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Occurrence rate of ultra-low frequency waves in
the foreshock of Mercury increases with
heliocentric distance
N. Romanelli 1,2,3,4✉ & G. A. DiBraccio2

Studies of Mercury’s foreshock have analyzed in detail the properties of ultra-low frequency

waves. However, an open question remains in regards to understanding favorable conditions

for these planetary foreshocks waves. Here, we report that 0.05–0.41 Hz quasi-

monochromatic waves are mostly present under quasi-radial and relatively low intensity

Interplanetary Magnetic Field, based on 17 Mercury years of MESSENGER Magnetometer

data. These conditions are consistent with larger foreshock size and reflection of solar wind

protons, their most likely source. Consequently, we find that the wave occurrence rate

increases with Mercury’s heliocentric distance. Detection of these waves throughout Mer-

cury’s highly eccentric orbit suggests the conditions for backstreaming protons are potentially

present for all of Mercury’s heliocentric distances, despite the relatively low solar wind Alfvén

Mach number regime. These results are relevant for planetary magnetospheres throughout

the solar system, and the magnetospheres of exoplanets, and provide knowledge of particle

acceleration mechanisms occurring inside foreshocks.
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The solar wind (SW) can ideally be thought of as a plasma
that is Maxwellian. This state can be disturbed by low
frequency waves, in association with additional plasma

populations. Low frequency waves are ubiquitous in space plas-
mas and have been observed in drastically different environments
throughout the solar system. These waves can be the cause or
effect of non-Maxwellian plasma velocity distribution functions
observed in the pristine SW, as well as in solar system planetary
magnetosheaths, ionospheres and foreshocks [e.g.,1]. For this
reason, low frequency waves play a fundamental role in the
transfer of energy and linear momentum between charged par-
ticles, especially in collissionless environments such as the SW or
near a planetary body in a region known as the foreshock.

A planetary foreshock is the spatial region upstream of, but
magnetically connected to, a planet’s bow shock. As a result of
this magnetic connection, the foreshock is filled with SW protons
coexisting with a secondary population of backstreaming ions
flowing upstream. The latter are produced by reflection of SW
protons at the bow shock or leakage of plasma from downstream
of the shock in the magnetosheath [e.g.,2,3]. Due to the presence
of both ion populations, the local proton velocity distribution
function is therefore non-Maxwellian. As the backstreaming
particles move along the Interplanetary Magnetic Field (IMF)
away from the planet, they constitute a source of free energy for
various plasma instabilities. Such plasma instabilities are
responsible for the presence of electromagnetic waves with
magnetic field spectral power above the turbulent solar wind
spectrum. These waves and the turbulent energy cascade rate
contribute to restore the thermodynamical equilibrium of the
plasma [e.g.,4–9].

Ultra-low frequency electromagnetic plasma (ULF) waves
associated with backstreaming protons have been reported in
several solar system planetary foreshocks [e.g.,6,10–18]. As shown
by laboratory experiments, the Alfvénic Mach number (ratio
between the solar wind velocity and the Alfvén speed) can have a
strong impact on the presence of foreshock ULF waves. In par-
ticular, it was shown that the reflected ion current (proxy for a
controlled backstreaming ion current) increases linearly with it,
after a critical value is surpassed [e.g.,19,20]. In general, ion
reflection is a fundamental property of relatively high Mach
number collisionless shocks3,21–24, although it is not the only
variable affecting it [e.g.,25]. Mercury constitutes an ideal natural
laboratory to test this theory and previous reports, as the solar
wind around Mercury is characterized by relatively low SW
Alfvénic Mach number (~3–6) and beta that vary with the pla-
net’s heliocentric distance [e.g.,26–29]. However, the SW Alfvénic
Mach number at Mercury’s heliocentric distance range is expec-
ted to be above the critical value (~2–3), thus particle reflection at
the bow shock is not negligible16,23,30. Mercury’s plasma envir-
onment properties are unique in the solar system, as the solar
wind Alfvén Mach number is small but sufficient for the devel-
opment of a foreshock. Moreover, the large range of heliocentric
distances in its orbit allows us to study the wave occurrence
variability in a way that is not possible elsewhere in the solar
system unless we utilize a comparative planetology approach.
Despite these factors, ULF waves around Mercury have only
recently been studied statistically30.

Previous studies have shown that ULF foreshock waves at
Mercury can be classified in lower-frequency (~0.1–0.3 Hz),
intermediate-frequency (~0.8 Hz) and higher-frequency (~2 Hz)
waves15,16,30. The lowest and highest frequency waves display
similar properties to the 30 s and 1 Hz waves detected at the
terrestrial foreshock, respectively17,31. However, in contrast with
the terrestrial foreshock,16 found that the (lowest frequency) fast
magnetosonic waves occur only sporadically at the Hermean
foreshock, based on the analysis of a survey of ULF waves

observed by MErcury Surface, Space ENvironment, GEochem-
istry, and Ranging (MESSENGER) Magnetometer (MAG) during
a single Hermean foreshock passage32,33. In addition, the authors
found that the most common wave phenomenon observed in the
Hermean foreshock corresponds to higher ULF whistler waves.

30 presented the first statistical analysis of the main properties
of ULF waves associated with backstreaming ions observed in the
Hermean foreshock, based on MESSENGER MAG observations.
In particular, the authors found that waves with frequencies in the
0.05–0.41 Hz range in MESSENGER’s reference frame, are close
to being circularly polarized (although some elliptically polarized
cases were also detected) and propagate quasi-parallel to the IMF
(~10∘). The authors also reported that these waves are char-
acterized by a relatively small normalized wave amplitude when
compared to their terrestrial counterpart and that the wave
occurrence rate is relatively low, results likely associated with low
backstreaming proton flux and/or variable external conditions.
Moreover30, also estimated that the backstreaming protons speed
ranges between 0.95 and 2.6 times the SW speed, based on a
resonance condition. This range is comparable to what has been
observed at several solar system planetary foreshocks, thus sug-
gesting that similar acceleration processes are occurring upstream
of planetary bow shocks throughout the heliosphere11. An open
question remains, however, in regards to understanding favorable
conditions for generating these waves in planetary foreshocks.

In this work, we investigate the spatial region where 0.05–0.41
Hz ULF waves are most commonly detected in the foreshock of
Mercury to determine which conditions are most favorable for
the generation of these waves, resulting in the highest occurrence
rate. By considering these results as a function of Mercury’s
heliocentric distance, we are able to apply them to the broader
context of planetary foreshocks. We conclude that these quasi-
monochromatic ULF waves occur preferably under relatively low
strength and quasi-radial IMF. As a result, we find that the wave
occurrence rate increases with Mercury’s heliocentric distance.
This trend is consistent with larger reflection of SW protons,
associated with higher SW Alfvén Mach numbers.

