


the uppermost surface of lunar mineral grains was suggested as one of the possible mechanisms for the formation

of OH/H2O on the lunar surface (Bandfield et al., 2018; Farrell et al., 2017; Hendrix et al., 2019; Kramer

et al., 2011; Li & Milliken, 2017; McCord et al., 2011; Pieters et al., 2009; Sunshine et al., 2009; Watson

et al., 1961; Wöhler et al., 2017). This production process has also been confirmed by lunar sample analyses and

laboratory ion irradiation experiments (Djouadi et al., 2011; Ichimura et al., 2012; Schaible & Baragiola, 2014;

Tang et al., 2012; Zeng et al., 2021).

The Moon is exposed to various plasma environments along its orbit. Although the Moon spends most of its time

in the variable solar wind, it also spends 3–5 days every month within the Earth's magnetotail, which is filled with

terrestrial magnetospheric plasma. The magnetotail ions consist of not only protons originating from the solar

wind and oxygen but also other heavier ions escaping from the Earth's ionosphere (including O� , O2
� , N� , NO� ,

etc.), which are collectively termed the Earth wind (Ozima et al., 2005). The Earth wind contents are highly

dynamic and significantly affected by geomagnetic field reversals and geomagnetic disturbances (Fu et al., 2001;

Wei et al., 2014; Yue et al., 2018). The Earth wind ions of ionospheric origin are efficiently transported to lunar

orbit along magnetic field lines and have been observed there by Kaguya, Geotail, and ARTEMIS missions (Fu

et al., 2001; Poppe et al., 2016; Seki et al., 2001; Terada et al., 2017; Zong et al., 1998). Both Chandrayaan‐1 M3

(Moon Mineralogy Mapper) and LRO LAMP (Lyman Alpha Mapping Project) observations suggest that the

lunar surface water content does not decrease when the Moon enters the magnetotail, where the solar wind is

shielded by the Earth's magnetic field (Hendrix et al., 2019; Wang et al., 2021). The Earth wind has been proposed

as a possible contributor to the lunar surface water when the Moon is in the Earth's magnetotail (Wang

et al., 2021). More recently, an association between the formation of lunar surface water during magnetotail

crossings and magnetospheric plasma sheet properties was also proposed (Li et al., 2023).

Investigation of the characteristics and possible influence of particles in the magnetotail to the production of lunar

water is very useful for us to understand the energy and mass transport in the Earth‐Moon system. Wei

et al. (2020) hypothesized that the evolution of the Earth's magnetosphere and atmosphere can be inferred by

examining the implanted particles in the lunar soil from both the nearside and farside during lunar geological

history. Except for the plasma background in the Earth wind, fast tailward and earthward ion flows from near‐

Earth and distant reconnection X lines, respectively, are also observed when the Moon passes through the

magnetotail, both of which could influence the lunar surface. Indeed, fast plasma flows in the magnetotail have

been observed within � � 66 RE < XGSM < � � 9 RE (where GSM stands for the geocentric solar magnetospheric

coordinate system), including lunar orbit by the Active Magnetospheric Particle Tracer Explorers/Ion Release

Module (AMPTE/IRM), ISEE, Geotail, Cluster, and ARTEMIS satellite measurements (Angelopoulos

et al., 1992, 1994; Baumjohann et al., 1990; Kiehas et al., 2018; Nagai et al., 1998; Zhang et al., 2015). Kiehas

et al. (2018) reported that there are many fast earthward flows emanating from beyond lunar orbit using 5 years of

ARTEMIS data, and suggested that near‐Earth and mid‐tail reconnection are equally probable to occur on either

side of the ARTEMIS down‐tail distance. In addition, hot ion flows (with energies of � 2–5 keV) were also

observed by the two THEMIS spacecraft before they inserted into lunar orbit in the distant magnetotail between

lunar orbit and � 200 RE, and an X line was identified at around � 80 RE distance (Artemyev et al., 2017). An X‐line

location beyond lunar orbit will generate fast earthward flows, which will implant into the lunar regolith and

produce a sunward‐oriented lunar wake in the magnetotail (Harnett et al., 2013; Ma et al., 2015). However, the

possible influence of earthward and tailward flows on the lunar surface water remains unanswered. An

outstanding challenge is a lack of data on the abundance of water on the lunar farside when the Moon was in the

magnetotail. This can be mitigated using physics‐based modeling and simulation, informed by available

ARTEMIS observations. Previous studies have simulated the transport of water molecules on the lunar surface by

a Monte Carlo model when the Moon is in the solar wind (Schörghofer, 2014; Schörghofer et al., 2017).

