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Abstract

Understanding the sources of lunar water is crucial for studying the history of lunar evolution, as well as the
interaction of solar wind with the Moon and other airless bodies. Recent orbital spectral observations revealed that
the solar wind is a significant exogenous driver of lunar surficial hydration. However, the solar wind is shielded
over a period of 3-5 days per month as the Moon passes through the Earth’s magnetosphere, during which a
significant loss of hydratlon is expected. Here we report the temporal and spatial distribution of polar surficial
OH/H,0 abundance, using Chandrayaan-1 Moon Mineralogy Mapper (M?) data, which covers the regions inside/
outside the Earth’s magnetosphere. The data shows that polar surficial OH/H,0 abundance increases with latitude,
and that the probability of polar surficial OH/H,O abundance remains at the same level when in the solar wind and
in the magnetosphere by controlling latitude, composition, and lunar local time. This indicates that the OH/H,O
abundance in the polar regions may be saturated, or supplemented from other possible sources, such as Earth wind
(particles from the magnetosphere, distinct from the solar wind), which may compensate for thermal diffusion
losses while the Moon lies within the Earth’s magnetosphere. This work provides some clues for studies of planet—
moon systems, whereby the planetary wind serves as a bridge connecting the planet with its moons.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Earth—-moon system (436); Planetary magnetospheres
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1. Introduction

Understanding the sources and formation processes of lunar
water provides important information on the origin and evolution
of the Moon (and by extension, other airless planetary bodies),
including magmatic evolution, bombardment history, and solar
wind-surface interactions. Recent orbital observations and
laboratory analyses have revealed a “wet” Moon with various
forms of lunar water (Saal et al. 2008; Clark 2009; Pieters et al.
2009; Sunshine et al. 2009; Boyce et al. 2010; Colaprete et al.
2010; Gladstone et al. 2010; Greenwood et al. 2011; Hauri et al.
2011; Hui et al. 2013). These forms of water have been proposed
to come from both indigenous and exogenous sources, including
the lunar interior, comets, asteroids, the solar wind, and Earth’s
magnetosphere (Watson et al. 1961; Amold 1979; Starukhina &
Shkuratov 2000).

Evidence of water from the lunar interior was found by
laboratory analyses of lunar samples, such as pyroclastic glasses,
lunar melt inclusions, apatite grains, and anorthosites (Saal et al.
2008; McCubbin et al. 2010; Hauri et al. 2011; Hui et al. 2013;
Saal et al. 2013), and was also found in pyroclastic deposits by
orbital spectral observation (Milliken & Li 2017). In contrast,
examples of exogenous origins include the episodic delivery of
water to the Moon from meteoroids and comets (Keays et al.
1970), resulting in deuterium/hydrogen (D/H) values that differ

from lunar interior sources (Greenwood et al. 2011; Barnes et al.
2016).

Solar wind protons are considered to be another exogenous
source of water (Watson et al. 1961; Zeller et al. 1966; Starukhina
& Shkuratov 2000; Clark 2009; Pieters et al. 2009; Sunshine et al.
2009; Kramer et al. 2011; McCord et al. 2011; Hendrix et al.
2012; Farrell et al. 2015; Li & Milliken 2017; Wohler et al. 2017;
Bandfield et al. 2018). Surface water abundance has been found to
exhibit diurnal variations, which is interpreted as indicating a
dynamic balance between a continuous source from the solar
wind, and loss processes dependent on solar illumination and
surface temperature (Clark 2009; Pieters et al. 2009; Sunshine
et al. 2009; McCord et al. 2011; Farrell et al. 2015; Li &
Milliken 2017; Wohler et al. 2017). Lunar sample analyses and
laboratory ion irradiation experiments provide further evidence
that solar wind protons provide an exogenous source (Djouadi
et al. 2011; Ichimura et al. 2012; Liu et al. 2012; Schaible &
Baragiola 2014; Zhu et al. 2019). The interpretation in these
studies is that lunar water is generated by solar wind proton
implantation into the uppermost surface of lunar mineral grains,
either forming OH bonds (Zeller et al. 1966; Starukhina &
Shkuratov 2000), or generating molecular water via a combination
of other processes (Blanford et al. 1985; Zhu et al. 2019).

During about three-quarters of the lunar orbit, the Moon is
immersed in solar wind, which provides a predominant proton
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Figure 1. (A) Lunar orbit in a lunation, indicating that for 3—-5 days of every lunation, the Moon lies within the Earth’s magnetosphere, shielded from the solar wind.
(B-North C-South) Overview of lunar OH/H,O abundance (represented here by strength of 2.8 ym absorption feature) in the polar regions, derived from the M
observations from 2009 January 26 to 2009 February 23. There is no data in the blank area. Red and black bars mark the duration of the Moon’s exposure to Earth
wind and solar wind, respectively. The blue arrow indicates the M> orbital shift direction. The red rectangle indicates the Goldschmidt crater, in which lunar OH/H,0

abundance is anomalously high due to its material composition.

flux at ~1keV, along with 1%—5% alpha particles and other
heavy ions (Hundhausen 1970), depending on solar wind
speed, heliographic latitude, and solar cycle (Kasper et al.
2007). During the remaining 3-5 days of every lunation, the
Moon lies within the Earth’s magnetosphere (Figure 1(A)),
where it is shielded from most of the solar wind protons. In the
absence of other hydrogen sources, a decrease in surface
hydration would be expected, due to loss processes such as
thermal diffusion and photodissociation (Arnold 1979; Star-
ukhina & Shkuratov 2000). However, the Earth’s magneto-
sphere is not empty; it is occupied by the Earth wind, whose
ion constituents and energies are different from those of solar

wind. The particle species in the Earth wind consist of both
solar wind and terrestrial species (i.e., H", He™, 0", N3, NO™,
O;“) (Christon et al. 1994; Fu et al. 2001; Seki et al. 2001; Zong
et al. 2001; Hasegawa et al. 2004; Shi et al. 2013; Wei et al.
2014; Poppe et al. 2016). Particle fluxes are typically several
times lower than those of solar wind (Lin et al. 1995); however,
the particle energy distribution is significantly broader. There-
fore, from the standpoint of both composition and energy, the
Earth wind is not simply deflected solar wind.

Ions from the Earth wind have been detected in the vicinity
of the Moon (Terada et al. 2017). Harada et al. (2014) reported
that backscattered hydrogen energetic neutral atom (ENA) flux
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from the Moon in the Earth’s magnetosphere plasma sheet is
roughly of the same order of magnitude as that of solar wind,
which suggests that a significant amount of Earth wind can
reach the Moon. Therefore, it is worth studying whether these
ions can contribute to lunar surface hydration as an exogenous
source, similarly to solar wind.

Recently, (Cho et al. 2018; Li et al. 2018b) have shown,
based on selected low latitude (0—10 degree) areas, that lunar
surficial water can decrease when the Moon moves into the
Earth’s magnetosphere, and proposed that the lunar surface
may be shielded from the solar wind by the magnetosphere. In
their study, cases at higher latitudes were not covered, and the
potential for Earth wind as a source of lunar water was not
considered. It has been shown, however, that at high latitudes
on the lunar surface, the thermal distribution of magnetosphere
plasmas can provide hydrogen atoms to the lunar regolith
(Starukhina & Shkuratov 2000). This begs the question, which
processes are dominant from low to high latitudes when the
Moon is within or outside the Earth’s magnetosphere?

