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Abstract Both ground based magnetometers and ionospheric radars at Earth have frequently detected Ultra
Low Frequency (ULF) fluctuations at discrete frequencies extending below one mHz‐range. Many dayside solar

wind drivers have been convincingly demonstrated as driver mechanisms. In this paper we investigate and

propose an additional, nightside generation mechanism of a low frequency magnetic field fluctuation. We

propose that the Moon may excite a magnetic field perturbation of the order of 1 nT at discrete frequencies when

it travels through the Earth's magnetotail ≈4–5 days every month. Our theoretical prediction is supported by a

case study of ARTEMIS magnetic field measurements at the lunar orbit in the Earth's magnetotail. ARTEMIS

detects statistically significant peaks in magnetic field fluctuation power at frequencies of 0.37–0.47 mHz that

are not present in the solar wind.

Plain Language Summary Throughout history, the Moon has both captivated the human mind as
well as had important practical consequences on the lives of people in coastal areas. Humans have attributed the

Full Moon to all types of things, many of which do not stand up to scientific scrutiny. Recent spacecraft

measurements have shown that the Moon has significant magnetic anomalies that are strong enough for

producing a magnetic cavity in the solar wind plasma. The Moon also has a wake structure with a strong

electrostatic potential which may act as a perturbation for the magnetic field lines. Here, by using ARTEMIS

spacecraft observations in the magnetotail, we found surprisingly that the Moon may weakly perturb the Earth's

magnetosphere when it travels through the magnetotail in about 4–5 days around the time of the Full Moon. This

effect may have been stronger in the past, when Moon was closer to the Earth and its magnetic field was

stronger.

1. Introduction

Both ground based magnetometers and ionospheric radars at Earth have frequently detected Ultra Low Frequency

(ULF) fluctuations at discrete frequencies (Samson, Harrold, et al., 1992; Samson, Wallis, et al., 1992). While it

has been reported that there may be quasi‐steady preferential frequencies (≈0.65, 1.3, 1.9, 2.6, 3.3, and 4.8 mHz)

of such discrete pulsations (Chisham & Orr, 1997; Fenrich et al., 1995; Francia & Villante, 1997; Villante

et al., 2001), other statistical studies have instead reported little evidence of predominant frequencies standing out

from a continuum (Baker et al., 2003; Rae et al., 2012). Nonetheless, numerous possible sources of discrete

frequency ULF waves have been considered:

1. Magnetospheric cavity/waveguide modes between the magnetopause and a turning point (Chen & Kivel-

son, 1991; Hartinger et al., 2012; Samson, Harrold, et al., 1992; Samson, Wallis, et al., 1992)

2. Solar wind density fluctuations whose changes in solar wind dynamic pressure drive the magnetosphere

globally in a “forced breathing” mode (Di Matteo et al., 2022; Kepko et al., 2002; Viall et al., 2009)

3. Standing wave eigenmodes of the dayside magnetopause surface (Archer & Plaschke, 2015; Chen & Hase-

gawa, 1974; Plaschke et al., 2009), triggered by impulsive upstream drivers such as magnetosheath jets

(Archer et al., 2013, 2019).

In this paper we investigate a possible additional nightside generation mechanism of low amplitude magnetic field

fluctuations around the lowest reported discrete frequency ULF wave below 1 mHz. We propose, using
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ARTEMIS data and numerical simulations, that the Moon may excite weak magnetic field perturbations when it

travels through the Earth's magnetotail ≈4–5 days every month, resulting in long‐period Alfvén waves.

When the solar wind encounters Earth's magnetic field it stretches the Earth's (mostly dipolar) magnetosphere into

an elongated structure, called the magnetotail. The magnetotail divides into two lobes; field lines in the northern

lobe point generally toward the Earth, and field lines in the southern lobe point away from the Earth. Because the

magnetic fields point into opposite directions, according to Ampere's law there exists a cross‐tail current. The

plasma sheet, which contains this cross‐tail current, has denser plasma than the lobes and has a very weak

magnetic field.

