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Abstract A large study of Kelvin-Helmholtz (KH) waves at the magnetopause of Mercury covering 907
days of data from the MErcury Surface Space ENvironment GEochemistry Ranging spacecraft have resulted
in 146 encounters of not only nonlinear KH waves but also linear surface waves, including the first
observations of KH waves at the dawnside magnetopause. Most of the waves are in the nonlinear phase
(90%) occur at the duskside magnetopause (93%), under northward magnetosheath magnetic field
conditions (89%) and during greater magnetosheath Bz (23 nT) values than in general. The average period
and amplitude is 30 ± 14 s and 14 ± 10 nT, respectively. Unlike duskside events, dawnside waves do
not appear at the magnetopause flank (<6 magnetic local time). This is in agreement with previous
observations and modeling results and possibly explained by finite Larmor radius effects and/or a lack of a
large-scale laminar flow at the dawnside magnetopause boundary.

1. Introduction

It is known that the transfer of energy, momentum, and plasma from the solar wind to Earth’s magneto-
sphere does not only take place through magnetic reconnection but also through other mechanisms such
as the Kelvin-Helmholtz (KH) instability [e.g., Chen and Kivelson, 1993; Hasegawa et al., 2004]. KH waves can
develop at the boundary between two plasma regions with different velocities, and such a condition is met
at the magnetopause of any planetary magnetosphere. The plasma transfer is believed to take place when
the KH waves become nonlinear and form rolled-up vortices.

KH waves have so far been observed at the magnetopause of Earth [e.g., Chen and Kivelson, 1993;
Fairfield et al., 2000; Hasegawa et al., 2004], Saturn [Masters et al., 2009, 2010] and Mercury [Slavin et al., 2008;
Boardsen et al., 2010; Sundberg et al., 2010, 2012]. The study of KH waves at Earth is more extensive than at
Mercury, where only a few case studies exist. Moreover; KH waves have been observed at both the dawn-
side and duskside terrestrial magnetopause [e.g., Chen and Kivelson, 1993; Hasegawa et al., 2006], whereas
at Mercury only duskside waves have so far been reported [Slavin et al., 2008; Boardsen et al., 2010; Sundberg
et al., 2010, 2012]. Many authors have suggested that the asymmetry between the duskside and dawn-
side magnetopause is mainly due to finite Larmor radius (FLR) effects [e.g., Nagano, 1979; Glassmeier and
Espley, 2006; Nakamura et al., 2010; Sundberg et al., 2010; Paral and Rankin, 2013]. The influence of the ion
gyromotion on KH wave growth has been studied both by a FLR modified MHD approach [e.g., Nagano,
1979; Glassmeier and Espley, 2006; Sundberg et al., 2010] and by fully kinetic or global kinetic hybrid sim-
ulations [e.g., Nakamura et al., 2010; Paral and Rankin, 2013]. The FLR modified MHD approach concerns
how the gyroviscous pressure of the ions affects the wave growth. As the vorticity of the magnetopause
flow shear and the ion gyromotion are oppositely directed at the dusk flank but coincide on the dawn
flank, the growth rates on the two flanks will be affected differently. Some authors have suggested that
this will make the dawnside more unstable than the duskside [e.g., Nagano, 1979; Sundberg et al., 2010],
while others have predicted the opposite [e.g., Glassmeier and Espley, 2006]. The fully kinetic simulation on
a Mercury-like ion-kinetic scale performed by Nakamura et al. [2010] has shown that as the convection elec-
tric field is directed in toward the magnetopause on the duskside and out from the magnetopause on the
dawnside, the ion gyroradius becomes reduced on the duskside and enhanced on the dawnside, resulting
in a broader velocity shear region at the dawnside compared to the duskside. As the growth rate of the KH
waves depends on the thickness of the shear layer, the duskside is predicted to be more unstable to the KH
instability than the dawnside. The few existing observations of KH waves at Mercury indicate the duskside
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Figure 1. Nine orbits of MESSENGER during 29 March 2011 to 25 June 2011. MESSENGER returns to its original orbit after
approximately 88 days.

flank to be the preferred location of KH waves at Mercury. However, a comprehensive statistical study of KH
events at the magnetopause of Mercury is still missing.

The direction of the interplanetary magnetic field (IMF) is important for the development of KH waves.
Observations of KH waves at the terrestrial magnetopause have typically shown a northward IMF [e.g.,
Fairfield et al., 2000; Ivchenko et al., 2000; Nykyri and Otto, 2001; Hasegawa et al., 2006]. Even most of the few
observed KH waves at the magnetopause of Mercury appeared during northward IMF [Slavin et al., 2008;
Boardsen et al., 2010; Sundberg et al., 2010, 2012].

The case studies of KH waves at Mercury by Boardsen et al. [2010] and Sundberg et al. [2012] indicate a
period of 10–20 s. Note that both studies only cover events where the KH waves have become nonlinear. At
Earth, however, the mean period for KH waves is considerably larger and lies in the interval of 2–5 min [e.g.,
Fairfield et al., 2000; Hasegawa et al., 2006].

In the present study we aim to do a systematic investigation of KH waves at the magnetopause of Mercury,
using magnetic field data from the magnetometer instrument onboard the MErcury Surface Space
ENvironment GEochemistry Ranging (MESSENGER) spacecraft. The main goal is to examine the location
of KH waves on the Mercury magnetopause and to clarify a possible existence of a dawn-dusk
asymmetry. The present work also includes a detailed examination of waveform, amplitude, period as well
as magnetosheath, and solar wind conditions associated with or near in time to the KH waves.