In this work, in order to examine whether Earth wind could
contribute to lunar surficial water when the Moon is in the
Earth’s magnetosphere, we study the spatial distribution (as a
function of latitude) and temporal variations (inside and outside
of the magnetosphere) of lunar water at high latitudes, based on
the Chandrayaan-1 Moon Mineralogy Mapper (M°) data,
comparing intervals when the Moon lies inside/outside the
magnetosphere.

2. Data and Methods

(1) Determining the location of the Moon (relative to Earth’s
magnetotail) using magnetic field and plasma data from the
Kaguya mission.

The Kaguya mission was a lunar polar orbiter at an altitude
of ~30 to 100 km, launched on 2007 September 14, which
crashed on the lunar surface on 2009 June 10. Kaguya’s
observations during its mission had an observation period
simultaneous with that of the Chandrayaan-1 mission. We use
the plasma and magnetic field data from the Magnetic field and
Plasma experiment (MAP) instrument (Saito et al. 2008, 2010;
Tsunakawa et al. 2010) on board the Kaguya spacecraft to
determine time intervals in which the Moon was in the Earth’s
magnetosphere during a lunation from 2009 January 26 to 2009
February 23.

(2) Mapping OH/H,O abundance based on M? spectra
before, during, and after transiting the Earth’s magnetosphere.

The M? imaging spectrometer on board the Chandrayaan-1
mission measures reflected solar light from the lunar surface,
covering visible and near-infrared wavelengths between ~460 nm
and 3000 nm. This spectral range includes absorption features
near 2.8-3 um caused by OH/H,O (Pieters et al. 2009). The M is
a “push-broom” imaging spectrometer, operated in a circular polar
orbit, and obtained data at a spatial resolution of 140 m/pixel in
Global mode from its nominal 100 km orbit.

We selected the M° data within a lunation from 2009 January
26 to 2009 February 23, while the optical period is OP1B (defined
as an approximate 3 month time span, when the solar zenith angle
at the lit-side equatorial node of the orbit was less than 45°) in
cold thermal operating conditions (Boardman et al. 2011). A list
of M? data strips are shown in Table A1l in the Appendix. During
this time interval the Moon stayed in the Earth’s magnetosphere
for several days around 2009 February 9 (the full moon period).
Lunar near-infrared (NIR) reflectance spectra are affected by the
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thermal emission radiation at wavelengths beyond 2 um,
particularly those obtained at low latitudes (Li & Milliken 2016).
While the existing thermal correction models give rise to different
results (Li & Milliken 2017; Wohler et al. 2017; Bandfield et al.
2018), in order to reduce any uncertainties introduced by thermal
correction models, only the polar regions at latitudes above 70°
are studied in this work, due to their lower temperatures (average
~280K) (Pieters et al. 2009), in which thermal residuals are
suppressed in the first-order thermal corrections of the M° data.
Any “bad” pixels with lower and flat reflectance spectra are
removed, based on their wavelength-reflectance 2D histogram.
We then calculate the relative band depth H around 2.8 yum as an
indicator of lunar surface OH/H,O abundance,

H=1-—

where R, is the average reflectance over channels of OH/H,0
absorption features between 2896 and 2936 nm, and R, is the
average reflectance over channels of 2617, 2657, and 2697 nm,
representing the reflectance continuum (Pieters et al. 2009).

(3) Controlling factors affecting OH/H,O abundance.

Previous studies suggest that lunar surficial water abundance
is dependent on various factors, such as latitude (Pieters et al.
2009; McCord et al. 2011; Li & Milliken 2017), lunar local
time (Sunshine et al. 2009; Li & Milliken 2017; Wohler et al.
2017), and surface composition (Cheek et al. 2011). In order to
study the effect of variations in the sources of lunar water, we
need to control other contributing factors. The latitude is taken
from the M° data, and the local time of the M° data is calculated
from the observation time and longitude using the SPICE
Toolkit package developed by the NASA PDS NAIF node
(Acton 1996).

We use FeO abundance obtained by the Lunar Prospector
(LP) Gamma Ray Spectrometer to locate compositionally
similar regions, as this is the only data set to completely cover
the polar regions, and is available at a spatial resolution of
0.5 degree per pixel (Lawrence et al. 2002).

(4) Averaging the differential ion energy flux distribution
before /during /after transiting Earth’s magnetosphere, using
ARTEMIS data.

Having controlled the latitude, local time, and composition
that could affect OH/H,0O abundance, we then use ARTEMIS
data to study the relationship between lunar surface hydration
and the incident solar/Earth wind ion energy flux.

The ARTEMIS mission consists of a pair of identically
instrumented spacecraft in orbit around the Moon since mid-
2011 (Angelopoulos 2011; Sibeck et al. 2011). Both probes
measure the in situ low-energy ion (up to 25 keV) and electron
(up to 30keV) distributions with an electrostatic analyzer
(ESA) (McFadden et al. 2008). In the computation, we
excluded those periods when the probes traversed the lunar
nightside, in order to avoid the influence of the lunar wake, in
which the solar wind is shielded.

3. Observations

Overview maps of lunar surficial hydration at the polar
regions, derived from the M° observations from 2009 January
26 to 2009 February 23, are presented in Figures 1(B)—(C). The
interval when the Moon is in the Earth’s magnetosphere,
determined by the Kaguya MAP data (Saito et al. 2008, 2010;
Tsunakawa et al. 2010) on 2009 February, is from 2009
February 07/10:00 to 2009 February 11/05:00 (3.8 days). In
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Figure 2. OH/H,0 and FeO abundances at lunar polar regions during a lunation from 2009 January 26 to 2009 February 23, and ion energy flux distribution averaged
over five-year observations. (A-D) The probability of 2.8 um absorption depth between 0.05 and 0.20 represents the OH/H,O abundance level and mean value of
FeO represents the composition abundance level for each 5° latitude and 24 Earth hours bin. The zero epoch in the top four panels indicates full moon time during the

M? observation. The error in figures A and C is calculated by & = % * (% + g), where n is the number of pixels with an absorption depth greater than 0.05, and

N is the number of pixels with an absorption depth less than 0.2 in each bin, such that the occurrence rate for each bin is Ny = n/N. The Poisson error for event number
n is V7. Similarly, the Poisson error for event number N is ~/N. Using the propagation of error analysis according to average deviations, the uncertainty of the

2 2
normalized value for each bin is ANy = Ny (%) + (g) (2(%*%) close to zero). The error bar shown in the figure is scaled by a factor of 10. The error in

figures B and D is the standard deviation. The anomaly indicated by the blue dashed line rectangle is caused by highland materials within the Goldschmidt crater. The
gray shaded area marks the duration of the Moon’s location in the Earth’s magnetosphere, as determined by the Kaguya observations. (E-F) A superposed epoch
analysis of (E) ion spectrogram and (F) ion energy flux ~321 eV(red), ~1 keV(black), and ~4 keV(blue) as a function of lunar phase, using the five-year ARTEMIS
data from 2011 September to 2016 October, where the zero epoch in the two bottom panels indicates the full moon times, over five years of ARTEMIS observations.

general, we find that there are no significant differences in the
probability of OH/H,O abundance for intervals when the
Moon is located in the Earth’s magnetosphere and in the solar
wind. More quantitative comparison results are shown in
Figure 2 and Table A2 in the Appendix. It should be noted that
the M orbit shifted in longitude, as indicated by the blue arrow
in Figures 1(B)—(C) and A1 in the Appendix. In Figures 1(B)-
(C), the red and black bars mark the duration of the Moon’s
location in the Earth wind and the solar wind, respectively. In
Figure Al in the Appendix, the lunar surficial hydration

before /during /after transiting through the Earth’s magnetotail
are shown separately in latitude—longitude grid maps. As
shown by Figures 1(B)—(C) and Figure A1 in the Appendix, the
M? observation covered different regions when in the solar
wind and Earth wind. Thus, as mentioned in Section 2, we need
to compare the OH/H,O abundance in similar regions when
the Moon was in the solar wind or Earth wind by controlling
the surface composition, latitude, and local time.