In Geocentric Solar Magnetospheric (GSM) coordinates, the x‐axis points from Earth to Sun, y‐axis is perpen-

dicular to the x, z‐plane, which contains the Earth's magnetic dipole. As the Earth rotates around its axis once in

24 hr, the dipole axis (which is not aligned with the rotation axis) takes turns pointing toward the Sun and away

from the Sun. This wobble of the geo‐dipole is primarily due to this diurnal motion and makes the Earth's

magnetotail to move up and down in the z‐direction.

The Moon enters the magnetotail at about x≈ −60 RE from Earth every month, ≈2–3 days before the full Moon,

and traverses through it in ≈4–6 days. The diurnal wobble of the geodipole makes the Moon cross both the

northern and southern lobe magnetic field lines. Besides this motion, the magnetotail current sheet is prone to

various instabilities, for example, kink and sausage modes, which produce fluctuations at higher frequencies (than

the diurnal wobbling of the geodipole) at ≈10–80 mHz (≈13–100 s) and ≈50–130 mHz (≈8–20 s), respectively

(Smith et al., 1997). The presence of these higher frequency wave modes would also increase the Moon's en-

counters with the lobe field lines of different polarity. Seasonal effects may also arise due to the tilt of the Moon's

orbit relative to ecliptic plane and due to the dipole tilt direction lifting the current sheet above and below the

ecliptic.

2. A Hypothesis for the Moon Generated Magnetic Perturbation

It may sound surprising to consider that the Moon could perturb Earth's magnetic field lines when it is in the

magnetotail, as the Moon has been generally thought as an insulator. However, when embedded in the fast plasma

flow, such as solar wind, a wake‐like structure with complex plasma dynamics and properties has been observed

behind the Moon (e.g., Colburn et al., 1967; Ness et al., 1967; Spreiter et al., 1970; Whang, 1970). Recent ob-

servations by the two‐spacecraft Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon's

Interaction with the Sun (ARTEMIS) mission (Angelopoulos, 2011) show that the lunar wake can extend 12 lunar

radii (RL) behind the Moon, corresponding to about 3.3 RE (Zhang et al., 2014). In addition, it has been recently

shown that the Moon has magnetic anomalies which are capable of producing a mini‐magnetosphere when the

Moon is embedded in the solar wind flow (Wieser et al., 2010).

When the Moon is in the magnetotail it can be frequently bombarded by plasmoids and bursty bulk flows (BBFs)

that result frommagnetospheric substorm and tail reconnection dynamics (Angelopoulos et al., 2008). The typical

waiting time between substorms is about 2–4 hr (Borovsky & Yakymenko, 2017). Assuming each substorm

results in a plasmoid, the Moon could be bombarded 6 to 12 times a day by higher density plasma each day it

spends in the magnetotail. Indeed, two ARTEMIS spacecraft have observed a tailward moving plasmoids at lunar

orbit (Li et al., 2013; Nykyri et al., 2019). Periodic (>1.7 mHz) flow oscillations, likely driven by BBFs or Kelvin‐
Helmholtz waves have also been frequently observed in the magnetotail (De Spiegeleer et al., 2017) which may

also periodically impact the charged particle environment around the Moon.

The brightness of the lunar sodium exosphere is correlated with the Moon's passage through the Earth's mag-

netotail plasma sheet (Wilson et al., 2006), where the plasma ions impact the source rates of the lunar exosphere

