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Abstract. Field-aligned ion beams (FABS) originate at the Earth’s bow shock is controlled by the reflected ion popu-
quasi-perpendicular Earth’s bow shock and constitute an imi{ation, the gyrating population at the shock ramp and the dy-
portant ion population in the foreshock region. The bulk ve- namics of the incoming solar wind.

locity of these FABs depends significantly on the shock nor-  FABs are a prominent feature upstream of the (quasi-) per-
mal angle, which is the angle between shock normal and uppendicular regime of the bow shock and, typically, the en-
stream interplanetary magnetic field (IMF). This dependencyergy of FABs is above 10keV and can be up to 30keV or
may therefore be taken as an indicator of the local structurenore (e.gAsbridge et al.1968 Lin et al, 1974 Bale et al,

of the shock. Applying the direct reflection model to Cluster 2005. However, there are a number of open questions con-
measurements, we have developed a method that uses protesrning ion reflection as well as ion beam formation at quasi-
FABs in the foreshock region for remote sensing of the localperpendicular shocks (e @osling et al. 1978 Mobius et al,
shock structure. The comparison of the model results with2001; Kucharek et al.2004). The ion reflection and the for-
the multi-spacecraft observations of FAB events shows verymation of these beams might be controlled by a number of
good agreement in terms of wave amplitude and frequencyarameters, includingg,, Mach number &), solar wind

of surface waves at the shock front. velocity (Vs,,) and the angle betwear,, andn (9y,,).

Keywords. Interplanetary physics (Planetary bow shocks; Large scale waves along the flanks of the bow shock can

Solar wind plasma) — Space plasma physics (Waves and inbe caused by variations in the dynamic pressure of the solar
stabilities) wind. Small and medium scale waves such as the shock rip-

ples are created by instabilities inside the shock ramp. All
large, medium, and small scale waves may lead to varia-
tions of the local shock normal angle. In this investigation
we will concentrate on the small scale structures determined
by the local shock structure. In general the local shock struc-
ure, such as ramp, foot and overshoot, are related to behav-
lor of gyrating ions Horbury et al, 2002 Bale et al, 2003.
Numerical simulations, using hybrid and full particle codes,
have predicted shock front instabilities which may lead to
so-called shock rippled_6we and Burgess2003 Burgess
and Scholer2007. Most recently observational evidence

1 Introduction

The global shape of Earth’s bow shock is well known and can
be modeled by using a magnetohydrodynamics approac
However, the details of the local structure of the bow shock
are still not very well understood. The various shock re-
gions are commonly distinguished by the shock normal an
gle ©p,), which is the angle between the upstream IMF

d th In) to the shock front. Angles dfp, <45 : .
and the normalry to the shock front. Angles afp, < O1‘]0rthese ripples has been providedMgullard et al.(20086.

correspond to the quasi-parallel regime whereas angles I hors found that th ol ) |
0p,>45° are corresponding to quasi-perpendicular shock re- ose authors found that t ese ripples are propagating a ong
e shock surface and roughly in the direction of the magnetic

gions, respectively. Both the shock structure and presencg1 . . . !
of ion population are quite different at those two distinct leld. The phase speed of the ripples is 2 to 4 times thechify

. . l . _
regions. The overall structure of the quasi-perpendicuIarve'oClty (va), .. 80-160km'", and the wavelength is ap

proximately 15 to 30 times the upstream ion initial length
(clwp;), which corresponds to 12000-2000 km.