Firstly, in order to show more clearly when the Moon was in
the magnetotail, we convert the M observation time into lunar
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day (the 28 days before and after the full moon time),
considering the fact that the average full moon position is in the
center of the magnetotail, where the Sun, Earth, and Moon are
roughly aligned. Thus, the full moon period, around which the
Moon was within the magnetosphere, are taken as the zero
epoch, with the previous and next new moon times corresp-
onding to the left- and right-hand sides. Around the full moon
period on February 9, considering the solar wind Vy to be
~10kms™ ', Vx ~ —325km s~ (Omni data) and the revolution
speed of the Earth around the Sun to be 30kms ', the
magnetotail axis deviates ~7 degrees westward. This leads to
~0.5 day right shift of the full moon position (GSE Y =0)
from the center of magnetotail in Figure 2. A sudden and large
amplitude solar wind deflection can indeed change the location
of the magnetopause. For example, during an event studied by
Shang et al. (2020), it was shown that the magnetotail was
pushed aside, exposing the full moon to the solar wind, by an
appreciable solar wind deflection (Vy/Vx ~ 200/750 km s7h.
However, we have checked the solar wind conditions during
the lunation interval studied here, and did not find any evidence
of extreme solar wind deflections, as reported by Shang et al.
(2020). Longitudinal variation with lunar day, taken from the
M? data, are shown in Figure A2 in the Appendix. It is likely
that the OH/H,0 abundance may be saturated at high latitude
(85°-90°), given the very low temperature in this region.
Therefore, we only investigated the possibility of OH/H,O
abundance varying with lunar day at latitudes from 70°-85°.
We then divided the data into three groups as a function of
latitude (70°-75°, 75°-80°, and 80°-85°) to show the spatial
distribution, using the lunar day as the horizontal axis in
Figure 2 to show the temporal variation. In so doing, we
quantitatively show the spatial and temporal variations of lunar
surface hydration, particularly those inside/outside the Earth’s
magnetosphere, using the epoch analysis in Figure 2.

In Figures 2(A) and (C), the OH/H,O data points are binned
into 5° latitude and 24 Earth hour intervals. The histogram
statistics for the absorption depth around 2.8 um at high
latitudes (70°-90°) is shown as a broad distribution in
Figure A3 in the Appendix. This figure indicates that it is not
useful to describe this data distribution using only averaged
values; we therefore calculate the probability of OH/H,O
abundance above a particular value (0.05) to represent the
OH/H,0 abundance level. As shown by Figures 1(B—C) and 2
(A and C), the lunar surface OH/H,O abundance increases
with latitude toward the polar regions, which is consistent with
previous studies (Pieters et al. 2009; McCord et al. 2011; Li &
Milliken 2017). The anomaly indicated by the rectangle in
Figure 2(A) is caused by highland materials within the
Goldschmidt crater (Pieters et al. 2009). Previous studies have
suggested lunar surface hydration dependence with composi-
tion (Pieters et al. 2009); thus we use the FeO map derived
from the Lunar Prospector Gamma Ray Spectrometer
(Lawrence et al. 2002) in the assessment of lunar hydration
variation inside/outside Earth’s magnetosphere. The average
value of FeO data in each bin is shown in Figures 2(B) and (D).
By analyzing these binned data along with the lunar day at
different latitude ranges, an overview of the spatial distribution
(latitude 70°-90°) and temporal variation (before/during/after
transiting through the magnetotail) of lunar surficial hydration
can be compiled. However, the FeO abundance for the regions
covered by the M data in the Earth’s magnetosphere does not
vary significantly. Specifically, the FeO abundance in the M>

Wang et al.

observed regions for all latitudes where the Moon was about to
enter the magnetosphere does not show a significant difference
(<0.68 wt.%, the FeO difference when the Moon was about to
enter the magnetosphere (the day before the magnetosphere)
and when the Moon about to exit the magnetosphere (the last
day in the magnetosphere) compared to the regions where the
Moon was about to exit the magnetosphere. In addition, time of
day effects can be excluded, since the M> observations were
generally conducted at the same local time in this lunation
(shown in Table A3 in the Appendix). It is found that the
probability of lunar OH/H,O abundance when inside the
Earth’s magnetosphere (gray shading in Figures 2(A) and C)
remains at nearly the same level as when the Moon is exposed
to solar wind, even taking into consideration the effects of
latitude, composition, and time of day. This can be further
quantitatively analyzed by calculating the relative frequency
(Figure A4 in the Appendix) of OH/H,O abundance (the ratio
of the number of data points in each histogram bin to the total
number of data points in the histogram), and the quartile values
(Table A2 in the Appendix) at the northern and southern polar
regions, when exposed to solar wind or Earth wind at different
latitudes, by controlling FeO abundance (6 wt.% ~ 7 wt.%) and
Iunar local time (8 am~9 am). We find that most of the
relative differences in the quartile values between the OH/H,O
abundance in the solar wind and in the Earth wind fall within
+10%, indicating that OH/H,O abundance in solar wind and
Earth wind can be considered to be at the same level.

Finally, after controlling the factors mentioned above, we
should consider another cause of variation in lunar hydration
due to proton sources. It is well known that when the Moon
passes through the Earth’s magnetosphere, solar wind incident
on the Moon vanishes. To investigate the correlation between
lunar surface hydration and the incident ion energy flux, we
computed the average differential ion energy spectrum and the
~1keV (typical hydrogen ion energy in the solar wind),
~321 eV, and ~4 keV mean values of ion energy flux incident
on the Moon as a function of lunar phase (where 0 defines “full
moon” and —14/14 indicates “new moon”) as shown in
Figure 2 E-F. We find that the incoming ~1 keV ion flux when
within the Earth’s magnetosphere is about two orders of
magnitude lower than that found during exposure to solar wind
(Figures 2(E)—(F) and Figure 4).