2. Data Selection

The NASA MESSENGER spacecraft (MErcury Surface Space ENvironment GEochemistry Ranging) was
inserted into orbit around Mercury in 18 March 2011, and has since then collected data from the sur-
rounding space environment. To identify KH waves at Mercury’s magnetopause, data from the magne-
tometer instrument have been used. The magnetometer can measure the magnetic field with an accuracy
and resolution of 0.047 nT and 20 samples per second. For more details on the instrument, see
Anderson et al. [2007].

The present study includes approximately 2.5 years of data between 24 March 2011 and 18 September
2013. During that time period, 907 days with data covering inbound and outbound magnetosphere
crossings exist.

2.1. KH Selection
Figure 1 shows how MESSENGER’s orbit varies over 88 days in MSM coordinates (x̂ is directed from the center
of the planet toward the Sun, ẑ is pointing toward the magnetic dipole, and ŷ completes the right-handed
system). After that period of time Mercury has completed one orbit around the Sun, the spacecraft orbit
has returned to its initial orientation, and MESSENGER has collected data from both the duskside and the
dawnside magnetopause. MESSENGER’s orbit never exceeds zMSM =1 RM, which as it turns out, will only
have a small effect on the statistical study as most of the waves are encountered at −0.4<z<0.4. Moreover,
MESSENGER did not traverse the magnetopause farther down the tail than xMSM =−2 RM, making
MESSENGER unable to collect possible KH data at the distant tail.
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Figure 2. Example of typical duskside nonlinear KH waves at Mercury, showing MESSENGER’s magnetic field data during an outbound encounter with Mercury’s
magnetopause. (a) Overview including the region of the nonlinear KH waves (KH) and traversal of Mercury’s magnetosphere (MSph), magnetopause (MP), magne-
tosheath (MSh), and solar wind (SW). (b) A closer view of the KH waves marked in Figure 2a. The panels show, from top to bottom, the Bx, By, and Bz components
of the magnetic field magnitude, the total magnetic field, and a high-pass filtering of the total magnetic field.

We begin by identifying all clear fluctuations, from the time period between 24 March 2011 and 18
September 2013, that appear close to or at the magnetopause. When MESSENGER is in the magnetopause
region, the fluctuations in the magnetic field will show either an abrupt or gradual change in magnetic field
signatures from the more varying and smaller |B| magnetosheath magnetic field, to the less turbulent and
larger |B| magnetosphere magnetic field. We refer to these fluctuations at the magnetopause as candidate
events. For those candidate events registered in 2011, the region of occurrence can be compared to the
magnetopause identifications done by Winslow et al. [2013], and we can thus verify that all of these events
appear at the magnetopause. In a second step, these candidate events are checked for three more criteria,
allowing us to make a likely identification of KH waves: (1) Quasiperiodicity. (2) Consecutive magnetosphere
and magnetosheath signatures during each wave period. (3) No indications of magnetopause motions
or other active processes near the magnetopause, such as flux transfer events, ion cyclotron waves, or
mirror waves.

An additional criterion concerning sawtooth signature in the magnetic field is used for the identification
of nonlinear KH waves. The sawtooth signature appears due to a transition through a mixing region or vor-
tex, containing both magnetosheath and magnetospheric plasma. This is registered as a gradual increase
followed by an abrupt decrease in the magnetic field [e.g., Hasegawa et al., 2004; Fairfield et al., 2007]. An
example of KH waves that have already developed beyond the linear stage is shown in Figure 2. Figure 2a

LILJEBLAD ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3



Journal of Geophysical Research: Space Physics 10.1002/2014JA020614

Figure 3. Example of linear waves at Mercury. The panels follow the same format as Figure 2b.

shows the overview of an entire passage on 1 February 2012, through regions of magnetosheath (MSh),
magnetosphere (MSph), magnetopause (MP), nonlinear KH waves (KH), and solar wind (SW) magnetic field
of Mercury, all marked with red lines. A closer view of the KH wave region is shown in Figure 2b, where the
last panel shows the result of a high-pass filtering of the fourth panel. Note that this study does not treat
a turbulent nonlinear stage in which the vortex structure is largely disturbed and a clear sawtooth
signature no longer exists [Nakamura et al., 2013].

Waves propagating along the magnetopause that lack a sawtooth structure in the magnetic field are
referred to as linear waves. These waves are either initiated by the KH instability or by other dynamics in the
magnetosheath, such as quasiperiodic reformation of a bow shock that is quasi-parallel and would be sub-
ject to KH wave growth as long as the wavelength is in the unstable domain. Linear waves are not associated
with a mixing region, and we expect a box-like form in the magnetic field data. This form occurs when linear
waves traverse MESSENGER, giving rise to a series of inbound and outbound crossings of the magnetopause
where the magnetic field changes abruptly from the larger and calmer magnetospheric field to the lower
and more turbulent magnetosheath field, or vice versa, as can be seen in the example of a linear wave in
Figure 3. Visual inspection is used to determine whether the events are linear or nonlinear waves.

To determine whether the events fulfill the three different criteria listed above, the following analyses are
performed for each candidate event:

The quasiperiodic behavior of criterion 1 is fulfilled if the candidate event shows a quasiperiodic structure
with at least three wave peaks in the spacecraft reference frame (e.g., the KH event in Figure 2b shows nine
such peaks).

Criterion 2 is satisfied when there is a distinct pattern of both fluctuating magnetosheath and more sta-
ble magnetospheric fields during each wave period. Such a clear periodic structure can be identified by a
high-pass filtering the data, which removes the low-frequency components. In our analyses, we use a fil-
ter with a cutoff at 6.7 Hz. High-pass-filtered magnetic field data can be seen in Figure 2b, where the eight
regions of strongly fluctuating magnetic field are associated with the magnetosheath, and the more smooth
data in the period in between with the magnetosphere.

LILJEBLAD ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4



Journal of Geophysical Research: Space Physics 10.1002/2014JA020614

Figure 4. Magnetic field data of flux transfer events at Mercury from MESSENGER. (a) Overview of flux rope structures in
magnetosphere and magnetosheath. The region of flux ropes is marked with red lines. (b) A closer view of the flux rope
structures marked in Figure 4a.