Correspondence tdB. Miao According to ISEE observationBaschmann et a(1980
BY

(bmiao@unh.edu) showed that the rati&, /E; (energy of the reflected beams

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

914 B. Miao et al.: Remote sensing of local structure of quasi-perpendicular Earth’s bow shock

E, over the incoming solar wind energl;) agrees well (de Hoffman and Tellerl950, which is a moving frame to
with the results predicted by a direct reflection mod&ri-  cancel out the motional electric field at the bow shock. Ac-
nerup 1969, assuming conservation of the ion magnetic mo- cordingly, the direct reflection model shows the conservation
ment. Based on this conservation, the relationship betweeof kinetic energy of incoming and reflecting ions flow in the
the FABs velocityVy, Vg, N, 6, anddy, is determined. HT frame.
By studying the distribution functions of FABs, the varia-  The following equation is the definition of the HT velocity:
tions in the FABs velocity and intensity are observed. These
> L nx (Vg X B)
variations may result from upstream IMF variations, solary , = — % = =7 (1)
wind turbulence, Alfen waves and the resulting changes in B-n
the local shock structure. If these effects can be separatedhich is equivalent to the following equatioB¢hwartz and
in case studies, a unique relationship between FABs and thBurgess1984:
local shock structure may be applied to remotely sense the
local shock surface. This kind of approach is of significant v,/  cosfg, i 7
importance for shocks which are not easily accessible (forin-y_7 = ¢osp, - (COS@BV T vz~ 93") -1 @
stance the termination shock) because spacecraft do not have
to cross the shock to obtain information about the local shockV},” and Vy,,” are velocities of FABs and solar wind in the
structure. HT frame;V}, andVj,, are velocities of FABs and solar wind
The primary goal of this paper is to provide a basic in the spacecraft frame, respectivefizy is the acute angle
method, which allows inferring the local structure of the betweerB andVy,,.
shock by observing the velocity variations of FABs. The pa- The assumption of energy conservation of ion flow re-
per is organized as follows. In the second section we describguires the left hand side of the Eq. (2) is equal to 1.
the model. In the third section we introduce the observa- _ ,
tion used in this study and the corresponding data analysis—2— — 1 ()
The results of numerical study and model predictions are dis-Vsu'
cussed in the fourth section of this paper. Finally, we will The each component of vector Eq. (1) can be written as one
summarize the results of this investigation. set of homogenous linear equations about shock nomal
Unfortunately, the rank of the coefficients matrix is 1, so that
the n cannot be determined uniquely. Thus, the additional
2 Method constraints ofi are necessary to be introduced as follows:

2.1 Determine the shock normah 1. n is always pointing to the upstream from the down-
stream of bow shock;

Figure 1 is a sketch that shows the basic points of the re-

mote sensing local structure of the shock front. As shown in

Fig. 1, a part of the incoming solar wind ions are reflected at

the shock front to travel along the magnetic field line, which

has a convection velocity,,) towards the downstream of TheB, V, andV,,, in Eq. (2) are all obtained by the obser-

bow shock. The velocity and intensity of those reflected ion, o+ Thus, Egs. (2), (3) and additional constraints can be
beams (FABs) are affected by the geometry of shock front.used to calculate the uniquely.

The variation of FABs’ velocity may indicate the uneven

shock surface. Thus, the local structure of bow shock carp 2 Motion of the average shock front

be estimated by using the geometry relationship between the

observed FABs’ velocity, velocity of solar wind and mag- In order to determine the uneven shock surface, we need to

netic field. trace the FABs to their origin at the shock front and then
The reflected FABs are recognized as a fraction of re-calculate shock normal vectors on the shock front. Tracing

flected solar wind ions, which are accelerated by the mo-the FABs to the shock front requires the location and motion

tional electric field at the bow shock. The velocity of FABs of the average shock front. Using timing analysis method

are well explained by the direct reflection model introduced (e.g.Russell et a].1983 Harvey, 1998 Schwartz1998, the

by Sonnerug1969, which is also called ag conserving re-  shock normal vectors and shock speeds are determined at in-

flection bySchwartz et al(1983 due to the conservation of bound or outbound shock crossing events. Based on the ve-

ions’ magnetic momentg,,. In the direct reflection model, a locities of the shock front at crossing events, the motion of

simple geometrical relationship between shock nomap- the average shock front (the black horizontal straight line in

stream IMFB, incoming solar wind velocity/;,, and FABs  Fig. 1) between the two crossings is deduced. The shock ve-

velocity V;, is defined. It is convenient to describe the di- locity at the first crossing is as the initial velocity  and the

rect reflection model in the de Hoffman-Teller (HT) frame shock velocity at the second crossing is as the final velocity

2. nis first assumed in thé;,,—B plane; subsequently, we
allow n is out of theV,,—B plane with some certain
angle as shown in Fig. 2b.
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Fig. 1. The black horizontal straight line is the average shock front
and the vertical black arrow is the shock normathe black dashed
curve is the possible shock structure and the light blue arrows are
the local shock normal vectors (not to scale); The red arrow is the
velocity of FABs; The blue dashed and solid lines are IMF at dif-
ferent time which is moving witlV,,,; The beam is located at the
shock at, while arriving at the location of SC3 &t; x is the pro-
jection of the FABs traveling path along the shock front.

