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[1] Mercury’s bow shock is unique in our solar system as it is produced by low Mach
number solar wind blowing over a small magnetized body. The availability of
MESSENGER orbiter data enables us for the first time to conduct an in-depth study of
upstream waves in Mercury’s foreshock. This paper reports first results of an observational
study of upstream ULF waves in Mercury’s foreshock using high-time resolution magnetic
field data from the MESSENGER spacecraft to understand the general morphology of these
waves. We find that the most common wave phenomenon in Mercury’s foreshock has
frequencies ~ 2Hz, with properties similar to the 1 Hz whistler waves in the Earth’s
foreshock. Their generation appears to be generic to the shock and not affected by the weak
strength and small size of Mercury’s bow shock. On the other hand, the most common wave
phenomenon in the Earth’s foreshock is the large-amplitude 30 second waves, identified as fast
magnetosonic waves generated by backstreaming ions. Similar waves at Mercury have wave
frequencies at ~ 0.3Hz, but occur only sporadically. The general lack of strong “30 second”
magnetosonic waves at Mercury can be attributed to the lack of strong backstreaming ions due
to a weak bow shock and not enough time for wave growth due to the small foreshock size.
Superposed on the “1Hz”whistler waves, there are short bursts of spectral peaks at ~ 0.8Hz that
are new and have not been reported previously in Mariner 10 data.
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1. Introduction

[2] The foreshock is the spatially asymmetric region
magnetically connected to the planetary bow shock. It
contains backstreaming charged particles from the bow
shock, produced by either reflection of solar wind particles
at the bow shock or leakage of shocked plasma from
downstream of the shock [e.g., Thomsen et al., 1983]. The
backstreaming particles in the foreshock move upstream
along the interplanetary magnetic field (IMF) and provide
a source of free energy for various plasma instabilities as
they move upstream against the incoming solar wind flow.
Upstream waves refer to all types of electromagnetic and
electrostatic waves generated by the backstreaming

particles in the foreshock. The study of foreshocks other
than the Earth’s is important for extending our understand-
ing of collisionless shocks and foreshock physics since the
bow shock strength varies with heliocentric distance from
the Sun, and the sizes of the bow shocks are different at
different planets. Upstream waves have been observed
in the foreshock regions of all the planets that have been
visited by spacecraft as well as in front of cometary bow
shocks and interplanetary shocks. While upstream waves
have been studied in depth in the Earth’s foreshock, our
knowledge of Mercury’s upstream waves is rather poor
because it came exclusively from the magnetic field data
during the Mercury flybys of Marnier 10, the only
spacecraft which has encountered the planet before
MESSENGER was launched [Fairfield and Behanon, 1976].
The magnetic field data from MESSENGER orbiting
spacecraft open up a door for an in-depth exploration of
upstream waves at Mercury.
[3] Although there are many similarities between

Mercury’s foreshock and Earth’s foreshock, they differ in
several aspects: the size and the strength of the bow shock
as well as the value of the solar wind Mach number at the
two planets. Mercury’s bow shock is unique in our solar
system as it is produced by low Mach number solar wind
blowing over a small magnetized body with a predomi-
nately radial interplanetary magnetic field. Mercury is the
smallest of the terrestrial planets. Mariner 10 first
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established and MESSENGER confirmed that Mercury has
an intrinsic magnetic field and the magnetic moment is
only about 4 � 10�4 of that of the Earth [Ness
et al., 1975; Russell et al., 1988; Anderson et al., 2008].
The weak magnetic moment, combined with a large solar
wind dynamic pressure at the planet, results in a very small
planetary magnetosphere, in both absolute value and
relative to the planet. Although Mercury’s magnetosphere
can form a magnetic cavity to shield the solar wind from
the planet and divert the solar wind flow around it in a
manner similar to the Earth’s magnetosphere, the bow
shock formed in front of the magnetic cavity is both very
weak due to the low solar wind Mach number and very
small in dimension (~ 1/10 of the Earth’s bow shock). In ad-
dition, the solar wind is unique at Mercury: the Mach num-
ber is low and the IMF direction is frequently near the radial
direction. Slavin and Holzer [1981] list typical interplanetary
conditions and bow shock parameters at Mercury and the
Earth. The typical Alfvénic Mach number ranges
from~4 to 6, and the magnetosonic Mach number ~5–6 at
Mercury. In comparison, the typical Alfvénic andmagnetosonic
Mach numbers at the Earth are ~ 9 and 7, respectively. The
IMF Parker spiral angle is ~ 20� at Mercury and~ 45� at the
Earth. We do expect that there are similarities and differences
among the upstream waves in Mercury’s foreshock and the
Earth’s foreshock.
[4] To our knowledge, there are only a few publications

focusing on the topic of upstream waves at Mercury, all
reporting in situ observations by Mariner 10. Fairfield and
Behannon [1976] first reported Mariner 10 observations
and classified Mercury upstream waves into two classes that
appear to correspond to two types of upstream waves at
Earth: (1) lower-frequency (~ 5–10 s), large-amplitude
waves similar to the 30 second waves at Earth that occur
in the region upstream from quasi-parallel shocks
[Greenstadt et al., 1968]; and (2) higher-frequency (~ 2Hz),
small-amplitude waves similar to the 1 Hz waves at Earth
that occur upstream from both quasi-parallel and quasi-
perpendicular shocks [Fairfield, 1974]. Such classifications of
Mercury upstream waves were based on the wave properties
and their frequency characteristics. Hoppe and Russell [1982]
found that there is a linear relationship between the wave
frequency and the magnetic field strength during various plane-
tary encounters, indicating the wave frequencies depend on
gyrofrequencies. The upstream wave frequencies at Mercury
are the same as those of their counterparts at the Earth
when scaled by the magnetic field strength [Hoppe and
Russell, 1982; Orlowski et al., 1990]. Throughout this
paper, we will use the term “30 second” waves to refer
to the lower frequency (~ 5–10 s) waves at Mercury with
properties similar to the 30 second waves at the Earth, and
“1 Hz” waves to the higher frequency (~ 2Hz) whistler waves
at Mercury.
[5] The availability of MESSENGER orbiter data

enables us to conduct an in-depth study of upstream
waves in Mercury’s foreshock. In this paper, we report
the results of a preliminary survey of upstream waves at
Mercury during a foreshock passage on 26 March 2011,
using high-time resolution magnetic field data from the
MESSENGER spacecraft. This preliminary study focuses
on surveying the wave types, properties and their
occurrence characteristics