4. Discussion

4.1. Possible Mechanisms for Unchanged Polar Surficial
Hydration Across Magnetotail

As mentioned in the previous sections, solar wind is thought to
be a primary source for lunar global surficial OH/H,O
(Arnold 1979; Pieters et al. 2009; Sunshine et al. 2009). On the
other hand, loss mechanisms for lunar surficial water include
recombination desorption (Jones et al. 2018), thermal diffusion
(Starukhina & Shkuratov 2000; Farrell et al. 2017), sputtering
(Barghouty et al. 2011), photodissociation (Arnold 1979), and
meteoroid impact (Langevin & Arnold 1977; Zhu et al. 2019),
with recombination desorption and thermal diffusion both being
dependent on temperature (Farrell et al. 2017; Jones et al. 2018)
(see Table A4 in the Appendix for details on production and loss
processes). The above results have shown that the proton flux at
~1keV in the Earth’s magnetosphere is two orders lower than
that in the solar wind. However, based on our observations, the
probability of OH/H,O abundance at the polar regions showed no
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Figure 3. Temporal evolution of implanted hydrogen distribution with activation energy when the sources are turned off. The results are calculated using the model
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activation energy above ~0.7 eV is retained, while those with U < 0.65 eV tend to escape. (B) Initial (red) and final H (blue) distributions.

significant reduction when the Moon was in the Earth’s
magnetotail. There are several possible mechanisms to explain
these observations, including: 1) The OH/H,O is possibly
saturated when exposed to solar wind, while the loss processes
are too weak to cause notable OH/H,O variation within the
magnetotail, due to lower temperatures toward the polar regions
(Jones et al. 2018). In this case, the abundance of OH/H,O at
polar regions would not be affected by magnetotail shielding; 2)
The OH/H,O suffers larger losses due to thermal diffusion at
lower latitudes of the polar regions (Farrell et al. 2017), which
means that there should be other possible sources that can
compensate for OH/H,O abundance other than the solar wind,
such as water reservoirs in permanently shadowed regions (Farrell
et al. 2013), carbonaceous chondrite-like impactor-derived water
residing in impact melts and projectile survivors (Daly &
Schultz 2018), and Earth wind (Starukhina & Shkuratov 2000).

In terms of the first situation, which can be explained using the
kinetic and mechanistic chemical Model developed by Jones et al.
(2018), the M-OH formed via solar wind implantation is
chemically bound for its high activation energy, and OH is the
mobile molecule that produces exospheric water via second-order
recombinative desorption. At polar regions (latitude 75°-90°), the
temperature is low enough that the loss of OH/H,O due to this
recombination desorption process may be irrelevant. If so, the
OH/H,0 will stay stable and accumulate until it saturates at polar
regions (Jones et al. 2018). In this case, OH/H,0 abundance will
not be affected by the absence of solar wind protons due to
magnetotail shielding.

Soil grains on the lunar surface irradiated by solar wind protons
can produce vacancies at crystal lattice sites, leading to the
formation of amorphous rims (Keller & McKay 1997). In the
model based on the diffusion-mediated transport of chemically
trapped implanted hydrogen (Farrell et al. 2017; Tucker et al.
2019), the implanted solar wind protons can be hindered and
dwell with oxygen atoms within mineral grains, forming
permanent or metastable OH bonds which depend on their
distribution of activation energy (Farrell et al. 2017; Tucker et al.
2019). This model is based on the experimental study by Fink
et al. (1995). The solar wind hydrogen retention time depends on

both activation energy and lunar surface temperature; the
implanted hydrogen would effectively dwell within lunar minerals
in cold regions (Starukhina 2001, 2012; Farrell et al. 2015). The
OH bonds have a Gaussian distribution of activation energy, and
below a certain temperature, the OH is stable and permanent with
a subset of trapped H atoms with high activation energies;
Meanwhile, OH bound with low activation energies is metastable,
and will outgas quickly.

In this case, at the colder (i.e., higher) latitudes of polar regions,
H retention time exceeds a lunation, due to lower thermal
diffusion loss (Farrell et al. 2017). The OH/H,O will also
accumulate until saturation at polar regions, and will not be
affected by the absence of solar wind protons caused by
magnetotail shielding, which similarly to the first situation.
However, at lower latitudes in polar regions, e.g., 70°~75°, where
the temperature is ~280 K on average (Li & Milliken 2016;
Milliken & Li 2017), the retained H will decrease, with diffusive
losses caused by thermal diffusion in these conditions (Farrell
et al. 2017). When the Moon passes through the Earth’s
magnetosphere, the bulk of the solar wind is shielded. If there
were no other sources providing additional OH/H,O at the same
time, its abundance should decrease with time due to the diffusive
losses caused by thermal diffusion. The retained hydrogen in lunar
minerals can be calculated using the analytical approach given by
Farrell et al. (2017): 1) The M° temperature data, provided by Li
& Milliken (2016); Milliken & Li (2017) were used in our
residence time calculation, where the temperature measured
around 270-300K (~280K on average) between 70° N and
75° N when the Moon was about to exit the Earth’s magneto-
sphere; 2) the length of time over which the surface is warmed in
the calculation is 3.8 days (determined by the Kaguya MAP
measurements); 3) the diffusion coefficient is given by laboratory
experiments by Fink et al. (1995); 4) the activation energy
distribution is taken from Farrell et al. 2017 and Tucker et al.
2019, whose modeling results are consistent with the M°
observations. As shown in Figure 3(A), the implanted H with
activation energy above ~0.7eV is retained, while those with
activation energy U < 0.65eV tend to escape, resulting in an
overall reduction in retained H to 46% of the initially implanted
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level (Figure 3(B)). In addition, as shown by the results from the
(Farrell et al. 2017) model, the hydrogen would diffuse out of
lunar minerals when the temperature is above 200K, and be
retained when below 200 K. Hence, those regions with lower
temperatures at higher latitude would possibly be saturated, and
the lack of variation in hydration during magnetotail passage
could be explained by long residence times at low temperatures.
However, if we take into account surface loss processes other than
diffusion, such as meteorite impact (Hurley et al. 2017) and
photodissociation (Watson et al. 1961; Amold 1979), the surface
hydration may not be saturated by 200 K. This suggests that when
the solar wind is shut off, saturation is unlikely at latitudes at least
between 70° and 80° where the temperature is above 200 K.
Therefore, any observed reduction in solar wind proton flux while
the Moon lies within the Earth’s magnetosphere should produce a
significant reduction in surface water. The lack of such a reduction
in surface OH/H,O in the observations may imply that possible
sources other than solar wind might exist, e.g., large water
reservoirs at the lunar polar regions, carbonaceous chondrite-like
impactor-derived water residing in impact melts and projectile
survivors (Daly & Schultz 2018), and/or the Earth wind.

Firstly, if there are very large water reservoirs at the cold
polar trap regions, the surface OH/H,O would hardly be
affected by the lack of solar wind over a few days, and even
then, any small changes would be attributed to migration/
diffusion of the hydrated molecules. For instance, a high
abundance of water was found within the plume impact on
Cabeus crater by the Lunar Crater Observation and Sensing
Satellite (LCROSS) mission (Colaprete et al. 2010), and orbital
spectral albedo observations suggested that the water ice layers
in these craters were due to the extremely cold temperature
(Gladstone et al. 2010; Li et al. 2018a). However, the only
significant known reservoirs are highly localized and sparsely
scattered, occurring within permanently shadowed regions
inside craters. Polar water could transport from reservoirs over
a wider region and lower latitudes via micrometeoroid impact
vaporization and solar wind sputtering. However, the sparsity
of these sources is such that the source intensity from this
process is too low to fully account for the infrared (IR)
observations (Farrell et al. 2013). Another possible reservoir
might be globally distributed deeper volatiles in the lunar
regolith (Livengood et al. 2015), which may also explain our
observations. In addition, water from carbonaceous chondrite-
like impactors, trapped in impact melts and later released by
meteorite gardening, could also provide a source for the cold
polar traps on the Moon (Daly & Schultz 2018). Although we
cannot completely rule out these possibilities, recent observa-
tions of magnetic anomalies (Kramer et al. 2011; Li & Garrick-
Bethell 2019) found some significance of exogenous sources
such as solar wind, which motivate us to consider another
explanation related to exogenous sources.