Results
ULF Wave detection. In this study we have analyzed all MES-
SENGER MAG measurements acquired upstream from Mer-
cury’s bow shock by utilizing the maximum sampling rate of 20
vectors/s33 (see Methods, subsection The MESSENGER mission,
for more details). Detection of backstreaming ion-generated ULF
waves in the Hermean foreshock is based on both frequency and
polarization properties30. We compute the Power Spectral Den-
sity (PSD) of the perpendicular and parallel components to the
mean magnetic field [PSD(B⊥) and PSD (B∥)] utilizing a Fast
Fourier Transform algorithm. We perform this analysis over
204.8 s intervals with upstream MAG measurements. To consider
the wave polarization properties, we also apply Minimum Var-
iance Analysis (MVA) on MAG data34.

Observations are analyzed in the solar foreshock coordinate
system35. The foreshock coordinates used in this paper are DIST,
θBN and Z0. DIST measures the distance between MESSENGER
and the bow shock location along the IMF direction. θBN is the
angle between the IMF line that passes through the spacecraft
location and the normal to the bow shock at the intersection
point and is known to affect particle reflection [e.g.,17,18]. Z0
measures the distance of MESSENGER perpendicular to the solar
wind velocity- IMF (VSW− BIMF) plane that contains the center
of Mercury. Figure 1 shows a schematic representation of the
foreshock, where these variables are also presented. Hereafter,
computed foreshock coordinates are the mean values over 204.8 s,
over which PSD are also determined.
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Based on the previous frequency, polarization, and connection
analysis, our criteria state that a wave event has been detected if
the spacecraft is connected to Mercury’s bow shock and a peak in
the PSD of the magnetic field measurements fulfills

max ðPSDðB?ÞjΔf 2 Þ> r maxðPSDðB?ÞjΔf 1 Þ; ð1Þ

max ðPSDðB?ÞjΔf 2 Þ> r maxðPSDðB?ÞjΔf 3 Þ; ð2Þ
and

Q75ðλ2=λ3Þ > λ23; ð3Þ
where Δf1, Δf2 and Δf3 are equal to [0.0293−0.0488] Hz,
[0.0537−0.4150] Hz, [0.4199−0.5957] Hz, respectively, and
Q75(λ2/λ3) is the 75th quartile associated with the intermediate
to minimum MVA eigenvalue ratio (λ2/λ3) distribution for a
given 204.8 s interval. Thus, the value of r is associated with the
normalized power of the peak at the frequency range of interest,
while λ23 constitutes a threshold for an adequate application of
the MVA. Combined, both parameters define the criteria for the
detection of backstreaming ion generated ULF waves. The wave

selection criteria are described in more detail in Methods,
subsections Power Spectral Density and Wave Polarization and
Bow shock connectivity. An example of a positive wave detection
can be found in Fig. 1 in30, where r= 4 and λ23= 5.

Spatial Distribution. We find that most of the ULF waves are
observed for DIST= [1.0− 3.3]RM, θBN= [21.8−55.7]∘, and
Z0= [−3.4 to 3.4]RM, despite MESSENGER’s capability to detect
them outside this spatial range. These results are shown in
Fig. 2a–c that display the mean values of DIST, θBN and Z0 as a
function of Mercury’s heliocentric distance for all 204.8 s intervals
where MESSENGER was in the Hermean foreshock (in gray) and
with ULF wave detection (in pink) meeting the criteria of r= 2
and λ23= 0. It is also worth noticing that waves appear to be
present up to ~5RM both in DIST and Z0, suggesting the presence
of a limit from which waves are not longer present or detectable
above the turbulent solar wind background. We find that such
limit does not vary significantly with the explored wave selection
criteria. In this study, we consider r= 2 and λ23= 0 the minimum
set of conditions to detect waves, avoiding detection of false
positives. Interestingly, these quasi-monochromatic (clear domi-
nant frequency) ULF waves are not detected above θBN ~ 70∘,
suggesting that backstreaming ion fluxes fall off substantially with
large θBN. Moreover, it is worth mentioning the presence of a
minimum solar wind convection time needed for wave growth,
once these fluxes are significant. This result is consistent with
previous reports related to other solar system planetary fore-
shocks [e.g.,3,36,37].

Given the differences in MESSENGER’s foreshock sampling as
a function of Mercury’s heliocentric distances (gray dots and
black bars, Fig. 2), hereafter we restrict our analysis to time
intervals where MESSENGER was in the spatial range where most
of the waves are detected (red horizontal dashed lines, Fig. 2),
regardless of the presence of waves. This allows us to determine
the variability in the wave occurrence rate along Mercury’s orbit
around the Sun, taking into account such spatial biases.

Conditions Favorable for ULF Waves. We find that the wave
occurrence rate increases as a function of heliocentric distance
(Fig. 3). This trend, observed throughout the entire MESSENGER
mission, is present regardless of the explored wave selection cri-
teria. We perform a linear fit for each of these curves, shown by
the corresponding solid lines. The selection criteria and para-
meters associated with the best linear fits displayed in Fig. 3b are
listed in Table 1. The linear correlation factors (R) and p-values
suggest the correlation between the abundance of ULF waves and
Mercury’s heliocentric distance is significant.

Having taken into account spatial biases due to MESSENGER’s
orbit around Mercury, next we investigate the reason for the
observed trends. In particular, we determine the variability of the
wave’s occurrence with the IMF intensity and IMF cone angle.
The latter is defined as the angle between the IMF and the SW
velocity, assumed to be radial. While the IMF intensity directly
affects the Alfvén Mach number, known to strongly influence the
backstreaming ion fluxes (likely source of these waves), the IMF
cone angle influences the plasma instability with the largest linear
wave growth rate and the foreshock size.