(vs). If thev; andv, are approximately along a straight line “y (b)

(shown as a vertical dashed line in Fig. 1), the motion of the

shock can be simplified to a 1-D motion (The details will be

described in Sect. 3). After the shock normal vectors are loFig. 2. (a) 2-D plane surface waves are added to the shock front
cated (i.e. the x in Fig. 1 is determined), we may describe theo reproduce the measured FABs; the projection of&he set as a

local structure of shock front, accordingly. referred direction; Plane wavég andk, are perpendicular to each
other. (b) shows the correspondent coordinate system where the
2.3 Use surface waves to describe the local structure shock normal vecton is out of theB—Vs,, plane.

Hybrid simulations are used to find the properties of the sur-
face waves we are most likely seeing at those shock cross3 Data
ings. In a recent papeB(rgess and Scholg2007), authors
pointed out that the gyrating ion population at the shock frontFor this study observational data are provided by the Clus-
is closely associated with the waves at the shock ramp. Weer spacecraft. We use the fluxgate magnetometer (FGM)
used the results of this paper to obtain limits for the wave-to obtain high time resolution (about 22 measurements per
length and amplitude for our model described below. second) magnetic field datB#logh et al. 2001); and the

In our current model we introduce two surface waves, per-composition and distribution function analyzer (CODIF) to
pendicular to each other, which are preestablished at the awbtain the proton’s distribution function in velocity space.
erage shock front (so called forward model), as shown inThe solar wind bulk velocity is derived from hot ion analyzer

Fig. 2a. Those two surface waves are marke#;aandkz.  (HIA) (Réme et al.200]). Both CODIF and HIA sensors are
The wavek; is roughly along the projection of upstream IMF called CIS (Cluster lon Spectrometry) instruments.
B. For the present study we identified the following shock

The goal of our numerical approach is using the directcrossing events: on 7 April 2001, 20:17:00-20:23:00 UTC,
reflection model and reproducing the observed bulk beamgn 29 December 2003, 05:41:00-05:46:00 UTC, on 14 Jan-
speed variations by introducing sinusoidal waves, which simyary 2004, 08:12:00-08:15:00 UTC and on 3 April 2004,
ulates the local shock structure. In an iterative process waveso:51:00—21:06:00 UTC which will be discussed in detail.
length and amplitude are updated to obtain the best fit to th@ouring these time periods, the separation of the Cluster
observed time series of the FABs speeds. spacecraft was between 400 and 1000 km.

Figure 3 shows an outbound and an inbound crossing on 7
April 2001, 20:17:00 and 20:23:00 UTC. From top to bottom
the figure shows energy spectrum, ion density, solar wind

www.ann-geophys.net/27/913/2009/ Ann. Geophys., 27,928-2009
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1000 s, and final displacemensy, the displacement of shock
front can be simplified as a three-order polynomial function
of time (Haaland et a).2004, i.e.:

10000

S
2 1000

SC3

H
COUNTS

100 s(t) = ag + ait + a»t? + ast®, (4)

100 and then the velocity of shock front is:

v(t) = a1 + 2ast + 3a3t2. (5)

SC3
H* n (cm™)
40-40000 (eV)

For our investigations we have chosen two adjacent shock
crossings. Timing analysis method has been used to de-
termine the shock normal of; = (0.91,-0.12, 0.18) and
shock speed ofy;=14kms?® at outbound crossing, left
side of Fig. 3; At inbound crossing, right side of Fig. 3,
shock normaln ;=(0.95, —0.18, 0.27) and shock speed of
vr=5kms L. The time span between the shock crossings is
of the order of 6 min. As one can see, the two shock nor-
mal vectorsy; andn ¢ are nearly the same, with difference of
about 5.8. Thus, we assume that, between the two crossing
events, the shock front is moving with a non-constant accel-
eration in one dimension. This allows us to determine the
distance to the shock front by solving the equations of mo-
tion.