In order to answer this question, in this study, our motivation is to examine the influence of the tailward and

earthward flows on the lunar surface water molecules using a water migration model with input parameters

determined from the ARTEMIS observations. We statistically examine the occurrence rate of earthward/tailward

flows (|Vx|> 30 km/s) within the Earth's magnetosphere using measurements around the Moon by the ARTEMIS

satellite over an approximately 11‐year period from January 2011 to January 2022. Then, we investigate the

influence of the earthward/tailward flows on the lunar surface water molecules using a Monte Carlo model ac-

cording to the ARTEMIS statistical results. The rest of this paper is structured as follows: In Section 2, we present

the earthward and tailward flow events. In Section 3, we provide the statistical results of earthward/tailward flows

and the modeling results. Finally, the discussion and conclusion of this paper are provided in Section 4 and 5.
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2. Data Set and Simulation Methods

2.1. Data Set

The ARTEMIS mission (Angelopoulos, 2011; Sibeck et al., 2011) is the first dual spacecraft (ARTEMIS P1 and

P2) mission designed to conduct studies on the near‐Moon space environment along a lunar orbit. Since 2011,

these two identical probes have been orbiting the Moon with an orbital period of about 26 hr. In this study, we use

magnetic field and plasma (with energy ranges of several eV to 25 keV for ions and of several eV to 30 keV for

electrons) data from Flux Gate Magnetometer (FGM) and Electrostatic Analyzer (ESA), respectively (Auster

et al., 2008; McFadden et al., 2008), onboard ARTEMIS P1 to identify the earthward and tailward flow events in

the magnetotail lunar orbit and examine their occurrence rates and energy spectra. Over the course of a lunar orbit,

the ARTEMIS probes observe various plasma environments in the regions produced by the solar wind‐

magnetosphere interaction, such as the pristine solar wind, magnetosheath, and magnetotail. When the Moon

transits from the solar wind to the magnetosheath, the plasma ion temperature typically increases from � 10 to

� 40 eV, while the plasma velocity decreases from 400 � 500 km/s to 200� 300 km/s. The plasma ion temperature

further increases to � 1,000 eV and the plasma density decreases when the Moon crosses the magnetopause and

enters the plasma sheet in the magnetotail (Gencturk Akay et al., 2019; Liuzzo et al., 2022; Poppe et al., 2018).

Using these characteristics as criteria, we identified 136 passages of the Moon through the magnetotail from

January 2011 to January 2022.

The magnetotail near lunar orbit can be further divided into three different regions (i.e., the plasma sheet, the

plasma sheet boundary layer, and the tail lobes) depending on the ion plasma beta (beta � 2μ0nkBT = B
2, where μ0

is the vacuum permeability, n the ion number density, kB the Boltzmann constant, T the ion average temperature,

and B the magnitude of the magnetic field). The lobes are characterized by low number densities (n < 0.1 cm � 3)

and strong magnetic field (|B| � 10 nT), while the plasma sheet is characterized by high number densities

(n � 0.1 cm� 3) and weak magnetic field (|B| < 4 nT) (Liuzzo et al., 2022). Correspondingly, the plasma beta

values is typically greater than 1 in the plasma sheet, while below 0.05 in the lobes, and between these values in

the plasma sheet boundary layer.