(Sarantos et al., 2008). Results from Lunar Prospector data suggest that in the plasma sheet surface charging can

result in−600 V electrostatic potential in the night‐side of the Moon (Stubbs et al., 2007). It is therefore plausible,
that when exposed to the plasma sheet, the lunar surface can charge up resulting in some net surface charge

density. We propose that the extended lunar wake, magnetic anomaly and net surface charge density combined

with the magnetospheric dynamics and diurnal flapping motion (see Figure 1) of the magnetotail about the

charged Moon may generate a low‐frequency magnetic field oscillation on these field lines. Figure 1 shows an

illustration of the different phases (panels a–c) of the diurnal wobble of geodipole modeled after Tsyganenko 96

model (Tsyganenko, 1996) in x − z ‐plane in GSM coordinates. The magnetic perturbation along z‐direction is
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illustrated. A similar perturbation can be created along y‐direction due to the Moon's motion relative to Earth's

magnetic field. We expect this effect to be stronger when the Moon encounters the plasma sheet more frequently.

Wave behavior on a vibrating string can be expressed in terms of the wave equation, which in 1‐D can be

written as:

∂2Ψ(x, t)
∂x2

− 1
v2

∂2Ψ(x, t)
∂t2

= 0 (1)

where, v =
�������
T

m/L

:
is the wave phase speed which is a function of tension, T, and mass per unit length of the

string, m/L.

Here, we perform simple back‐of‐the‐envelope, 1‐D, calculations (similar to Sugiura and Wilson (1964)) to

evaluate the approximate frequency range of these field line resonance (FLR) frequencies in the Earth's mag-

netotail. Now, the phase speed becomes the Alfvén speed, vA = B/
�������
μ0ρ

:
, where B is the magnetic field strength,

and ρ is the mass density on the particular magnetic field line (both assumed constant here). Typical range of vA in

the magnetotail varies between few hundreds to few thousands of km/s, depending on the solar wind conditions,

how compressed the tail is and whether in the plasma sheet, tail lobes, or in the lunar wake. Assuming a typical

string length, L, the fixed‐end solution, with foot points in both ionospheres, becomes

Ψ(x, t)n = An sin(nπx/L)ei[(nπvAt/L)+ϕn] (2)

Figure 1. Top row shows an illustration of Moon produced perturbations during different phases of the diurnal wobble of the

geodipole (a–c). The magnetic field lines are modeled after the Tsyganenko 96model (Tsyganenko, 1996). TheMoon's mini‐

magnetosphere is depicted with a yellow circle at x = −60 RE . This Figure is adapted from the animation generated by
Tsyganenko at http://geo.phys.spbu.ru/tsyganenko/modeling.html. Bottom row shows the location of the Moon and two

ARTEMIS spacecraft (triangles) in the global simulation in x, zGSM‐plane with magnetic field topology color coded at different

times of the simulation. The arrows show the direction of the local magnetic field. At 02:24 UT on 12/31/2017 (d), 2 days before

the full Moon on 01/02/2018, the Moon (projected into y =0‐plane) is on field lines where the other end connects to solar wind
and the other end connects to Northern hemisphere of the Earth (marked with yellow topology). Panels (e and f) illustrate how

the Moon encounters both open (green) and closed (red) field line topologies during its traversal through the magnetotail.
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with λn = 2L/n and eigenfrequencies of fn = vA/λn = nvA/2L, where n =1, 2, 3, …, and where n = 1 corre-
sponds to the fundamental frequency.

The mixed boundary conditions, with one fixed end at the ionosphere and one open end into the solar wind, give

wavelengths λm = 4Lm/m yielding eigenfrequencies of fm = mvA/4Lm, where m is an odd‐integer, that is, m =
1,3,5,…

A single harmonic frequency can be excited on a guitar string, if the shape of the string is perturbed into a shape of

the standing wave of one of the harmonics. An entire spectrum of harmonic frequencies can be generated if the

string is being tucked or pulled and then released. Due to the Moon's motion through the magnetotail, the Moon

could potentially act as the harmonic generator at a distance x = RM from the Earth and it will encounter both

closed and open geomagnetic field lines, corresponding to field line lengths of L = 2 × RM and LM = RM, for

fixed‐end and mixed boundary conditions, respectively. When it encounters stretched, closed field lines, the

perturbation travels to the northern and southern ionosphere, and gets reflected, forming a standing wave. The

magnetic field lines that originate from higher latitudes, have longer length, and those closest to the plasma sheet

are the shortest.