2. Observations

2.1. Dataset and Bow Shock Model

[6] The MESSENGER magnetic field data are the only
appropriate data set available for the study of upstream
phenomena. Anderson et al. [2007] gives a detailed
description of the magnetometer instrument. The plasma
instrument onboard is not configured to measure the solar
wind plasma and is not an appropriate instrument for
characterizing the low-density backstreaming particles either.
The MESSENGER calibrated fluxgate magnetometer data set
archived in the Planetary Data System (PDS) has a resolution
of 20 samples per second. To date, the Mercury flyby data plus
orbital data from 23 March (day 82), 2011 to 17 May 2011 are
available at PDS. Approximately 1300 of the ~1550h of ar-
chived data is when the spacecraft was outside of Mercury’s
bow shock, either in the foreshock or undisturbed solar wind.
[7] MESSENGER is in an orbit of 80� inclination, with

apohermion occurring in the southern hemisphere at 7.1 RM

(RM is the radius of Mercury) and perihermion in the
northern hemisphere at 1.1 RM, and the orbital period is
12 h. During the period of the available data, the spacecraft
apohermion moves from the midafternoon (~ 15 LT) toward
dawn and into postmidnight sector, covering all the subsolar
as well as the dawn flank upstream regions. Considering a
small IMF cone angle (the angle between the IMF and the
solar wind flow) or a nominal Parker spiral angle of ~ 20�
(measuring from the Sun-Mercury line toward dawn) at
Mercury, the MESSENGER spacecraft has a large probability
of entering the foreshock region in every orbit. Thus, orbital
coverage of the available MESSENGER data is ideally
suited to address scientific questions in the foreshock.
[8] A bow shock model is required for a quantitative

study of the upstream waves, such as determining the fore-
shock geometry, the location of the spacecraft relative to
the bow shock, as well as the angle between the IMF and
the bow shock normal yBn [Le and Russell, 1992a]. We will
use the empirical Mercury bow shock model of Slavin et al.
[2009] in this study. Slavin et al. [2009], following Slavin
and Holzer [1981], fitted the bow shock crossings of both
the Mariner 10 and MESSENGER during Mercury flybys
and determined the best fit bow shock model using a conic
section whose focus is free to lie along the aberrated X axis

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X � X 0ð Þ2 þ Y 2 þ Z2

q
¼ L

1þ e� cos yð Þ
where X0 is the location of the focus, e the eccentricity, L the
semi-latus rectum, and the polar angle e measured from
the +X axis about X0. The fitting of shock crossings from
both the Mariner 10 and MESSENGER flybys results in the
fitting parameters: X0 = 0.5 RM, e = 1.07, and L= 2.40 RM

(RM is the Mercury radius). The subsolar standoff distance
for this model is 1.66 RM.

2.2. Overview of Observations

[9] Our preliminary observations clearly establish that the
“1 Hz” whistler waves are the most abundant wave phenome-
non inMercury’s foreshock. In the preliminary survey of the
MESSENGER magnetic field data, we have observed
evidence of upstream “1 Hz” whistler waves in every orbit
of Mercury orbiting data we have surveyed. At Mercury,
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the “1 Hz”whistler waves appear as long wave trains lasting
for hours in the foreshock region.
[10] Figure 1 presents an overview of a good example

demonstrating the occurrence characteristics of the long
lasting “1 Hz” whistler waves on 26 March 2011. The top
panel of Figure 1 displays 7 h of MESSENGER magnetic
field data for the period from 15 to 22 UT on 26 March
2011, including the three components of the magnetic field
vector (Bx, By, and Bz), the magnetic field strength (|B|), and
the IMF cone angle (yBX). The magnetic field data are in
their highest time resolution at 20Hz sampling rate. They
are in the Mercury solar orbital (MSO) coordinates,
where +XMSO points to the Sun from the planet’s center,
+YMSO is in the plane of Mercury’s orbit and opposite to
the planetary velocity vector, and+ZMSO completes the right
handed system. It is similar to the familiar Geocentric Solar

Ecliptic coordinate system commonly used at the Earth.
The IMF cone angle in Figure 1 is calculated using 60 s
averaged magnetic field data. The bottom panels of
Figure 1 show the dynamic power spectrograms of the three
components of the magnetic field. The black traces
superposed on top of the power spectrogram represent the
local proton gyrofrequency calculated from the background
magnetic field strength.
[11] Since the solar wind data for this pass are not

available, the bow shock jump conditions and structures
may shed some light on the solar wind Mach number. The
bow shock crossing in Figure 1 occurs at ~ 15:10 UT as
indicated by the dashed line in the top panel. Figure 2
displays a blow-up of the magnetic field data around this
bow shock crossing showing the detailed shock jump
condition. The top panel contains 4min magnetic field data
in MSO around the bow shock crossing. The bottom panel
displays 1min magnetic field data around the bow shock
crossing in a shock normal coordinate system determined
by the bow shock coplanarity analysis. In the shock normal
coordinate system, N is the local bow shock normal
direction, the L-N plane contains both the upstream and
downstream magnetic field, and M is normal to both the
upstream and downstream fields. For this bow shock
crossing, the angle between the upstream magnetic field
and the bow shock normal is 61� at the bow shock crossing.
Whistler wave activities are apparent in the upstream
magnetic field. The downstream magnetic field exhibits a
very small overshoot. Comparing with the structures of the
Earth’s bow shocks at various Mach numbers in previous
studies, the structure of this bow shock crossing resembles
those of slightly subcritical or marginally critical shocks
(the Mach number is slightly less or very close to the critical
Mach number) [Sckopke et al., 1990; Farris et al., 1993].
Based on the bow shock structures, it is very likely that
the solar wind Mach number is low for this pass.
[12] Figure 3 shows theMESSENGER spacecraft trajectory

for the time interval in Figure 1. The top panel is the
MESSENGER trajectory displayed in solar-wind-aberrated
cylindrical MSO coordinates. The bottom panels are the
projections of the same trajectory on the MSO X-Y, X-Z,
and Y-Z planes, respectively. The empirical magnetopause
and bow shock models based on Mariner 10 and
MESSENGER data are also plotted in each panel [Slavin
et al., 2009]. In particular, the size of the bow shock is
scaled to the actual bow shock crossing of MESSENGER
at 15:10 UT.
[13] Immediately upstream from the bow shock (~ 15:10–