The velocity selection criteria used in previous statistical studies of plasma flows in the near‐Earth magnetotail

vary according to the purpose of the studies. For instance, the original definition of fast bursty bulk flows (BBFs)

in the tail plasma sheet included a time segment of ion flow magnitude >100 km/s with at least one sample

>400 km/s (Angelopoulos et al., 1992, 1994; Cao et al., 2006). When investigating the average tail ion flow

patterns, a threshold of 200 km/s has often been used to divide the measurements into fast and slow flows (Chong

et al., 2022; Kissinger et al., 2012; Pitkänen et al., 2019). The same threshold has also been applied to identify

BBFs (Pitkänen et al., 2017; Zhang et al., 2016). Kiehas et al. (2018) studied the magnetotail fast flows using ion

velocity data measured by the ARTEMIS probes in the mid‐magnetotail at the lunar distance. They investigated

the occurrence of ion flows at these distances using different threshold values ranging from 100 km/s to 400 km/s.

Here, we identified the earthward flow events by using a threshold of Vx > 30 km/s for the time segments of the

ion flow, whereas the tailward flow events were selected by Vx < � 30 km/s. The implantation rate and the

implantation depth into the lunar soil grain depend on various conditions such as the energy of the incident ions,

the angle of incident ions from the target surface, and the composition of the target surface (Farrell et al., 2017).

According to the modeling of proton implantation into silica by SRIM (The Stopping and Range of Ions inMatter)

(Ziegler et al., 2010), the implantation rate of protons slower than 30 km/s is lower than 60%, and the implantation

depth of these particles is extremely shallow. Therefore, these implanted protons can thermally diffuse out

immediately and hardly contribute to water production within lunar mineral grains. The 30 km/s threshold was

selected for the flows to have a finite magnitude at their lower limit, which we consider sufficient to ensure that

the flows can implant into the lunar surface. Then, we further categorize the flow events into different subsets

using various velocity thresholds (|Vx| > 30, 100, 200, 300, 400 km/s) in order to study the occurrence rate of

flows with velocity. In addition, we use the following criteria to avoid magnetosheath samples: Ti > 300 eV and

n < 0.5 cm� 3 (Kiehas et al., 2018). The GSM coordinate system is used throughout this study. We then calculate

the median energy spectrum and mean monthly time durations of earthward and tailward flow events (|

Vx| > 30 km/s) from ARTEMIS observations.
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2.2. Simulation Method

Previous studies have simulated the transport of water molecules on the lunar surface by a Monte Carlo model

(Butler, 1997; Crider & Vondrak, 2000, 2002; Schörghofer, 2014). The transport is hypothesized to occur through

random ballistic hops between the surface and the exosphere. Here, we use the Monte Carlo model for the random

migration of water molecules on the lunar surface, which is available at github.com/nschorgh/Planetary‐Code‐

Collection (Schörghofer, 2014, 2024; Schörghofer et al., 2017).

In previous studies, the water molecules were assumed to be produced directly in the daytime sector of the Moon

by the continuous implantation of the solar wind protons (Schörghofer, 2014; Schörghofer et al., 2017). In this

work, on the other hand, we assume that the water molecules are continuously generated on the lunar nearside by

the tailward flow, while the water molecules are continuously generated on the lunar farside by the earthward flow

when the Moon is in the magnetotail. The earthward flow and tailward flow implanted on the lunar surface have a

cosine dependence with the lunar latitude and longitude. Moreover, the number of water molecules produced on

the lunar farside surface and that produced on the nearside surface are assumed to be proportional to the flux of the

earthward flow and that of the tailward flow, respectively.

As described by Schörghofer (Schörghofer, 2014; Schörghofer et al., 2017), individual water molecules on the

lunar surface are launched with Gaussian‐distributed Cartesian velocity components and thermal speeds

appropriate for the local surface temperature. The lunar surface temperature is obtained from a one‐dimensional

thermal model (Vasavada et al., 2012). Water molecules hop at high surface temperatures while they reside on the

surface at low temperatures, and temperature determines the residence time of water molecules on the surface,

which is negligible on most of the lunar dayside and very long on most of the lunar nightside. The residence time

of water molecules on the surface depends on the surface temperature T and on the adsorbate density θ (number of

H2O molecules per area), which is calculated by τ � θm = E � T ,θ � , where θm � 1019m� 2 is the value of θ required

for a complete monolayer of water molecules, E is the sublimation flux of ice as function of T and θ, T is the lunar

surface temperature, and θ is the number of water molecules per unit area (Schörghofer, 2014).