4.2. Earth Wind as a Possible Exogenous Source

Alternatively, particles from the Earth’s magnetosphere
could be an additional source in the absence of solar wind.
Starukhina & Shkuratov (2000) proposed that the Earth’s
magnetosphere can provide hydrogen atoms for the lunar
regolith in permanently shadowed regions because of the
thermal distribution of magnetosphere plasmas; Lucey (2009)
also suggested that ions from the Earth’s magnetosphere could
be a source of lunar volatiles in polar cold traps. However, to
the best of the authors’ knowledge, there are no studies to date
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that have discussed the Earth’s magnetotail particles as an
additional source for global lunar hydration. This is despite the
finding of Harada et al. (2014) that backscattered hydrogen
energetic neutral atom (ENA) flux from the Moon in the
Earth’s magnetosphere plasma sheet is roughly of the same
order of magnitude as that in the solar wind, which suggests
that a significant amount of Earth wind can reach the Moon.
Beam-like solar wind flux reaching the lunar surface decreases
with increasing latitude (Hemingway et al. 2015), but the
thermal distribution of magnetosphere plasma can provide
hydrogen atoms for the lunar regolith at high latitudes
(Starukhina & Shkuratov 2000).

Earth Wind is clearly different from solar wind in both
energy and composition. Solar wind mainly contains proton
flux at ~1keV, with 1% ~ 5% comprising alpha particles and
other heavy particles, while the Earth wind’s composition is
very dynamic, containing protons, oxygen, nitrogen ions, etc.,
at different energies. The plasma in the Earth’s magnetotail
comprises species from two sources: solar wind plasma, which
has been accelerated /heated, and cold plasma outflowing from
the earth’s upper atmosphere/ionosphere. The magnetotail
consists of several different regions, such as the plasma sheet
(with ion energy ten times higher than that of the typical solar
wind) and lobes mainly containing very cold ions from the
Earth’s upper atmosphere. In Figure 4, we plot differential
proton energy fluxes in solar wind and in Earth wind, using the
averaged 5 yr ARTEMIS ESA data. Two groups of intersection
points are obtained: the lower energy intersection points around
325-430eV, and the higher intersection around 2.5—4 keV. The
average differential proton energy fluxes with energy values
less than 325 eV or greater than 4 keV are greater in Earth wind
than in solar wind; and those with energy values between
430eV and 2.5keV are greater in solar wind.

The different variations of lunar OH/H,O abundance inside/
outside of the Earth’s magnetosphere at different latitudes may be
related to both formation and loss processes. As mentioned above,
the thermal diffusion loss rate is higher at lower latitudes because
of its higher temperature (Farrell et al. 2017). However, our
calculation above shows that the loss rate at high latitudes is not
very low, and that therefore some formation process must be
involved to maintain the same level of water abundance as in solar
wind. In solar wind, the protons have a beam-like velocity
distribution with a narrow thermal spread centered at the solar
wind bulk velocity. However, the protons in the Earth’s
magnetosphere, particularly those in the plasma sheet, have a
broad velocity distribution with a wide thermal spread (Feldman
et al. 2001; Harada et al. 2014) (see Figure 4) and a larger portion
can reach the lunar surface (Hardy et al. 1975), which may result
in more effective hydrogen delivery to high-latitude regions. In
addition, Earth wind protons at energies other than 1keV may
contribute to OH/H,O formation. Protons at higher energies can
produce more vacancies, e.g., a 30keV proton generates about
eight vacancies per incident ion (Fink et al. 1995), which can trap
more hydrogen to form OH/H,O, while the 1keV protons
dominant in solar wind can only create about two vacancies per
ion (Farrell et al. 2017). Meanwhile, high energy protons can
produce deeper vacancy sites (Djouadi et al. 2011), which may
hinder their diffusive loss. On the other hand, protons at energies
lower than 1keV are expected to be trapped more easily by
vacancies. This is because the ion-solid collision cross-section
(which describes the probability of transferring energy from ions
to a solid), is inversely proportional to the square of ion energy
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Figure 4. Differential ion energy fluxes for (A) low and (B) high energy ranges in the solar wind and in the magnetosphere, based on averaged 5 yr ARTEMIS ESA
data. The two groups of intersection points are around 325-430 eV and 2.5-4 keV. The average differential proton energy fluxes with energy values of less than

325 eV or more than 4 keV are greater in the Earth wind than in solar wind.

(Nastasi et al. 1996). Therefore, even though Earth wind proton
energy flux at ~1keV is about two orders of magnitude lower
than that of solar wind, the protons at the other two energy ranges
may provide a more efficient contribution to the formation of
OH/H,O0 inside the Earth’s magnetosphere, which may result in
the same level of lunar OH/H,O abundance inside/outside the
Earth’s magnetosphere. Thus, this study may give some clues as
to the consistency of OH/H,O abundance at the polar regions
over one lunation. Although presently there are no systematic
laboratory experiments to study the water production rate over the
full energy range covering the solar wind and the Earth wind,
Schaible & Baragiola (2014) have shown, at three specific proton
energies of 2, 5, and 10keV, that higher energy protons can
produce more water under the same fluence. This suggests that
“better” interaction energies than 1keV may exist, but may or
may not be just around the intersection ranges shown in Figure 4,
since we should also consider other factors, such as interaction
cross-sections. This needs to be studied in future theoretical
works, simulations, and laboratory experiments. Another sig-
nificant difference between the solar wind and Earth wind is the
high flux of heavy ions in the Earth wind. These heavy ions, such
as oxygen, nitrogen, and hydroxyl ions found in Earth wind might
also contribute to the OH/H,0 production process. Terrestrial
oxygen ions could flow out primarily from the polar ionosphere,
and escape to the magnetosphere (Seki et al. 2001; Zong et al.
2001; Wei et al. 2020). During some special periods, e.g., during
geomagnetically active times, the oxygen ion flux could be
enhanced, and sometimes even be comparable to the proton flux
(Fu et al. 2001). A recent study by the Kaguya spacecraft shows
that biogenic terrestrial high energy oxygen ions (1-10keV)
carried by the Earth wind could transport to the Moon and be
implanted into the surface of the lunar regolith (Terada et al.
2017). In such a case, oxygen ions in the Earth wind might
directly provide oxygen species to the OH/H,O. In the Earth’s
upper atmosphere (also that of Mars and some other planets), H,O
molecules can be photodissociated by ultraviolet radiation into
atoms and/or hydroxyl ions; and the reverse process i.e.,
recombination, can also occur (Roble 1995; Fox et al. 2015). At

this time, we cannot conclude whether similar recombination
processes take place in the lunar regolith, which is implanted by
protons, electrons, and oxygen/hydroxyl ions from the Earth
wind. This is an interesting topic for further study. Moreover,
irradiation by heavier ions with greater incident energies (Terada
et al. 2017) may add multiple vacancies more efficiently, which
might hold more implanted protons to form OH/H,O. To support
this possibility, we have carried out some SRIM calculations. The
results show that heavy ions can produce more vacancies than
protons, e.g., a 1keV oxygen ion can produce a number of
vacancies, one order of magnitude higher than a 1keV proton.
However, the precise mechanism of these processes with different
energy/flux and species of ions remain unclear, and more work
needs to be done to address this issue.

