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Abstract. Low frequency waves in the foot of a supercritical

quasi-perpendicular shock front have been observed since the

very early in situ observations of the terrestrial bow shock

(Guha et al., 1972). The great attention that has been de-

voted to these type of waves since the first observations is

explained by the key role attributed to them in the processes

of energy redistribution in the shock front by various theo-

retical models. In some models, these waves play the role

of the intermediator between the ions and electrons. It is

assumed that they are generated by plasma instability that

exist due to the counter-streaming flows of incident and re-

flected ions. In the second type of models, these waves re-

sult from the evolution of the shock front itself in the quasi-

periodic process of steepening and overturning of the mag-

netic ramp. However, the range of the observed frequencies

in the spacecraft frame are not enough to distinguish the ori-

gin of the observed waves. It also requires the determina-

tion of the wave vectors and the plasma frame frequencies.

Multipoint measurements within the wave coherence length

are needed for an ambiguous determination of the wave vec-

tors. In the main multi-point missions such as ISEE, AMPTE,

Cluster and THEMIS, the spacecraft separation is too large

for such a wave vector determination and therefore only very

few case studies are published (mainly for AMPTE UKS

AMPTE IRM pair). Here we present the observations of up-

stream low frequency waves by the Cluster spacecraft which

took place on 19 February 2002. The spacecraft separation

during the crossing of the bow shock was small enough to

determine the wave vectors and allowed the identification of

the plasma wave dispersion relation for the observed waves.

Presented results are compared with whistler wave disper-

sion and it is shown that contrary to previous studies based

on the AMPTE data, the phase velocity in the shock frame

is directed downstream. The consequences of this finding for

both types of models that were developed to explain the gen-

eration of these waves are discussed.

Keywords. Magnetospheric Physics (Plasma waves and in-

stabilities; Solar wind-magnetosphere interactions) – Space

Plasma Physics (Shock waves)

1 Introduction

The main process that occurs at the shock front is the

re-distribution of the upstream kinetic energy of directed

ions motion (Sagdeev, 1966; Sagdeev and Galeev, 1969;

Papadopoulos, 1985) into thermalisation and the accelera-

tion of a fraction of the particles to very high energies. In

ordinary gasodynamic shocks, the energy redistribution takes

place due to the binary collisions between particles. In such

a case, the front spatial scale is determined by the the length

of the free path. The spatial scale of collisionless shocks is

much smaller than the free path length and therefore the ef-

fect from binary collisions can be neglected. The energy re-

distribution takes place due to the interaction with electric

and magnetic fields of the shock transition layer or due to the

interaction with plasma waves generated by various plasma

instabilities. The spatial scales of the shock front structure

determine the type of upstream particle interactions with the

shock front and a number of statistical studies of the shock

front scales have been conducted (Balikhin et al., 1995; Ho-

bara et al., 2010; Dimmock et al., 2011). However, the com-

position of plasma turbulence in the front is also very im-

portant because it determines the efficiency of anomalous

processes of energy redistribution that occur due to inter-

actions with plasma waves. Various plasma waves in the
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frequency range from 100 Hz to 105 Hz are observed in the

vicinity of the quasi-perpendicular part of the terrestrial bow

shock. The upper part of this range corresponds to the elec-

tromagnetic oscillations on the second harmonic of plasma

frequency that are generated due to nonlinear processes that

involve Langmuir waves exited at the boundary of electron

foreshock due to the beam of electrons reflected from the

shock front (e.g. Balikhin et al., 1989). Ion sound waves ob-

served in the vicinity of the magnetic ramp in the frequency

range from a few hundred Hz to a few kHz (e.g. Balikhin

et al., 2005), that can be generated either by current driven

instabilities or by the electron temperature gradient were the

key element in many early theories of anomalous processes

at the shock front. However, at later stages the main attention

is on the lowest part of the frequency range 100–101 Hz, be-

cause in some theoretical models it was assumed that these

waves can efficiently transfer energy from ions to the elec-

trons, or can be a manifestation of the internal shock dy-

namics resulting in quasi-periodic steepening and overturn-

ing of the shock front itself. In some studies the low fre-

quency turbulence observed upstream of the shock front has

been considered to be the result of two stream instabilities

(e.g. Tanaka and Papadopoulos, 1983; Krasnoselskikh et al.,

1985; Galeev et al., 1986) where the reflection of electrons

from the front of a strong quasi-perpendicular shock resulted

in the generation of plasma waves. It was argued in these

studies that the resulting waves can efficiently transfer en-

ergy from the ions to energise electrons. In other models like

Balikhin et al. (1989), these low frequency waves were in-

terpreted as whistler waves. These waves can reflect part of

the upstream electrons and such a reflection could lead to ac-

celeration. The statistical properties of these waves was stud-

ied extensively by Fairfield (1974) using IMP-6 data. It was

suggested that these waves span time intervals of less than a

few minutes. The waves can be either right- or left-handed

polarised and tend to propagate at oblique angles (20◦–40◦)