Different types of dynamic features can occur regularly near or at the magnetopause, such as ion cyclotron
waves (ICWs), magnetic mirror modes (MMs), flux transfer events (FTEs), and magnetopause fluctuations. In
order to fulfill criterion 3, events exhibiting signatures of these waves must be excluded from the candidate
event list. In total 41 events was removed from the candidate event list, where 20 of these were classified as
magnetopause fluctuations, 13 as FTE, 8 as MM, and none as ICW.

The ICW-associated magnetic field is approximately perpendicular to the background magnetic field. Struc-
tures of nonlinear KH waves or linear waves, however, are generally seen in both parallel and perpendicular
background magnetic field components. In a first step, possible ICWs are therefore identified by their wave
direction: for those waves that show clear magnetic field structures only perpendicular to the background
magnetic field, the gyroperiod

(
T = 2𝜋m

|q|B
)

for Na+ is calculated using the average magnetic field over the
region of the waves. The Na+ ion is chosen for analysis for two reasons: it is the most abundant exospheric
ion component at Mercury [e.g., Zurbuchen et al., 2011], and it is heavier and shows larger periods (more
similar to KH wave periods) in the magnetic field than the very abundant ion H+ does. The analysis showed
that the gyroperiod associated with each candidate KH event was at least 2 times larger (on average 12
times larger) than the period for the candidate KH event, and therefore, none of the candidate events was
removed from the list.

The MMs do not have a steep sawtooth-like structure. They can therefore be similar to linear waves, which
have not yet developed the vortex-like KH wave structure. There are observations of MM appearing near
the magnetopause, but so far, no evidence of them occurring at the magnetopause [e.g., Soucek et al.,
2008]. Even though it is unlikely that MM occur at the magnetopause, we still need to check characteristics
and surrounding data to be certain that our candidate events are not MM: one measurable characteristic
of MM is their magnetic field orientation, which is almost parallel to the background magnetic field [e.g.,
McKean et al., 1992]. This characteristic is first checked for all linear waves. For those waves that do not
show clear magnetic field structures perpendicular to the background magnetic field, the state of the bow
shock is investigated. When the bow shock is quasi-perpendicular, temperature anisotropies are created
when the solar wind impinges on the magnetic field of Mercury, making it more likely for MM to develop
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Table 1. Average of Location Probability, Wave Form, Period, Amplitude, Solar Wind (SW) and Magnetosheath (MSh) Magnetic Field for All, Dusk and Dawn,
Linear Waves, and Nonlinear KH Waves

All KH Nonlinear Linear Dusk Dawn Dusk (Nonlinear/Linear) Dawn (Nonlinear/Linear)

Location (%) 95 5
Nonlinear (%) 90 96 4
Linear (%) 10 67 33

Period (s)
30
±14

30
±14

26
±10

30
±14

31
±11

30 ± 14/
27 ± 11

38 ± 9/
25 ± 9

Amplitude (nT)
14
±10

12
±7

25
±19

13
±8

30
±16

12 ±7/
18 ±18

20 ±14/
39 ±13

SW |B| (nT) 20 20 18 20 17 20/20 21/13
SW Bx (nT) 5.6 6.0 2.5 5.9 0.39 6.4/−0.22 −4.1/8.1
SW By (nT) −0.87 −0.73 −2.1 −1.3 −0.0054 −1.2/−2.5 11/−1.3
SW Bz (nT) 3.4 3.5 2.4 3.6 0.062 3.6/3.3 0.78/0.48
MSh |B| (nT) 37 37 36 37 29 37/44 40/18
MSh Bx (nT) 8.2 8.6 4.8 8.2 9.2 8.7/1.8 7.6/11
MSh By (nT) −0.27 0.54 −7.4 −1.1 11 −0.29/−11 21/0
MSh Bz (nT) 23 23 22 24 11 23/31 19/3.8
MSh Bx > 0 (%) 65 66 60 65 70 66/50 60/80
MSh By > 0 (%) 48 49 40 46 80 47/30 100/60
MSh Bz > 0 (%) 89 89 87 90 70 90/90 60/80

[e.g., Czaykowska et al., 1998]. Those candidate events showing a quasi-parallel bow shock are therefore not
removed from the candidate list.

FTE have characteristic flux rope structures that can resemble the typical sawtooth wave form of unstable
KH waves. However, they have more irregular and sharp peaks (e.g., the FTE shown in Figure 4 studied by
Slavin et al. [2012]). Such FTE are removed by visual inspection.

Magnetopause oscillations due to fluctuations in the magnetosheath dynamic pressure can also look sim-
ilar to linear waves. Here we separate them by looking at the normal direction of magnetopause crossings

Figure 5. Example of dawnside nonlinear KH waves at Mercury. The panels follow the same format as Figure 2b.
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Figure 6. Positions of linear waves (red) and nonlinear KH waves (blue) around Mercury. Inner and outer dashed lines are approximated magnetopause and bow
shocks, respectively.

of these waves: for a linear wave train, we expect the magnetopause normal to vary systematically between
inbound and outbound crossings of the magnetopause [e.g., Fairfield et al., 2000], whereas when the mag-
netopause move back and forth we expect the normal direction to be fairly unchanged. The magnetopause
normal direction was determined with the minimum variance method. Hence, if we see a clear systematic
change in the normal directions for the majority of the inbound and outbound crossings of the wave train,
the event will not be removed from the candidate list.

The selection process has resulted in 146 events, fulfilling all three criteria listed above. One hundred
thirty-one of these also satisfied the sawtooth criterion and are further on referred to as nonlinear KH waves,
while the remaining 15 cases are referred to as linear waves.