SC3
H*V (kms™)
40-40000 (eV)

SC3
B (nT)

3.2 Observation of field-aligned beams

SC3
|B| (nT)

For this study a number of shock crossings have been inves-
tigated. In the top panel of Fig. 3, a beam like feature can
be identified in the energy spectrum at around 10keV. The
proton phase space distribution clearly shows that FABs are
present. The best time resolution of CIS instrument is one
spin period, i.e. 4s. For our case study, distribution func-
tions are accumulated for all 16 energy levels in the energy
Fig. 3. The top panel is proton’s energy spectrum according to Clus-"@nge from 10 to 40keV, over 16s. The top panel of Fig. 4
ter SC3 CODIF’s data. The remaining panels are number density oBhows a time series of distribution functions in the velocity
protons, bulk velocity of protond and magnitude of B. The two ~ space; the bottom panel of Fig. 4 shows 1-D cuts through
vertical lines mark the positions of shock crossing events. the center of the FABs, along théara(green line) and/perp
(black line) directions, respectively. In the figurésara is

o _the velocity parallel to the IMPB whereasVperp denotes
bulk speeds, each component of the magnetic field and itshe component that is perpendicular to the magnetic field.
magnitude as a function of time from spacecraft 3 (SC3).The yellow pattern, with/par=—450 kms* at the core, is
Vertical lines mark the outbound and the inbound crossingsthe solar wind distribution and the light blue pattern, with
respectively. Clearly, the sudden changes in the solar wind, . =1200km s at the core, is FABs distribution, which
speeds, density, and magnetic field can be identified. Uphas inverse sign oFparaand similarVperp while comparing
stream of the shock, in the solar wind, we observe a high the bulk velocity of the solar wind. The magnitude of the

energy populations at10keV (the field-aligned ion beams (. 52 >
as we will discuss later), FABs velocity is given by, =, / Vit Viserp The beams can

be observed during most of the time period when the space-
3.1 Average shock normal and shock speeds craft is upstream of the bow shock. During this time period

the peak of the beams distribution (located at the crossing of
In order to trace the FABs to the shock front, the location of dashed lines) is changing its location in velocity space. These
the shock front is required. To determine the actual shockemporal evolutions may be due to wave forms or structures
position we take advantage of Cluster as a multi-spacecrafat the shock ramp. This is the subject of the next section in
mission and we perform a timing analysis between two con-which we will use our numerical model to infer information
secutive shock crossings. Usiug v, initial displacement,  on the local shock structure.

Ann. Geophys., 27, 91321, 2009 www.ann-geophys.net/27/913/2009/



B. Miao et al.: Remote sensing of local structure of quasi-perpendicular Earth’s bow shock

Sat 3 CLUSTER CODIF H+ (Product
07-04 2(01/20:19:33->20:19:4

12)
9

Sat 30CLUSTER CODIF H+ (Product 12)

7- 04 2(01/20:20:21->20:20:37

Sat 3 CLUSTER CODIF H+ (Product

07-04 2001/20:20:53->20:21:0

12)
9

Sat 3 CLUSTER CODIF H+ (Product 12)
07- 04 2001/20:21:41->20:21:57

2000

1000

V Perp (km/sec)
o

-1000

-2000

-2000 -1000

0
V Para (km/sec)

Cross Sections

-1000 0
V Para (km/sec)

Cross Sections
T T

2000 -1000

0 1000
V Para (km/sec)

Cross Sections
T

-1000

0
V Para (km/sec)

Cross Sections
T T

10° T T

V para

f(sech3 /kmA3 /cmA3)

917

f(sech3/kmA3 /cmA3)

N

I i I
-1000

N

A

1000

-1000 0 1000

Velocity (km/sec)

1000 2000 -1000 0

Velocity (km/sec)

-1000 [
Velocity (km/sec)

1000 [
Velocity (km/sec)

