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Abstract. The Moon does not have a global magnetic field. However, the lunar crust contains regions of remanent 
magnetization which are strong enough to deflect and reflect a substantial part of the incoming solar wind ions. Such 
effects as lunar swirls, limb shocks, minimagnetospheres, low-frequency waves are the global processes induced by 
the local magnetic fields. In this work we investigate the correlation between local magnetic field data provided by 
the Tsunakawa model [2015], and the total particle reflection function estimated by Lue et al. [2011]. We find a spatial 
correlation coefficient between those two up to ~0.7 for the magnetic field model value at 20 km. It was found that an 
increase in the field leads to a significant increase in reflection and this dependence of the field on the reflection 
coefficient has a clear nonlinear form, which is consistent with numerical simulation results that show more intense 
scattering for stronger magnetic anomalies. For low magnetic field regions (<30 nT), the value of reflection coefficient 
is ~10-4…10-3 which corresponds to direct scattering by the Lunar surface. 
 
Introduction 
The Moon has long been considered an unmagnetized body which absorbs solar wind ions as first proposed by results 
from the Russian missions to the Moon [Dolginov et al.,1966]. However, observations of the lunar plasma 
environment by Apollo-15 and Apollo-16 in the 1970s [Fuller, 1974] surprised many as a crustal magnetization was 
detected with surface magnetic fields up to hundreds of nanoteslas [Dyal et al., 1974]. Such fields can cover regions 
of a few hundreds of km and are detectable at heights of up to ~100 km. Proposed theories of their origin are thermal 
remanent magnetization acquired during a past dynamo period (around the pre- and Nectarian period some ~4000 mln 
years ago), and the mechanism of amplification during large impacts [Hood and Artemieva, 2008].  

 

 

 
 

 

Figure 1. Total |B| at the surface using spherical 
harmonics model from [Tsunakawa et al., 2015]. 
 

Figure 2. The reflection map (log10 Ri ). Dark blue 
lanes correspond to missing data. 
 

Local magnetic structures (“Lunar Magnetic Anomalies”, LMA) are highly non-dipolar and strong enough to create 
sub-ion scale mini-magnetospheres with characteristic sizes up to tens of kilometers [Deca et al., 2014, 2018]. It has 
become possible recently to construct accurate Moon magnetic field models al low altitudes and at the surface based 
on large accumulated statistics of the magnetic field observations by such missions as Lunar Prospector (1998-1999) 
and Kaguya (2007-2009). In a study by [Purucker and Nicholas, 2010] the B field was reconstructed using ~ 2.7 
million point observations made by Lunar Prospector magnetometer at altitudes of 11-60 km and averaged over a 
period of 5 s (or ~ 9 km in orbit). Tsunakawa et al. [2015] obtained more accurate global B field maps using the 
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Surface Vector Mapping (SVM) method based on ~5 million low altitude (10-45 km) observations made during night-
side passes by the Kaguya and the Lunar Prospector spacecraft. Such detailed magnetization models are important for 
various aspects of lunar science, such as the study of lunar swirls (high-albedo surface markings), waves, instabilities, 
acceleration and deflection of solar wind plasma. 

Observations of antimoonward particles 
are found to correlate with locations of 
magnetic structures on the surface. Ion 
sensors onboard Kaguya detected 0.1% -
1% of surface-backscattered ions [Saito et 
al., 2008]. A more detailed study by the 
Chandrayaan-1 showed an increase of this 
value up to 10% on the strongest 
anomalies [Lue et al., 2011] and a 
decrease in the ENA flux formed by the 
interaction of the solar wind with lunar 
regolith [Vorburger et al., 2012; 
Bhardwaj et al., 2015]. Charged particles 
are affected by the magnetic field, leading 
to a reduction of the ENA backscattered 
component over magnetic anomalies and 
an increase of the reflected ion 
component. 
 
Methods 
In our study, we use two data sets: 1. The 

global spherical model of the lunar magnetic field based on Kaguya and Lunar Prospector [Tsunakawa et al., 2015]. 
Kaguya performed observations along polar orbits at low altitudes of 9-80 km from December 2008 to June 2009 with 
an accuracy greater than 0.05 nT and a temporal resolution of 32 Hz. The model uses the Surface Vector Mapping 
(SVM) method and provides spherical coefficients gn

m and hn
m for {n,m}<450.  

We calculated the magnetic field at a set of altitudes: {0, 0.1, 0.3, 0.5, 1, 3, 5, 8, 10, 15, 20, 30, 50} km. The grid of 
450x900 (latitude times longitude) points corresponds to a ~12 km grid resolution, being comparable in size to some 
lunar swirls. Fig. 1 presents the result for h=0 km. The reconstructed field peaks at |B|~550 nT on the surface for the 
strongest anomalies. It is important to note that the low-altitude field is most likely underestimated because the higher 
harmonics (N>450) are truncated in the model. 

The highest magnetic field intensity (718 
nT) was estimated in the region antipodal to 
the Crisium basin, while the Imbrium and 
Orientale basins showed very weak (or 
almost nonexistent) fields, in agreement with 
previous studies. The magnetic field 
magnitude reconstructed in [Tsunakawa et 
al., 2015] was higher than in [Purucker and 
Nicholas, 2010] due to a larger number of 
harmonics.  

