearly constant during the lunar day
at a similar level as in the high-latitude highlands at midday. The lunar maria exhibit weaker H,O/OH absorption than the
highlands at all, but showing a smaller difference from highlands absorption levels in the morning and evening than at
midday. The level around midday is generally higher for low-Ti than for high-Ti mare surfaces, where it reaches near-zero
values. Our observations contrast with previous studies that indicate a significant concentration of surficial H,O/OH at
high latitudes only. Furthermore, although our results generally support the commonly accepted mechanism of H,O/OH
formation by adsorption of solar wind protons, they suggest the presence of a more strongly bounded surficial H,O/OH
component in the lunar highlands and parts of the mare regions, which is not removed by processes such as diffusion/
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thermal evaporation and photolysis in the course of the lunar day.

INTRODUCTION

Near-infrared reflectance spectra acquired by the Moon Mineralogy
Mapper (M?) instrument (1) are known to exhibit an absorption band
around 2.8- to 3.0-um wavelength, indicating the presence of surficial
water (H,O) and/or hydroxyl (OH) (2). Previous studies have led to the
general understanding that a strong H,O/OH absorption band is only
present in the lunar highlands at high selenographic latitudes beyond
50° to 60° north and south, respectively, whereas the absorption band
has been found to be weak or absent at lower latitudes (2). The
dependence of the H,O/OH absorption band on time of day has not
been examined in the study by Pieters et al. (2). The solar wind has
been suggested by Pieters et al. (2) as the most likely source of the H,0/
OH species that elicit the 3-um band, but hydrated minerals are also
considered possible. A strong contrast in H,O/OH absorption depth
between mare and highland terrains has been described in the study
by McCord et al. (3), with mare surfaces exhibiting a near-zero absorp-
tion strength. Furthermore, the results of McCord et al. (3) suggest a
time-of-day-dependent variation of the H,O/OH absorption strength,
which is found to be strongly correlated with the illumination
conditions and, thus, the local surface temperature. Near-infrared
spectra acquired during the Deep Impact mission exhibit variations
of the lunar H,O/OH absorption depth with selenographic latitude
and local time of day (4). For a region in Mare Imbrium, the H,O/
OH absorption depth has been found to decrease to a near-zero value,
whereas in a highland region south of Mare Humboldtianum, the H,O/
OH absorption depth decreases at midday to about 50% of its morning
value (4). For the region around the lunar crater Boguslawsky located in
the illuminated southern polar nearside highlands, the H,O/OH ab-
sorption strength has been found to decrease from a high level in the
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lunar morning to a lower but still nonzero level at midday (5). For es-
timation of the same method for surface temperature estimation and
thermal emission removal as in this paper has been used in the study
by Wohler et al. (5). For a few selected points on the lunar surface,
Bandfield et al. (6) found that the H,O/OH absorption band is present
not only at high latitudes but also at low latitudes under both oblique
and steep illumination. The data of Bandfield ef al. (6) suggest that the
H,O/OH absorption strength is largely independent of solar incidence
angle. Inside the lunar swirl Reiner Gamma, the H,O/OH absorption
band is observed in the study by Bandfield et al. (6) to be less strong than
outside the swirl, which leads to the conclusion of a solar wind origin of
the H,O-related absorption near 2.95 pm (6). The time-of-day
dependence of the H;O/OH absorption strength is not examined specif-
ically by Bandfield et al. (6). For the results obtained from the study by
Bandfield et al. (6), the method of Bandfield et al. (7) for surface tempera-
ture estimation was used, which accounts for the surface roughness.
Data acquired by the Lunar Prospector Neutron Spectrometer indi-
cate the presence of hydrogen near the lunar poles (8), interpreted as H,O
ice therein. As an alternative explanation, Starukhina and Shkuratov (9)
proposed that the Lunar Prospector neutron flux-based observations of
polar H, described, for example, in the study by Feldman et al. (8), may
result from solar wind protons, which are adsorbed by the regolith and
remain stable because of the low surface temperature in the lunar polar
regions. Starukhina and Shkuratov (9) suggested that protons from Earth’s
magnetotail are a source of H in permanently shadowed regions (9). Hy-
drogen maps of higher resolution have been constructed using data of
the Lunar Reconnaissance Orbiter (LRO) Lunar Exploration Neutron
Detector (LEND), where water-equivalent hydrogen abundances of up
to 0.5 weight % (wt %) at depths of up to 1 m have been inferred for
permanently shadowed regions at high latitudes (10). Furthermore,
LEND data indicate an increased hydrogen content in the upper 1-m
layer on pole-facing slopes at high selenographic latitudes (11), as well
as time-of-day-dependent variations of the hydrogen content (12). A
study by Livengood et al. (12) found the equatorial hydrogen concentration

10f 10



SCIENCE ADVANCES | RESEARCH ARTICLE

to be maximal in the early morning, decreasing to its minimum in
the late afternoon. Livengood et al. (12) invoked volatile species ori-
ginating from larger depth below the lunar surface to explain the ob-
served hydrogen concentrations, which are so high that hydrogen
delivery by the solar wind and meteoroid impacts alone is considered
insufficient (12).