We find a decreasing trend with more waves detected for lower
values of B= ∣BIMF∣, for B ranging between 10 nT and 50 nT, as
shown in Fig. 4b. Because of its eccentric orbit and proximity to
the Sun, the IMF at Mercury has a large spread of B values and
goes up much higher than any other planet in the solar system. By
performing a polynomial fit we find that the wave occurrence rate
O(B) decays as B−1.85, with a 95% confidence interval for the
power law index equal to [−2.14, −1.57]. A decreasing trend with
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ULF wave foreshock boundary

Bow shock

x

Quasi-parallel region

IMF
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Fig. 1 Illustration of the foreshock. Schematic structure of the planetary
foreshock for a given Interplanetary Magnetic Field (IMF) configuration.
The solar wind (SW) flows from left to right with velocity VSW and the bow
shock is represented by the curved line. The bow shock structure depends
on the angle between the shock normal (n) and the magnetic field, θBN. The
quasi-parallel shock is typically defined as the region where θBN < 45∘. The
foreshock, lying upstream of the bow shock and in the region downstream
of the IMF tangent field line (first line from left to right), exhibits a complex
structure where several regions and boundaries can be identified. The
Ultra-low frequency (ULF) wave foreshock boundary displays the upstream
limit of the ULF wave field inside the foreshock. Such wave field is partly
created by plasma instabilities (such as the beam instability) and coexists
with backstreaming protons (green dot) interacting with the incoming SW.
The foreshock coordinates used on this paper are also shown for reference.
DIST measures the distance between the spacecraft and the bow shock
location along the IMF direction. Z0 measures the distance of the spacecraft
perpendicular to the SW velocity- IMF plane which contains the center of
Mercury.
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a similar power law index is obtained when the other selection
criteria presented in Table 1 are applied. Figure 4d also shows that
these ULF waves are seen more frequently for IMF cone angles
smaller than ~35∘ and larger than ~140∘. This preferential angular
range and the peaks observed for a quasi-radial IMF are observed
for all explored selection criteria.

Figure 5 shows the IMF intensity and cone angle as a function
of Mercury’s heliocentric distance for time intervals where
MESSENGER is in the Hermean foreshock (inside the region
where most of the waves were detected) and when waves are
detected. Despite variability in the external conditions along
Mercury’s orbit (clearly shown by the black vertical bars), we find
that the preference for low B and IMF cone angles is observed
throughout Mercury’s heliocentric distance range. It is also worth
noticing that while the background IMF intensity decreases with
heliocentric distance as expected from Parker’s model, the IMF
cone angle displays a relatively much smaller statistical increase38.
These authors reported very similar results for the background
IMF intensity and cone angle around Mercury’s perihelion and

aphelion. Therefore, although both parameters are found to affect
the wave occurrence rate, the IMF intensity seems to be a key
parameter behind the observed trend with Mercury’s heliocentric
distance. Indeed, a relatively low IMF intensity is present most of
the time for relatively large heliocentric distances. In contrast, the
IMF cone angle presents a slight increase with heliocentric
distance but not as significant to overcome the effects that B has
on the wave occurrence rate.

As suggested by the results in Fig. 4, we report the presence of a
clear anti-correlation between the wave occurrence rate and the
IMF intensity throughout all MESSENGER mission, as can be
seen from Fig. 6b, c. Such anti-correlation is the key factor
responsible for the increase in the waves abundance around
Mercury’s aphelion. Although waves are seen most of the time for
quasi-radial IMF (Fig. 4d), the range of this angular variable is not
as clearly correlated with the planet’s heliocentric distance, as
shown in Figs. 5b and 6d. The best trigonometric fit in Fig. 6b is
characterized by a period of ~88 days, an amplitude of 3.6% and a
phase shift between Mercury’s aphelion and the local maximum

Fig. 2 Spacecraft location. Spatial coordinates of intervals in the Hermean foreshock (in gray) and with wave detection (pink) as a function of Mercury’s
heliocentric distance for r= 2 and λ23= 0, for all corresponding MESSENGER observations obtained during approximately 17 Mercury years. a DIST
measures the distance between MESSENGER and the bow shock location along the Interplanetary Magnetic Field (IMF) direction; b θBN is the angle
between the IMF line that passes through the spacecraft location and the normal to the bow shock at the intersection point; c Z0 measures the distance of
MESSENGER perpendicular to the solar wind velocity- IMF plane that contains the center of Mercury. r is a factor associated with the intensity of magnetic
field power spectral density at the wave frequency range of interest, and λ23 constitutes a threshold for the intermediate to minimum eigenvalue ratio
associated with Minimum Variance Analysis. The reader is referred to Eqs. (1)–(3) for a strict definition. Black and red vertical bars span the 10th to the
90th percentiles of the gray and pink data sets, respectively, within each bin (~0.0177 AU width). The middle point in each bar corresponds to the
associated median. Horizontal red dashed lines are 10th, 50th, and 90th percentile of each spatial variable for all time intervals where waves are detected
in the foreshock.
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of the wave occurrence rate much smaller than the bin size
(~0.4 h), supporting our previous conclusions. In addition, the
Lomb-Scargle analysis shown in Fig. 7 displays a clear dominant
peak with a period of ~88.2 days, which therefore differs by less
than ~0.27% from Mercury’s orbital period around the Sun. As
can be seen in Fig. 6b, we also identify a significant decrease of the
wave occurrence rate with respect to the mean of such fit (7.4%)
around the end of the MESSENGER mission, possibly correlated
with the general increase of B associated with the maximum of
the solar cycle 24.

Given that the ULF foreshock waves are present for a relatively
small IMF cone angle range, it is possible to estimate the wave
occurrence rate dependence on B and Mercury’s heliocentric
distance (rhc), independently. The employed methodology is the
following. We first restrict our selected data set to cases where the
IMF cone angle is between [5.3−28.9]° and [145.6−173.5]°, that
is to the 10th to 90th quartiles of this distribution. Next, we
confirm that the wave occurrence rate increases with Mercury’s
heliocentric distance by performing linear fits analogous to the
ones presented in Fig. 3. We find that linear correlation and
p-values are larger than the ones reported in Table 1, supporting
our previous results.

By assuming a polynomial dependence of the wave occurrence
rate O(rhc, B) upon B and rhc, where the IMF cone angle range is
fixed and temporal effects are neglected we propose

O ¼ Oðrhc;BÞ / Bαf ðrhcÞ / Bαrβhc ð4Þ

While Eq. (4) explicitly shows a dependence on B, f(rhc)
encompasses effects from hidden variables whose net effect we
assume vary as rβhc. Therefore, Eq. (4) explicitly shows that O is
proportional to both B and rhc, with α and β the corresponding
polynomial index. Given that the IMF intensity decays with
heliocentric distance as B(rhc) � r�2

hc , we also conclude that

Oðrhc;BðrhcÞÞ / rγhc ð5Þ

with−2α+ β= γ. In other words, Eq. (5) shows that because of
the decay of B with rhc, under these assumptions the wave
occurrence rate is proportional to rhc to the power of γ. Moreover,
the observed relationship between O and rhc, and the associated R
and p-values associated with the linear fits analogous to the ones
shown in Table 1 suggest that γ ~ 1. Such linear fits are the
polynomial with the smallest number of degrees of freedom that
fit the observations reasonably well. However, it is important to
emphasize that γ ~ 1 can be affected by the explored heliocentric
distance range and the presence of hidden variables and/or
temporal variability affecting the values of wave’s abundance.
Despite these potential effects, we find that the wave’s occurrence
rate decreases with B with a power law index ranging between
−2.35 and −1.80, for different fixed ranges of rhc. This result, in
addition to the observed approximate linear increasing trend with
rhc, suggest that β < 0. Interestingly, a decreasing trend between
the wave occurrence rate with rhc, for a fixed value of B and IMF
cone angle suggests, in turn, the presence of another variable
affecting the wave abundance. A proper determination of α and,
in particular, of β demands additional spacecraft observations and
comparison with observations at other planetary foreshock when
possible.