15:20 UT), the upstream waves appear to be broad-band
with high frequency cutoff at ~ 3.5 Hz as shown in
Figure 1. Their irregular wave forms are shown in the
upstream portion in Figure 2. After ~ 15:20 UT, the most
striking feature in Figure 1 is the long-lasting narrow-band
spectral power enhancement near 2 Hz. The bow shock
crossing occurs at ~ 15:10 UT. The magnetic field fluctuations
are very broadband up to ~ 3Hz initially after the bow shock
crossing. Starting ~ 15:20 UT, intense “1 Hz” whistler
waves are present for more than 5h, from~15:10 UT to~20:40
UT. Overall, we see a general decreasing trend of the “1 Hz”
wave power as the spacecraft moves away from the bow
shock. Meanwhile, the wave frequency exhibits a downward
trend. The two short intervals at ~ 1810–1830 UT and

Figure 1. Overview of the MESSENGER magnetic field
observations for the period from 15 to 22 UT on 26 March
2011. (top) The three components of the magnetic field
vector (Bx, By, and Bz), the magnetic field strength (|B|),
and the IMF cone angle (yBX, the angle between the IMF
and the Mercury-Sun line). (bottom) The dynamic power
spectrograms of the three components of the magnetic field.
The black traces superposed on top of the power spectrogram
represent the local proton gyrofrequency calculated from the
background magnetic field strength.
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1914–1918 UT with greatly reduced or nearly diminished
“1 Hz” wave power are apparently associated with changes
of the IMF direction and we will discuss them further with
regard to the foreshock geometry. In contrast to the
Earth’s foreshock where large-amplitude 30 second waves
are the most common wave phenomenon, there is a general
lack of “30 second” waves in Mercury’s foreshock. In the
bottom of Figure 1, it is evident that there are a few short in-
tervals with enhanced lower frequency (less than 1Hz)
wave powers in the bottom panels of Figure 1. We will also
discuss these intervals in more detail below.
[14] The changes of the IMF direction due to the increase

of the IMF-Bz component at ~ 1810 UT and again at 1914
UT are apparently responsible for the reduced or nearly
diminished “1 Hz” wave power in the two short intervals
mentioned above. The IMF directional change at ~ 2040
UT also moves the spacecraft completely out of the
foreshock region. The foreshock geometry can be simplified
into a plane containing the velocity and the IMF (the
so-called V-B plane) since the motion of upstream waves
and particles is ordered by this plane [Greenstadt and
Baum, 1986; Le and Russell, 1992a]. In this particular case,
the V-B plane is roughly the MSO XZ plane as the IMF By
component is nearly zero most of the time and always the
smallest among the three components during the wave

interval. Figure 4 displays the spacecraft trajectory in the
aberrated XZ plane with the magnetopause and the bow
shock scaled to MESSENGER’s actual boundary crossings.
The portions of the trajectory in red are the intervals with
intense “1 Hz” whistler waves (except a brief interval ~
1914–1918 UT) and in black without the intense waves.
[15] We show the foreshock geometry schematically for

three IMF conditions in Figure 4. In Figure 4a, the IMF
has a cone angle of 10�, corresponding to the average
conditions in the intervals when MESSENGER observes
intense “1 Hz” whistler waves (all the red segments of the
orbit). The spacecraft is magnetically connected to the
bow shock everywhere along the trajectory under this IMF
condition. In Figure 4b, the IMF cone angle is increased to
20�, corresponding to the average condition in ~ 1810–1830
UT when the power of “1 Hz” is greatly reduced or dimin-
ished due to an increase in the IMF Bz component. Under
this condition, the spacecraft is no longer connected to the
bow shock in the later part of the trajectory, which includes
the short black segment of the orbit. It explains why the “1 Hz”
whistler waves are greatly reduced during~1810–1830UT.We
will discuss why the “1 Hz” wave power is not completely
absent under this condition. In Figure 4c, the IMF cone angle
is further increased to 45�, corresponding to the condition after
2040 UT due to the much-enhanced IMF Bz magnitude,
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which becomes comparable to the Bx magnitude. Under
this condition, the spacecraft moves out of the foreshock
and is no longer connected to the bow shock, resulting in
the cutoff of the waves. Figure 4 demonstrates that intense
“1 Hz” whistler waves have been observed everywhere
when the spacecraft is in the foreshock and magnetically
connected to the bow shock during this pass. This is con-
sistent to the propagation of whistler waves with source
point at the bow shock since theory shows that their group
velocity is approximately guided by the magnetic field
[Swanson, 2003].

2.3. Observations of “1 Hz” Whistler Waves

2.3.1. Properties of “1 Hz” Whistler Waves
[16] The properties of the upstream “1 Hz” whistler waves

at Mercury appear to be similar to those reported at the Earth.
Figure 5 presents an example of the “1 Hz” whistler waves
and the wave properties. Figure 5a contains 5min of the
highest resolution magnetic field from MESSENGER in
MSO coordinates, representative of the “1 Hz” whistler
waves for the entire pass. Figure 5b is an expanded view of
the 30 s data within the two dashed lines in Figure 5a, showing
the detailed waveform and its nearly monochromatic nature.

Figure 4. The spacecraft trajectory and the foreshock geometry schematics in aberrated MSO XZ
plane for three IMF cone angles: (a) 10�, (b) 20�, and (c) 45�. The magnetopause and the bow shock
are scaled to MESSENGER’s actual boundary crossings. The portions of the trajectory in red are the
intervals with intense “1 Hz” whistler waves (except a brief interval ~ 1914–1918 UT) and in black
without the intense waves.