However, a factor impeding analysis of the H,O/OH absorption
band depth is the thermal emission component that severely affects
the spectral radiances measured by M” in the corresponding wavelength
range, which needs to be corrected on the basis of an accurate estima-
tion of the surface temperature. For the M? level 2 spectral reflectance
data released on the Planetary Data System (PDS) (13), the approach of
Clark et al. (14) has been used for surface temperature estimation and
thermal emission removal (15). Clark et al. (14) point out that the method
proposed therein yields inaccurate surface temperature estimates in
the presence of a strong pyroxene-related spectral absorption band
around 2 um. These absorption bands are present throughout the
lunar maria, hence in significant fractions of the lunar surface. Further-
more, especially for high incidence angles (oblique illumination), the
rough surface of the Moon cannot be regarded as isothermal, that is,
being characterized by a single temperature; it is instead characterized
by a mixture of different temperature values due to the nonuniform in-
clination of different surface facets with respect to illumination direction
(7, 16). An approach to account for the surface roughness when estimating
the surface temperature is proposed in the study by Bandfield et al. (7),
which is based on statistical modeling of the facet inclination. The
methods for artificial generation of rough surfaces and estimation of their
temperatures under solar illumination introduced by Davidsson et al.
(16) and Bandfield et al. (7), respectively, will be discussed in some detail
in Materials and Methods. A preliminary analysis by Bandfield et al.,
which probed how accounting for the surface roughness influences the
derived strength of the lunar H,O/OH absorption band (6, 17), relying
on the surface temperature estimation method of Bandfield et al. (7),
suggests that the surface temperatures estimated with the method of
Clark et al. (14) are too low and that the H,O/OH absorption band is
actually more pronounced than previously assumed. The results of
Wohler et al. (5) are in accordance with this general finding. Hence,
H,0/OH absorption band depths derived from the M? level 2 radiance
data on the PDS should be treated with care.

Thus, this paper concentrates on aspects of (i) the spatial distribution
of lunar surficial H,O/OH on the lunar surface, (ii) the strength of the
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time-of-day—dependent variations of the density of surficial H,O/OH,
and (iii) the relevance of the mechanism of solar wind proton adsorp-
tion as an explanation of the observed behavior of the H,O/OH absorp-
tion band depth.

RESULTS

Overview of the M® data processing framework

Here, a new set of time-of-day—dependent global maps of the lunar H,O/
OH absorption strength is presented. Our approach completely relies on
the M? level 1B radiance data set available on the PDS. The thermal emis-
sion removal has been performed on the basis of the method introduced
by Wohler et al. (5). This method relies on the thermal equilibrium-based
approach of Shkuratov et al. (18) but extends it by incorporating an
iterative adjustment of surface temperature and spectral reflectance until
both quantities have converged toward a consistent solution. Further-
more, a correction for surface roughness is applied using an approach
similar to that of Davidsson et al. (16). The Hapke model (19, 20) is used
to normalize the spectral reflectance to a uniform illumination and
viewing geometry. The effect of local topography on the reflectance
spectra is eliminated using the GLD100 topographic map (21). The spa-
tial resolution of the original M data set of 140 m per pixel (1) has been
reduced to 20 pixels per degree longitude and latitude, corresponding to
about 1.5 km at the lunar equator. The resulting normalized reflectance
spectra were then used to compute the relative H,O/OH band depth
integrated over M channels 78 to 84 between 2697 and 2936 nm (here
termed OHIBD) after division by a linear continuum fitted to M chan-
nels 74 to 77 (2537 to 2657 nm) just shortward of the H,O/OH absorp-
tion band [see the study by Wohler et al. (5) and Materials and Methods
for details on our data processing framework].