to the upstream magnetic field. Previous studies have iden-

tified such waves as propagating in the whistler mode and

their origin is typically associated with either shock macro

dynamics (Krasnoselskikh, 1985) or instabilities (Wu et al.,

1984; Hellinger et al., 1996).

The majority of studies related to whistler waves in

close proximity to the collisionless shock front have been

observed within the terrestrial environment (e.g. Fairfield,

1974; Balikhin et al., 1997). Nevertheless, these waves have

been reported at many other other locations such as Venus

(Orlowski and Russell, 1991) and Saturn (Orlowski et al.,

1992) concluding that they are a fundamental phenomena as-

sociated with collisionless shocks. Whistler waves are be-

lieved to play a fundamental role in shock structure and

therefore have attracted considerable interest in both the-

oretical and experimental studies. Despite this, the gener-

ation mechanism of these waves and the exact role that

they play on shock structure and formation is still not com-

pletely understood. In studies such as those by Balikhin

et al. (1997) whistler mode waves have been reported to

be directed upstream, thus playing a role in carrying en-

ergy from the shock front. Balikhin et al. (1997) concluded

that these waves were most likely generated by the macro-

dynamics of the shock and the property of shock non-

stationarity (Tidman and Northrop, 1968). On the contrary,

other mechanisms such as proton beam instabilities (Wong

and Goldstein, 1988), temperature anisotropy instability and

the kinetic cross stream instability (Wu et al., 1984) have

been proposed to explain their presence. It has also been

shown that gyro phase bunched ions which are generated

by the shock have the ability to produce low and high fre-

quency whistler waves (Gurgiolo et al., 1993). Their results

imply that the low frequency waves play an important role

in the gyro phase bunched ions rather than processes such as

gyro phase mixing (Gurgiolo et al., 1993) which are known

to operate upstream and downstream (Ofman et al., 2009)

of the shock front. It is possible to correlate spacecraft ob-

servations with the output from existing theoretical models

(e.g. plasma rest frame frequencies, wave vector properties

and phase velocity) however, this raises another significant

problem. Whistler waves in the solar wind are severely af-

fected by the doppler shift and thus require separation of

a temporal and spatial ambiguity before a true estimate of

plasma rest frame frequencies can be obtained. To further

complicate matters, the wavelength of such structures are

typically much smaller than the spacecraft separation vec-

tors of current multi-spacecraft missions resulting in limited

cases where such studies can be performed. In most cases

even identifying the correct wave mode can be an involved

process. The doppler shift between frequencies in the space-

craft and plasma rest frame (ω) are related to the wave vector

by a dispersion relation ω = ω(K). This dispersion relation

can be correlated with a theoretical counterpart to aid in wave

mode identification, but the full wave vector cannot be mea-

sured directly from the time series measurements and there-

fore must be reconstructed.

Hoppe et al. (1982) applied a technique based on correla-

tion coefficients to calculate the dispersion relation of waves

upstream of the quasi-perpendicular shock front. However,

the spacecraft separation in most cases was several times the

wavelength of the observed waves which made identification

of the wave structures in the two datasets difficult. The dis-

persive nature of the plasma waves also caused significant

evolution of the wave structures between the measurements.

As a result of this, there are significant limitations to this

technique. Firstly, only one point can be plotted on the dis-

persion curve for each iteration and secondly, this method is

more applicable to non-dispersive waves.