In a case study, Hendrix et al. (2019) found OH/H,O
abundance to be nearly the same at two different locations
inside/outside the Earth’s magnetosphere at a mid-latitude
region, using Lunar Reconnaissance Orbiter (LRO) Lyman-
Alpha Mapping Project (LAMP) data. On the contrary, using
the M> OP2C data from a statistical study, Li et al. (2018b)
suggested that the shielding effect of the Earth’s magneto-
sphere on the formation of the lunar surficial water is
pronounced at latitudes 60°-75° S, although this effect is
obscured at lower latitudes due to compositional variations in
the regolith. From their figures, it appears that the shielding
effect of the Earth’s magnetosphere tends to be weaker above
65°S; therefore, this does not conflict with our observations at
the polar regions. These previous works suggested that the
shielding effect is due to a significant and sudden proton flux
drop when the Moon enters the Earth’s magnetotail, based on
the M> data (Cho et al. 2018; Li et al. 2018b). However, a
decrease in OH/H,O on the lunar surface was not observed
when the Moon was in the Earth’s magnetotail (using the
LAMP data) and a migration mechanism for the distribution of
adsorbed water on the Moon was proposed (Hendrix et al.
2019). It appears that the role of particles from the Earth’s
magnetosphere has not been considered in these studies, for
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example, whether these particles are an important source of
global lunar surface hydration.

5. Conclusion and Perspective

In this study, we have 3pre:sented lunar surficial hydration
observations, using the M~ measurements of Chandrayaan-1,
and determined when the Moon was in the magnetotail using
Kaguya’s MAP data. We find that the probability of lunar
OH/H,0 abundance at polar regions when inside the Earth’s
magnetosphere remains unchanged, as compared to when the
Moon is exposed to solar wind, by means of quantitative
analysis, while controlling the effects of latitude, composition,
and time of day. Possible mechanisms for this unchanged polar
surficial hydration while the Moon lies within the Earth’s
magnetotail have been discussed. We have proposed a possible
mechanism with which to interpret the same order of
magnitude of lunar hydration inside/outside the Earth’s
magnetosphere at lower latitude polar regions where the
OH/H,0O may not be saturated, whereby the Earth wind
(particles from Earth’s magnetosphere) can act as an additional
source for global lunar hydration, based on both observations
and theoretical analysis.

As well as the Chandrayaan-1 M information, the LAMP on
board the LRO has obtained a large amount of UV spectral data
covering the entire lunar surface from 2009 to the present. This
provides an opportunity for comprehensive studies of the
spatial distribution and temporal variations of lunar water
(Hendrix et al. 2012, 2019), and could provide further evidence
in relation to its formation mechanisms. In addition, the
Chinese Chang’E-5 lunar sample-return mission is planned to
launch in late 2020, and will carry an infrared spectrometer
with a spectral range of up to 3.2 um, which could also help us
to study lunar surface water (OH/H,0). The ARTEMIS
mission will concurrently provide accurate and high-resolution
plasma data around the Moon, both in the solar wind and in the
magnetosphere.
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Appendix

Figures Al-A4 show the OH/H20 abundance before/
during/after transiting the magnetotail at polar regions, the
variation of the longitude ranges with lunar day, data point
distribution along with OH/H,O abundance in the Earth’s
magnetosphere and in the solar wind, and histogram statistics
for OH/H,O abundance in the Earth’s magnetosphere and in
the solar wind. Tables A1-A4 list the M* data strips we used in
the manuscript, quartile values of OH/H,O abundance at the
northern and southern polar regions, mean local time at the
northern and southern polar regions varying with lunar day
during a lunation from 2009 Jan 26 to 2009 Feb 23, and
production/loss processes of the OH/H,O at high latitudes
(70°-85°).
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Figure A3. Data point distribution along with OH/H2O abundance in the Earth’s magnetosphere (red line) and in the solar wind (blue line) at individual latitude
ranges (70°-75°, 75°-80°, 80°-85°) for similar local times (8 am < lct < 9 am) and FeO abundances (6 wt.% < FeO < 7 wt.%) at northern (a)—(c) and southern (d)—
(f) polar regions. The number of data points in the solar wind and magnetotail are shown in the upper right of each figure. The black dashed line notes that the

absorption depth is 0.05.
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Figure A4. Histogram statistics of OH/H,O abundance in the Earth’s magnetosphere and the solar wind. Results for data at individual latitude ranges (70°-75°, 75°-
80°, 80°-85°) for similar local times (8 am < Ict < 9 am) and FeO abundances (6 wt.% < FeO < 7 wt.%) at northern (a)—(c) and southern (d)—(f) polar regions. The
mean value and standard deviation of the OH/H,O abundance for an individual latitude range at northern and southern polar regions when in the solar wind (red) and

in the magnetotail (blue) are shown.
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Table A1
List of the M Data Strips