A typical M reflectance spectrum illustrating the removal of the
thermal emission component, comparing our method with that of
Clark et al. (14), is shown in Fig. 1. The shape of the mare soil reflectance
spectrum corrected with our method (Fig. 1A) is largely linear with weak
absorption bands near 1 and 2 um, whereas the highland soil reflectance
spectrum is of convex shape (Fig. 1B). This is a plausible result because
similar shapes have been measured in the laboratory for the finely grained
fractions of, for example, Apollo mare sample 10084 (22) and Apollo
highland sample 62231 (23), respectively. However, the reflectance
spectra shown in the study by Taylor et al. (22, 23) do not extend into
the wavelength range of the H,O/OH absorption band.
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Fig. 1. Typical M? reflectance spectra illustrating the removal of the thermal emission component using the surface temperature taken from the PDS and
obtained with our method, respectively. (A) Mare surface (12.64°E, 20.00°N; local time, 12:45). (B) Highland surface (167.90°E, 20.01°N; local time, 11:32).
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Fig. 2. Global OHIBD maps in orthographic projection (9° RMS slope). The lunar nearside (central meridian 0°) and the farside (central meridian 180°) are shown in
the left and right columns, respectively. Black pixels denote missing data. (A) Morning OHIBD maps (local time, 07:00 to 08:00). (B) Midday OHIBD maps (nearside: local
time, 12:00 to 14:00; farside: local time, 10:00 to 12:00). (C) Evening OHIBD maps (local time, 16:00 to 17:00).
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Fig. 3. Regional OHIBD maps. (A) Boundary between high- and low-Ti mare basalts in western Oceanus Procellarum: Excerpt from LRO Camera (LROC) Wide-Angle Camera
(WAQ) mosaic (57), M3-based Ti wt % abundance map obtained with the method of Bhatt et al. (25), and OHIBD maps (morning, midday, and afternoon). (B) Boundary
between mare and highland areas south of the crater Pythagoras: Excerpt from LROC WAC mosaic (57) and OHIBD maps (morning, midday, and afternoon). (C) Region
around the craters Copernicus and Eratosthenes: Excerpt from LROC WAC mosaic (57) and OHIBD maps (morning, midday, and afternoon) (color coding as in Fig. 2).

Time-of-day-dependent global and regional OHIBD maps
The OHIBD maps for morning, midday, and evening illumination are
shown in Fig. 2. Given the range of wavelengths used for OHIBD esti-
mation (2697 to 2936 nm), the OHIBD values mainly characterize the
behavior of the OH absorption band at 2.82 um, but H,O also has some
influence on the OHIBD values because the 2.95-um H,O band overlaps
with that wavelength range as well.

In the lunar morning (07:00 to 08:00 in Fig. 2), the OHIBD in the il-
luminated polar highlands is higher by 20 to 30% than in the equatorial
highlands. Near the equator, a clearly nonzero highland OHIBD level can
be observed. The OHIBD in the lunar maria is lower by 10 to 15% than in
the equatorial highlands, where the lowest OHIBD values are found for
the high-Ti mare basalts, such as Mare Tranquillitatis and western
Oceanus Procellarum [see, for example, the study by Lucey et al. (24) or
Bhatt et al. (25) for lunar Ti abundance maps]. In the lunar morning, the
highest OHIBD level in mare areas can be found in Mare Crisium, Mare
Nectaris, and Mare Serenitatis. At lunar midday (12:00 to 14:00 on the
nearside and 10:00 to 12:00 on the farside in Fig. 2), there is no obvious
latitude dependence of the OHIBD. The OHIBD level in the equatorial
highlands is about 10 to 15% lower than in the morning. In the lunar maria,
low OHIBD values can be observed, where the maximal level is found in
Mare Crisium, Mare Serenitatis, and Mare Nectaris, and the lowest level is
found in the high-Ti basalts of Mare Tranquillitatis, northeastern Mare
Fecunditatis, central Mare Imbrium, and western Oceanus Procellarum.
In the lunar evening (16:00 to 17:00 in Fig. 2), the OHIBD difference between
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the equatorial and the polar highlands is similar to that in the morning. The
highland OHIBD level is similar as that in the morning, whereas the mare
OHIBD level is higher than that at midday, but about 20% lower than that
in the morning. The lowest OHIBD values are mainly found in the high-Ti
mare basalts of Mare Imbrium and Oceanus Procellarum. The time-of-
day-dependent OHIBD behavior for two selected regions, exhibiting a
boundary between high- and low-Ti mare basalts and a boundary be-
tween mare and highland areas, respectively, is shown in Fig. 3.