A more applicable technique can be used that takes ad-

vantage of the phase shift measured between waves that are

observed by two closely separated spacecraft. If two satel-

lites are separated by a vector R, then the phase difference

19 (ω1) between the waves at an observed frequency (ω1)

can be estimated by

Ann. Geophys., 31, 1387–1395, 2013 www.ann-geophys.net/31/1387/2013/
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19 (ω1) = K (ω1) · R = |K (ω1) ||R|cos(2KR) (1)

where 2KR is the angle between R and the wave vector di-

rection K̂ . The direction of the wave vector can be estimated

from minimum variance analysis (MVA) whereas the phase

shift can be determined using the f1−ksep spectrum obtained

by performing the wavelet transform. Knowledge of both K̂

and 19 (ω1) can be used to calculate the magnitude of the

wave vector in Eq. (1). The full wave vector can then recon-

structed which allows the transformation from frequencies in

the spacecraft frame to the plasma rest frame. This relation-

ship can be used to build the experimental dispersion relation

which can be compared with theoretical models to provide a

means of identifying the correct wave mode. The main disad-

vantage from this technique is that it requires the observation

of well structured plasma waves between at least two rela-

tively close spacecraft which should be less than the coher-

ence length and ideally even smaller than the wavelength of

the observed waves. If the separation is more than the coher-

ence length of the observed waves then the dispersive prop-

erty of these waves can make it difficult to identify the correct

phase shift which is the foundation of this technique. Unfor-

tunately, the conditions which permit this analysis for waves

observed in the foot of a quasi-perpendicular supercritical

shock are seldom with most spacecraft configurations.

To date the Cluster mission has provided over 11 yr of high

resolution plasma measurements inclusive of thousands of

terrestrial bow shock crossings. In addition to this the multi-

probe arrangement allows the separation of temporal and

spatial variations at the shock front. Therefore, the Cluster

mission presents an ideal database for uncovering the strict

requirements needed to perform studies of wave dispersion

upstream of the terrestrial bow shock. On 19 February 2002

the Cluster probes encounter the terrestrial bow shock with

appropriate separation vectors and natural conditions that

makes such a study possible.

2 Datasets and instrumentation

All data used in this study was recorded by the Cluster space-

craft (Escoubet et al., 1997) on 19 February 2002. The Clus-

ter mission is comprised of 4 separate probes launched in

2001 which orbit in a temporally dependent tetrahedron con-

figuration. Each probe is fitted with a significant array of in-

strumentation capable of measuring electromagnetic fields

and plasma moments. The magnetic field measurements to

identify the shock crossing, and which form the fundamen-

tal component for this study were provided by the spacecraft

Fluxgate Magnetometer FGM instruments (Balogh et al.,

1997) onboard each spacecraft. The available resolution of

magnetic field data during the shock crossing and close vicin-

ity are 22.5 Hz which not only allows for detailed observa-

tion of shock structure, but also permits the clear resolution

of plasma waves upstream of the shock front. The upstream

solar wind velocity (V u) was determined using measure-

ments provided by the Cluster Ion Spectrometer (Rème et al.,

1997) (CIS). The plasma density Ni was estimated using the

electron plasma frequency (ωpe) provided by the WHISPER

(Décréau et al., 1997) instrument, which was used to estimate

the Alfvén Mach number. WHISPER is a part of wave con-

sortium controlled by DWP instrument (Woolliscroft et al.,

1997).

3 Measurements of shock crossing on 19 February

2002: 04:02 UTC

On 19 February 2002 the Cluster spacecraft encountered 6

crossings of the terrestrial bow shock within a time period

approximately 4 h where during this time the separation be-

tween Cluster 3 and 4 was approximately 105 km. The sepa-

ration along the GSE x direction at this time was only 32 km

which is significantly less than usual. At 04:02:00 UTC the

Cluster spacecraft traversed the bow shock at [18.9, 3.2,

−1.2] RE where the spacecraft separation between the C3

and C4 probes was R34 = [−32.0, −41.8, −91.4] km. The

position of C3 suggests the crossing was in close vicinity

to the sub-solar point. Figure 1 shows the magnetic field

profile of the shock crossing measured by the Cluster 3

spacecraft in she shock frame where E1 = n̂, E2 = n̂ × Bu

and E3 = n̂ × (n̂ × Bu). Upstream of the shock, the aver-

age magnetic field direction was Bu = [−1.39, 8.88, 5.89] nT

(|Bu| = 10.75 nT), and the solar wind velocity was measured

as |V u| = 356 km s−1. The WHISPER instrument measured

an electron plasma frequency of ωpe = 1.38 × 105 rad s−1.