Figure 8 presents a scheme where the wave occurrence rate
increases linearly with Mercury’s heliocentric distance. At the
same time, the background IMF intensity decreases, affecting the
Alfvénic Mach number, a parameter known for affecting the
backstreaming proton fluxes, the most likely source for the ULF
waves studied in this work.
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Fig. 3 Wave Occurrence rate as a function of Mercury’s heliocentric
distance. a Histograms of the number of selected intervals in the selected
region inside the Hermean foreshock (gray) and with wave detection (pink)
as a function of Mercury’s heliocentric distance when r= 2, λ23= 0; b
Wave occurrence rate as a function of Mercury’s heliocentric distance for
five different selection criteria (dash curves) and their respective linear fits
(solid line with the same corresponding color). r is a factor associated with
the intensity of magnetic field power spectral density at the wave frequency
range of interest, and λ23 constitutes a threshold for the intermediate to
minimum eigenvalue ratio associated with Minimum Variance Analysis.
The reader is referred to Eqs. (1)–(3) for a strict definition.

Table 1 Linear fits. Parameters associated with the linear fits
between the wave occurrence rate and Mercury’s
heliocentric distance, for different wave selection criteria.
From left to right, r, λ23, the linear correlation factor (R), the
95% confidence interval and the p-value associated with the
linear fits shown in Fig. 3. r is a factor associated with the
intensity of magnetic field power spectral density at the
wave frequency range of interest, and λ23 constitutes a
threshold for the intermediate to minimum eigenvalue ratio
associated with Minimum Variance Analysis. The reader is
referred to Eqs. (1)–(3) for a strict definition.

r λ23 R 95% R-confidence interval p-value

2 0 0.89 0.57-0.98 1.1 × 10−3

2 5 0.76 0.19-0.95 1.8 × 10−2

4 0 0.86 0.46-0.97 2.8 × 10−3

4 5 0.76 0.20-0.95 1.6 × 10−2

10 0 0.84 0.40-0.97 4.6 × 10−3
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Discussion
In this work we have analyzed the dependence of the 0.05–0.41
Hz ULF wave occurrence rate on the IMF intensity and cone
angle, taking into account spatial biases associated with MES-
SENGER trajectory. Both parameters are relevant since they affect
the foreshock size, the linear wave growth rate of the plasma
instabilities and the Alfvén Mach number. The latter parameter
can affect the solar wind backstreaming proton fluxes responsible
for the analyzed ULF waves. Waves occur preferably for quasi-
radial IMF configuration, increasing the foreshock size where
waves can grow. The most likely instability responsible for these
waves is the ion-ion right hand resonant [e.g.,39,40]. Indeed, wave
polarization and frequency range are consistent with such
instability and are similar to 30-s waves previously reported at the
terrestrial foreshock30. Waves also occur preferably for relatively
low IMF intensity values, that is, for relatively high Alfvén Mach
numbers. Higher Alfvén Mach numbers are generally associated
with increasing particle reflection at the bow shock3,21–24. In
particular, Fig. 6b, c display a significant decrease in the wave
occurrence rate associated with the relatively large B values, that
took place around the maximum of the solar cycle 24.

Interestingly, detection of the ULF waves throughout Mercury’s
orbit suggests that the conditions for backstreaming ions are
potentially present for all of Mercury’s heliocentric distances.

Once excited, large-scale magnetosonic ULF waves are con-
vected by the solar wind and transmitted through the bow
shock. These waves have been detected in the downstream
region of several solar system planetary magnetospheres and
constitute an important source of wave energy [e.g.,41,42]. They
are capable of propagating into the magnetosphere, heat the
ionosphere, launch bursts of time-dispersed energetic ions and
also affect escape of heavy ions from the planetary atmospheres,
among other outcomes [e.g.,43–45]. Thus, we can expect sig-
nificant energy transfer into the Hermean magnetosphere by
ULF magnetosonic waves, despite the intrinsic properties of
this planet (e.g., the lack of an ionosphere and the relatively
large conductive core) and the highly variable external condi-
tions [e.g.,46]. It is also worth mentioning that whistler waves
seem to occur more frequently in the Hermean foreshock16.
The determination of the physical mechanisms associated with
such coupling and the relative energy contribution compared to
other frequent processes in the Hermean magnetosphere, such
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Fig. 4 Wave occurrence rate as a function of Interplanetary Magnetic Field (IMF) strength and cone angle. a, c Histograms of the number of selected
intervals in the Hermean foreshock (gray) and with wave detection (pink) as a function of the (a) IMF intensity and (c) IMF cone angle when r= 2, λ23= 0;
b, d Associated wave occurrence rate as a function of the (b) IMF intensity (in black) and as a function of the (d) IMF cone angle. Best polynomial fit
associated with wave occurrence rate as a function of IMF intensity is shown in blue (b). r is a factor associated with the intensity of magnetic field power
spectral density at the wave frequency range of interest, and λ23 constitutes a threshold for the intermediate to minimum eigenvalue ratio associated with
Minimum Variance Analysis. The reader is referred to Eqs. (1)–(3) for a strict definition.
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as, magnetic reconnection47, define an interesting topic for
future studies.

We also report the presence of a long term trend ( ~ 1 Mercury
year) where the abundance of foreshock ULF waves, likely gen-
erated by backstreaming protons, varies with Mercury’s helio-
centric distance. Our results suggest that such variability is partly
associated with the decay of the IMF intensity radially from the
Sun. Moreover, the characterization performed by means of Eqs.
(4) and (5) suggests the presence of an additional variable
affecting the waves abundance. One possible candidate is the solar
wind proton density. Indeed, such density decreases with helio-
centric distance, thus decreasing the Alfvén Mach number for a
relatively constant solar wind speed. Therefore, a linear depen-
dence of the wave occurrence rate with rhc (as shown in Fig. 3),
could be associated with a linear dependence on the Alfvénic
Mach number, at least for the explored heliocentric distance
range. However, it is important to emphasize that the solar wind
proton density does not only affect the Alfvén Mach number.
Indeed, it can also affect the linear wave growth rate and the flux
of reflected solar wind protons at the Hermean bow shock. Thus,
deviations from a linear dependence on the Alfvén Mach number
could be present despite the results displayed in Fig. 3.