The relative OHIBD decrease in the illuminated polar highlands
between morning and midday corresponds to ~30%, whereas the
low-latitude highlands exhibit a nearly constant, nonzero OHIBD level.
Relatively small time-of-day-dependent OHIBD variations of ~20% are
found in Mare Crisium, Mare Nectaris, Mare Serenitatis, and the South
Pole-Aitken basin. In the high-Ti basalts of Mare Tranquillitatis and cen-
tral Mare Imbrium, the time-of-day-dependent relative OHIBD
variations are much larger and correspond to ~50 to 70%. In the high-
lands, the time-of-day-dependent OHIBD behavior is symmetric with
respect to midday, whereas it is slightly asymmetric in the lunar maria
with a difference of ~20% between the OHIBD level in the morning and
evening, that is, 1 to 2 lunar hours after sunrise and before sunset, respec-
tively. In regions at low latitudes illuminated obliquely in the morning
and evening, surface parts inclined toward the sun, thus being warmer
than even surface parts, exhibit higher OHIBD values, whereas colder
surface parts inclined away from the sun have a lower OHIBD compared
to even surfaces (Fig. 3). A similar behavior is apparent in the evening.
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However, this topography dependence of the OHIBD can only be clearly
observed for steep slopes that occur particularly in the walls of not strongly
degraded craters, such as Copernicus and Eratosthenes (Fig. 3).

DISCUSSION

Comparison with previous results

The presented observations of the time-of-day-dependent OHIBD are in
contrast to the previous results of Pieters ef al. (2), where the H,O/OH ab-
sorption depth is found to be zero at latitudes below about 50° in both mare
and highland regions. The most likely reason for this discrepancy is that the
results in the study by Pieters et al. (2) were obtained with the thermal emis-
sion removal technique of Clark (26), which can be considered a predecessor
of Clark et al. (14). In contrast to our thermal emission removal approach
(5), the methods of Clark et al. (14) and Clark (26) are based on specific
assumptions about the shape of the reflectance spectrum. Regarding the
effect of local topography near the equator under oblique illumination,
a strong inverse correlation between solar irradiance and H,O/OH
absorption depth is found in the study by McCord et al. (3) without
performing a thermal emission removal. This result of McCord et al.
(3) contradicts our observation of a (typically weak) positive correlation
between solar irradiance and OHIBD at low latitudes in the lunar morning
and evening.

In principle, it may be possible that the observed time-of-day-
dependent OHIBD variations can, in part, be attributed to the varying
time-of-day—-dependent surface temperatures. For example, spectro-
scopic analyses of asteroids indicate that the width of the broad absorp-
tion band of olivine around 1-pum wavelength increases significantly with
increasing temperature in the range of 83 to 448 K (27). A similar vari-
ation of the absorption band width around 2-um wavelength is demon-
strated in the study by Hinrichs and Lucey (28) for orthopyroxene in the
temperature range of 100 to 400 K. Spectral analyses of ordinary and car-
bonaceous chondrite meteorites, as well as eucrite and howardite samples,
show a considerable temperature dependence of the depth and position
of the absorption bands near 1 and 2 um in the temperature range of 80 to
400 K (28). However, the dependence of the spectrum of a lunar sample
in the same temperature range is shown in the study by Hinrichs and
Lucey (28) to be very weak. Analysis of the temperature dependence of
the depth, width, and integrated depth of several absorption bands of hex-
agonal H,O ice (however, not including the 3-um absorption band)
reveals strong temperature effects on all three band parameters in the
range of 20 to 270 K (29). At the lunar equator, the surface temperature
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differences between the M morning/afternoon and midday observations
may exceed 100 K. However, at high latitudes, the OHIBD variations are
stronger than near the equator, whereas the surface temperature differ-
ences are only a few tens of kelvin between morning and midday obser-
vations [for example, about 20 K on even surface at 73°S (5)] and thus
much smaller than the temperature ranges analyzed in the study by Lucey
et al. (27), Hinrichs and Lucey (28), and Grundy and Schmitt (29). Hence,
it is unlikely that the changing surface temperature has a major direct
effect on the time-of-day-dependent OHIBD variations.

Possible source and sink mechanisms for surficial water/OH
A commonly assumed mechanism for explaining the occurrence of the
lunar 3-pm H,0/OH absorption band is the adsorption of protons
from the solar wind by the regolith and the subsequent reaction with
oxygen bounded in the regolith material, leading to the formation of
surficial H,O/OH [for example, see previous studies (2, 3, 30-32)]. A
steady-state approach to estimate the atomic hydrogen (H) content in
the uppermost few 10® m of the lunar regolith is proposed in the study
by Farrell et al. (32), taking into account the adsorption of solar wind
protons as a H source and temperature-dependent diffusion (evaporation)
asa H sink [reactions between H and O atoms as an additional H sink (31)
are not considered]. The equilibrium condition for the validity of the sta-
tionary solution obtained in the study by Farrell et al. (32) is met best at
lunar midday, when the illumination angle and, thus, the solar wind in-
tensity and the surface temperature change only slowly. At midday, the
steady-state approach of Farrell et al. (32) predicts the density of adsorbed
H at 70° latitude to be three times higher than the H density at the equator.
Although this does not necessarily translate into the same relation between
the OH densities at 70° and 0° latitude, it is clearly inconsistent with the
OHIBD being largely latitude-independent at midday (Fig. 4). In addition,
the clearly nonzero equatorial highland OHIBD level at midday and the
weak time-of-day-dependent OHIBD variations in the equatorial high-
lands do not support the assumption of adsorption of solar wind protons
as the sole source of the 3-um H,O/OH absorption band. Furthermore,
the steady-state model of Farrell et al. (32) predicts an absolute H fraction
of only a few tenths of parts per million (ppm) at midday for latitudes
below 60°, which is much less than the range of H abundances between
about 1 and 100 ppm (10- to 1000-ppm H,O) found on the basis of near-
infrared spectroscopy in the study by Clark (33).