The preceding parameters resulted in an estimation of Alfvén

Mach number of Ma = 3.7. The Farris shock model surface

(Farris et al., 1991) was used to determine the shock normal

direction of n̂ = [0.99, 0.09, −0.03]. The projection of the

magnetic field along n̂ can be seen in the top panel of Fig. 1

and the small variation during the ramp in addition to the

negligible offset from upstream to downstream is strong evi-

dence of a good shock normal direction. The location of the

shock crossing also suggests a shock normal direction closely

aligned with the GSE x direction. The angle measured be-

tween n̂ and Bu (2bn = 86.4◦) suggests that the shock has

a quasi-perpendicular geometry. The magnetic field profile

is also typical from past observations and simulations of the

quasi-perpendicular shock front in the supercritical regime

(Leroy et al., 1982). The velocity of the shock along n̂ was

calculated as VSh ≈ −32 km s−1. This was calculated by se-

lecting the mean velocity of the spacecraft separation vec-

tors S12 and S14 along the shock normal direction. These

vectors were chosen as they were as least perpendicular to

n̂ as possible which produced angles (velocities) of 103◦

(−31 km s−1) and 112◦ (−33 km s−1), respectively. Space-

craft separation vectors which are close to perpendicular with

the shock normal are not ideal as they cannot be used to

www.ann-geophys.net/31/1387/2013/ Ann. Geophys., 31, 1387–1395, 2013



1390 A. P. Dimmock et al.: Low frequency plasma waves upstream of the earths bow shock

−20

−10

0

10

20

E
1

 (
n

T
)

−20

−10

0

10

20

E
2

 (
n

T
)

04:02:10 04:02:20 04:02:30 04:02:40 04:02:50 04:03:00 04:03:10 04:03:20
0

10

20

30

40

E
3

 (
n

T
)

Time UT, 19 February 2002 (hh:mm:ss)

Fig. 1. A shock crossing measured by the Cluster 3 spacecraft on 19 February 2002 at 04:02:40 UTC. The panels represent the measurement

in the shock E1,2,3 frame where E1 = n̂, E2 = n̂ × Bu and E3 = n̂ × (n̂ × Bu).

accurately determine the shock velocity. The shock front ve-

locity can have significant impact on the outcome from this

study as it is used directly in the transformation to the shock

rest frame.

The top panel of Fig. 2 shows the dynamic spectrum of the

shock crossing calculated from the FGM data during the time

period between 04:02:10 to 04:03:10 UTC. The correspond-

ing x, y and z components of the magnetic field measure-

ments are plotted below in panel b. Although obvious from

the magnetic field profile in panel b, the dynamic spectrum

exhibits an evolution from mainly low frequency components

before 04:02:30 of (0.1 to 0.5 Hz) to higher frequencies (0.5

to 4.5 Hz) after 04:02:30. The obvious shift from the higher

frequency range in the upstream region to the period of sig-

nificantly lower frequencies (downstream) clearly mark the

shock transition region. Interestingly the spectrum shown in

panel a of Fig. 2 suggests clear periods of well defined low

frequency plasma waves upstream of the shock front between

04:02:45 and 04:03:00 UTC. These waves are identified from

the packets of increased frequency components which are

significantly elevated above the ambient background level.

The well structured perturbations recorded by the magnetic

field measurements during this period also correspond very

well to these wave packets between 04:02:40 and 04:20:50.

What is crucial here is that the small separation vector be-

tween C3 and C4 parallel to the GSE x direction permits si-

multaneous observation of the same wave packets upstream

of the shock transition. These well defined waves, and the

small spacecraft separation between C3 and C4 suggest that

this shock is an ideal candidate for the application of the

method discussed previously and defined by Eq. (1).

Figure 3 shows a more detailed plot of the magnetic

field profile of the waves measured along the x com-

ponent upstream of the shock during the time period

03:45:30–03:45:55 UTC. Panels a and b show the separate

C3 and C4 measurements whereas panel c underneath repre-

sents the same data, however the C4 (black) measurements

have been shifted forward in time by 0.2 seconds to correlate

with the C3 (red) observations. Panel c of Fig. 3 shows that

the waves propagate from C4 to C3 which interestingly sug-

gests a propagation direction pointed towards the shock front.

The separation between these observations is 32 km which

suggests a propagation velocity of 180 km s−1 in the space-

craft frame and 148 km s−1 in the shock rest frame. The angle

between the shock normal and the x axis is only 5.6◦, there-

fore along the shock normal the phase velocity of the waves

is directed towards the shock has a magnitude of 165 km s−1

in the spacecraft frame, and about 130 km s−1 in the shock

rest frame.