The permanently shadowed regions near lunar poles are also called cold traps or cold‐trapped regions

(Schörghofer, 2014; Schörghofer et al., 2017). In the simulation, both photo‐destruction and cold trapping by the

permanently shadowed regions on the lunar surface are considered as dominant loss mechanisms of water

molecule migration. The loss process of gravitational escape is also included in the simulation, although most

molecules cannot exceed the escape velocity of the Moon. On the lunar dayside, the water molecules are lost in

flight by photo‐destruction with a total rate of 1.26 � 10� 5 s � 1 (Crovisier, 1989). Events are scheduled and

processed until each molecule is destroyed or lost, or until its landing or launch time is beyond the next thermal

model time step (set to 1 hour), whereupon the surface temperatures are updated.

3. Identification of Earthward and Tailward Flow Events in the Magnetotail

In this study, we use magnetic field and plasma data (with energy ranges of several eV to 25 keV for ions and of

several eV to 30 keV for electrons) measured from the FGM and ESA instruments, respectively (Auster

et al., 2008; McFadden et al., 2008), onboard ARTEMIS P1 to identify the earthward and tailward flow events in

the magnetotail lunar orbit and examine their occurrence rates and energy spectra. Figure 1 shows examples of an

earthward flow event (Figures 1a–1g) and a tailward flow event (Figures 1h–1n) in the magnetotail lunar orbits

identified by using the plasma and magnetic field data obtained by the ARTEMIS P1 spacecraft. Figure 1a in-

dicates that between 13:33:09 UT and 13:37:05 UT on 11 September 2011 (denoted by two vertical pink dashed

lines), the ARTEMIS P1 detected an earthward flow event characterized by unexpected changes in the X

component of the ion velocity of up to several hundred km/s from the surroundings (where Vx � 0 km/s) at

PGSM � [ � 62.0, 12.3, � 1.0] RE. The ARTEMIS P1 also detected a tailward flow event showing abrupt changes in

the magnitude of the X component of the ion velocity (reaching up to several hundred km/s from 0 km/s) at

PGSM � [� 60.2, 10.3, 2.1] RE between 20:34:40 UT and 20:37:02 UT on 09 November 2011, which can be seen in

Figure 1g.

During each event, the X component of velocity gradually increases from zero to several hundred km/s.

Simultaneously, the ion density and temperature increase. The differential energy fluxes for ions (in the energy

range of several hundred eV to 10 keV) and electrons (in the energy range of � 100 eV to � 1 keV) both increase.
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The combined effect of the decrease in the magnitude of the magnetic field and the increase in the number density

and temperature for ions leads to an abrupt increase of the ion plasma beta, which can be seen in the last panels of

Figure 1 for both the earthward and tailward flow events.

4. Results

To exclude the effect of the spacecraft trajectory, the occurrence rates of the earthward and tailward flow events

were calculated by dividing the numbers of data points in the earthward and tailward flow events by the total

number of the data points of the ARTEMIS satellite orbits in the magnetotail, binned in 5 RE intervals in YGSM.

Figure 2 shows the occurrence rates of earthward and tailward flows according to YGSM for different velocity

thresholds (|Vx| > 30, 100, 200, 300, and 400 km/s). We find that the occurrence rate of the earthward flows is

generally higher than the tailward flows in the tail region of � 10 RE < YGSM < 10 RE when low velocities are

included (Figures 2a–2c vs. Figures 2f–2h), while the occurrence rate of the tailward flows is higher in 0 RE
< YGSM < 10 REwhen |Vx| is greater than 400 km/s (Figure 2e vs. Figure 2j). This is consistent with the results in

Kiehas et al. (2018). Kiehas et al. (2018) pointed out that the tailward flows observed by ARTEMIS originate

from the near‐Earth region, while the earthward flows observed by ARTEMIS originate from the distant tail

region. The magnetic field strength decreases with downtail distance, resulting in a lower reconnection outflow

velocity with downtail distance. Therefore, comparatively lower (higher) flow speeds in the earthward (tailward)

flows can be expected (Kiehas et al., 2018).