Figure 3. The MESSENGER spacecraft trajectory for the time interval in Figure 1. (top) The
MESSENGER trajectory in solar-wind-aberrated cylindrical MSO coordinates. (bottom) The
projections of the trajectory on the MSO X-Y, X-Z, and Y-Z planes, respectively. The empirical
magnetopause and bow shock models based on Mariner 10 and MESSENGER data are plotted
in each panel.
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The data in Figure 5b are displayed in the coordinate system
determined by the minimum variance analysis (MVA)
[Sonnerup and Cahill, 1967], where i, j, and k correspond
to the directions of the maximum, intermediate, and
minimum variances, respectively, and k is also the wave
vector direction (with 180� ambiguity). The minimum
variance analysis shows that the wave propagates obliquely
to the background magnetic field, as the angle between k
and the average magnetic field B is 22.8�. This moderate
propagating angle is consistent with the wave being
moderately compressional as evident by the small wave am-
plitude in the dBk component. The waves are left-handed
polarized in the spacecraft frame with an ellipticity of
�0.88. The polarization properties are also evident in

Figures 4c and 4d, showing the hodograms for 6 cycles of
the wave magnetic field starting from 17:52:44.2 UT.
Figure 5e shows the transverse and compressional power
spectra for the “1 Hz” whistler waves in Figure 5b. The
spectral peak is at ~ 1.8 Hz and narrow-banded with a sharp
cutoff at the high frequency edge at ~ 2Hz. The sharp
high-frequency cutoff edge is also evident in the dynamic
power spectrogram in Figure 1.
[17] The wave properties presented above are common for

all the “1 Hz” whistler waves observed in the entire pass.
Figure 6 shows the wave properties as a function of time
during the entire wave interval. The top three panels are
the frequency-time spectrograms of the wave ellipticity
(Figure 6a), the propagation angle between the wave normal
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and the magnetic field ykB (Figure 6b), and the propagation
angle between the wave normal and the solar wind flow ykV
(Figure 6c). The black traces are the wave frequency for the
“1 Hz” whistler waves, calculated as the weighted frequency in
the frequency band of 0.8–3.3Hz. The wave propagation angle
ykB for the “1 Hz” waves occurs in the range from 20� to
40� after the bow shock crossing until ~ 19:40 UT. The
wave polarization is consistently left-handed with the
ellipiticity ~�0.8 in the spacecraft frame. After ~ 19:40 UT,
apparently associated with the IMF By turning more negative,
the wave propagation becomes more parallel to the magnetic
field as the propagation angle ykB decreases to ~ 10� and less,
and the polarization remains left-handed. The propagation

angle from the aberrated solar wind flow direction ykV
determines the effect of Doppler shifting by the solar wind
flow. The smaller the angle ykV is, the greater Doppler shifting
the wave frequency has. Figure 6c shows that this angle is very
small, less than ~ 20�. Thus, Doppler shifting of the frequency
is expected to be significant. The “1 Hz” whistler waves are
intrinsically right-handed polarized in the plasma rest
frame. They can propagate upstream because their group
velocity is generally greater than the solar wind velocity
[Orlowski and Russell, 1991]. However, their phase
velocity is smaller than the solar wind velocity, and thus,
their polarization as observed by the spacecraft is reversed
to left-handed due to the Doppler shift effect.
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[18] Figure 6d shows the total wave power integrated in the
same 0.8–3.3Hz frequency band. The wave power is quite
variable with a general decreasing trend as the spacecraft
moves away from the bow shock. Figure 6e shows the
distance between the spacecraft and the source point at the
model bow shock at the 1 min cadence. The source point is
where the magnetic field line from the spacecraft intersects
the bow shock. It is calculated using the instantaneous 1
min average of the magnetic field vector. For the times when
the spacecraft is not magnetically connected to the bow
shock, or when the distance is greater than 50 RM (the
Mercury radius), no data points are plotted in Figure 6c.
Figure 6f shows the yBN, the angle between the magnetic
field and the bow shock normal direction at the source
point. It indicates whether the spacecraft is connected to
the quasi-perpendicular (yBN> ~ 45�) or the quasi-parallel
(yBN< ~ 45�) portion of the bow shock. It shows that the
spacecraft is connected to the quasi-perpendicular portion
of the bow shock most of the time except two brief
periods around ~ 1705 UT and ~ 1835 UT. Nevertheless,
the range of yBN variation is large enough to examine if
there is any correlations between the wave properties
and the yBN angle at the bow shock source point. It
shows there is no clear correlation between the wave
properties and the yBN angle at the source point.
[19] Although the spacecraft distance from the bow shock

increases monotonically as the spacecraft moves away from
the bow shock in this particular pass, the distance from the
bow shock along the magnetic field line does not. The
source point on the bow shock moves back and forth due
to the variability of the magnetic field direction, and the
distance between the spacecraft and the source point varies
accordingly. From Figure 6, it appears that the total wave
power and the weighted wave frequency have better
correlations with the distance from the spacecraft to the
bow shock along the magnetic field. In Figure 7, we display
the total power (top) and the weighted frequency (bottom) of
the “1 Hz” whistler waves as a function of the distance from
the bow shock along the magnetic field line. The solid line in
the top panel is the result of the least squares fitting of the wave
power P using an exponential function of distance L

P ¼ Po� exp �L=Loð Þ

[20] The least squares fitting results give that (1) the
wave power (amplitude) at the bow shock, Po, is ~ 2.7 nT2

(~ 1.6 nT); and (2) the scale length of the wave power falloff
, Lo, is ~ 13.5 RM, or ~33,000 km. In the bottom panel, there
is also a clear decreasing trend of weighted wave frequency
as the distance from the spacecraft and the source point on the
bow shock increases. Assuming that the wave power
generated at the bow shock is independent of wave
frequency, it shows lower frequency waves can reach far-
ther upstream from the bow shocks.
2.3.2. Remnant “1Hz”Waves on Unconnected Field Lines
[21] We have observed that the “1 Hz” wave power is

greatly reduced or diminished during the periods when the
IMF changes its direction toward a larger IMF cone angle
(Figure 1). The larger IMF cone angles result in the spacecraft
increasing the distance from the bow shock along B or even
not being connected to the bow shock magnetically. A close
examination of the data near the time of IMF changing
directions reveals that the “1 Hz” wave power does not turn
off immediately after the IMF changes direction. The waves
can still be present for a couple of minutes on field-lines that
are clearly no longer connected to the bow shock magneti-
cally. They disappear gradually after the spacecraft switches
from connected to unconnected condition. Figure 8 presents
one of such cases. The top panel of Figure 8 shows the dy-
namic power spectrum for 30min of data from 18:05–
18:35 UT. The change of the IMF direction occurs around
18:12:10 UT, marked by a white dashed line in the top
panel. The middle panel shows the detailed magnetic field
data around the time when the IMF changed its direction.
The bottom panels show the foreshock geometry with the
spacecraft location before and after the IMF directional
change, corresponding to 1 min intervals (Figures 8a and
8b), respectively. In the foreshock geometry plot, the vector
denoted by B is the IMF direction, determined by the 1 min
magnetic field average. The vector denoted by Vsw is the
aberrated solar wind flow direction. The two vectors Vsw