Fig. 4. Proton’s distribution functions in the velocity space are shown in the spacecraft frame. The V-para axis is along direction of IMF
measured by Cluster's FGM instrument and the V-perp axis is a direction normal to IMF. From the left panel to right panel are distribution
functions on 7 April 2001 at 20:19:33-20:19:49 UTC, 20:20:21-20:20:37 UTC, 20:20:53-20:21:05 UTC and 20:21:41-20:21:57 UTC. Top
panel shows the 2-D distribution function, while the bottom panel shows a cut along the distributions function indicated by the dashed lines.

determined by the various methods. The blue lines show the
0p, calculated with the preestablished local structure (sine

In this section we will now apply our numerical model which wave) according to the forward model; the green lines show

has been introduced in Sect. 2. As described above we W"}he Opy calculated with .Eqs. (2), (3) and corTstramt ““?t

iteratively vary the wave number and the wave amplitude ofS out 0fB~V, plane W'th. the selt.act.ed angle; the red I_mes
the introduced plane waves which are supposed to mimic th how _the@_B,,'caIcuIated with the similar way as green lines
local shock structure. For our case studies, the FABs veloc; utn is within the B-V,, plane. The green lines are per-

ity and calculatedp, are reproduced by superimposing 2-D Le;[ﬂyer;r?tkjhzdayg?ggﬁnb;uetlr:ngsén%l\l/e toct()f1e|£(;k r(:]forg;tch
surface plane waves onto the average shock surface. W u Ines, the sw COP r

cannot reproduce th,. Schwartz and Burge$4984) also

In Fig. 5 we show four selected shock crossings atmentioned that “the direction of does not, in general, lie in
which Cluster SC1 or SC3 observes FABs. SC1 observeghep-v,,, plane”. These results are obtained for the param-

these beams on 3 April 2004 at 20:51:00-21:06:00 UTC,eters listed in Table 1 (first 3 rows).

whereas SC3 observes other events on 7 April 2001 at The |ocal structure may be approximately described by
20:17:00-20:23:00 UTC, on 29 December 2003 at 05:41:004hose 2-D surface plane waves. The surface plane wave by
05:46:00UTC and on 14 January 2004 at 08:12:00-ysing subscript i, A1, Vphase), is corresponding to the B-
08:15:00 UTC. From top to bottom this figure shows the dis-in-plane-wave according to the 2-D hybrid simulation work
tance of the spacecraft to the shock front determined by tim{Burgess and Schole2007); The surface plane wave by us-
ing analysis, the beams bulk speeds and the shock normahg subscript 2 {2, A2, Vphase, is corresponding to the B-
angles determined by the models. In the middle panels ogyt-of-plane-wave. From Table 1, the B-in-plane-wave has
Fig. 5a, b and c the observed velocities of FABs are well re-jong wavelength and small amplitude which is interpreted as
produced. The red lines show the observed FABs speeds; then uitra-low frequency surface wave. The variation of FABs

blue lines represent the calculated FABs Speeds. As one C%'ocity is main'y affected by the B_out_of-p'ane_wave, wave
see, the numerical models reproduce the observed beamg;,

bulk speeds very well. In the bottom panel we shgyy

4 Results from our numerical study

www.ann-geophys.net/27/913/2009/ Ann. Geophys., 27,928-2009
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Fig. 5. The top panels for the distance from the SC3 to the average shock front; the middle panels for the speed variations of the observed
FABs (red line) and the calculated FABs (blue line) according to the forward model; the bottom panelstigy tired the blue line for the
forward model, the green line for teout of B-V,,, plane analytic method, the red line for theB andV,,, coplanar.

For the 7 April 2001 case, the anglerobut of theB—Vy,,
plane is 18; For the 29 December 2003 case, thés 20°