For example, setting the field line length to L = 2 × 60 RE = 120 RE and choosing, (a) vA = 600 km/s would give
fn = 0.392, 0.785, 1.177 mHz for n = [1, 2, 3], respectively. If the solar wind speed doubles, or the density in-
creases by factor of 4, the dynamic pressure increases by factor of 4 and the magnetotail becomes more com-

pressed, so Alfvén speed on the field lines encountered by the Moon at higher z‐coordinate is larger, but also the

field line length increases. For example, using vA = (b) 1,000 km/s and L = 3 × 60RE, would give fn = 0.436,
0.872, 1.308 mHz. The mixed boundary condition with Lm = 60 RE, yields fm = 0.436, 1.308, 2.18 mHz, for
n = [1,3,5], respectively. In addition, the distance from Earth to the Moon is not constant. The extreme values
for the Moon distance to the Earth, when it travels through the magnetotail, can occur when the Moon is close to

perigee or apogee passage. These values typically range from 56 RE to 63.5 RE.

The n > 1 values estimated above are in the range of the reported discrete frequency ULFwaves but these could be

generated by multiple sources. The original discovery of discrete frequencies at 1.3, 1.9, 2.6–2.7, and 3.2–

3.4 mHz in the power spectrum of Doppler velocities of the HF radar were observed from local midnight to

morning sector (Samson et al., 1991). Five out of six events occurred within 5 days from the Full Moon. While

these frequencies were attributed to waveguide modes, this has been questioned due to the field line lengths and

densities required to match the observations (Allan & McDiarmid, 1993; Archer et al., 2015; Harrold &

Samson, 1992; Mann et al., 1999). At 69 degrees of latitude, most power occurred at 1.9 mHz, although the

1.3 mHz peak and even lower frequency peaks at ≈0.65 mHz and ≈0.3 mHz were visible. While multiple sources

could potentially create the higher, >1 mHz, frequencies (e.g., cavity modes or large‐wavelength KH waves), the

fundamental frequencies <0.8 mHz would be difficult to reconcile with a cavity mode for the typically observed

values of solar wind dynamic pressure. For example, dayside FLRs with frequencies > 0.8 mHz have been re-
ported (Mathie & Mann, 2000) for solar wind dynamic pressure of 0.2–0.5 nPa (about 4–5 times smaller than for

the present event), which would place the magnetosphere in an abnormally expanded state.

3. MHD Simulations of Magnetotail Dynamics

To demonstrate that the values we have chosen for the typical Alfvén speeds and field line lengths above are

appropriate, we modeled the “super Full Moon” event of 01/02/2018 with BATSRUS global MHD simulation

(Run Katariina_Nykyri_031318_1) in Community Coordinated Modeling Center (CCMC) (Tóth et al., 2005).

While the MHD simulations do not capture the self‐consistent interaction with the Moon, they can be used for

studying the motion of the virtual Moon through the magnetotail. Figures 1d–1f shows the location of the Moon

and two ARTEMIS spacecraft (triangles) in the global simulation in x, zGSM‐plane with magnetic field topology

color coded at different times of the simulation. The arrows show the direction of the local magnetic field. At

02:24 UT on 12/31/2017 (panel d), 2 days before the full Moon on 01/02/2018, the Moon (projected into y = 0‐
plane) is on field lines where one end connects to solar wind and the other end connects to Northern hemisphere of

the Earth (marked with yellow topology). The panels d–f illustrate how the Moon encounters both open and

closed field line topologies during its traversal through the magnetotail, corresponding to mixed and fixed‐end

solutions, respectively. Figures S1 and S2 in Supporting Information S1 show the ARTEMIS (THB) plasma,
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field and Alfvén‐speed measurements during 12/31/2017/21:00–1/2/2018/12:00, and Alfvén speed between 12/

30/2017/00:00 and 1/4/2018/00:00 measured by virtual spacecraft in the MHD simulation and by the ARTEMIS.