2.2. Solar Wind and Magnetosheath Data Selection
Solar wind and magnetosheath conditions associated with the nonlinear KH waves and linear waves are also
studied. The solar wind data for these events are selected by taking the average magnetic field of the solar
wind excursion nearest in time to the waves. The average is taken over at least a 1 h period, depending on
how much clearly identified solar wind data exist at that time. The magnetosheath magnetic field values are
calculated by taking the average of the entire magnetosheath excursion nearest in time to the detection of
the waves.

Figure 7. Positions of linear waves (dark grey) and non-
linear KH waves (light grey) around Mercury versus MLT,
normalized with respect to the number of times MESSEN-
GER traverses the magnetopause. The dashed line marks the
subsolar point in this and subsequent figures.

For comparison with solar wind and magne-
tosheath conditions associated with the nonlinear
KH waves and linear waves, 146 regions of data
from solar wind and magnetosheath traversals are
randomly selected from the set of 907 days of data,
with the same averaging procedure as above.

3. Results
Average characteristics of the 146 events selected
from the set of 907 days of data are summarized in
Table 1. These include location, wave form, period,
amplitude, and characteristics of solar wind and
magnetosheath magnetic field data. The database
includes the first documented KH waves on the
dawnside magnetopause of Mercury. Examples of
dawnside and duskside KH waves can be seen in
Figures 5 and 2, respectively.

3.1. Location
Figure 6 shows the location of each nonlinear
KH and linear event defined as the position of
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Figure 8. Period and amplitude for linear waves and nonlinear KH waves (light grey), with linear waves marked with (dark grey).

the spacecraft in the middle of the event, projected into three different planes in MSM coordinates. Linear
waves and nonlinear KH waves are marked with red and blue, respectively. From Figure 6 it is clear that most
of the waves, particularly nonlinear ones, are encountered at the duskside magnetopause but that a few
waves are encountered also on the dawnside.

The linear waves are more evenly spread out at both sides of the magnetopause but are not encountered
at the duskside distant tail like the nonlinear KH waves are. Taking into account that MESSENGER does not
traverse the magnetopause farther down the distant tail than xMSM =-2 RM, the maximum occurrence proba-
bility of the duskside and dawnside waves is at 17–19 magnetic local time (MLT) and 8 MLT, respectively. This
can be seen in Figure 7, showing the probability of observing KH waves at a certain MLT (i.e., the number
of KH events has been normalized with respect to the number of times MESSENGER traverses the magne-
topause) of linear waves (dark grey) and nonlinear KH waves (light grey). Moreover, from Figure 6 it can be
seen that the large majority of the waves are encountered within zMSM = ±1 RM of the equatorial plane.

3.2. Wave Characteristics
The waves are characterized by wave form (linear or nonlinear), period, and amplitude. We define the period
for each nonlinear KH and linear event as the mean of the time between consecutive minimum in the
magnetic field in the direction of the mean magnetic field, referred to as the field-aligned direction. The

Figure 9. Period and amplitude for linear waves (red) and nonlinear KH waves (blue) versus MLT.
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Table 2. Average of |B|, Bx , By , and Bz for 146 Randomly Selected Data
From Solar Wind and Magnetosheath Regions

Solar Wind Magnetosheath

|B| (nT) 18 ± 9 36 ± 21
Bx (nT) 3.6 ± 14 2.1 ± 19
By (nT) −0.94 ± 12 0.28 ± 29
Bz (nT) −0.047 ± 8 2.6 ± 24
Bx > 0 (%) 53
By > 0 (%) 51
Bz > 0 (%) 52

magnetic field amplitude, also in the
field-aligned direction, is determined
by the mean of the magnetic field for
consecutive maximum minus the mean
of the magnetic field over the whole
wave packet.

Of all 146 waves, 90% are nonlinear
KH waves according to our definition.
On the duskside and dawnside 93%
and 50% are nonlinear, respectively.
Figure 8 shows a histogram of the

period and amplitude of nonlinear KH waves (light grey) and linear waves (dark grey) in the spacecraft refer-
ence frame. The mean period for all waves (including standard deviation) is 30 ± 14 s, and for nonlinear KH
waves and linear waves 30 ± 14 s and 26 ± 10 s, respectively. In Figure 9, which shows the period and ampli-
tude versus MLT for nonlinear KH waves (blue) and linear waves (red), it can be seen that there is a similar
spread in wave period for dawnside and duskside waves.

The mean amplitude for all waves is 14 ± 10 nT, and specifically 12 ± 7 nT and 25 ± 19 nT for nonlinear KH
waves and linear waves, respectively (see Table 1). In Figure 9 it can be seen that after approximately 14 MLT
there is a change in the distribution of amplitudes. Earlier than 14 MLT there is a larger spread in amplitude,
particularly for the linear waves. After 14 MLT the amplitudes are less spread out with a mean around 10 nT.

3.3. Solar Wind and Magnetosheath Characteristics
The characteristics of the solar wind and the magnetosheath magnetic field data have been studied around
the time of the observation of the waves. In order to compare with average characteristics, a random subset
of magnetic field data from solar wind and magnetosheath traversals has been selected. The solar wind data
are, as described in section 2.2, taken as near in time as possible to the waves. However, there can still be
several hours between the solar wind and the magnetopause traversals. The solar wind magnetic field data
are therefore used only as an indication of the IMF condition during the events. The magnetosheath mag-
netic field data are, as described in section 2.2, averaged over the entire magnetosheath traversal. It takes
MESSENGER around 20 min to 2 h to traverse the magnetosheath, during which the magnetosheath mag-
netic field, in general, does not show any larger changes that affect the average magnetic field. Moreover,
the magnetosheath is in direct connection to the wave observations, making the magnetosheath data a

Figure 10. Magnetosheath |B|, Bx , By , and Bz for nonlinear KH waves and linear waves (light grey) and 146 randomly selected magnetosheath data (dark grey).