period is relatively longer, 10-15min, and then the mono-
frequency 1-D surface wave is no longer suitable to describe
out of the plane; For the 14 January 2004 casenti®e30° the local structure. The middle panel of Fig. 5d shows that
out of the plane. The matched shock normal an@jgsndi- the mono-frequency surface wave cannot reproduce the ob-
cate the shock normal vectansare limited in a plane. This served FABs speeds; the bottom panel of Fig. 5d also shows
means that the 1-D surface wave (limited in our case studiesihat the constraintn out of plane with one certain angle)
mainly controls the local structure of shock front. The differ- is not applicable, in this case study, to reproduceéhe
ent angles oh out of the plane indicate the contribution of This might have several reasons. First, the local structure of
surface wavdk; to the local structure of the shock front. the shock front is actually 3-D and consists of several wave
In error analysis, the standard deviation of upstréam modes. Second, distance to the shock front is too large and
and high time resolutioB can be obtained from the level 2 We sample over a large area range of the shock surface so
data of Cluster. Due to the middle panels of Fig. 5, the devi-that we might see several different areas which may have dif-
ation between the observad and the calculated, from ferent reflection properties. One possible way to investigate
wave is approximate|y recognized as the deviatioan)_f those effects mlght be to introduce multi-dimensional multi-
Applying error propagation, we performed an error estimatefrequency surface waves. Since, the scope of this paper is
(Bevington et al.2003 for 6, that is calculated from wave to present the basic concept idea of remote sensing we treat
(blue line) in the case study for 7 April 2001, in which we these more complicated cases as a subject for future investi-
obtainedAfp,=+3°. gations.

All three case studies (a, b and c) are in a relatively short
time period, 3-5min, and the 1-D surface wakeis the
major wave to describe the local structure perfectly. How-
ever, for the case study for 3 April 2004 (Fig. 5d), the time

Ann. Geophys., 27, 91321, 2009 www.ann-geophys.net/27/913/2009/
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Table 1. Plasmas and wave parameters: comparison of 4 case studies 2-D surface plane waves, direct observation and 2-D hybrid simulatior

919

results.

Case Case Case Case Direct 2-D hybrid 2-D hybrid
7 Apr2001 29 Dec 2003 14 Jan 2004 3 Apr2004 observation (B-in-plane) (B-out-of-plane)

OBn ~50° ~45° ~50° ~50° 87 88 9

My 5.7 5.2 2.6 6.2 11.4 5.7 7.2

Vswlvi (va) 6.2 6.4 3.6 7.3 14.9 4 5

A1 (Clwp;) 27.8 25.0 21.8 51.1 15-30 4-8 -

Aq (Clwp;) 0.7 0.5 0.5 1.0 ~1.0 -

Vphasel(UA) 31.0 8.0 35.2 30.1 2—4 - -

A2 (Clw ;) 6.2 6.2 4.9 11.7 - - 7.5

Ap (Clwp;) 0.7 0.7 1.3 1.0 - - ~1.0

VphaseAva) 7.9 0.0 0.0 0.0 - - 7.5

5 Discussion

as traveling ripples within the thin shock layer with a phase
speed of 2 to 4 times, (i.e. 80-160 kms?) roughly along

From those case studies presented above we infer amplitudeg, a wavelength of approximately 15 to 30 times &/, i.e.
wavelengths and phase speeds of the local shock structurBp00-2000 km and4=11.4 (shown Direct observation col-

at the shock ramp on 7 April 2001, 29 December 2003 andymn of Table 1). Moullard et al. have noted the obvious dis-
14 January 2004 (Table 1, last 6 rows). For the 7 April crepancy in the ripple wavelength and phase speed between
2001 case, amplituda=50 km, wavelengtth=440km and  their observations and the 2-D hybrid simulation results. Due
w=8.0w:;. The wave parameters are normalized by up-to different plasma conditions in Moullard’s and our analysis,

stream ion initial length (@f,;~71km) or Alfvén velocity
(va~82kmst) as follows: A=27/k=6.2 co i, A=0.7 Cho;

we cannot compare both observations directly. The differ-
ences between the two observations indicate that there may

and vphase7.9va. These plasma parameters are based oOmpe a variation in wavelength and phase speed for those sur-

average value ofl,=55 to 6(°, Alfvén Mach number
M 4=5.3 andV,,,=530km s 1.

In the 2-D hybrid simulation ofowe and Burgesg003,
the surface waves propagating along the shock hadeto
8 Clw,; whendp,=88, M 4=5.7,;=0.5 andV;,=4v4 (V, is

the bulk velocity of incoming ions in the upstream, i.e. solar

wind velocity).