A comparison of the occurrence rates in the dusk sector and dawn sectors further reveals that the occurrence rate

of the earthward flows is generally higher on the dawnside at velocities of 30 km/s < Vx < 400 km/s (Figures 2a–

2d), while the occurrence rate of the earthward flows has no obvious asymmetry at velocities of Vx > 400 km/s

(Figure 2e). On the other hand, the occurrence rate of the tailward flows has no obvious asymmetry at velocities

� 200 km/s < Vx < � 30 km/s (Figures 2f and 2g), while the occurrence rate of the tailward flows at velocities of

Vx < � 200 km/s is higher on the duskside (Figures 2h–2j). Because the fast earthward flows have been suggested

to be generated via distant tail magnetic reconnection, the symmetrical occurrence rate of the high‐velocity

earthward flows indicates that the distant reconnection X line is symmetrically active both in the dusk and

dawn sectors (Kiehas et al., 2018). The occurrence rate of the tailward flows has no obvious asymmetry at low

Figure 1. Overviews of (a–g) an earthward flow event and (h–n) a tailward flow event observed by the ARTEMIS‐P1 spacecraft in the magnetotail (between pink dashed

lines). The panels from top to bottom show plasma velocity, density, temperature, ion energy spectrum, electron energy spectrum, magnetic field, and ion plasma beta.

The blue horizontal dashed line in panels a and b and panels (h and i) are horizontal zero‐lines. The dashed blue line in panels g and n indicates 0.05 and 1.
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velocity. However, the occurrence rate of the tailward flows is higher on the duskside at large velocities, which is

consistent with the result in Kiehas et al. (2018). This dawn‐dusk asymmetry may be caused by the stronger Hall

effect on the duskside, making magnetic reconnection more favorable to occur in the dusk sector (Lu et al., 2016).

Nagai et al. (1998) inferred from the Geotail measurements that a typical location of the magnetic reconnection

for substorm onsets appears in the pre‐midnight sector of the plasma sheet at � 30 RE < XGSM < � 22 RE.

Figure 2. Occurrence rates of (a–e) earthward flows and (f–j) tailward flows as a function of YGSM for different velocity

thresholds.
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Moreover, Liou et al. (2001) reported that auroral substorm onsets are more likely to occur in the pre‐midnight

sector auroral ionosphere. Their results indicate the formation of the near‐Earth X line (neutral line) in the pre‐

midnight sector, which can explain why the tailward flow appears more frequently in the duskside for larger

velocities (Figures 2h–2j).

To determine the number of protons implanted into the lunar surface to simulate both earthward and tailward flow

implantation as model inputs, we proceeded by computing the median energy spectrum for both earthward and

tailward flows (|Vx| > 30 km/s). Figure 3 shows the median (solid lines) and lower/upper quartiles (dashed lines)

of the differential number fluxes (DNFs; in units of cm� 2s� 1sr� 1 eV � 1) for ions observed during earthward flow

events (green) and the tailward flow events (blue) as a function of the energy channel. By applying

F � 2π R DNF dE (where F is the flux (in units of cm� 2s� 1), dE is the energy channel spacing (in units of eV),

and 2π represents the solid angle (in units of sr) of the hemisphere for both the tailward and earthward flows) to the

median values of DNF in different energy channels, we can obtain 1.73 � 106 cm� 2s � 1 and 1.94 � 106 cm� 2s� 1 as

the fluxes for the earthward flow and tailward flow, respectively, in the statistical manner. Since their fluxes are

basically at the same order of magnitude and each run of the model is 1 hr (update the lunar surface temperature

each hour and record each water molecule condition), we used a population of 10,000 test particles per hour as

proxies (the scaling factor is 1/360,000) for lunar water molecules produced by earthward/tailward ions due to

limited computational resource constraints, so as to study the surface distribution of water molecules and their

relative amounts on surface, in flight, and cold‐trapped in polar regions. Subsequently, we assessed the total

duration of these earthward and tailward flow events within the magnetotail. The total time duration of earthward

flow events is 14 hr per month and that of the tailward flow events is 12 hr per month. The implantation time

duration depends on the mean monthly time durations of the earthward and tailward flow events, which are

Figure 3. The differential energy spectra of the fluxes during earthward flow events (green) and the tailward flow events

(blue). The solid lines indicate the 50th percentiles (medians) and the lower/upper dashed lines indicate 25th/75th percentiles

(lower/upper quartiles).
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estimated from the ARTEMIS observations. The water molecules are assumed to be continuously produced for

14 hr by earthward flows and 12 hr by tailward flows around the full moon lunar phase (GSM‐Y equal to 0).