and B define the V-B plane, and the bow shock is the
cross-section of the 3-D model bow shock on theV-B plane.
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Figure 7. (top) The total power and (bottom) the weighted frequency of the “1 Hz” whistler waves as a
function of the distance from the bow shock along the magnetic field line.
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The model bow shock is scaled by the spacecraft location at
the actual bow shock crossing at 15:10 UT. The dot denoted
by S/C is the spacecraft position. Immediately before the
magnetic field directional change, the IMF cone angle is 11�,
and the spacecraft is connected to the quasi-perpendicular
bow shock with a distance of 12.5 RM. After the IMF cone
angle increases to 20�, the spacecraft becomes unconnected
to the bow shock. Both the dynamic power spectrum and the
magnetic field data show that the “1 Hz” waves remain to be
present for about 1min after the cone angle increase.
However, the wave frequency exhibits an increasing trend
in this case. The amplitude of the remnant waves gradually
decreases to zero. The polarization of the remnant waves
remains left-handed (Figure 6).

2.4. Observations of Lower Frequency Waves

[22] In the Earth’s foreshock, lower frequency waves
(commonly referred as the 30 second waves) are an intrinsic
feature observed in the ion foreshock, the region connected
mostly to the quasi-parallel bow shock with yBN generally

less than ~ 50� [Le and Russell, 1992a]. These waves are
generated by ions streaming upstream along the magnetic
field lines from the bow shock via the resonant instability
between the right-handed magnetosonic waves and the
backstreaming ions. They appear with different waveforms
depending on the location: nearly sinusoidal waves near
the ion foreshock boundary, compressional waves with
steepening edges deep into the foreshock, and very irregular
nonlinear waves near the bow shock [Hoppe et al., 1982;
Le and Russell, 1992a, 1992b]. Most of the time they are
very strong with amplitudes in the same order of the
background field strength. They are present all the time
when the spacecraft is in the ion foreshock. In the 26
March 2011 pass, there are two short intervals when yBN is
less than 50�, ~ 16:40–17:10 UT and ~ 18:34–18:37 UT
(ref. Figure 6). Unlike the observations in the Earth’s
foreshock, we do not see a persistent narrow-band power
enhancement at lower frequency band in the quasi-parallel
foreshock of Mercury, as evident in the dynamic power
spectra in Figure 1. It appears that low frequency waves
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occur sporadically with short durations. We can identify a
few short bursts of spectral power enhancement with
frequencies below those of “1 Hz” waves, both in the
quasi-perpendicular and quasi-parallel foreshocks. The
observations of the lower frequency waves involve two
frequency bands: ~ 0.8Hz and ~ 0.3Hz waves, respectively.
Herein we present examples and the analysis of these lower
frequency waves.
2.4.1. Waves at ~ 0.8Hz
[23] Figure 9 shows one example of the lower frequency

bursts at ~ 0.8 Hz. Figure 9a contains 4min of the
MESSENGER magnetic field data in MSO, and Figure 9b
power spectra for 2min of the data. Two distinct spectral
peaks are evident in Figure 9b. Besides the peak at ~ 3Hz,
which is the “1 Hz” whistler waves we have discussed above,
there is another spectral peak at lower frequency~0.8Hz.
Because these lower frequency waves coexist with the intense
“1 Hz” waves, it is difficult to discern their waveforms in the
highest time resolution data in Figure 9a. To examine these
lower frequency waves, we display a 40 s interval for both the
detrended high-resolution data (blue) as well as the low-pass fil-
tered data (black) in Figure 9c. These data are rotated to the co-
ordinated system determined by the MVA, where i, j, and k
correspond to the directions of the maximum, intermediate,
and minimum variances, respectively, and k is also the wave
vector direction (with 180� ambiguity). The lower frequency
waves have peak-to-peak amplitudes ~ 1–4 nT, lower than
those of “1 Hz” whistler waves. Wave analysis results show
that the lower frequency waves are right-handed polarized
in the spacecraft frame, which is in the opposite sense to

the “1 Hz” whistler waves. Figure 9e shows the correspond-
ing foreshock geometry for the time interval. The aberrated
IMF cone angle (yBV) is 8�. The spacecraft is ~ 2.6 RM from
the bow shock along the magnetic field line. The angle be-
tween the magnetic field and the bow shock normal (yBn)
at the source point is 63�. Thus the spacecraft is connected
to the quasi-perpendicular shock.
[24] This type of the waves has not been reported previously

at Mercury in Mariner 10 data.
2.4.2. Waves at~0.3Hz (the “30 second”FastMagnetosonic
Waves at Mercury)
[25] In the power spectrograms in Figure 1, a short burst

of enhanced power at ~ 0.3 Hz near ~ 16:30 UT is clearly
visible. There are also a few weaker bursts within 17–18 UT.
Figure 10 shows an example of the waves for the lower
frequency burst at ~ 0.3 Hz. It is in the same format as in
Figure 9. In this case, the power spectra exhibit three dis-
tinct peaks: the two arrows in Figure 10b indicate the two
lower frequency peaks in addition to the “1 Hz” whistler
waves. The middle peak occurs at ~ 1 Hz and the wave anal-
ysis shows that the waves at this frequency appear to be the
same type as the 0.8 Hz lower frequency waves in Figure 9
since these waves have similar properties (frequency, prop-
agation angle, polarization, and ellipticity). Here we only
focus on the detailed wave analysis for the spectral peak
at ~ 0.3 Hz in Figures 10c and 10d using low-pass filtered
data with a 0.6Hz cut off frequency. Figure 10e shows the
corresponding foreshock geometry for the time interval.
This is a case with nearly radial IMF as the aberrated IMF
cone angle (yBV) is very small at 3�. The spacecraft is ~ 5.1