LILJEBLAD ET AL. ©2014. American Geophysical Union. All Rights Reserved. 9
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Figure 11. Magnetosheath |B|, Bx , By , and Bz for linear waves (red) and nonlinear KH waves (blue) versus MLT.

more relevant description of the magnetic field outside of the magnetopause. Average characteristics from
the solar wind and magnetosheath magnetic field reference data points can be seen in Table 2.

The mean solar wind |B| for all events is 20 nT and has approximately the same value for waves at both side
of the magnetosphere and for linear waves and nonlinear KH waves (see Table 1). Moreover, the mean solar
wind Bz for the reported waves is positive and slightly larger compared to the solar wind reference data set
(see Table 2).

Figure 10 shows the histograms of the mean magnetosheath |B|, Bx , By , and Bz for nonlinear KH waves and
linear waves (light grey), and the magnetosheath reference data (dark grey). The mean magnetosheath |B|
for all waves and the reference data set are 37 nT and 36 nT, respectively, and are also approximately equal
in distribution. The distribution of the mean magnetosheath Bx for the reported waves and the reference
data are similar, with slightly more positive Bx for the linear and nonlinear KH waves. Note also the typical
double-peaked distribution associated with the solar wind Bx magnetic field. Figure 11, showing |B|, Bx , By ,
Bz versus MLT for linear waves (red), and nonlinear KH waves (blue), indicates that most waves, particularly
dawnside ones, occur for positive Bx . Moreover, the majority of dawnside waves occur for weaker magne-
tosheath |B| compared to waves at the duskside magnetopause. The percentage of positive Bx for the waves
is 65 (see Table 1), compared to Bx for the reference data where 53% is positive. Hence, there is a small indi-
cation of the waves occurring more often for positive magnetosheath Bx , i.e., below the equatorial plane
for the interplanetary current sheath. In Figure 10 we see that the By distribution is similar for the reported
waves and the reference data set. Bz , however, differs considerably between the reported waves and the ref-
erence data set. It is clear from Figure 11 that the large majority of the observed waves, on both sides of the
magnetosphere, occur for positive Bz . Eighty-nine percent of the Bz measurements for the waves are posi-
tive, while only 52% for the reference data is larger than zero. Moreover, the absolute value of the mean Bz

is much larger for the reported waves than for magnetosheath data, in general (see Tables 1 and 2). Hence,
there is an obvious relation between both the magnitude and sign of magnetosheath Bz and the occurrence
of KH waves.

4. Discussion

A main result of this large statistical study is that nonlinear KH waves primarily occur at the duskside mag-
netopause. Unlike previous case studies on Mercury [Slavin et al., 2008; Boardsen et al., 2010; Sundberg et al.,
2010, 2012] we have, however, also observed a few events on the dawnside, making this the first recordings
of dawnside KH waves at the magnetopause of Mercury. Moreover, the normalized distribution of KH waves
in Figure 7 shows that the frequency of KH waves decreases at more distant tail regions (later than 19 MLT
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for duskside KH waves and earlier than 8 MLT for dawnside KH waves). This result is in contrast to previous
KH wave observations at Earth, where the large majority of the nonlinear KH waves were identified tailward
of the dawn-dusk terminator [e.g., Hasegawa et al., 2006]. Our results show that there is not only a differ-
ence in KH occurrence frequency between Mercury and Earth regarding the dawn-dusk distribution but also
regarding the distance from the dayside magnetopause.

The observation of nonlinear KH waves occurring predominantly at the duskside magnetopause is in agree-
ment with predictions by several authors [e.g., Glassmeier and Espley, 2006; Nakamura et al., 2010; Paral
and Rankin, 2013], but in contrast to others [e.g., Nagano, 1979], suggesting the dawnside magnetopause
to be more KH unstable. Simulations of the surroundings of Mercury have shown the duskside magne-
topause to be more KH unstable [Nakamura et al., 2010; Paral and Rankin, 2013]. This is explained by the FLR
effect, or particularly by the convection electric field (CEF) effect on the ion gyroradius. The CEF extends (on
the dawnside) or reduces (on the duskside) the gyroradii for ions crossing the shear layer. In turn, the ion
gyroradii broaden the shear layer from an initial width, hence controlling the lower limit of the shear layer
thickness. The thickness of the shear layer will in turn affect the linear growth rate of the KH waves, resulting
in a larger growth rate on the duskside than on the dawnside magnetopause. Hence, if KH waves are able to
develop at the dawnside, we would expect them to do so mainly when the dawnside shear layer is smaller,
i.e., for a weaker CEF. This is partly supported by our results which show that the waves at the dawnside
mainly occur for lower magnetosheath |B| as compared to the duskside waves (see Figure 11).

A lower magnetosheath |B|, specifically for linear dawnside (and dayside) waves, can also be connected to
the larger amplitudes for these waves as compared to the duskside waves. From Table 1 we see that the
mean amplitude for all waves is 14 ± 10 nT and that the standard deviation is considerably smaller after 14
MLT than before (see Figure 9), i.e., the border is not at the subsolar point but rather 2 h later. Moreover, the
amplitudes for the linear waves at the dawnside and near the subsolar point have a larger mean and are
spread more widely than the amplitudes for those waves occurring at a later time. The amplitude is given
by the absolute increase from lower to higher magnetic field values and does therefore also reflect the dif-
ference between magnetosheath and magnetospheric magnetic field values. A smaller magnetosheath
magnetic field should thus result in a larger amplitude. Hence, we expect these linear dawnside and dayside
waves to show larger amplitudes, in general. Looking at Figures 9 and 11, this is what we observe. The sit-
uation, however, is more complicated for nonlinear KH waves. These waves have enhanced magnetic field
regions that contain a mix of both magnetosheath and magnetospheric magnetic fields, and a different
wave structure compared to linear waves [e.g., Fairfield et al., 2007]. When these waves pass MESSENGER,
the largest magnetic fields will not correspond to clean magnetospheric magnetic fields, but rather to these
mixing regions. Hence, it is more difficult to determine how the magnetosheath magnetic field will affect
the amplitude for nonlinear KH waves.