Based on the above results, we then substituted the ARTEMIS observations into the water molecular migration

model to explore the possible influence of the earthward and tailward flows on the lunar surficial water. The

number of water molecules was assumed according to the weights of the earthward flow and tailward flow energy

flux. The earthward and tailward flows implanted on the lunar surface when the Moon is in the magnetotail at

about � 10 RE < YGSM < 10 RE were set in the model. The earthward flow implantation time duration is set as

� 14 hr on the lunar farside surface, and tailward flow implantation time duration is set as � 12 hr on the lunar

nearside surface per month.

The distributions of lunar surface temperature and the water molecules implanted by the earthward and tailward

flows within 1 month are shown in Figures 4 and 5. We assume that the Moon is a sphere with a radius of

1,738 km. The surface density is calculated by the number of water molecules divided by the lunar surface area in

each grid cell. The first rows of Figures 4 and 5 show the initial temperature (Figures 4a and 5a), water molecules

distribution (Figures 4e and 5e), and surface density (Figures 4i and 5i) of water molecules on the lunar surface

when the Moon was just implanted by the earthward and tailward flows in the magnetotail in the first hour. The

second row of Figures 4 and 5 are temperature (Figures 4b and 5b), water molecules distribution (Figures 4f and

5f), and surface density (Figures 4h and 5h) of water molecules on the lunar surface after the Moon is implanted

for 14 and 12 hr by the earthward and tailward flows separately. We can find that most of the water molecules

produced by the earthward flows are retained on the lunar surface, while the water molecules produced by the

tailward flows migrate quickly to the morning and evening terminators. When the Moon is within the Earth's

magnetotail, the lunar farside lies in the nighttime, resulting in an extremely low surface temperature. Conse-

quently, water molecules generated by earthward flows possess insufficient energy to migrate to the exosphere

and thus remain on the surface. However, the lunar nearside is on the dayside when the Moon is in the mag-

netotail, and the surface temperature on the lunar dayside is high enough to migrate water across the surface and

the exosphere, resulting in the diffusive migration of water molecules to the morning and evening terminators.

Figure 4. The model results of water molecules produced by earthward flows. (a–d) The lunar surface temperature, (e–f) the water molecules' distribution on the lunar

surface, and (i–l) density of water molecules on the lunar surface at different times during 1 month.
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When the lunar farside is illuminated by the Sun, the water molecules begin to migrate between the surface and

exosphere. The lunar surface temperature (Figures 4c, 4d, 5c, and 5d), water molecule distributions (Figures 4g,

4h, 5g, and 5h), and surface density (Figures 4k, 4l, 5k, and 5l) after migration for half a month (354 hr) and one

month (708 hr) are shown in the third panel and fourth rows of Figures 4 and 5. We can see that the water

molecules produced by both earthward flows and tailward flows migrate to the higher‐latitude regions and to the

morning terminator, which is consistent with previous studies (Schörghofer et al., 2017).

The number of water molecules on the surface produced by earthward flows and tailward flows after migration for

1 month and 4 months are compared in Table 1. We find that the number of water molecules produced by

earthward flows and remaining on the lunar surface are � 28% higher than water molecules produced by tailward

flows and remaining after 1‐month and 4‐month migration. This indicates that the water molecules produced by

earthward flows have a higher probability of being preserved on the lunar surface even after the migration

process.