Differences in the linear fits for different wave selection criteria
shown in Fig. 3b could be related to the temporal evolution of the
waves. Indeed, even though the most likely source of all observed
fast magnetosonic waves are backstreaming ions, the waves that
present a clear peak in the PSD and a well-defined polarization
state (e.g., r= 2, λ23= 5) are likely in an earlier evolution stage
than those that only kept the peak in the PSD (e.g., r= 2, λ23= 0)

[see, e.g.,48,49, and references therein]. If this is the case, then the
derived increase in the slope of the wave occurrence rate as a
function of Mercury’s heliocentric distance (for a fixed r value,
but for decreasing values of λ23), can be understood in terms of
the time needed to reach a given wave stage. In other words, wave
events satisfying r= 2 and λ23= 5 are likely in an early stage,
while wave events satisfying r= 2 and λ23= 0 (being a set of wave
events that contains the previous one) is associated with both,
early stage and more evolved waves. Given that the development
of the latter most likely require more time with the appropriate
external conditions, the fits shown in Fig. 3b suggest that the
conditions favorable for these ULF waves occur more frequently
as Mercury’s heliocentric distance increases. In addition, we find
the wave occurrence rate decreases for increasing values of r. This
can be understood in terms of the necessary energy input and the
time needed to reach relatively high amplitude waves. Indeed,
Fig. 3b shows a gradual decrease in the wave occurrence rate as a
function of Mercury’s heliocentric distance for r ranging between
2 and 10. This could be indicative of a limit to the maximum
amplitude achievable in the Hermean foreshock. Bepi–Colombo
magnetic field and particle measurements in the foreshock of
Mercury are of utmost importance in order to test these con-
clusions and to better determine the dependence of the wave
occurrence rate with the solar wind proton density and other
parameters50.

Finally, although the conditions (low Alfvén Mach number,
low plasma beta) around Mercury are not seen very frequently
around other planetary foreshocks in the solar system, this ana-
lysis allows us to identify the dependence of the wave occurrence
rate on key parameters affecting the SW proton reflected fluxes in
a planetary bow shock. The relationship between observed wave
frequency and IMF intensity reported in11 and30 suggests that
there are indeed similar acceleration mechanisms taking place in
all solar system planetary foreshocks. The upstream region of
interplanetary shocks constitute another plasma environment
where upstream waves are observed under low Mach number
regimes51. In particular, ULF waves similar to the ones analyzed
in the present study have been reported by52 and53. Interestingly,
the absence of steepened waveforms and shocklets upstream from
low Mach number interplanetary shocks54,55 is compatible with
previous analysis on the Hermean foreshock16 and the relatively
low normalized wave amplitude and direction of wave propaga-
tion found in30. Moreover, the conditions around Mercury are
expected to be similar, in some respects, to the ones of several
close-in exoplanets around red dwarfs, the most common type of
star in the Milky Way. This is the case, for example, for several
exoplanets in the TRAPPIST 1 system under conditions of
minimum stellar wind total pressure56. Although density and
solar wind velocity regimes are clearly different, the Alfvénic
Mach number is in the same order. If this is the key parameter
affecting the backstreaming ions we can expect a similar process
taking place around those exoplanets.

Methods
The MESSENGER mission. MESSENGER was inserted into orbit around Mercury
on 18 March 2011. The spacecraft’s orbit had high eccentricity, a ~12-h period, and
82° inclination32. The apoapsis altitude and orbital period were reduced on 16
April 2012 to ~4.1 RM and ~8 h, respectively (RM stands for Mercury’s radii equal
to 2440 km). However, as shown in Fig. 6a, the spacecraft provided magnetic field
measurements in the Hermean foreshock throughout all the mission. The reader is
referred to57,58 for additional information on MESSENGER’s trajectory relative to
Mercury’s magnetopause and bow shock location.

Bow shock connectivity. The methodology employed for the detection of fore-
shock ULF waves is similar to the one considered in30. The determination of the
connection of MESSENGER to the Hermean bow shock (for each 204.8 s interval)
is done based on the solar foreshock coordinates introduced by35, and the average

Fig. 5 External conditions. Interplanetary Magnetic Field (a) intensity and
(b) cone angle for all intervals in the Hermean foreshock (in gray) and with
wave detection (pink) as a function of Mercury’s heliocentric distance for
r= 2 and λ23= 0, for all corresponding MESSENGER observations obtained
during approximately 17 Mercury years. r is a factor associated with the
intensity of magnetic field power spectral density at the wave frequency
range of interest, and λ23 constitutes a threshold for the intermediate to
minimum eigenvalue ratio associated with Minimum Variance Analysis.
The reader is referred to Eq. (1)–(3) for a strict definition. Black and red
vertical bars span the 10th to the 90th percentiles of the gray and pink data
sets, respectively, within each bin (~0.0177 AU width). The middle point in
each bar corresponds to the associated median.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26344-2 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:6748 | https://doi.org/10.1038/s41467-021-26344-2 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


bow shock fit computed in57. For this, we perform a transformation from the
aberrated Mercury solar magnetospheric (MSM) coordinates30,59 to the latter
system based on35. To determine the foreshock coordinates and bow shock con-
nectivity associated with each interval, we compute the IMF vector and MES-
SENGER location in the aberrated MSM coordinate system30. We conclude that
MESSENGER was connected to the Hermean bow shock during each 204.8 s
interval, if the IMF line at its mean position intersects the bow shock average fit.
Since the location of this boundary changes in response to variability in the solar
wind conditions, we increase the reported estimate of the semi-latus rectum up to
30%. Taking this consideration into account, the employed methodology allows us
to analyze events that took place upstream from the Hermean bow shock.

Power spectral density and wave polarization. Each of the analyzed 204.8 s time
windows contains a minimum of ~10 wave periods (wave frequency varies with
IMF intensity) and comprises 4096 magnetic field observations. The length of these
intervals allows us to compute PSD(B⊥) and PSD (B∥) by means of a Fast Fourier
Transform algorithm. Given that we utilize the maximum sampling rate of MAG

(20 Hz), the associated spectral resolution Δf is 0.00488 Hz. We consider a sliding
window, such that the intersection between neighboring time intervals is 87.5%.
Definition of Δf1, Δf2 and Δf3 frequency intervals are based on previous reports
[e.g.,11,15,16,30] and numerical simulations60. In particular,11 and30 have shown that
the observed wave frequency of the foreshock fast magnetosonic waves under study
displays a linear dependence with the IMF intensity for several solar system pla-
netary magnetospheres. These observed wave frequencies may therefore indicate a
dependence on local ion gyrofrequencies (see, for instance, Fig. 3b in30). Our
analysis is limited to cases in which the strength of the mean IMF for a given time
interval is equal to or greater than 10 nT, allowing us to detect ULF waves with
observed frequencies in the Δf2 range.