Even though we do observe dawnside nonlinear KH waves and linear waves under certain magnetic field
conditions, there is a total absence of dawnside KH waves at the flank. This observation may be connected
to a result from the simulations of the solar wind interaction with Mercury by Paral and Rankin [2013], show-
ing a lack of a steady magnetopause boundary at the dawn flank. The authors interpret this as a possible
consequence from a Rayleigh-Taylor instability that breaks up the magnetopause boundary, which makes
it highly difficult for dawnside KH waves to grow convectively along the flank. Another reason for not see-
ing KH waves at the dawnside flank could be related to the width of the velocity shear layer. On the dayside
magnetopause we expect the shear layer and the magnetosheath to be smaller, as they will be compressed
by the solar wind flow parallel to the magnetopause normal. On the flanks, however, the solar wind flow is
almost perpendicular to the boundary normal and thus less able to compress the shear layer here than on
the dayside magnetopause. This is also applicable to the dusk flank, but at the duskside the growth rate is
large enough to overcome this inhibiting effect.

The direction of the IMF, approximated by Bz in the magnetosheath, shows a clear relation between large
northward IMF and KH waves (see Figure 10). A large northward IMF component during KH wave occur-
rences has previously been reported at Earth [e.g., Fairfield et al., 2000; Hasegawa et al., 2006], and we can
now establish that the situation is the same at the Mercury magnetosphere. Simulations by Miura [1995]
have also shown the northward direction to be the most favorable IMF condition for the development of the
KH instability. However, observations of nonlinear KH waves at Earth during southward IMF have indicated
that KH waves can indeed develop under this condition but that the shape of these KH waves tend to be
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irregular and temporarily intermittent, making it more difficult to identify the KH waves during southward
IMF [Hwang et al., 2011]. Our results in this study show that any resolution of the IMF orientation effect on
the KH instability must be valid for both the terrestrial and the Hermean magnetospheres.

At the duskside, most of the waves have reached their nonlinear stage already at around 15 MLT (see
Figure 6). Hence, after existing for a while at the dayside magnetopause, the linear waves have quite quickly
reached high enough amplitudes to become unstable and form rolled-up vortices, thus enabling the
transfer of plasma from the magnetosheath to the magnetosphere. This means that KH waves will be an
important factor in the interaction between the solar wind and the magnetosphere on Mercury, as it is on
Earth under northward IMF conditions.

It can be difficult to separate whether the linear waves are exclusively driven by the KH instability, or if
they are influenced also by other dynamic processes or pressure fluctuations that take place within the
magnetosheath and/or the solar wind. One such source may be periodic reformations of the quasi-parallel
bow shock, which can generate large quasiperiodic fluctuations in the magnetosheath magnetic field, as
shown by Sundberg et al. [2013]. For this reason, we have chosen to call the quasiperiodic structures that are
observed at or near the magnetopause, and lacking a sawtooth signature in the magnetic field, linear waves.
These generally have the same characteristics in period, amplitude, and magnetosheath magnetic field as
the nonlinear KH waves do. Thus, even though we cannot with certainty identify the source processes of
each instance of these waves, the results of this study indicate that these are indeed linear KH waves, in gen-
eral. More importantly, regardless of their initial generation, their location and their wave period indicate
that these should be within the KH unstable regime, and thus, they will be subject to KH wave growth as
they propagate along the magnetopause.

Finally, we want to point out that this is the first study where the period and magnetic amplitude of KH
waves at Mercury can be determined more accurately. The mean period of the nonlinear KH waves in the
spacecraft reference frame is 30±14 s, i.e., at the same order of magnitude but slightly larger than 10–20 s as
previously reported by Boardsen et al. [2010] and Sundberg et al. [2012]. The period for KH waves at Mercury
is as expected much smaller than for KH waves at Earth, where the mean period is 2–5 min [e.g., Kivelson
and Chen, 1995; Fairfield et al., 2000; Hasegawa et al., 2006]. Moreover, the period is slightly larger for non-
linear KH waves than for linear waves, which could possibly be explained by the merging of several waves
at the flank where only nonlinear KH waves appear [e.g., Nakamura and Fujimoto, 2008]. Assuming a phase
velocity of 150 km/s [Boardsen et al., 2010] and a period of 30 s for the KH waves, the wavelength is 1.8 RM.
Furthermore, if we assume the velocity shear layer Δ to be as thick as the magnetopause, and assuming the
magnetopause thickness to be 500 km [Russell and Walker, 1985], we get k ⋅ Δ = 0.7. This is almost equal
to the maximum growth rate corresponding to k ⋅ Δ = 0.8, given by Miura and Pritchett [1982], indicating a
reasonable order of magnitude of the KH wave periods.

5. Summary

A study on 907 days of magnetic field data from the MESSENGER spacecraft resulted in the finding of 131
nonlinear KH waves and 15 linear waves. The main results are given in the following list:

1. The large majority of the nonlinear KH waves are found at the duskside magnetopause between 15 and
19 MLT, confirming previous theoretical work predicting the duskside to be more KH unstable. New in
this study is the discovery of KH waves also around noon and at dawn. In opposite to KH waves at dusk,
dawnside KH waves do not occur farther down the flank than 6 MLT. Moreover, KH waves are more likely
to occur sunward of the dusk-dawn terminator than behind it. As expected, the waves appear close to the
equatorial plane (mainly within zMSM = ±1 RM to the equatorial plane).