When comparing the number of cold trapped water molecules produced by earthward flows and tailward flows,

we find that water molecules produced by tailward flows and falling into the lunar polar cold traps are � 13%

higher than those produced by earthward flows and falling into the lunar polar cold traps after 1‐month of

Figure 5. The model results of water molecules produced by tailward flows. (a–d) The lunar surface temperature, (e–f) the water molecules' distribution on the lunar

surface, and (i–l) density of water molecules on the lunar surface at different times during 1 month.

Table 1

The Number Distribution of the Water Molecules Produced by the Earthward Flows and the Tailward Flows After Migration for One Month and Four Months

Water molecular produced by Time interval On surface In‐flight Cold trapped‐north Cold trapped‐south Destroyed Particles produced

Earthward flow 14h 139,795 151 2 1 51 140,000

Tailward flow 12h 53,913 45,738 404 520 19,425 120,000

Earthward flow 1 month 37,132 1,203 3,937 4,547 93,181 140,000

Tailward flow 1 month 26,935 686 4,509 5,095 82,775 120,000

Earthward flow 4 months 50,406 1,524 26,799 30,304 460,967 560,000

Tailward flow 4 months 36,217 890 25,660 28,868 388,365 480,000
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migration. The water molecules produced by the tailward flows migrating into cold trapped regions are more than

those produced by the earthward flows, which indicates that the water molecules transport is more intense on the

lunar nearside due to the higher temperature at that time. However, the water molecules produced by the

earthward flows migrating into cold trapped regions increase after 4‐months of migration because of the accu-

mulation of the water molecules produced by earthward flows. By comparing the water molecules in southern/

northern cold‐trapped regions, we find that the water molecules in the southern cold trapped region are more than

those in the northern cold trapped regions because the areal coverage of cold traps is higher in the southern polar

regions of the Moon.

5. Discussion

In this study, we focus on the lateral transport of water molecules produced by the earthward and tailward flows.

In addition to the earthward flows, high‐energy protons and heavier ions in the tailward flow will also possibly

implant into the lunar farside because of their large gyro radii. The Earth wind contains a large number of high‐

energy protons and heavy ions. And there are large variations in the energy flux spectra between and within

different flow events. The energy flux at energies higher than 4 keV is larger in earthward/tailward flow than that

in the solar wind. Schaible and Baragiola (2014) have shown in a laboratory experiment that at three specific

proton energies of 2, 5, and 10 keV hydrogen into silica and silicates, higher energy protons can produce more OH

species, and this increase was quantified as a function of fluence. This is because the high energy protons could

penetrate more deeply into the material. When comparing the column density after implanting the same fluence of

hydrogen, it is observed that the column density in olivine is notably greater than that in amorphous SiO2, which is

implanted at the same energy level. This disparity is likely attributed to the fact that in the olivine crystal enables

the hydrogen ions to penetrate more deeply into the material. This suggests that the shape of the energy spectrum

could possibly influence the production rate of water molecules. However, the effect and physical mechanism of

energetic particles and heavy ions or high‐energy electrons on lunar water formation need to be further explored

by particle irradiation experiments and simultaneous observations of lunar surface water and ambient plasma

fluxes, to find conclusive evidence in one way or the other.

The information of the evolution history of the geomagnetic dipole could be recorded in the lunar farside (Wei

et al., 2020). Prior to the Earth’s development of a dipolar magnetic field, upper atmospheric ions might

continuously escape into the interplanetary space as a result of solar wind interaction with the Earth's ionosphere.

At that time, the Earth's atmospheric ions could only implant into the lunar nearside. When the Earth's magne-

tosphere formed, the near X‐line is typically located at � 20–30 Re from the Earth and the distant X‐line is located

at around 120 Re from the Earth. The Moon enters the magnetosphere at 60 Re, which is in the middle of two

X‐lines where the lunar nearside soil will be implanted by the tailward flows produced from the near X‐line, and

the lunar farside soil will be implanted by the earthward flows produced from the distant X‐line. In this case, the

lunar soil should have been impacted by the Earth's atmospheric ions on both the nearside and farside. In addition,

the total time duration of earthward flow events is 14 hr per month, while that of the tailward flow events is 12 hr

per month was examined in this study. The continuous and long‐term implantation of the earthward flow onto the

lunar farside is likely to have persisted for the past several billion years. Thus, it is possible to constrain the

evolution history of Earth's magnetic field and atmospheric composition if a historical profile of those Earth's

atmospheric ions could be acquired from the lunar farside soils.