Here, one might consider the presence of a more strongly bounded
H,0/OH component (17, 34) in the uppermost regolith surface, which is
not subject to diffusion/thermal evaporation or photolysis, thus providing
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Fig. 4. OHIBD longitudinal profiles. (A) Highland surface west of Oceanus Procellarum. (B) Mare (western Oceanus Procellarum) and highland surface.
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a “background signal,” which is stronger for highland than for mare
surfaces. The observed OHIBD behavior could then be explained by
the additive effect of the constant strongly bounded component plus a
time-of-day-dependent variable component governed by the competing
processes of H adsorption from the solar wind (3, 30-32), diffusion/
thermal evaporation of H, OH, and H,O (5, 30-32), photolysis of OH
and H,O (5, 31, 35), and reactions between H and O atoms (31). The
relative importance of these mechanisms depends on a variety of factors
such as solar illumination conditions, surface reflectance, surface tem-
perature, and kinetic properties of the involved chemical reactions. For
example, the generally lower OHIBD level in the lunar maria compared
to the highlands might be explained by higher surface temperatures in
the lunar maria due to their lower albedo, leading to a stronger OH
diffusion. Similarly, the observation of increased OHIBD values on
more steeply illuminated warmer slopes of not strongly degraded
impact craters may be explained such that for these surfaces shortly
after sunrise and before sunset, the adsorption of H supersedes the loss
of H,O/OH caused by diffusion/thermal evaporation and photolysis.

One might expect systematic OHIBD differences between the nearside
and farside at midday due to the influence of Earth’s magnetotail plasma,
because the Moon is located inside Earth’s magnetotail for a period of time
of about 1 week around full Moon (9). The interactions between the mag-
netotail plasma and the lunar surface are of highly complex nature (36).
Figure 2B indicates that the midday OHIBD in the nearside southern
highlands around 0° longitude is lower by ~10 to 20% than the midday
OHIBD in the northern farside highlands around 180° longitude
(outside the South Pole-Aitken basin). However, this observation
should not be overinterpreted because the nearside highlands are more
strongly contaminated by material from nearby mare regions than
farside highlands and have a slightly more mafic composition (37), which
may result in a reduced OHIBD level. Further differences between
southern nearside and northern farside highlands may be due to the
presence of the ray system of the prominent crater Tycho in the south-
ern nearside highlands around the 0° meridian. These compositional
effects might also be an explanation for the observed difference in the
OHIBD level. Besides, the study Starukhina and Shkuratov (9) states
that the proton flux at the lunar surface is similar during exposition
to the solar wind and when the Moon is located inside Earth’s mag-
netotail, which would rather predict an absence of systematic
nearside versus farside OHIBD differences at lunar midday.

All in all, our results suggest that the observed near-infrared spectral
signature of lunar surficial H,O/OH can be explained by a combined
mechanism involving the presence of endogenous H,O/OH strongly
bounded by the lunar regolith, as well as processes and reactions induced
by the adsorption of protons from the solar wind by the regolith material.

MATERIALS AND METHODS

Surface temperature estimation

Our M? data processing framework relies on the level 1B spectral radi-
ance image data published on the PDS (13), which we resampled to a
resolution of 20 pixels per degree (about 1.5 km at the lunar equator).
The measured spectral radiance is a superposition of a reflected
component and a thermal emission component, where the latter has
to be subtracted from the radiance spectrum before any further analysis.
This step requires the accurate estimation of the surface temperature
and the spectral emissivity. The approach used in this work closely
follows the method of Shkuratov et al. (18), where according to the as-
sumption of thermal equilibrium and a smooth surface, the local surface
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temperature T is given by
T = Tov/ (1 — Aan) cos i (1)