The wave polarization analysis is performed making use of the MVA
technique30. By considering sub-intervals on the order of ~4 observed wave periods
(~14 s to 50 s), we are able to determine the corresponding median values and
percentiles of the eigenvalues ratios, for each of the 204.8 s time interval. As shown
in Eq. (3), our wave selection criteria specifically considers the 75th quartile of the
(λ2/λ3) distribution.

Fig. 6 Wave occurrence as a function of time. a Histograms of the number of selected intervals in the Hermean foreshock (gray) and with wave detection
(pink) as a function of time when r= 2, λ23= 0; b Associated wave occurrence rate as a function of time based on Magnetometer observations, and best
trigonometric fit (light blue); c, d Interplanetary Magnetic Field intensity and cone angle as a function of time, for all intervals in the Hermean foreshock (in
gray), black vertical bars correspond to the 10th, 50th, 90th percentiles for 15-day bins; (c, right vertical axis) Mercury’s heliocentric distance as a function
of time (in blue). r is a factor associated with the intensity of magnetic field power spectral density at the wave frequency range of interest, and λ23
constitutes a threshold for the intermediate to minimum eigenvalue ratio associated with Minimum Variance Analysis. The reader is referred to Eqs.
(1)–(3) for a strict definition.
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The results presented in this work correspond to r ranging between 2 and 10,
and λ23= 0 or λ23= 5, as shown in Table 1. These criteria are justified by the
following argument. The presence of other waves, such as whistlers at ~2 Hz,
or ~0.8 Hz will not strongly affect the results derived from magnetic field power
spectra given the clear shift in the observed frequencies. Therefore, the value of r
(PSD criteria) can be varied significantly. However, MVA analysis can be affected

by the presence of other wave modes, specially when the power in one or both of
these modes is on the order or larger than the waves under study. It is because of
this and the size of the chosen time intervals that the MVA analysis is applied up to
λ23= 5. A similar criteria has also been used to analyze ULF waves in region
upstream from the Martian bow shock49,61,62.

Data availability
MESSENGER MAG data used in this study are publicly available through the Planetary
Data System (https://pds-ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://PPI/MESS-
E_V_H_SW-MAG-3-CDR-CALIBRATED-V1.0/DATA/MSO). This data set can also be
accessed following the path: /home/Mercury/Messenger/Magnetometer/MESSENGER
MAG Calibrated Data Bundle/data/mso/. The magnetic field data generated in this study
have been deposited in https://figshare.com/s/e0b7d259afb8b01cf308. The data that
support the findings of this study are available from the corresponding author upon
reasonable request. Source data are provided with this paper.

Code availability
The code used in this analysis is based on four main routines. The Fast Fourier
Transform (https://www.mathworks.com/help/matlab/ref/fft.html) and Lomb-Scargle
periodogram (https://www.mathworks.com/help/signal/ref/plomb.html) developed by
MATLAB, a Minimum Variance Analysis developed following34 and bow shock
connectivity routine developed following35. The code is available upon reasonable
request.

Received: 27 May 2021; Accepted: 1 October 2021;

References
1. Keiling, A., Lee, D.-H. & Nakariakov, V. Low-Frequency Waves in Space

Plasmas, Geophysical Monograph Series, https://doi.org/10.1002/
9781119055006 (2016).

2. Eastwood, J. P. et al. The foreshock. Space Sci. Rev. 118, 41–94 (2005).
3. Burgess, D., Mobius, E. & Scholer, M. Ion acceleration at the Earth’s bow

shock. Space Sci. Rev. 173, 5–47 (2012).
4. Gary, S. P., Akimoto, K. & Winske, D. Computer simulations of cometary-ion/

ion instabilities and wave growth. J. Geophys. Res. 94, 3513–3525 (1989).
5. Brinca, A. Cometary linear instabilities: From profusion to perspective,

Cometary plasma processes geophysical monograph. Vol. 61, pp. 211–221.
Washington, DC: American Geophysical Union (1991).

6. Mazelle, C. et al. Production of gyrating ions from nonlinear wave-particle
interaction upstream from the Earth’s bow shock: a case study from Cluster-
CIS. Planetary and Space Science 51, 785–795 (2003).

7. Romanelli, N., Mazelle, C. & Meziane, K. Nonlinear wave-particle interaction:
implications for newborn planetary and backstreaming proton velocity
distribution functions. J. Geophys. Res.: Space Phys. 123, 1100–1117 (2018).

8. Andrés, N. et al. Solar wind turbulence around Mars: Relation between the
energy cascade rate and the proton cyclotron waves activity. The Astrophys. J.
902, 134 (2020).

9. Halekas, J. S. et al. Properties of plasma waves observed upstream from Mars.
J. Geophys. Res.: Space Phys. 125, e2020JA028221 (2020).

10. Gosling, J. T. et al. Evidence for specularly reflected ions upstream from the
quasi-parallel bow shock. Geophys. Res. Lett. 9, 1333–1336 (1982).

11. Hoppe, M. M. & Russell, C. T. Particle acceleration at planetary bow shock
waves. Nature 295, 41 (1982).

12. Russell, C. T., Lepping, R. P. & Smith, C. W. Upstream waves at Uranus. J.
Geophys. Res. 95, 2273 (1990).

13. Andrés, N., Meziane, K., Mazelle, C., Bertucci, C. & Gómez, D. The ULF wave
foreshock boundary: Cluster observations. J. Geophys. Res. Space Phys. 120,
4181–4193 (2015).

14. Mazelle, C., Le Queau, D. & Meziane, K. Nonlinear wave-particle interaction
upstream from the Earth’s bow shock. Nonlinear Processes Geophys. 77,
185–190 (2000).

15. Fairfield, D. H. & Behannon, K. W. Bow Shock and magnetosheath waves at
Mercury. J. Geophys. Res. 81, 3897–3906 (1976).

16. Le, G. et al. Upstream ultra-low frequency waves in Mercury’s foreshock
region: MESSENGER magnetic field observations. J. Geophys. Res. Space Phys.
118, 2809–2823 (2013).

17. Wilson, L. B. Low frequency waves at and upstream of collisionless shocks. In
Low-frequency waves in space plasmas, Geophysical Monograph Series (Vol.
216, pp. 269–291). Hoboken, NJ: John Wiley. https://doi.org/10.1002/
9781119055006.ch16 (2016).

18. Shan, L. et al. The quasimonochromatic ULF wave boundary in the Venusian
foreshock: venus express observations. J. Geophys. Res.: Space Phys. 123,
374–384 (2018).