The mean measured vA by ARTEMIS (THB) during 12/31/2017/21:00–1/2/2018/12:00 is 626 km/s and the

average distance from the Moon to Earth is 55.6 RE. Both for the fixed‐end and mixed boundary conditions, this

average value of vA and the field line length of L = [2 × 55.6,55.6] RE would yield the fundamental mode
frequencies of 0.44 mHz, respectively. We also performed ray tracing calculations in the MHD simulations (see

Table S2 in Supporting Information S1) to evaluate the relative impact of the Alfvén speed variation along the

field line on the FLR frequencies.

4. ARTEMIS (THB) and Wind Power Spectral Density (PSD) Observations

Figure 2 presents power of fluctuations of magnetic field components (in GSM coordinates) as a function of

frequency between 12/31/2017/21:00 and 1/2/2018/12:00 from Wind spacecraft (shifted of ≈50 min) at top row

Figure 2. Power of fluctuations of magnetic field components (in GSM coordinates) as a function of frequency between 31 December 2017, at 21:00 UT and 2 January

2018, at 12:00 from Wind (shifted in time of ≈50 min) at top row (a) and from ARTEMIS (THEMIS‐B = THB) at the bottom row (b). In addition the power of flow
pressure fluctuations in the solar wind and the Alfvén speed fluctuations as measured by ARTEMIS in the magnetotail are shown. Panel c compares statistically significant

peaks at each component marked by black dots in panel (a) and (b). Bold values indicate the peaks that are observed both at Wind and ARTEMIS and red values the ones

detected only at ARTEMIS.
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(a) and from ARTEMIS at the bottom row (b) up to 1 mHz. In addition, the power of flow pressure fluctuations in

the solar wind and the Alfvén speed fluctuations as measured by ARTEMIS in the magnetotail are shown. We use

the spectral analysis approach of Di Matteo et al. (2021) in which a bending power law function is fitted to the

power spectral density (PSD) to identify the power background level (red line in Figures 2a and 2b). Peaks in the

PSD are considered significant when above the 95% confidence threshold (red dashed line in Figures 2a and 2b).

The ≈0.3 mHz, ≈0.64–0.69 mHz, ≈0.89–0.93 mHz peaks are present both at Wind and ARTEMIS data so these

may be driven by IMF fluctuations. However, the statistically significant peaks at 0.43, 0.37, and 0.47 mHz for the

Bx, By and Bz fluctuation power, respectively, are only detected by ARTEMIS and are very close to the theo-

retically predicted fundamental frequency of 0.44 mHz. The maximum PSD of 3.4 × 104 nT2/Hz is detected at

0.43 mHz in Bx‐fluctuations corresponding to a perturbation amplitude of 1.24 nT in the Bx component. The PSD

reached values of at 2.4 × 103 nT2/Hz at 0.37 mHz in By‐fluctuations, and 1.2 × 103 nT2/Hz at 0.47 mHz in Bz‐

fluctuations. These values correspond to perturbation amplitude of ≈0.33 nT and ≈0.21 nT, respectively.

Figure S3 in Supporting Information S1 shows that the 0.47 and 0.33 mHz PSD peaks in Bz and VA measured by

THB remain even at the 99% confidence level, while these are absent in the Wind measurements. The spectral

analysis (see Figure S4 in Supporting Information S1) of the magnetic field components and Alfvén speed in the

MHD simulation along the virtual Moon, THB and THC reveal no significant peaks at these frequencies. This

suggests there are no intrinsic global magnetospheric modes at these frequencies during this event.