where i is the solar incidence angle, Ag, is the spectrally integrated di-
rectional hemispherical albedo, and Tj is the temperature of a perfectly
absorbing surface perpendicularly illuminated by the sun. For 1-astronomical
unit solar distance, it is T = 394 K (18). The value of A 4, depends on the
well-known solar spectral irradiance and the directional-hemispherical
spectral reflectance of the surface, which can be inferred from the bi-
directional spectral reflectance, as shown in the study by Shkuratov et al.
(18), where in this work, the Hapke model (19, 20) was used for reflectance
modeling, that is, the single-scattering albedo of the Hapke model was
adapted to the measured bidirectional M” reflectances. The wavelength in-
tegral was then separated into three ranges. In the range of 461 to 2936 nm,
we used the M*-derived reflectance model to evaluate the directional-
hemispherical reflectance as defined by Hapke (20, 38). Because the re-
flectance shows a monotonously increasing behavior, a second-order
polynomial is adapted to the M>-derived reflectance. In the range of
250 to 461 nm, the measured M> spectral reflectance was extrapolated
using this polynomial. The spectral reflectance is well known to drop to
low values at longer wavelengths. We thus used a constant approximation
0f 0.016 for the directional-hemispherical reflectance in the range of 3000
to 17,000 nm. Beyond 17,000 nm, the solar spectral irradiance has been
neglected. Eventually, A4, was computed using a numerical integration
for each of the three wavelength ranges, respectively.

According to Shkuratov et al. (18), the wavelength-dependent spec-
tral emissivity is

e(d) =1—ra(d) (2)

which follows Kirchhoff’s law and has been confirmed experimentally,
for example, by Arpin et al. (39). In Eq. 2, r,g(A) is the hemispherical-
directional reflectance at wavelength A, as defined by Shkuratov et al.
(18) and Hapke (38). The thermal emission component resulting from
a black body of the surface temperature T was multiplied by the M>-
derived spectral emissivity (1) and subtracted from the spectral radi-
ance. The solar irradiance is weak in the range of 3000 to 17,000 nm,
and thus, a variation of the assumed constant spectral reflectance value
beyond 3000 nm by 0.1 has a negligible effect on Ay, and thus only
results in a change in surface temperature of the order 10~ ' K.

A division of the thermally corrected radiance spectrum by the solar
irradiance spectrum yields the bidirectional reflectance spectrum. Be-
cause the reflectance depends on the surface temperature T, an initial
value of T'was computed by adapting a superposition of a standard re-
flectance spectrum and a black body emission spectrum of temperature
T to the M data (40). On the basis of this initial value, the reflectance
was derived, and a surface temperature was computed according to
Eq. (1), which, in turn, allows for computing refined values of r,4()),
€(A), Aan, and T. Thus, T and €()) were estimated simultaneously. This
procedure is iterated until the average temperature change per iteration
cycle falls below 0.001 K. Hence, our approach ensures that, for all wave-
lengths within the M spectral range, exactly the spectral emissivity that
follows from the measured reflectance spectrum was used for thermal
emission removal in a self-consistent manner.

In particular, when the illumination of the surface is oblique, an ad-
ditional factor that has a strong effect on the surface temperature is the
roughness of the surface (7). Because of the low thermal conductivity of
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the lunar regolith, surface facets inclined away from the sun may be
much colder than nearby surface facets inclined toward the sun, such
that the surface area covered by an image pixel cannot be described by
one single temperature value but rather by a superposition of black
bodies with different temperatures (7, 16). In the study by Davidsson
et al. (16), random surfaces are constructed on the basis of four basic
shapes: concave spherical segments, parallel sinusoidal trenches, ran-
dom Gaussians, and fractals. The first two approaches do not involve
random shapes, and the parameters of the basic shapes are chosen such
that the desired root mean square (RMS) slope is obtained. For the ran-
dom Gaussian method of Davidsson et al. (16), an increasing number of
two-dimensional Gaussians with randomly chosen heights, widths, and
positions are superposed until the desired RMS slope is obtained. In the
fractals method of Davidsson et al. (16), the height-scale parameter of
an algorithm that generates fractal surfaces is adjusted until the desired
RMS slope is obtained. In contrast, we used the Fourier transform-
based method of Muinonen and Saarinen (41) and Lagerros (42), which
generates a random surface with a Gaussian autocorrelation and a
Gaussian distribution of the normal directions of the surface facets,
given the user-defined RMS slope. A summary of this method can be
found in the appendix of Wohler et al. (5). The approach of Davidsson
et al. (16) which is most similar to the method of Muinonen and
Saarinen (41) and Lagerros (42), is the fractals technique because both
yield surfaces with facets having a Gaussian distribution of surface
normal orientations. An RMS slope of 9° is found in the study by Wohler
et al. (5) based on a comparison of the spatial scale of thermal equi-
librium in the lunar regolith with the three-dimensional regolith maps
of Helfenstein and Shepard (43) constructed using in situ close-range
stereo photograph.