2. The solar wind ion reflection map by 
Lue et al. [2011] based on the Chandrayaan-
1 data (see Fig. 2). The reflection coefficient 
is calculated on a grid 180˚ x 180˚ and covers 
the far-side hemisphere. The values are 
within the range -4.5<log10 Ri <0 and the 
missing data are all set to 0 and are not used 
in our study. There are visible similarities 

between those two images. Despite some irregularities in the maxima positions, the reflection coefficient indeed peaks 
above magnetic anomalies, and also correlates well with the shape of the high |B| patterns, the question which we 
study next. 
 
Correlations |B| – Ri : Entire area 
The Pearson linear correlation coefficient and the functional dependence between log10 Ri and log10 |B| are investigated 
next taking different altitudes above the surface for the |B| model. First, we consider the entire domain where Ri is 
available. |B| and Ri are re-sampled to the same grid. Right at the surface, the |B|–Ri correlation coefficient is 0.52. 

 

 
 
Figure 3. Upper right: log10 Ri. Upper left: |B|. Lower right: scatterplot 
of Ri versus |B|. A linear regression (log-log scale) is shown dashed 
line. Lower left: Altitude dependence of the |B| - Ri correlation 
coefficient. 
 

 

 
 
Figure 4. |B| - Ri correlation for an isolated anomaly. Same format 
as Fig. 3.  
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However, the |B|–Ri scatter plot (see, bottom right panel of Fig. 3) displays the presence of two distinct components: 
(1) A population for which the reflection coefficient grows with |B| as expected. (2) A flat population of Ri~10-3 

throughout the range of |B|’s which corresponds to surface (nonmagnetic) scattering of solar wind ions. 
The functional dependence of the correlation 

coefficient with altitude is also considered (see 
bottom left panel of Fig. 3). The greatest 
correlation between |B| and Ri is achieved for 
altitudes above 20…30 km, which we interpret 
as the typical vertical extent of a mini-
magnetosphere. A further decrease in the 
correlation with height might be associated 
with an exponential decay of the high-N 
spherical harmonics and the decrease of |B|. 
Hence, magnetic anomalies get 
indistinguishable in the reflection coefficient at 
these altitudes. 

 
Correlations |B| – Ri : An isolated 
anomaly area 
Next let us look at an isolated anomaly. The 
linear correlation coefficient of the smaller 

region turned out to be higher than that for the entire map, but the altitude dependence is rather different (Fig. 4, left 
bottom panel). The altitude where the correlation coefficient peaks, is at ~15 km, which may be due to a smaller 
vertical scale of the anomaly than observed in other areas of the map. 

The distribution of the reflection coefficient is visually similar to that of the entire map: there are two distinct 
components which correspond to surface reflection (constant Ri~10-3) and magnetic reflection (Ri ~ |B|a, where “a” is 
a power law index).  
 
Correlations |B| – Ri : Combined picture 
Next we display the magnetized and nonmagnetized regions on a single scatter plot. Fig. 5 shows correlations for 
high-|B| (marked by blue and red color) and low-|B| (marked by green and black color) areas. The |B|–Ri scatter plot 
(Fig. 5, bottom right panel) displays several intriguing features: 

(1) High-|B| areas have reflection coefficient which scales well with |B|. For weak surface magnitudes (<20 nT) a 
drop to ~10-3 reflection value appears, which we interpret as a lower limit for the magnetic reflection. Indeed, taking 
average solar wind parameters (~400 km/s, 1 cc and proton-electron plasma), the magnetic pressure of ~20 nT is 
sufficient to balance the dynamic pressure. Large Ri appearing for very low |B|<10 nT are likely a result of overlapping. 

(2) Low-|B| areas appear for |B|<30 nT and have relatively narrow interval of 10-4<Ri <10-3 which is nearly 
independent of |B|. Fig. 5 (bottom right panel) shows that the linear fit makes sense only for a limited uniform patch 
of surface, but larger areas apparently have a nonlinear distribution of Ri(B). After some tests we found that a 
hyperbolic tangent function might be best describing the transition from surface to anomalous values in Ri(B) plotted 
in Fig. 6. 
 
Conclusions 
In this study, we investigated correlations in 
lunar environment data provided by two 
independent data sets: the model magnetic field 
and the reflection coefficient of incident solar 
wind protons. We investigated the dependence 
of the reflection coefficient on the magnitude of 
|B| and calculated the correlation between those 
two for different regions and altitudes. 

The correlation peaks on average at ~20-30 
km which is interpreted as average height of the 
lunar mini-magnetospheres.  

Magnetic anomalies can efficiently reflect 
solar wind ions, in agreement with other 
observations and numerical simulations. The particle flux has a power law dependence for |B|>20 nT, a value which 
might be interpreted as a lower bound for the magnetic stand-off mechanism [Deca et al., 2018]. The reflection 
coefficient saturates on average at Ri~0.1-0.3 for the largest magnetic anomalies. In the small |B| limit (less than 30 
nT), the reflected flux (Ri~10-3) is nearly independent of |B| since it contains particles scattered from the lunar surface 

 

 
 
Figure 5. Typical areas plotted on a single Figure: anomalous 
and surface reflection. Same format as Fig. 3. 
 

 
 

Figure 6. Ri(B) approximation: hyperbolic tangent. 
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and not by the magnetic anomalies. However, the presence of strong reflection Ri>10-2 for |B|<<20 nT is interpreted 
as overlapping of Ri with strong but very localized areas of magnetic shielding. 
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