Fig. 8 Illustration of the main result. Schematic representation of the
variability of the wave occurrence rate (O) and the Interplanetary Magnetic
Field (IMF) intensity (B) as a function of Mercury’s heliocentric distance
(rhc). The IMF intensity, approximately proportional to r�2

hc , is represented
by the distance between light blue lines upstream of each bow shock. In this
work, we find that the O increases approximately as rhc, with Mercury’s
heliocentric distance (represented by the number of green curves upstream
of each bow shock). These results are also summarized in the inset plot.
These trends are consistent with larger reflection of solar wind protons for
larger heliocentric distances, associated with higher solar wind Alfvén
Mach numbers. The backstreaming protons are the most likely source for
the analyzed waves.

0 0.005 0.01 0.015 0.02 0.025 0.03

101

102

103

104

Fig. 7 Lomb-Scargle analysis. Power Spectral Density (Lomb-Scargle
analysis) of the wave occurrence rate (r > 2, λ23 > 0, shown in Fig. 6b) as a
function of frequency. Vertical red dashed line corresponds to Mercury’s
orbital frequency around the Sun. r is a factor associated with the intensity
of magnetic field power spectral density at the wave frequency range of
interest, and λ23 constitutes a threshold for the intermediate to minimum
eigenvalue ratio associated with Minimum Variance Analysis. The reader is
referred to Eqs. (1)–(3) for a strict definition.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26344-2 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:6748 | https://doi.org/10.1038/s41467-021-26344-2 | www.nature.com/naturecommunications 9

https://pds-ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://PPI/MESS-E_V_H_SW-MAG-3-CDR-CALIBRATED-V1.0/DATA/MSO
https://pds-ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://PPI/MESS-E_V_H_SW-MAG-3-CDR-CALIBRATED-V1.0/DATA/MSO
https://figshare.com/s/e0b7d259afb8b01cf308
https://www.mathworks.com/help/matlab/ref/fft.html
https://www.mathworks.com/help/signal/ref/plomb.html
https://doi.org/10.1002/9781119055006
https://doi.org/10.1002/9781119055006
https://doi.org/10.1002/9781119055006.ch16
https://doi.org/10.1002/9781119055006.ch16
www.nature.com/naturecommunications
www.nature.com/naturecommunications


19. Phillips, P. E. & Robson, A. E. Influence of reflected ions on the magnetic
structure of a collisionless shock front. Phys. Rev. Lett. 29, 154 (1972).

20. Gosling, J. T. & Robson, A. E. Ion Reflection, Gyration, and Dissipation at
Supercritical Shocks. In Collisionless Shocks in the Heliosphere: Reviews of
Current Research (eds Tsurutani, B. T. & Stone, R. G.). https://doi.org/
10.1029/GM035p0141 (1985).

21. Biskamp, D. Collisionless shock waves in plasmas. Nucl. Fusion 13, 719
(1973).

22. Sonnerup, B. U. O. Acceleration of particles reflected at a shock front. J.
Geophys. Res. 74, 1301–1304 (1969).

23. Kennel, C. F., Edmiston, J. P. & Hada, T. A quarter century of collisionless
shock research, in Collisionless Shocks in the Heliosphere: A Tutorial Review,
Geophys. Monogr. Ser., vol.34, edited by Tsurutani, B. T. & Stone, R. G., p. 1,
AGU, Washington, DC (1985).

24. Paschmann, G., Sckopke, N., Asbridge, J. R., Bame, S. J. & Gosling, J. T.
Energization of solar wind ions by reflection from the Earth’s bow shock. J.
Geophys. Res. 85, 4689–4693 (1980).

25. Edmiston, J. P. & Kennel, C. F. A parametric study of the first critical Mach
number for a fast MHD shock. J. Plasma Phys. 32, 429–442 (1984).

26. Masters, A. et al. A comparison of magnetic overshoots at the bow shocks of
Mercury and Saturn. J. Geophys. Res. Space Physics 118, 4381–4390 (2013).

27. Slavin, J. A. & Holzer, R. E. Solar wind flow about the terrestrial planets 1.
Modeling bow shock position and shape. J. Geophys. Res. 86, 11,401–11,418
(1981).

28. Gershman, D. J. et al. Magnetic flux pileup and plasma depletion in Mercury’s
subsolar magnetosheath. J. Geophys. Res. Space Physics 118, 7181–7199 (2013).

29. Russell, C. T., Hoppe, M. M. & Livesey, W. A. Overshoots in planetary bow
shocks. Nature 296, 45–48 (1982).

30. Romanelli, N. et al. Upstream ultra-low frequency waves observed by
MESSENGER’s magnetometer: Implications for particle acceleration at
Mercury’s bow shock. Geophys. Res. Lett. 47, e2020GL087350 (2020).

31. Fairfield, D. H. Whistler waves observed upstream from collisionless shocks. J.
Geophys. Res. 79, 1368–1378 (1974).

32. Solomon, S. C., McNutt, R. L. Jr., Gold, R. E. & Domingue, D. L. MESSENGER
mission overview. Space Sci. Rev. 131, 3–39 (2007).

33. Anderson, B. J. et al. The Magnetometer instrument on MESSENGER. Space
Sci. Rev. 131, 417–450 (2007).

34. Sonnerup, B. U. O. & Scheible, M. Minimum and maximum variance analysis,
in Analysis Methods for Multi-Spacecraft Data, ISSI Scientific Reports Series,
vol. 1, pp. 185–220, edited by Paschmann, G. & Daly, P. ESA Publications
Division, Noordwijk, Netherlands (1998).

35. Greenstadt, E. & Baum, L. Earth’s compressional foreshock boundary
revisited: Observations by the ISEE 1 magnetometer, J. Geophys. Res. 91,
9001–9006 (1986).

36. Bonifazi, C. & Moreno, G. Reflected and diffuse ions backstreaming from the
Earth’s bow shock. 1: Basic properties. J. Geophys. Res. 86, 4397–4413 (1981).

37. Paschmann, G. et al. Characteristics of reflected and diffuse ions upstream
from the earth’s bow shock. J. Geophys. Res. 86, 4355–4364 (1981).

38. James, M. K. et al. Interplanetary magnetic field properties and variability near
Mercury’s orbit. J. Geophys. Res. Space Phys. 122, 7907–7924 (2017).

39. Gary, S. P. Electromagnetic ion/ion instabilities and their consequences in
space plasmas: a review. Space Sci. Rev. 56, 373–415 (1991).

40. Gary, S. P. Theory of space plasma microinstabilities. In: Cambridge
Atmospheric and Space Series. (Cambridge University Press, Cambridge,
1993).

41. Du, J. et al. Statistical study of low-frequency magnetic field fluctuations near
Venus under the different interplanetary magnetic field orientations. J.
Geophys. Res. 115, A12251 (2010).