The IMF or solar wind flow pressure fluctuations likely are not the direct cause of these (0.37–0.47 mHz) fre-

quencies since no significant peak occur in the corresponding PSD at Wind (see Figure 2) or at ACE (see Figure

S5 in Supporting Information S1).We also performed (see Figure S6 in Supporting Information S1) the same PSD

analysis shown in Figure 2 but using shorter 12 hr intervals (with a 30 min shift and 95% confidence level) which

revealed the same, statistically significant peaks in PSDs of Bx and By, which were not present in the solar wind.

5. Discussion and Conclusions

Figure 3 depicts how the Moon and the motion of the Lunar wake relative to the Earth's magnetotail could

generate a low frequency fluctuation on the Earth's magnetic field lines.

To estimate the magnetic field perturbation, δB, the Moon produces on magnetotail field lines with strength of B0,

we consider the change in the Alfvén speed, ΔVA, produced by the motion of the lunar wake relative to back-

ground magnetic field as follows,

δB/B0 = ΔVA/VA,0 (3)

The magnitude of the change in the Alfvén speed between the wake and the background can be calculated as,

Figure 3. A schematic showing how the relative motion of the Earth's magnetic field about the lunar wake, could create a

magnetic field perturbation, δB, proportional to the change of the Alfvén speed. The length of the lunar wake is denoted as

Δx. The lunar wake is taken into the figure and adapted from simulations by Gharaee et al. (2015).
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ΔVA = |VA,wake − VA,0| (4)

= | Bwake��������������������
μ0mpnwake

: − B0���������������
μ0mpn0

: | (5)

wheremp is the proton mass, and Bwake and nwake are the magnetic field strength and plasma number density in the

lunar wake, respectively.

Using ARTEMIS measurements after the spacecraft transit through the lunar wake (see Figure S1 and Table S1 in

Supporting Information S1), we get δB =0.99 nT, for taking B0 = 7.68 nT, n0 = 0.05/cc, Bwake = 7.82 nT,
nwake = 0.07/cc. With measurement before the spacecraft transit through the lunar wake, we obtained
δB =3.65 nT, for taking the same value for the lunar wake and ambient values of B0 = 12.5 nT and
n0 = 0.09/cc. The overall range of the estimated magnetic field perturbation, δB = 0.99 − 3.65 nT is consistent
with the wave amplitude range we obtained from the spectral analysis of the magnetic field at ARTEMIS, that is

0.21–1.24 nT.

An alternative approach to estimate the magnetic field perturbation is considering the lunar plasma interaction

with the environment of the terrestrial magnetotail. While the formation of a plasma wake during the moon

interaction with solar wind plasma has been largely discussed, the existence of a plasma wake in the magnetotail

environment has been only recently reported (Liuzzo et al., 2021). In the magnetotail, the lunar ionosphere often

exceeds by over an order of magnitude the local plasma density (Harada et al., 2013; Poppe et al., 2012; Tanaka

et al., 2009), therefore playing a significant role in the exchange of mass and momentum with the magnetospheric

plasma and in the perturbation of the magnetospheric electromagnetic fields (Cao et al., 2020). Liuzzo

et al. (2021) have also reported a case study in which alignment of the magnetic field and plasma flow made both

lunar and magnetospheric ions unable to access the lunar wake. In this situation the pressure balance is maintained

by the magnetic field only. We follow a similar approach of Liuzzo et al. (2021), who used the Simon et al. (2012)

method for complete evacuation of plasma in the lunar wake, that gives:

δB = B0( �������������
β0 + 1

:
− 1) (6)

where β0 is the ambient plasma β. Using the time intervals before and after the ARTEMIS lunar wake transit, we

obtained δB =2.16 nT for taking β0 = 0.38 before the wake transit and δB =0.40 nT for taking β0 = 0.24 after
the wake transit. The perturbation amplitudes are consistent with our previous estimates and measurements.