15:44 15:45 15:46 15:47 15:48

0

0
-4

4
8

4

-4
-8

38
34
30

26
30
34

Bx

By

Bz

|B|
(nT)

15:45 - 15:47 UT

Lo
g 

P
ow

er
 (

nT
2 /

H
z)

-6

-5

-4

-3

-2

-1

0

1

2

-3 -2 -1 0 1 2

-4
-2
0
2
4

-4
-2
0
2
4

10 15 20 25 30 35 40 45 50
-4
-2
0
2
4

Time after 15:46 UT (sec)

-2 0 2

-2

0

2

-2 0 2

-2

0

2

B

S/C

VSW

Bow Shock

δBj

δBk

δBi

(a) MESSENGER Magnetic Field in MSO Coordinates (b) Power Spectra

(c) Wave Magnetic Field in MVA Coordinates
(d) Wave Hodograms (15:46:26 - :30 UT)

(e) Foreshock Geometry

Log Frequency (Hz)

B

band pass (0.4-0.9 Hz)

δBj

δBi δBk

Figure 9. An example of the lower frequency bursts at ~ 0.8Hz: (a) theMESSENGERmagnetic field data
in MSO; (b) the transverse and compressional power spectra; (c) a 40 s interval for the detrended ion data
(blue) and the low-pass filtered data (black) in MVA coordinates; (d) the hodograms of the waves in MVA;
and (e) the corresponding foreshock geometry.

LE ET AL.: UPSTREAM ULF WAVES AT MERCURY

2818



RM from the bow shock along the magnetic field line. The
angle between the magnetic field and the bow shock normal
(yBn) at the source point is 64�.
[26] The waves at ~ 0.3 Hz appear to be left-handed

polarized in the spacecraft frame. The peak-to-peak wave
amplitudes are ~ 3 nT, which is in the order of 10% of the
background magnetic field strength. The frequency and
the polarization both agree with the properties of 30 second
waves. Previous observations have established that the
frequency of 30 second waves in the spacecraft frame de-
pends mainly on the magnetic field strength [Hoppe and
Russell, 1982; Le and Russell, 1996]. Based on the
empirical scaling relation, the frequency of the “30 second”
waves in Mercury’s foreshock would be ~0.2–0.3Hz for
the IMF strength 30–50 nT.

3. Discussions

[27] Previous studies of planetary upstream waves have
demonstrated that categorizing the waves based on their
frequency is an appropriate approach. Based on the wave
properties and their frequency characteristics, upstream
waves have been classified into different types based on
the frequency ranges in the spacecraft frame. Our detailed
examination of the MESSENGER magnetic field data
reveals the following occurrence characteristics of Mercury
upstream waves:
[28] 1. The “1 Hz” whistler waves with frequencies ~ 2Hz

appear to be the most abundant wave phenomenon in
Mercury’s foreshock. They appear as long wave trains and
sometimes last for hours in the foreshock. Their wave
properties are very similar to those at the Earth.

[29] 2. The “30 second” magnetosonic waves generated by
backstreaming ions correspond to the spectral peak at the low-
est frequency at ~ 0.3Hz. The “30 second” waves occur
sporadically in Mercury’s foreshock. They appear to be very
similar to the 30 second sinusoidal waves near the Earth’s
ion foreshock boundary, but with much smaller amplitudes.
We have not observed the “30 second”waves with steepening
edges, i.e., in the form of shocklets, in our preliminary survey.
[30] 3. Short bursts of spectral peaks at ~ 0.8 Hz are also

observed in Mercury’s foreshock. This is a new observation
at Mercury. Waves at this frequency were not reported
previously in Mariner 10 data. It is not clear if they are
similar to the 3 second waves at the Earth. So far, we only
see these waves coexisting with the “1 Hz” whistler waves
and/or “30 second” magnetosonic waves.
[31] Despite the similar wave properties at Mercury and

the Earth, both Mariner 10 and MESSENGER data show
that the wave occurrence characteristics at Mercury and
Earth are quite different. The most striking difference lies
on the occurrence characteristics of lower frequency “30 second”
magnetosonic waves at Mercury. The large-amplitude 30
second magnetosonic waves at the Earth are found to be
an intrinsic feature in the Earth’s foreshock (see Eastwood
et al. [2005] for a review). They appear whenever the space-
craft is upstream from the quasi-parallel shock. They often
have very distinct waveforms, as nearly sinusoidal waves
near the ion foreshock boundary, or as shocklets with steep-
ened leading edges deep into the foreshock region
[Greenstadt et al., 1968; Hoppe et al., 1981, 1982]. The
waves have smaller amplitudes and propagate nearly paral-
lel to the magnetic field when in the nearly sinusoidal form.
However, the waves typically grow to very large amplitudes
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(dB/B ~ 100%), and they propagate obliquely to the
magnetic field when in the steepened waveform, which is
attributed to the result of nonlinear evolution [e.g.,
Omidi and Winske, 1990]. In contrast, the “30 second”
magnetosonic waves are present only sporadically in
Mercury’s foreshock. Their wave amplitudes are generally
small (dB/B~10%) in our limited observations. Neither
Mariner 10 nor MESSENGER has observed these waves in
the steepening waveform, common to the upstream waves in
the Earth’s foreshock, and this observation is consistent with
the observed small wave amplitudes and small wave
propagation angles.
[32] Since backstreaming ions in the foreshock provide