In the most recent simulation dBurgess and Scholer
(2007, they repeated the 2-D hybrid simulation wighin
the simulation plane and obtained a wavelengtt ciw,;,

M 4=5.0 andB;=0.5 for the surface waves (ripples). They
also reported on simulations of the ripple structures with
magnetic field orientations out-of-plane. The ripple wave-

length is 7.5 ab,; (as obtained from Fig. 3. iBurgess and
Scholer 2007 for M4=7.6 andB;=0.5. This wavelength is

longer than the one obtained from the simulation with B-in-

plane §=2-5ct,;, M4=7.1 andB;=0.5). From Table 1, our

results are close to the results of B-out-of-plane hybrid sim-

face waves in the quasi-perpendicular shock front depending
on the plasma conditions.

Another problem on the analysis is the difference gf
which is obtained by using different method. In Fig. 5, for
example, 7 April 2001 case shows that thg is about 50,
which is somewhat lower than the averalgg about 55 to
60° given by the timing analysis method. This is due to the
pitch angle scattering of FABK(charek et al.2004), in
which the parallel component &f,, is decreasing while the
perpendicular component &f, is increasing. If we use the
FABs peak pattern in the distribution function, the measured
velocity of FABs would be lower than the theoretical veloc-
ity of FABs (without considering scattering effect) predicted
by the direct reflection model artt;,, (determined by tim-
ing analysis method). Thus, underestimated FABs velocity
might cause a lowetg,,.

In our analysis, the spatial resolution of the local shock

ulation. One difference, however, should be noted that theirstructure is mainly limited by the time resolution of CODIF

2-D hybrid simulation work ha® in the simulation plane,
i.e. propagating directiok of surface wave, shock normal
andB are co-planar. In our case study the wave vektr
not co-planar wittB andn. Thek is around 30 biased from
the direction of projection of upstreaBinstead. The reason
for this biased angle is still an open question.

data (16s in our case study). The accuracy in the studies
of the shock surface structure using FABs also depends on
shock motion,fg,, 0yv,, and the solar wind velocity. For
example, during 7 April 2001, 20:19:00-20:22:00 UTC, the
shock normal angle of average shock fregt, = 55° and
average shock speed is 16 knts The spatial resolution is

Recent observations of ripples on the quasi-perpendiculamainly determined by the motion of average shock front and

shock front byMoullard et al.(2006 have been interpreted

www.ann-geophys.net/27/913/2009/

shock normal angle. Thus, the FABs distribution function
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averaged in 16s is originated from shock surface with ature. Wavelength and wave amplitudes are variables which

length of up to hundred kilometers. Because the wavelengtlare determined by fitting the observed time variations of the

of major 1-D surface plane wave is 440km (7 April 2001 FABs. We have introduced a basic approach in which we

case) according to our analysis, the spatial resolution of ouhave limited the shock normal to lie in the plane of the in-

method is high enough to reveal the surface waves in the caseoming solar wind and the interplanetary magnetic field. In

study. However, if the averagg, is close to 90, the reso-  asecond approach we even allowed shock normals out of that

lution would be dramatically lower. The resolution also de- plane.

creases as well as the shock speed increases. The comparison of the obtained wavelength and ampli-
Our analysis requires high energy and angular resolutiortudes from this model with hybrid simulations showed very

of FABs. The CODIF instrument has angular resolution of good agreement. The limitation of this approach for long

11.5 and global data interpolation is necessary to gain thetime period cases might be solved by introducing multi-

direction of peak distribution of FABs. This is the another frequency and multi-dimension surface waves. It should be

source of uncertainty. noted that the advantage of such approach is that the space-
According to the numerical simulations (eLgmbege and  craft does not have to measure in the shock ramp to provide

Savoinj 1992 Hada et al.2003 Scholer et a.2003, shock  information of the local shock structure. Shock crossings are

self-reformation can lead to variation of the locations of the usually fast and data are limited. Furthermore, such an ap-

quasi-perpendicular shock. This process also causes varproach is not limited to the Earth’s bow shock. It can be

ation of thefp, and this in turn leads to the variation of applied to any other stationary shock which is not so easily

FABs’ velocity and intensity. In this study, we have used accessable such as the termination shock.

sinusoidal waves which are superposed on a planar shock to
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