el

Data num Data name start time end time Moon position Central longitude (°) Local time (h) The days before(—)/after(+) the Full moon
1 M3G20090131T051413 2009 Jan 31/05:14:14 2009 Jan 31/05:20:45 Solar wind 71.16 8.92 —9.39
2 M3G20090131T091031 2009 Jan 31/09:10:32 2009 Jan 31/09:16:53 Solar wind 69.19 8.92 —9.23
3 M3G20090131T130631 2009 Jan 31/13:06:31 2009 Jan 31/13:13:00 Solar wind 67.21 8.92 —9.06
4 M3G20090201T064933 2009 Feb 01/06:49:33 2009 Feb 01/06:55:38 Solar wind 58.24 8.92 —8.33
5 M3G20090201T104533 2009 Feb 01/10:45:33 2009 Feb 01/10:51:47 Solar wind 56.21 8.92 —8.17
6 M3G20090201T144133 2009 Feb 01/14:41:33 2009 Feb 01/14:47:58 Solar wind 54.19 8.92 —8.00
7 M3G20090201T163951 2009 Feb 01/16:39:52 2009 Feb 01/16:46:03 Solar wind 53.19 8.92 —7.92
8 M3G20090201T203612 2009 Feb 01/20:36:12 2009 Feb 01/20:42:14 Solar wind 51.19 8.92 —7.75
9 M3G20090202T003211 2009 Feb 02/00:32:11 2009 Feb 02/00:38:24 Solar wind 49.22 8.92 —7.59
10 M3G20090202T042831 2009 Feb 02/04:28:32 2009 Feb 02/04:34:34 Solar wind 47.34 8.93 —7.43
11 M3G20090202T082431 2009 Feb 02/08:24:31 2009 Feb 02/08:30:44 Solar wind 45.54 8.94 —7.26
12 M3G20090202T122051 2009 Feb 02/12:20:51 2009 Feb 02/12:26:53 Solar wind 43.75 8.95 —7.10
13 M3G20090202T161651 2009 Feb 02/16:16:52 2009 Feb 02/16:23:01 Solar wind 41.96 8.97 —6.94
14 M3G20090202T201251 2009 Feb 02/20:12:51 2009 Feb 02/20:19:09 Solar wind 40.16 8.98 —6.78
15 M3G20090203T041059 2009 Feb 03/04:10:59 2009 Feb 03/04:11:23 Solar wind 35.03 8.91 —6.44
16 M3G20090203T080104 2009 Feb 03/08:01:04 2009 Feb 03/08:07:30 Solar wind 34.72 9.02 —6.28
17 M3G20090203T135512 2009 Feb 03/13:55:12 2009 Feb 03/14:01:40 Solar wind 31.91 9.03 —6.03
18 M3G20090203T175131 2009 Feb 03/17:51:31 2009 Feb 03/17:57:46 Solar wind 29.98 9.03 —5.87
19 M3G20090204T113444 2009 Feb 04/11:34:45 2009 Feb 04/11:40:13 Solar wind 20.96 9.03 —5.13
20 M3G20090204T152951 2009 Feb 04/15:29:51 2009 Feb 04/15:36:18 Solar wind 18.76 9.02 —4.97
21 M3G20090204T192552 2009 Feb 04/19:25:52 2009 Feb 04/19:32:24 Solar wind 16.47 9.00 —4.81
22 M3G20090205T031811 2009 Feb 05/03:18:11 2009 Feb 05/03:24:36 Solar wind 11.80 8.95 —4.48
23 M3G20090205T071411 2009 Feb 05/07:14:11 2009 Feb 05/07:20:43 Solar wind 9.47 8.93 —4.31
24 M3G20090205T111013 2009 Feb 05/11:10:13 2009 Feb 05/11:16:50 Solar wind 7.14 8.90 —4.15
25 M3G20090205T150614 2009 Feb 05/15:06:14 2009 Feb 05/15:12:57 Solar wind 4.82 8.88 —3.99
26 M3G20090205T190233 2009 Feb 05/19:02:33 2009 Feb 05/19:09:05 Solar wind 80.73 8.86 —3.82
27 M3G20090205T225833 2009 Feb 05/22:58:33 2009 Feb 05/23:05:13 Solar wind 193.83 8.84 —3.66
28 M3G20090206T025453 2009 Feb 06/02:54:53 2009 Feb 06,/03:01:20 Solar wind 282.20 8.83 —3.49
29 M3G20090206T065053 2009 Feb 06/06:50:53 2009 Feb 06,/06:57:28 Solar wind 319.05 8.82 —3.33
30 M3G20090206T084850 2009 Feb 06,/08:48:50 2009 Feb 06,/08:55:32 Solar wind 328.97 8.81 —3.25
31 M3G20090206T124510 2009 Feb 06/12:45:10 2009 Feb 06/12:51:39 Solar wind 340.45 8.80 —3.08
32 M3G20090206T164110 2009 Feb 06/16:41:10 2009 Feb 06/16:47:46 Solar wind 345.63 8.79 —2.92
33 M3G20090206T203710 2009 Feb 06/20:37:10 2009 Feb 06,/20:43:53 Solar wind 347.02 8.79 —2.75
34 M3G20090206T222411 2009 Feb 06/22:28:39 2009 Feb 06/22:41:56 Solar wind 346.85 8.78 —2.68
35 M3G20090207T003331 2009 Feb 07/00:33:30 2009 Feb 07,/00:39:59 Solar wind 346.25 8.78 —2.59
36 M3G20090207T061610 2009 Feb 07/06:20:50 2009 Feb 07/06:34:08 Solar wind 343.17 8.77 —2.34
37 M3G20090207T082530 2009 Feb 07/08:25:30 2009 Feb 07,/08:32:11 magnetotail 342.12 8.76 —2.26
38 M3G20090207T101751 2009 Feb 07/10:22:37 2009 Feb 07/10:35:55 magnetotail 341.06 8.76 —2.18
39 M3G20090207T121011 2009 Feb 07/12:14:56 2009 Feb 07/12:28:17 magnetotail 340.00 8.75 -2.10
40 M3G20090207T142313 2009 Feb 07/14:23:13 2009 Feb 07/14:26:19 magnetotail 337.66 8.66 —2.02
41 M3G20090207T161103 2009 Feb 07/16:11:03 2009 Feb 07/16:24:21 magnetotail 337.78 8.74 —1.94
42 M3G20090207T181550 2009 Feb 07/18:15:50 2009 Feb 07/18:22:23 magnetotail 336.68 8.73 —1.85
43 M3G20090207T200231 2009 Feb 07/20:07:04 2009 Feb 07/20:20:25 magnetotail 335.56 8.72 -1.77
44 M3G20090207T221151 2009 Feb 07/22:11:50 2009 Feb 07/22:18:27 magnetotail 334.45 8.72 —1.69
45 M3G20090207T235830 2009 Feb 08/00:03:09 2009 Feb 08/00:16:30 magnetotail 333.32 8.71 —1.61
46 M3G20090208T020750 2009 Feb 08/02:07:50 2009 Feb 08/02:14:32 magnetotail 332.18 8.70 —1.52
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Table Al
(Continued)
Data num Data name start time end time Moon position Central longitude (°) Local time (h) The days before(—)/after(+) the Full moon
47 M3G20090208T035432 2009 Feb 08/03:59:13 2009 Feb 08/04:12:34 magnetotail 331.04 8.69 —1.44
48 M3G20090208T075032 2009 Feb 08/07:55:17 2009 Feb 08,/08:08:38 magnetotail 328.73 8.67 —1.28
49 M3G20090208T100012 2009 Feb 08/10:00:11 2009 Feb 08/10:06:39 magnetotail 327.57 8.65 -1.20
50 M3G20090208T114652 2009 Feb 08/11:51:22 2009 Feb 08/12:04:41 magnetotail 326.41 8.64 —1.12
51 M3G20090208T135610 2009 Feb 08/13:56:10 2009 Feb 08/14:02:43 magnetotail 325.25 8.63 —1.03
52 M3G20090208T154251 2009 Feb 08/15:47:26 2009 Feb 08/16:00:45 magnetotail 324.06 8.62 —0.95
53 M3G20090208T175211 2009 Feb 08/17:52:10 2009 Feb 08/17:58:47 magnetotail 322.90 8.61 —0.87
54 M3G20090208T194335 2009 Feb 08/19:43:35 2009 Feb 08/19:56:49 magnetotail 321.72 8.60 -0.79
55 M3G20090208T214811 2009 Feb 08/21:48:10 2009 Feb 08/21:54:51 magnetotail 320.53 8.58 —0.71
56 M3G20090208T233940 2009 Feb 08/23:39:40 2009 Feb 08/23:52:53 magnetotail 319.32 8.57 —0.62
57 M3G20090209T014431 2009 Feb 09/01:44:30 2009 Feb 09/01:50:55 magnetotail 318.10 8.55 —0.54
58 M3G20090209T033051 2009 Feb 09/03:35:40 2009 Feb 09/03:48:57 magnetotail 316.86 8.54 —0.46
59 M3G20090209T05403 1 2009 Feb 09/05:40:30 2009 Feb 09/05:46:59 magnetotail 315.60 8.52 —0.38
60 M3G20090209T072710 2009 Feb 09/07:31:45 2009 Feb 09/07:45:01 magnetotail 314.34 8.50 —0.30
61 M3G20090209T212512 2009 Feb 09/21:25:11 2009 Feb 09/21:31:22 magnetotail 305.56 8.38 0.28
62 M3G20090210T012132 2009 Feb 10/01:21:32 2009 Feb 10/01:27:28 magnetotail 303.10 8.35 0.44
63 M3G20090210T051732 2009 Feb 10/05:17:31 2009 Feb 10/05:23:35 magnetotail 300.65 8.32 0.61
64 M3G20090210T210152 2009 Feb 10/21:01:51 2009 Feb 10/21:08:06 magnetotail 291.18 8.22 1.26
65 M3G20090211T005812 2009 Feb 11/00:58:12 2009 Feb 11/01:04:14 magnetotail 288.87 8.20 1.43
66 M3G20090211T045412 2009 Feb 11/04:54:11 2009 Feb 11/05:00:22 magnetotail 286.62 8.18 1.59
67 M3G20090211T085032 2009 Feb 11/08:50:31 2009 Feb 11/08:56:30 solar wind 284.43 8.17 1.75
68 M3G20090211T203852 2009 Feb 11/20:38:51 2009 Feb 11/20:44:49 solar wind 277.62 8.11 2.25
69 M3G20090212T003453 2009 Feb 12/00:34:52 2009 Feb 12/00:40:56 solar wind 275.30 8.09 241
70 M3G20090212T043052 2009 Feb 12/04:30:51 2009 Feb 12/04:37:04 solar wind 273.01 8.07 2.57
71 M3G20090212T082712 2009 Feb 12/08:27:11 2009 Feb 12/08:33:11 solar wind 270.83 8.06 2.74
72 M3G20090212T122313 2009 Feb 12/12:23:12 2009 Feb 12/12:29:18 solar wind 268.69 8.05 2.90
73 M3G20090212T162141 2009 Feb 12/16:21:40 2009 Feb 12/16:25:26 solar wind 266.76 8.05 3.06
74 M3G20090212T201532 2009 Feb 12/20:15:31 2009 Feb 12/20:21:33 solar wind 264.45 8.03 3.23
75 M3G20090213T001153 2009 Feb 13/00:11:52 2009 Feb 13/00:17:39 solar wind 262.27 8.01 3.39
76 M3G20090213T040732 2009 Feb 13/04:07:31 2009 Feb 13/04:13:47 solar wind 260.09 8.00 3.56
77 M3G20090213T080353 2009 Feb 13/08:03:51 2009 Feb 13/08:09:54 solar wind 257.96 7.99 3.72
78 M3G20090213T115953 2009 Feb 13/11:59:52 2009 Feb 13/12:06:02 solar wind 255.90 7.99 3.89
79 M3G20090213T155552 2009 Feb 13/15:55:51 2009 Feb 13/16:02:09 solar wind 253.90 7.99 4.05
80 M3G20090213T195213 2009 Feb 13/19:52:11 2009 Feb 13/19:58:16 solar wind 251.93 7.99 4.22
81 M3G20090213T234813 2009 Feb 13/23:48:12 2009 Feb 13/23:54:22 solar wind 249.95 7.99 4.38
82 M3G20090214T013412 2009 Feb 14/01:39:09 2009 Feb 14/01:52:26 solar wind 248.96 7.99 4.46
83 M3G20090214T034413 2009 Feb 14/03:44:12 2009 Feb 14/03:50:29 solar wind 247.97 7.99 4.54
84 M3G20090214T074247 2009 Feb 14/07:42:46 2009 Feb 14/07:46:35 solar wind 246.05 7.99 4.71