the free energy source for the “30 second” magnetosonic
waves, the weak magnetosonic waves and the lack of
shocklets (those in steepened waveforms) at Mercury imply
that the backstreaming ion beams are much weaker in
Mercury’s foreshock than in the Earth’s foreshock. The
main reason is the low Mach number solar wind condition
at Mercury (Figure 2). It has long been known that ion re-
flection is a general characteristic of high Mach number
collisionless shocks [Biskamp, 1973; Sonnerup, 1969;
Paschmann et al., 1980]. Theoretically, there is a critical
Mach number, below which resistivity alone can account
for all the dissipation to sustain the steady state shock tran-
sition, but above which other mechanisms such as ion reflec-
tions must be introduced to provide the necessary dissipation
(see Kennel et al. [1985] and Burgess et al. [2012] for re-
views). Observations at the Earth’s bow shock show that a sig-
nificant amount of solar wind ions, up to ~ 20%, would be
reflected from the bow shock for conditions above the criti-
cal Alfvénic Mach number (MA> 2.5–3); the reflected ions
can escape the bow shock to form strong backstreaming ion
beams in the incoming solar wind upstream from the quasi-
parallel bow shock (see Gosling and Robson [1985] for a
review). At low Mach numbers (MA ~ 2.0–3.7), the ion
reflections are observed to be at a lower level, which con-
tribute to the modest level of upstream waves activities
[Thomsen et al., 1985, 1993; Sckopke et al., 1990]. The so-
lar wind Alfvénic Mach numbers at Mercury are expected to
be in the range of ~ 4 to 6, which are generally right at or just
above the critical Alfvénic Mach number. For the case
presented in this paper, the magnetic structures of the bow
shock crossing imply a slightly subcritical or marginally
critical bow shock. This is in agreement with the lack of
strong backstreaming beams. Although the leakage of
downstream heated ions has also been considered as a
source of upstream beams [Edmiston et al., 1982; Tanaka
et al., 1983], observations show that this mechanism does
not appear to be important for a low Mach number bow
shock [Kucharek et al., 2004]. The upstream waves
presented in this paper were observed mainly in the region
off the subsolar foreshock. It is of great interest to examine
the wave characteristics in the region upstream from
subsolar bow shock. If the whistler waves were indeed
dominant everywhere in Mercury’s foreshock region, it
would imply a very different interaction between the bow
shock and foreshock at the Earth and Mercury. At the bow
shock transition, upstream particles convey the bulk of the
energy to the upstream region at the Earth whereas the
upstream whistler waves play the similar role at Mercury.
We will address this in the follow-up study.

[33] Another reason for the weak magnetosonic waves
and the lack of shocklets in Mercury’ foreshock is likely
to be the fact that the small sizes of Mercury’s magneto-
sphere and bow shock only support weak wave growth.
The standoff distance of Mercury’s magnetopause is only
about 1/20 of the Earth’s magnetopause [Russell, 1994].
Since the foreshock interaction region is where the IMF is
connected to the bow shock, the time of connection for a
field line to the bow shock is significantly smaller at
Mercury than at the Earth as the field line moves with the so-
lar wind passing the planet. Upstream magnetosonic waves
are generated within the foreshock region by backstreaming
ions, and grow in a parcel of solar wind plasma as they are
carried downstream by the solar wind. The short connection
time also means short growth time for the waves. Thus, the
small bow shock size also works against the growth of the
upstream magnetosonic waves. Furthermore, global hybrid
simulations show that the nearly sinusoidal magnetosonic
waves and the steepened magnetosonic waves (shocklets)
are generated separately by different types of backstreaming
ions in different regions of the foreshock, and their generations
also depend on the magnetospheric scale sizes [Omidi et al.,
2005; Blanco-Cano et al., 2006]. In their simulations of
the solar wind interaction with small magnetospheres,
Blanco-Cano et al. [2006] find that nearly sinusoidal
parallel propagating waves are generated by field-aligned
backstreaming beams. These waves are largely transverse
and do not steepen. The steepened waveform is a result of
nonlinear evolution of obliquely propagating magnetosonic
waves (that are highly compressional). The compressional
waves are generated by gyrating ion beams upstream from
the quasi-parallel shocks when the magnetospheric/bow
shock scale sizes are much larger.
[34] The upstream region of interplanetary shocks

provides us another opportunity to study upstream waves
in front of shocks for varying Mach numbers. Low Mach
number condition occurs rarely at the Earth’s bow shock,
but frequently in interplanetary space [Russell et al.,
2009]. Low-frequency magnetosonic waves similar to the
30 second waves at Earth have been observed upstream
from both high and low Mach number interplanetary shocks
[Wilson et al., 2009; Kajdic et al., 2012]. However, steep-
ened waveforms, or shocklets, have only been reported
upstream from a few interplanetary shocks with higher
magnetosonic Mach numbers, ~ 3 in Lucek and Balogh
[1997] and ~ 4 in Wilson et al. [2009]. In the survey of
STEREO interplanetary shocks with low magnetosonic
Mach numbers (≤ 2.3) presented in Blanco-Cano et al.
[2013], no steepened waveforms and therefore no shocklets
have been observed in the upstream region.
[35] Now we return to the occurrence characteristics of

the “1 Hz” whistler waves. The “1 Hz” whistler waves ap-
pear to be the most common upstream waves at Mercury.
Mariner 10 observed them in all the flyby encounters, both
inbound and outbound [Fairfield and Behannon, 1976;
Orlowski et al., 1990]. In our visual inspection of available
MESSENGER data, their occurrence is also very common
in the foreshock region. In the MESSENGER data we
analyze in this paper, the waves are present for the entire
period when the IMF is connected to the bow shock.
Mercury “1 Hz” waves appear to be wave packets in long
wave trains persisting throughout the foreshock region at
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Mercury. They are present in the region upstream from both
the quasi-parallel and the quasi-perpendicular shock. Their
amplitudes are up to ~ 5 nT peak-to-peak, generally stronger
than those of the 1 Hz waves at the Earth (~ 1 nT). However,
the normalized wave amplitudes (dB/B) are similar at the
two planets since the IMF strength is greater at Mercury
than at the Earth. In the Earth’s foreshock, the 1 Hz whistler
waves are seen mainly in the region close to the bow shock
and upstream from quasi-perpendicular shock. They do not
go far upstream from the bow shock as the 30 second
magnetosonic waves do. However, we believe that
the apparent occurrence difference is mainly due to the
difference sizes of the bow shocks at the two planets. The
occurrence characteristics of the “1 Hz” whistler waves
are essentially the same at the two planets. Unlike the
“30 second” magnetosonic waves that are generated in the
upstream region, the “1 Hz” whistler waves are generated
at the bow shock. Fairfield [1974] first identified these
waves as oblique whistlers and proposed the shock genera-
tion mechanisms for these waves. Subsequent comparative
studies at planetary foreshocks support this mechanism
[Orlowski et al., 1990, 1993, 1995; Russell, 2007]. The
main evidence lies in the observations that the waves damp
with the distance from the bow shock along the magnetic
field line [Orlowski and Russell, 1991; Orlowski et al.,
1995]. The more interesting observation is that there is a
single damping scale length for the wave amplitudes
observed at different planets, which is in the order
of ~ 30,000 km [Russell, 2007]. This scale length translates
to ~ 5 RE, or ~ 15 RM. Our observations at Mercury once again
result in the same damping scale length (see Figure 7). This
same scale length, ~ 15 RM or ~ 5 RE, accounts for the major
part of the foreshock region at Mercury, but only a small
fraction of the Earth’s foreshock region. Although the
“1 Hz”waves at Mercury have larger amplitudes, their wave
properties are very similar to those in the Earth’s foreshock.
These observations imply that the wave generation is
generic to the bow shock. The generation of the whistler
waves is not affected by the strength and size of the bow
shock in this parameter regime. Since the wave amplitudes
are larger at Mercury than at the Earth, the lower Mach
number conditions appear to be more favorable for the
wave generation. This is also consistent to the larger back-
ground magnetic field strength at Mercury.
[36] In the upstream region, the whistler waves are the