For computing rng(A), €(A), and Agp, the spectral behavior of lunar
surface materials was modeled using reflectance spectra from the cata-
log of the Lunar Soil Characterization Consortium (22, 23). The thermal
equilibrium-based surface temperature estimation approach was then
applied to each surface facet, and the thermal emission spectrum of the
rough surface was determined by summing up the individual emitted
radiance spectra of all facets.

Although this summed emission spectrum is composed of the emis-
sion spectra of many black bodies of different temperatures, for the tem-
perature range encountered on the lunar surface and wavelengths less
than 3000 nm (roughly the upper limit of the M wavelength range), a
close approximation across the wavelength range shortward of 3 um by
the emission spectrum of a single black body with an effective tempera-
ture Tegis possible, as shown in Fig. 5. The differences between T, and
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the temperature T of a smooth surface with the same spectral behavior
illuminated at the same incidence angle were stored as a correction
function depending on the average surface albedo and the incidence an-
gle (5). The final correction of the M level 1B radiance data for thermal
emission was then performed on the basis of the obtained pixel-wise
spectral emissivity €(A) and effective temperature Teg.

The RMS slope has been derived in the study by Bandfield et al. (7)
by comparison between modeled temperatures and data of the LRO Di-
viner instrument, relying on four equatorial locations situated at lati-
tudes less than 6°. For equatorial morning and afternoon local times
shortly after 06:00 and shortly before 18:00, an RMS slope of 5° to
10° has been obtained in the study by Bandfield et al. (7), whereas
around midday (09:00 to 15:00), the estimated RMS slope is larger
and corresponds to 20° (7). Because the RMS slope is a purely geometric
quantity, this dependence of RMS slope on incidence angle is un-
expected. However, at the small incidence angles at lunar midday, the
roughness-related brightness temperature differences modeled in the
study by Bandfield et al. (7) are nearly independent of the RMS slope,
at least the analysis in the study by Bandfield et al. (7) shows that this is
the case around 10:00 to 14:00 local time, where the results of the 10°
RMS slope model fit similarly well with the observations as the results of
the 20° RMS slope model, given the measurement scatter. Hence, at il-
lumination angles under which the assumed value of the RMS slope has
a significant effect on the surface temperature and thus on the H,O/OH
absorption band depth, that is, at high latitudes and in the equatorial
morning and afternoon, the RMS slope inferred by Bandfield et al.
(7) is largely consistent with our assumed value of 9°. Only at those il-
lumination angles where the influence of the RMS slope is weak, our
assumed RMS slope is smaller than the value derived in the study by
Bandfield et al. (7).

To illustrate the effect of different RMS slope angles on our global
OHIBD maps, we have included additional global OHIBD maps for
RMS slopes of 0° and 20° in the Supplementary Materials. For high inci-
dence angles, the effective surface temperature T exceeds the tempera-
ture T of an identically illuminated smooth surface, and the difference
(Tes — T) increases with increasing RMS slope (5). The strength of the
H,0O/OH absorption band then increases with increasing RMS slope.
In this case, all facets of a smooth surface are illuminated at an identically
high incidence angle. For a rough surface, the distribution of facet nor-
mals causes half of the facets to be illuminated more steeply than a rough
surface (thus to become warmer than a smooth surface) and the other
half to be illuminated more obliquely (thus to become less warm than
a smooth surface). Because of the strong increase in the thermal emission
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Fig. 5. Comparison between the thermal emission spectrum of a surface with RMS slope of 9° (solid line) and the thermal emission of a single black body
with the best-fitting effective temperature T (dashed line). (A) Incidence angle 60°. (B) Incidence angle 75°. The emissivity was computed on the basis of the

reflectance spectrum of lunar highland sample 62231 (23).
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Fig. 6. Definition of the OHIBD parameter. (A) Part of a typical M? reflectance spectrum (12.64°E, 20.00°N; local time, 12:45) longward of 2500 nm with linear
continuum fitted to the wavelength range of 2537 to 2657 nm. (B) Continuum-removed spectrum obtained by division of the reflectance spectrum by the continuum.
The integral between M* channels 78 and 84 (2697 to 2936 nm) of the continuum-removed spectrum subtracted from 1 is shown in gray.

with the fourth power of the surface temperature, the effect of the more
steeply illuminated facets supersedes that of the more obliquely illumi-
nated facets, leading to T.g> T and increasing H,O/OH absorption band
depth with increasing RMS slope. In contrast, for low incidence angles,
T is slightly lower than T (5), such that at low latitudes at midday, the
H,O/OH absorption band depth decreases with increasing RMS slope. In
this case, for a smooth surface, all facet normals have the same small in-
cidence angle. In contrast, for a rough surface, the distribution of facet
normals causes some facets to be illuminated steeply, thus having tem-
peratures similar to T, whereas many facets are illuminated at higher in-
cidence angles, thus having temperatures below T, leading to T < T.