4 Wave vector reconstruction and estimation the of

experimental dispersion relation

Minimum variance analysis (Sonnerup and Cahill, 1967) can

be used to estimate k̂, however this does not provide the mag-

nitude, and also leaves an ambiguity of π rad. The problem of

ambiguity has already been overcome from the determination

of the propagation direction with respect to the position of

C3 and C4 in the previous section. The application of MVA

to data recorded by the C3 and C4 FGM instruments provided

directions of k̂C3 = [0.75, −0.42, −0.51] and k̂C4 = [0.77,

−0.38, −0.51], respectively. The agreement between k̂C3

and k̂C4 differ only by an angle of only ≈ 2.5◦ which sug-

gests a good estimate of k̂. Another consideration is the ratio

between the intermediate (λint) and minimum (λmin) eigen-

values for k̂C3 and k̂C4 which were 18 and 22, respectively.

These ratios also provide confidence in the obtained k̂. Based

Ann. Geophys., 31, 1387–1395, 2013 www.ann-geophys.net/31/1387/2013/
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on the mean between k̂C3 and k̂C4 the waves are propagating

at an oblique angle of 2BK ≈ 43.76◦ relative to Bu. The an-

gle between k̂ and R34 is 2KR ≈ 67.7◦ and the wave vector

direction differs from the shock normal by 2KN ≈ 43.74◦.

Using the magnetic field in the minimum variance frame,

Fig. 4 represents the hodogram calculated over the time inter-

val between 04:02:59.20 and 04:03:00.20 UTC. The waves

appear to be circular polarised, whereas the projection of the

magnetic field along k̂ suggests a correct minimum variance

direction.

Figure 5 shows the f1 − ksep spectrum for the waves that

are observed upstream of the shock front in Figs. 1, 2 and 3.

The spectrum is calculated over the time interval 04:02:52

to 04:03:01 UTC using the X component of the magnetic

field shown in Fig. 3. There is a clear relationship between

f1 and ksep in the frequency range of 1–4.5 Hz. Naturally,

there is an ambiguity of ±2nπ which in theory extends in-

definitely for positive and negative ksep. This is manifested

in the f1 − ksep spectrum by repetitive “branches” which are

clearly visible in the negative (−) and positive (+) regions of

ksep. The correct branch should correspond with a suitable

phase difference that correlates with the time series wave-

forms. Balikhin et al. (1997) investigated the impact that each

branch can have on the frequencies in the PRF. The authors

demonstrated that the identification of the proper branch has

a notable effect and use of the wrong branch could lead

to incorrect identification of the wave mode. The location

of the branch is also important, for example, if the branch

crosses the ksep = 0 line, and 2KR is not perpendicular, then

this implies an infinite phase velocity. In our case, the phase

difference between the C3 and C4 measurements is clearly

less than 2π which suggests the correct branch should be (+).

www.ann-geophys.net/31/1387/2013/ Ann. Geophys., 31, 1387–1395, 2013
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The (+) branch also represents waves that propagate from C4

to C3 which correspond to the time series measurements.

The correct value of ksep is identified by its maximum

value, at each observed frequency in the range 1.5 Hz ≤ f1 ≤

4.5 Hz. Due to the non-exact thickness of the branch, some

error could be introduced by the inaccurate selection of ksep.

Although the correct value of ksep is assumed to correspond

to the maximum, an estimate of the error can be provided by

introducing variation about the maximum peak. This varia-

tion is calculated as the value one mean lower than the max-

imum. Therefore, at each f1, there are three values of ksep.

The first corresponds to the peak k1, and the remaining two

are the upper and lower limits (kmin and kmax) either side of

the peak, respectively.

There is now sufficient knowledge of the wave proper-

ties to calculate the magnitude of the wave vector |k̂| using

Eq. (1). Table 1 provides a summary of the complete wave

vectors for each corresponding frequency.

The dispersion relation relates the frequencies in the PRF

to each corresponding wave vector. Therefore, firstly, this re-

quires the application of the Doppler relation to transform the

observed frequencies to those in the PFR.