In this letter we have proposed a hypothesis for the generation of low frequency magnetic field fluctuations in the

lowest range of the magnetospheric discrete frequency ULF waves by the perturbation produced by the lunar

wake when it travels through the Earth's magnetotail. These preliminary results, based on classical wave theory,

ARTEMIS observations and MHD simulations, suggest that close to the lunar orbit, the Moon may produce these

≈1 nT amplitude, very low frequency magnetic field fluctuations at the frequency range of 0.37–0.47 mHz. The

Geotail spacecraft, which was located at the dusk sector, closer to Earth at (RGSE = [−11, 24, 10] RE), did observe

the same > 0.3 mHz peak that was present in the solar wind and at THB. However, it did not detect the 0.4–
0.5 mHz peak seen at THB near the Moon, suggesting that the >1 nT perturbation produced by the Moon is rather
localized in L‐shell and MLT. The amplitude and frequency range of these fluctuations is consistent with some of

the ISEE‐2 measurements of ULF waves in the tail lobe closer to Earth (Chen & Kivelson, 1991). Future work

should try map along the field line and measure these potentiallyMoon‐produced peaks at the sameMLT closer to

Earth. As the magnetic field is stronger closer to the Earth, the parallel gradient in the Alfvén speed may lead to a

strong wave reflection if the parallel wave length of Moon‐induced Alfvén wave is longer than the Alfvén speed

gradient scale. This could lead to a standing wave at a discrete driving frequency. To identify the properties of a

possible standing wave would require multi‐spacecraft measurement along the field line. This type analysis could

be properly targeted by current multi spacecraft mission concept in the magnetosphere (e.g., Kepko et al., 2022;

Retinò et al., 2022).

One lunar precession takes about 18.6 years which affects the ecliptic latitude at which the Moon crosses the

magnetotail and thus the number and duration of lunar encounters with the plasmasheet (Hapgood, 2007).

Modeling results suggest that for the period of 1960–2030, the total lunar exposure to the plasmasheet will vary
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from 10 hr per month at a minimum to 40 hr per month at the maximum (Hapgood, 2007). Therefore, it is

plausible that the lunar surface charging, and therefore the strength of the magnetic perturbation, will differ

between different times during the near 18‐year cycle. This could be tested in future statistical studies using both

space‐based and ground based magnetometers. Currently, 14+ years of ARTEMIS data exists at lunar orbit which
could be used to study the PSDs at the different fundamental frequencies and their dependence on upstream solar

wind and IMF conditions. These initial findings also highlight the need to develop numerical simulations that self‐

consistently take into account lunar wake effects in the Earth's magnetosphere.

Finally, as the Moon had a stronger magnetic field and was closer to the Earth in the past, it is interesting to

consider how strong the magnetic field perturbation produced by the Moon may have been. As the NASA sends

the first woman and the next man to the surface of the Moon in 2026, it would be useful to install Moon‐based

magnetometers at different locations on the Moon and also bring back more rock samples collected at various

depths and locations on the Moon. This would help uncover the magnetic history of the Moon and its past impact

on the Earth's magnetic field.

Data Availability Statement

The present study has utilized ARTEMIS spacecraft data and SPEDAS software (Angelopoulos et al., 2019)

which are freely available from https://spedas.org/wiki/. Magnetic field data is from the flux gate magnetometer

(Auster et al., 2008) and plasma measurements are from the electrostatic analyzer (McFadden et al., 2008).

Interplanetary magnetic field data is from the Magnetic Field Investigation (Lepping et al., 1995) and solar wind

plasma data is from the SolarWind Experiment (Ogilvie et al., 1995) onboard theWind spacecraft. This work was

carried out using the SWMF/BATSRUS tools developed at the U. of Michigan Center for Space Environment

Modeling (CSEM) and made available through the NASA CCMC at GSFC through their public Runs on Request

system (http://ccmc.gsfc.nasa.gov). The specific Run number is Katariina_Nykyri_031318_1. The data sets for

this research are available in this in‐text data citation reference (Nykyri, 2024) with the creative commons license

CCBY4.0.
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