All in all, the maps in figs. S1 and S2 show that the global properties
of the OHIBD, especially its latitude dependence at different times of
day, remain the same, independent of the actually assumed RMS slope.
Thus, the results described in this paper do not critically depend on the
assumed specific value of the RMS slope angle.

Photometric correction

Because the spectral reflectance depends on the pixel-specific incidence
and emission angles, it is necessary to correct the reflectance spectra
photometrically, that is, to normalize them to a uniform illumination
and observation geometry to allow for a direct comparison between
spectra. To determine the local, topography-dependent incidence and
emission angles, we used the GLD100 lunar topographic map (21). The
GLD100 is well suitable for this purpose because it is mentioned in the
study by Scholten et al. (21) that the smallest structures reliably recover-
able in it have a size of about 1.5 km, corresponding to the resolution of
the resampled M spectral radiance data. The pixel-specific incidence
and emission angles were then determined on the basis of the solar il-
lumination vector and the spacecraft observation vector published on
the PDS for each M image pixel and the surface normal vector inferred
from the GLD100. On the basis of the spectral reflectance and the inci-
dence and emission angle, the spectrum of the single scattering albedo
was computed based on the Hapke model (19, 20). The model param-
eters besides the single-scattering albedo, that is, the two parameters of
the double Henyey-Greenstein single-particle scattering function (20),
the strength and width of the opposition effect [(20); see also the study
by Shkuratov et al. (44)], and the photometric roughness parameter
(19), are adopted from the first lunar solution by Warell (45). The
uniform illumination and observation geometry of 30° incidence angle
and 0° emission angle (46) was then inserted into the Hapke model to
compute the normalized reflectance spectrum, which has been used for
all analyses of this work. There exists a so-called “ground truth correc-

Wohler et al., Sci. Adv. 2017;3:e1701286 8 September 2017

tion” (47, 48), which we have not applied to the level 1B spectral radi-
ance data. It corrects for the effects of different detector temperatures.
The correction consists of a wavelength-dependent correction factor
that was designed to recover the shape of the 1-pm absorption band
of mature lunar soils. This correction factor was derived from an anal-
ysis of the continuum-removed M> spectra and a reference laboratory
spectrum (47). However, the ground truth correction has been designed
to not interfere with the spectral reflectance in the range of 2500 to
3000 nm (47). It is thus not relevant for this study and is not discussed
further. For more detailed information about the M data processing
framework, see previous studies (5, 40, 49, 50).

The midday OHIBD maps in Figs. 2 and 3 show strip-like artifacts in
the north-south direction. They are not due to OHIBD variations from
one M image to the other but result from OHIBD gradients within in-
dividual M” images in cross-track direction. Our photometric correc-
tion is based on the full Hapke model (19, 20) without simplification.
Of course, the Hapke model parameters might exhibit local deviations
from the assumed global values of Warell (45), but the strip-like artifacts
occur at midday at all latitudes and for both lunar maria and highlands.
We, thus, assume that the artifacts may likely be caused by detector-
specific effects such as detector temperature-dependent inaccuracies of
the M? flat-field correction.

Definition of the OHIBD

The definition of the OHIBD used as a measure of the H,O/OH band
depth is illustrated in Fig. 6. A linear continuum was fitted to the
normalized reflectance spectrum over M? channels 74 to 77 (2537 to
2657 nm) (Fig. 6A). Division of the reflectance spectrum by this continuum
yields the continuum-removed reflectance spectrum (Fig. 6B). Then, the
integral of the continuum-removed spectrum subtracted from 1 between
M channels 78 and 84 (2697 to 2936 nm) was computed (shown as gray
area in Fig. 6B), where contributions below and above the dotted red
line were counted as positive and negative, respectively. The OHIBD is
defined as the fraction between this integral and the rectangular area
under the dotted red line in Fig. 6B from 2697 to 2936 nm, that is

OHIBD = Ui“ <1 - %) dx} /Pmax. — Anin] (3)

where A, = 2697 nm, Ay,ax = 2936 nm, R(A) is the bidirectional spec-
tral reflectance, and c(A) is the linear continuum fitted to the wavelength
range of 2537 to 2657 nm. The OHIBD can, thus, be interpreted as an
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average relative absorption strength across the wavelength interval of
2697 to 2936 nm.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/9/e1701286/DC1

fig. S1. Global OHIBD maps in orthographic projection (0° RMS slope).

fig. S2. Global OHIBD maps in orthographic projection (20° RMS slope).
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