2. The large majority of the reported waves are in their nonlinear state (90%). Linear waves are not found at
the distant tail, whereas nonlinear KH waves occur as far down on the distant tail as MESSENGER allows us
to investigate, i.e., to around xMSM = −2 RM.

3. The mean period for all waves is 30 ± 14 s, and approximately equal for duskside and dawnside waves
as well as for linear and nonlinear waves. The mean amplitude for all waves is 14 ± 10 nT. Moreover, the
standard deviation of the amplitudes is much smaller at the duskside (after 14 MLT) than at the dawnside.

4. The estimated magnitude of the magnetosheath magnetic field connected to the reported waves is
approximately equal to the general magnetosheath |B|. Eighty-nine percent of all linear waves and non-
linear KH waves, however, occur for positive magnetosheath Bz and larger absolute value compared to
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average magnetosheath Bz , which is confirmed from previous KH studies at Earth. This means that KH
waves at Mercury are a northward IMF phenomenon.

Future work should include analysis of the magnetopause of Mercury to find out whether we can observe
signs of any large-scale instability breaking up the magnetopause at the dawnside, or if the width of the
magnetosheath is different at the duskside and dawnside. It is expected that not only the direction of the
IMF but also the solar wind velocity influences the occurrences of KH waves. Unfortunately, MESSENGER
does not provide any velocity measurements. This can, however, be studied with the upcoming
BepiColombo mission, the instrumentation of which will allow a more detailed investigation of KH waves at
the Mercury magnetosphere. Moreover, a search for KH waves with Rosetta spacecraft may provide another
example of KH waves where ion gyroradius effects can be important.

References
Anderson, B. J., M. H. Acuña, D. A. Lohr, J. Scheifele, A. Raval, H. Korth, and J. A. Slavin (2007), The magnetometer instrument on

MESSENGER, Space Sci. Rev., 131(1-4), 417–450.
Boardsen, S. A., T. Sundberg, J. A. Slavin, B. J. Anderson, H. Korth, S. C. Solomon, and L. G. Blomberg (2010), Observations of

Kelvin-Helmholtz waves along the dusk-side boundary of Mercury’s magnetosphere during MESSENGER’s third flyby, Geophys. Res.
Lett., 37, L12101, doi:10.1029/2010GL043606.

Chen, S.-H., and M. Kivelson (1993), On nonsinusoidal waves at the Earth’s magnetopause, Geophys. Res. Lett., 20(23), 2699–2702.
Czaykowska, A., T. M. Bauer, R. A. Treumann, and W. Baumjohann (1998), Mirror waves downstream of the quasi-perpendicular bow

shock, J. Geophys. Res., 103(A3), 4747–4753.
Fairfield, D., A. Otto, T. Mukai, S. Kokubun, R. Lepping, J. Steinberg, A. Lazarus, and T. Yamamoto (2000), Geotail observations of

the Kelvin–Helmholtz instability at the equatorial magnetotail boundary for parallel northward fields, J. Geophys. Res., 105(A9),
21,159–21,173.

Fairfield, D., M. Kuznetsova, T. Mukai, T. Nagai, T. Gombosi, and A. Ridley (2007), Waves on the dusk flank boundary layer dur-
ing very northward interplanetary magnetic field conditions: Observations and simulation, J. Geophys. Res., 112, A08206,
doi:10.1029/2006JA012052.

Glassmeier, K.-H., and J. Espley (2006), Ulf waves in planetary magnetospheres, in Magnetospheric ULF Waves: Synthesis and New
Directions, Geophys. Monogr. Ser., vol. 169, edited by K. Takahashi, pp. 341–359, AGU, Washington, D. C.

Hasegawa, H., M. Fujimoto, T.-D. Phan, H. Reme, A. Balogh, M. Dunlop, C. Hashimoto, and R. TanDokoro (2004), Transport of solar wind
into Earth’s magnetosphere through rolled-up Kelvin–Helmholtz vortices, Nature, 430(7001), 755–758.

Hasegawa, H., M. Fujimoto, K. Takagi, Y. Saito, T. Mukai, and H. Reme (2006), Single-spacecraft detection of rolled-up Kelvin-Helmholtz
vortices at the flank magnetopause, J. Geophys. Res., 111, A09203, doi:10.1029/2006JA011728.

Hwang, K.-J., M. Kuznetsova, F. Sahraoui, M. Goldstein, E. Lee, and G. Parks (2011), Kelvin-Helmholtz waves under southward
interplanetary magnetic field, J. Geophys. Res., 116, A08210, doi:10.1029/2011JA016596.

Ivchenko, N. V., D. Sibeck, K. Takahashi, and S. Kokubun (2000), A statistical study of the magnetosphere boundary crossings by the
Geotail satellite, Geophys. Res. Lett., 27(18), 2881–2884.

Kivelson, M. G., and S.-H. Chen (1995), The magnetopause: Surface waves and instabilities and their possible dynamical consequences, in
Physics of the Magnetopause, edited by P. Song, B. U. Ö. Sonnerup, and M. F. Thomsen, pp. 257–268, AGU, Washington, D. C.

Masters, A., N. Achilleos, C. Bertucci, M. Dougherty, S. Kanani, C. Arridge, H. McAndrews, and A. Coates (2009), Surface waves on Saturn’s
dawn flank magnetopause driven by the Kelvin–Helmholtz instability, Planet. Space Sci., 57(14), 1769–1778.

Masters, A., et al. (2010), Cassini observations of a Kelvin–Helmholtz vortex in Saturn’s outer magnetosphere, J. Geophys. Res., 115,
A07225, doi:10.1029/2010JA015351.

McKean, M., D. Winske, and S. Gary (1992), Mirror and ion cyclotron anisotropy instabilities in the magnetosheath, J. Geophys. Res.,
97(A12), 19,421–19,432.