More recently, many studies have shown that the Earth's atmospheric ions were observed near the Moon. Using

Kaguya observations, Terada et al. (2017) discovered that relatively high‐energy (1–10 keV) O� ions appear only

when the Moon and Kaguya cross the plasma sheet and the lunar soil oxygen isotope ratios are well explained by

these O � ions from Earth's atmosphere. Yamauchi et al. (2024) observed low‐energy (below 1 keV) O� ions from

the Earth and suggested that these ions have a non‐negligible impact on the ion composition and the ion mass

density in the lunar plasma environment. Using the ARTEMIS observations, Poppe et al. (2016) observed

terrestrial ions in the Earth's magnetotail. Barani et al. (2024) proposed that the heavy ion population mainly

consists of O � ions with velocities � 25% more than the velocity of the concurrently observed protons at the lunar

distances. In addition, Zong et al. (1998) found earthward bursts of energetic oxygen ions in the magnetotail using

the Geotail satellite observations. The occurrence rate of these energetic oxygen ions is higher when a magnetic

storm occurs (Fu & Zong, 2006; Yue et al., 2018, 2019). These observations reveal that the plasma flows con-

taining heavy ions could reach both the nearside and farside of the Moon.
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The penetration or implantation depth into lunar soil grains primarily depends on the energy of the incident ions,

the angle of incidence, and the target surface composition. For example, this depth is typically � 20 nm for 1 keV

protons and � 30–40 nm for 10 keVO� ions (Farrell et al., 2017; Terada et al., 2017). The energy of particles in the

earthward and tailward flows is higher than that in the solar wind. Part of these particles generate water that

migrates to the polar regions. Additionally, some of the particles remain in the lunar soil because high‐energy

protons and heavy ions can implant deeper into the lunar soil. We find that the occurrence rate of the earth-

ward flows is generally higher than the tailward flows when low velocities are included. However, the occurrence

rate of the tailward flows is higher when |Vx| is greater than 400 km/s. The velocities between the earthward flows

and tailward flows are different. For the two kinds of flow speed, the implantation depths of the same ion species

energy difference are significantly different. The isotope compositions of the implanted plasma particles can be

deduced by analyzing the outermost implanted layer of a single lunar soil grain. Meanwhile, the exposure ages of

soil grain can be ascertained through an examination of its interior part (Ozima et al., 2008). Therefore, the

comprehensive isotopic analyses of soil grains from the lunar farside in the laboratory will provide decisive

evidence for whether the Earth's atmospheric ions could reach the farside of the Moon and deduce the evolution

history of the geomagnetic dipole.

6. Conclusions

In conclusion, we have investigated the possible influence of earthward flow and tailward flow events on the lunar

surficial water by using the ARTEMIS observations from January 2011 to January 2022 and a Monte Carlo

model. The occurrence rate distribution of the earthward/tailward flows (determined by Vx > 30 km/s or

Vx < � 30 km/s) in the plasma sheet has been examined. The median energy spectra of the earthward/tailward

flows were calculated. The number of water molecules was assumed according to the weights of the earthward

flow and tailward flow energy flux. The occurrence position, the time duration, and the number of water mol-

ecules produced by earthward flows and tailward flows were given by the ARTEMIS observations. We then

simulate the different influences of the earthward flow and tailward flow events on the lunar water molecules

according to aMonte Carlo model. The water molecules produced by the earthward flows implanted into the lunar

farside surface show higher stability due to the lower temperature in the nightside. The earthward flows could

produce more water on the lunar farside surface, which could migrate more to cold traps compared to the tailward

flows after a long accumulation time. The magnetotail can be used as a bridge between a planet and its moons, and

the accelerated planetary atmospheric ions into space may be implanted and preserved on its moon's surface. This

work gives a clue that the Moon's farside could record more information about the planet itself and provides

strong motivation for the sample return missions to the lunar farside, such as the Chang’E‐6 mission.
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