Note. The “Data num” is the number of M observations used in this work. The “Data name” is the product ID of the M instrument, which is named based on the start time of each observation, and “G” means lower-
resolution global mode data. The start time and end time indicate the M° observation time duration we selected according to the latitude. Given that the magnetopause is not as stable as modeled, we use the magnetic field
and plasma data from Kaguya in this lunation to determine whether the locations were in the solar wind or in Earth’s magnetotail.

[ Areniqaq 120z ‘(dd.1) 2€T:L06 ‘S¥ALLAT TVNINO[ TVIISAHOULSY dH]J,

‘Te 30 Suepy



THE ASTROPHYSICAL JOURNAL LETTERS, 907:L32 (17pp), 2021 February 1

Table A2
Quartile Values of OH/H,0O Abundance at Northern and Southern Polar Regions

Wang et al.

Latitude 70°-75°

Latitude 75°-80°

Latitude 80°-85°

Solar wind Earth wind Solar wind Earth wind Solar wind Earth wind
North polar 25% percentile 0.00918 0.0101 0.0120 0.0104 0.0123 0.0114
50% percentile 0.0197 0.0211 0.0249 0.0220 0.0266 0.0242
75% percentile 0.0342 0.0361 0.0424 0.0380 0.0471 0.0429
South polar 25% percentile 0.00945 0.00909 0.0104 0.00947 0.0103 0.00884
50% percentile 0.0210 0.0199 0.0224 0.0209 0.0229 0.0201
75% percentile 0.0382 0.0360 0.0398 0.0383 0.0422 0.0385
Table A3
Mean Local Time at Lunar Northern and Southern Polar Regions Varying with Lunar Day During a Lunation from 2009 January 26 to 2009 February 23
70°N- 75°N- 80°N- 70°S- 75°S- 80°S—
Lunar day 75°N 80°N 85°N 75°S 80°S 85°S
—10 8.93 8.92 8.91 8.93 8.93 8.93
-9 8.90 8.92 8.94 8.87 8.86 8.83
-8 8.90 8.92 8.97 8.79 8.76 8.70
-7 8.91 8.97 9.10 8.69 8.63 8.46
—6 8.91 8.99 9.19 8.55 8.46 8.26
=5 8.84 8.92 9.11 8.46 8.38 8.19
—4 8.73 8.80 8.97 8.41 8.34 8.17
-3 8.63 8.73 8.91 8.32 8.24 8.05
-2 8.59 8.68 8.85 8.26 8.18 8.00
-1 8.49 8.54 8.68 8.25 8.19 8.06
0 8.33 8.34 8.37 8.27 8.26 8.23
1 8.21 8.19 8.17 8.25 8.26 8.28
2 8.11 8.08 8.03 8.21 8.23 8.27
3 8.05 8.02 7.96 8.15 8.17 8.22
4 8.01 8.00 7.97 8.05 8.06 8.07
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Table A4

Production/Loss Processes of OH/H,O Abundance at High Latitudes (70°-85°)

Concentr- Production/ Remarks on the Processes
Process ation Production/Loss Rate (H,O/ m?s)  Mass Flux (g em %7 Loss Ratio Condition References Involved in This Study
Production Solar wind 750 ppm latitude 70°, regolith (Tucker et al. Consider to be the main
density 1.7 gcm >, 2019) source in the Solar wind in
implantation this paper
depth 20 nm;
Loss Recombination 0 Latitude 75°-90° (Jones et al. Recombination desorption to
desorption 2018) be irrelevant due to the low
temperature in polar region
Thermal diffusion 64% T=280K, Ar=3.8 (Farrell et al. Consider to be the main loss

sputtering

Photodesorption

Meteoroid impact
(Impact ejecta and
vaporization)

8 x 107

2.7 x 10'?

1.6 x 102

10'°

(13~32)x 107"

days,
Dy=10""m?s™!
1 keV proton flux
2 x 10"

protons m2s!

Bullialdus Crater,
>8 eV photon flux
10"2photons cm ™2 s
Gladstone Crater,

>8 eV photon flux 10'?

photons cm ™2 s
Temperature
500-5000 K

Release temperature
4000 K

2017)

(Farrell et al.
2019)

(DeSimone &
Orlando 2015)

(DeSimone &
Orlando 2014)

(Benna et al.
2019)

(Farrell et al.
2019)

process in this paper

water loss via temperature-
dependent process is faster
than the plasma and impact
environmental loss rate above
~104 K (Farrell et al. 2019).
Thus, in the discussion, we
only calculate the thermal
diffusion loss rate.

Note. Note that this is not available in previous works.
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