Miura, A. (1995), Dependence of the magnetopause Kelvin-Helmholtz instability on the orientation of the magnetosheath magnetic field,
Geophys. Res. Lett., 22(21), 2993–2996.

Miura, A., and P. Pritchett (1982), Nonlocal stability analysis of the MHD Kelvin-Helmholtz instability in a compressible plasma, J. Geophys.
Res., 87(A9), 7431–7444.

Nagano, H. (1979), Effect of finite ion Larmor radius on the Kelvin-Helmholtz instability of the magnetopause, Planet. Space Sci., 27(6),
881–884.

Nakamura, T., and M. Fujimoto (2008), Magnetic effects on the coalescence of Kelvin-Helmholtz vortices, Phys. Rev. Lett., 101(16), 165,002.
Nakamura, T., H. Hasegawa, and I. Shinohara (2010), Kinetic effects on the Kelvin-Helmholtz instability in ion-to-magnetohydrodynamic

scale transverse velocity shear layers: Particle simulations, Physics of Plasmas, 17(4), 42,119, doi:10.1063/1.3385445.
Nakamura, T., W. Daughton, H. Karimabadi, and S. Eriksson (2013), Three-dimensional dynamics of vortex-induced reconnection and

comparison with THEMIS observations, J. Geophys. Res. Space Physics, 118(9), 5742–5757, doi:10.1002/jgra.50547.
Nykyri, K., and A. Otto (2001), Plasma transport at the magnetospheric boundary due to reconnection in Kelvin-Helmholtz vortices,

Geophys. Res. Lett., 28(18), 3565–3568.
Paral, J., and R. Rankin (2013), Dawn-dusk asymmetry in the Kelvin-Helmholtz instability at Mercury, Nature Commun., 4, 1645,

doi:10.1038/ncomms2676.
Russell, C., and R. Walker (1985), Flux transfer events at Mercury, J. Geophys. Res., 90(A11), 11,067–11,074.
Slavin, J. A., et al. (2008), Mercury’s magnetosphere after MESSENGER’s first flyby, Science, 321(5885), 85–89.
Slavin, J. A., et al. (2012), MESSENGER observations of a flux-transfer-event shower at Mercury, J. Geophys. Res., 117, A00M06,

doi:10.1029/2012JA017926.
Soucek, J., E. Lucek, and I. Dandouras (2008), Properties of magnetosheath mirror modes observed by cluster and their response to

changes in plasma parameters, J. Geophys. Res., 113, A04203, doi:10.1029/2007JA012649.
Sundberg, T., S. Boardsen, J. Slavin, L. G. Blomberg, and H. Korth (2010), The Kelvin-Helmholtz instability at Mercury: An assessment,

Planet. Space Sci., 58(11), 1434–1441.

Acknowledgments
This work was partially supported by
the Swedish National Space Board.
The data for this paper are available
at the NASA Planetary Data System:
planetary plasma interactions node
archive (http://pds-ppi.igpp.ucla.edu).

Yuming Wang thanks Scott Boardsen
and another reviewer for their
assistance in evaluating this paper.

LILJEBLAD ET AL. ©2014. American Geophysical Union. All Rights Reserved. 13

http://dx.doi.org/10.1029/2010GL043606
http://dx.doi.org/10.1029/2006JA012052
http://dx.doi.org/10.1029/2006JA011728
http://dx.doi.org/10.1029/2011JA016596
http://dx.doi.org/10.1029/2010JA015351
http://dx.doi.org/10.1063/1.3385445
http://dx.doi.org/10.1002/jgra.50547
http://dx.doi.org/10.1038/ncomms2676
http://dx.doi.org/10.1029/2012JA017926
http://dx.doi.org/10.1029/2007JA012649
http://pds-ppi.igpp.ucla.edu


Journal of Geophysical Research: Space Physics 10.1002/2014JA020614

Sundberg, T., S. A. Boardsen, J. A. Slavin, B. J. Anderson, H. Korth, T. H. Zurbuchen, J. M. Raines, and S. C. Solomon (2012), MESSENGER
orbital observations of large-amplitude Kelvin–Helmholtz waves at Mercury’s magnetopause, J. Geophys. Res., 117, A04216,
doi:10.1029/2011JA017268.

Sundberg, T., S. A. Boardsen, J. A. Slavin, V. M. Uritsky, B. J. Anderson, H. Korth, D. J. Gershman, J. M. Raines, T. H. Zurbuchen, and S. C.
Solomon (2013), Cyclic reformation of a quasi-parallel bow shock at Mercury: Messenger observations, J. Geophys. Res. Space Physics,
118, 6457–6464, doi:10.1002/jgra.50602.

Winslow, R. M., B. J. Anderson, C. L. Johnson, J. A. Slavin, H. Korth, M. E. Purucker, D. N. Baker, and S. C. Solomon (2013), Mercury’s
magnetopause and bow shock from MESSENGER Magnetometer observations, J. Geophys. Res. Space Physics, 118, 2213–2227,
doi:10.1002/jgra.50237.

Zurbuchen, T. H., et al. (2011), MESSENGER observations of the spatial distribution of planetary ions near Mercury, Science, 333(6051),
1862–1865.

LILJEBLAD ET AL. ©2014. American Geophysical Union. All Rights Reserved. 14

http://dx.doi.org/10.1029/2011JA017268
http://dx.doi.org/10.1002/jgra.50602
http://dx.doi.org/10.1002/jgra.50237

	Statistical investigation of Kelvin-Helmholtz waves at the magnetopause of Mercury
	Abstract
	Introduction
	Data Selection
	KH Selection
	Solar Wind and Magnetosheath Data Selection

	Results
	Location
	Wave Characteristics
	Solar Wind and Magnetosheath Characteristics

	Discussion
	Summary
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