only mode of electromagnetic waves that can propagate
upstream against the incoming solar wind flow. Their group
velocity can reach three times the value of the phase veloc-
ity [Russell, 2007] and allows Poynting flux of the waves to
be directed upstream [Sundkvist et al., 2012]. In this study,
the observed wave remnants on newly disconnected mag-
netic field lines (see Figure 8) support the hypothesis that
whistler wave packets move upstream against the solar
wind. After leaving the bow shock and propagating
upstream, the whistler waves are subject to strong Landau
damping, which has been proposed to be the main cause
of the observed amplitude falloff with the distance from
the bow shock. The main evidence supporting this damping
mechanism is the observation that the waves damp more
strongly when propagating at greater angles to the magnetic
field, as predicted by Landau resonance theory [Russell,
2007]. In this study, we present a long interval of the

“1 Hz”whistler waves. The wave propagating angle relative
to the magnetic field remains in the range of 20�–40� for
almost the entire interval (Figure 6). Only in the last
30min or so, the wave propagating angle drops to ~ 10�.
We observe similar wave damping with the distance from
the bow shock in this study. Although this is not inconsis-
tent with the Landau damping prediction, our observations
provide more insight to the wave damping. Associated with
wave damping, we also observe a decreasing trend of the
wave frequency (Figure 7). It implies the lower-frequency
waves damp more slowly, and can propagate further
upstream than the high-frequency waves.
[37] The occurrence characteristics of the “30 second”

magnetosonic waves and “1 Hz” whistler waves in Mercury’s
foreshock also have implications to the low-frequency waves
in the magnetosheath. The magnetosheath contains the shocked
solar wind plasma and is known to have a boardband turbulent
spectrum (see Schwartz et al. [1996] for a review). Often the
magnetic fluctuations are a mixture of wave modes from differ-
ent sources. Some waves are generated by local plasma instabil-
ities related to themagnetopause or bow shock; some are carried
through from the upstream region. Since the “1 Hz” whistler
waves propagate upstream from the bow shock, they do not en-
ter the magnetosheath and the magnetosphere. Thus, the “1 Hz”
whistler waves do not contribute to the turbulent spectra in the
magnetosheath and magnetosphere and are not responsible
for the waves in the same frequency ranges within these
two regions as well as on the ground. On the other hand,
the “30 second” magnetosonic waves cannot propagate up-
stream and are convected downstream into the magnetosheath.
In the Earth’s magnetosheath, they are a major source of
low-frequency magnetic turbulence downstream from the
quasi-parallel shock [e.g., Luhmann et al., 1986]. The gen-
eral lack of strong magnetosonic waves at Mercury implies
that the low-frequency magnetic fluctuations in Mercury’s
magnetosheath are mainly of local sources and not contam-
inated by the upstream waves. This predicts that Mercury’s
magnetosheath would be less turbulent than the Earth’s
magnetosheath. It would be an ideal place to study the waves
generic to the magnetosheath.
[38] Finally, we have identified low-frequency waves

with distinct spectral peaks at ~ 0.8 Hz (Figures 9 and 10)
at Mercury. This type of waves was not reported previously
in Mariner 10 data. We have yet to determine if this type of
waves is similar to the 3 second upstream waves in the
Earth’s foreshock [Le et al., 1992; Blanco-Cano et al.,
1999]. The 3 second waves in the Earth’s foreshock are
found to be always right-handed and nearly circularly polar-
ized in the spacecraft frame. The polarization of the ~ 0.8Hz
waves at Mercury is also found to be right-handed in the
spacecraft; and the wave frequency is also consistent with
the 3 second waves at the Earth given the high IMF strength
at Mercury. In order to draw a conclusion, a statistical sur-
vey of this type of waves at Mercury is required.

4. Conclusions

[39] This paper reports our first results of upstream ULF
waves in Mercury’s foreshock using high time resolution
magnetic field data, 20 samples per second, from the
MESSENGER spacecraft. Mercury’s bow shock is unique
in our solar system as it is produced by low Mach number
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solar wind blowing over a small magnetized body with a
predominately radial interplanetary magnetic field. Our
study has showed the existence of at least three types of
upstream waves: (1) whistler waves at frequencies near
2 Hz, similar to the 1 Hz waves at the Earth; (2) waves with
frequencies ~ 0.3 Hz, similar to the large-amplitude 30
second waves at the Earth; (3) fluctuations with spectral
peaks centered at ~ 0.8 Hz. Unlike the Earth’s foreshock
where the most prominent upstream wave phenomenon is
locally generated large-amplitude 30 second magnetosonic
waves, the most common foreshock waves are whistler waves
generated at the bow shock, with properties similar to the 1 Hz
waves in the Earth’s foreshock. Their occurrence characteris-
tics show that the “1 Hz” wave generation is generic to the
bow shock and not affected by the strength and size of the
shock at Mercury. On the other hand, the “30 second”
magnetosonic waves at Mercury occur only sporadically and
with small amplitudes. The general lack of strong “30 second”
magnetosonic waves at Mercury can be attributed to the lack
of strong backstreaming ions due to a weak bow shock and
not enough time for wave growth due to the small foreshock
size. Superposed on the “1 Hz” whistler waves, there are
short bursts of spectral peaks at ~ 0.8 Hz that are new and
have not been reported previously in Mariner 10 data. The
source of the ~ 0.8 Hz waves remains to be identified.
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