42. Potapov, A. S. & Polyushkina, N. Experimental evidence for direct penetration
of ULF waves from the solar wind and their possible effect on acceleration of
radiation belt electrons. Geomagnetism Aeronomy 50, 950–957 (2010).

43. Collinson, G. et al. Solar wind induced waves in the skies of Mars: ionospheric
compression, energization, and escape resulting from the impact of ultralow
frequency magnetosonic waves generated upstream of the Martian bow shock.
J. Geophys. Res.: Space Physics 123, 7241–7256 (2018).

44. Fowler, C. M. et al. MAVEN observations of solar wind-driven magnetosonic
waves heating the Martian dayside ionosphere. Journal of Geophysical
Research: Space Physics 123, 4129–4149 (2018).

45. Jarvinen, R., Alho, M., Kallio, E. & Pulkkinen, T. I. Oxygen ion escape from
venus is modulated by ultra-low frequency waves. Geophys. Res. Lett. 47,
e2020GL087462 (2020).

46. Zurbuchen, T. H. et al. On the space environment of Mercury. Adv. Space Res.
33, 1884–1889 (2004).

47. DiBraccio, G. A. et al. MESSENGER observations of magnetopause structure
and dynamics at Mercury. J. Geophys. Res. Space Physics 118, 997–1008
(2013).

48. Mazelle, C. & Neubauer, F. M. Discrete wave packets at the proton cyclotron
frequency at Comet P/Halley. Geophys. Res. Lett. 20, 153–156 (1993).

49. Romanelli, N. et al. Proton cyclotron waves occurrence rate upstream from
Mars observed byMAVEN: associated variability of the Martian upper
atmosphere. J. Geophys. Res. Space Phys. 121, 11,113–11,128 (2016).

50. Benkhoff, J. et al. BepiColombo-Comprehensive exploration of Mercury:
Mission overview and science goals. Planet. Space Sci., https://doi.org/10.1016/
j.pss.2009.09.020 (2010).

51. Russell, C. T., Jian, L. K., Blanco Cano, X., Luhmann, J. G. & Zhang, T. L.
STEREO observations of shock formation in the solar wind. Geophys. Res.
Lett. 36, L02103 (2009).

52. Wilson, L. B., III, et al. Low-frequency whistler waves and shocklets observed
at quasi-perpendicular interplanetary shocks. J. Geophys. Res. 114, A10106
(2009).

53. Kajdic, P. et al. Waves upstream and downstream of interplanetary shocks
driven by coronal mass ejections. J. Geophys. Res. 117, A06103 (2012).

54. Blanco-Cano, X. et al. STEREO observations of interplanetary shocks and
foreshocks, Solar Wind 13: Proceedings of the Thirteenth International Solar
Wind Conference, AIP Conf. Proc. 1539, edited by N. V. Pogorelov and G. P.
Zank, American Institute of Physics, New York, https://doi.org/10.1063/
1.4811005 (2013).

55. Blanco-Cano, X. et al. Interplanetary shocks and foreshocks observed by
STEREO during 2007-2010. J. Geophys. Res. Space Physics 121, 992–1008
(2016).

56. Dong, C. et al. Atmospheric escape from the TRAPPIST-1 planets. Proc. Natl
Acad. Sci. USA 115, 260–265 (2018).

57. Winslow, R. M. et al. Mercury’s magnetopause and bow shock from
MESSENGER observations. J. Geophys. Res.: Space Phys. 118, 2213–2227
(2013).

58. Slavin, J. A. et al. MESSENGER observations of disappearing dayside
magnetosphere events at Mercury. J. Geophys. Res.: Space Phys. 124,
6613–6635 (2019).

59. Anderson, B. J. et al. The Global Magnetic Field of Mercury from
MESSENGER Orbital Observations. Vol. 333, Issue 6051, pp. 1859–1862
(2011).

60. Jarvinen, J., Alho, M., Kallio, E. & Pulkkinen, T. I. Ultra-low frequency waves
in the ion foreshock of Mercury: a global hybrid modeling study, Monthly
Notices of the Royal Astronomical Society, stz3257, https://doi.org/10.1093/
mnras/stz3257 (2019).

61. Romanelli, N., Bertucci, C., Gomez, D., Mazelle, C. & Delva, M. Proton
cyclotron waves upstream from Mars: observations from Mars global
surveyor. Planet Space Sci. 76, 1–9 (2013).

62. Romeo, O. M. et al. Variability of upstream proton cyclotron wave properties
and occurrence at mars observed by MAVEN. J. Geophys. Res.: Space Phys.
125, e2020JA028616 (2021).

Acknowledgements
N.R. is supported through a cooperative agreement with Center for Research and
Exploration in Space Sciences & Technology II (CRESST II) between NASA Goddard
Space Flight Center and University of Maryland College Park under award number
80GSFC21M0002. Support for this research was also provided by GSFC/EIMM within
NASA’s Planetary Science Division Research Program. N.R. and G.A.D. were also sup-
ported by the NASA ROSES Solar System Workings program (NNH19ZDA001N-SSW),
proposal # 19-SSW19-0106. N. R. would like to thank Maíra Dutra for the contributions
and time she dedicated to create the schematics presented in Figs. 1 and 8.

Author contributions
N.R. led the work and conducted most of the analysis of MESSENGER MAG dataset.
N.R. and G.A.D. contributed to scientific interpretation of the results and drafting of the
manuscript. All authors discussed the results and conclusions of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-26344-2.

Correspondence and requests for materials should be addressed to N. Romanelli.

Peer review informationNature Communications thanks Frederick Menk and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26344-2

10 NATURE COMMUNICATIONS |         (2021) 12:6748 | https://doi.org/10.1038/s41467-021-26344-2 | www.nature.com/naturecommunications

https://doi.org/10.1029/GM035p0141
https://doi.org/10.1029/GM035p0141
https://doi.org/10.1016/j.pss.2009.09.020
https://doi.org/10.1016/j.pss.2009.09.020
https://doi.org/10.1063/1.4811005
https://doi.org/10.1063/1.4811005
https://doi.org/10.1093/mnras/stz3257
https://doi.org/10.1093/mnras/stz3257
https://doi.org/10.1038/s41467-021-26344-2
http://www.nature.com/reprints
www.nature.com/naturecommunications


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26344-2 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:6748 | https://doi.org/10.1038/s41467-021-26344-2 | www.nature.com/naturecommunications 11

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Occurrence rate of ultra-low frequency waves in the foreshock of Mercury increases with heliocentric distance
	Results
	ULF Wave detection
	Spatial Distribution
	Conditions Favorable for ULF Waves

	Discussion
	Methods
	The MESSENGER mission
	Bow shock connectivity
	Power spectral density and wave polarization

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