ω1 = ω + K (ω1) · V u (2)

In the above expression ω and ω1 represent the frequencies in

the spacecraft and PRF, respectively, and V u is the upstream

plasma velocity in the GSE frame. The magnitude of each

wave vector which has a corresponding frequency has been

estimated using Eq. (1) which are listed in Table 1. The PRF

frequencies and each associated wave vector form the exper-

imental dispersion relation for these waves. It is also possible

to calculate the theoretical whistler dispersion relation based

on 2BK which is described by the following expression
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C4 FGM measurements along the x direction.

ωwh =
�ce|K|c2

ω2
pe

cos(2BK) (3)

Figure 6 shows the plasma rest frame frequencies plotted

against |K| together with the theoretical dispersion relation

for whistler waves propagating at an angle of 47.76◦ with

respect to the upstream magnetic field. The horizontal er-

ror bars represent the possible error that is carried to the

full wave vector estimation from a possible variation of ksep,

whereas the vertical error bars show the upper and lower lim-

its imposed on the PRF frequencies which would ensue from

the evaluation of Eq. (2) from changes in K(ω1).

In both the shock and spacecraft frame, we observe that

the phase velocity appears to propagate towards the shock

front. In the plasma rest frame the phase velocity is directed

upstream and away from the shock front. Propagation to-

wards the shock in the shock frame is implicit evidence that

waves may be generated as a result of some instability in

the foot (e.g. Wu et al., 1984; Wong and Goldstein, 1988).

However, it is also possible that they can result from the

non-stationarity of the nonlinear wave structure which can

be ejected from the ramp into the upstream region. Due to

the high amplitude of such a structure they may be able to

propagate upstream even if the small amplitude waves with

similar spatial scales are not able to do this. With time, this

nonlinear structure can decay into a combination of linear

waves that posses inferior velocities and are convected back

towards the ramp by the solar wind flow.
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Table 1. The full wave vectors at each corresponding observed fre-

quency.

f1 (Hz) K (1/km) |K| (1/km)

1.0814 [0.0423, −0.0237, −0.0287] 0.0563

1.2166 [0.0427, −0.0239, −0.0289] 0.0568

1.3686 [0.0427, −0.0239, −0.0289] 0.0568

1.5397 [0.0518, −0.0290, −0.0351] 0.0689

1.7322 [0.0496, −0.0278, −0.0336] 0.0661

1.9487 [0.0520, −0.0292, −0.0352] 0.0692

2.1923 [0.0539, −0.0303, −0.0366] 0.0718

2.4664 [0.0567, −0.0318, −0.0384] 0.0755

2.7746 [0.0593, −0.0333, −0.0402] 0.0789

3.1215 [0.0591, −0.0331, −0.0400] 0.0787

3.5117 [0.0729, −0.0409, −0.0494] 0.0971

3.9506 [0.0751, −0.0421, −0.0509] 0.1000

4.4444 [0.0727, −0.0408, −0.0493] 0.0968

5 Discussion and conclusion

The main difference between wave properties obtained in

the present study based on Cluster data and previous one

Balikhin et al. (1997) that was based on the AMPTE UKS

AMPTE IRM pair of spacecraft is the direction of the phase

velocity in the shock frame. In the AMPTE case, the phase

velocity was directed upstream and authors of Balikhin et al.

(1997) have been using this to argue that the observed waves

are generated in the process of the ramp evolution rather than

by instability related to the counter-streaming ions in the

foot region. Does the down-stream-ward direction of phase

velocity in the present case favour the instability scenario?

The answer is negative. It is the direction of wave energy

motion that is determined by the group velocity vg = dω
dk

is more important than the direction of phase velocity ω
k

.

The peculiarity of whistler waves is that the quadratic dis-

persion is a group velocity which is always exactly twice

the the phase velocity. In the spacecraft frame the phase ve-

locity of the observed waves is along the shock. If we as-

sume that the wave phase propagation direction corresponds

to the minimum variance as determined using Cluster 3 data

k̂C3 = [0.75, −0.42, −0.51] and that solar wind velocity is

along GSE X axis, then the velocity of the solar wind along

the minimum variance direction is 267 km s−1. The phase ve-

locity in the shock frame and along the minimum variance

direction is 149.5 km s−1.

A proposed source of whistler waves upstream of the

shock is proton beam instabilities. However, the model by

Wong and Goldstein (1988) for whistler waves propagat-

ing at oblique angles to the magnetic field suggests that the

plasma rest frame frequencies should be around 20 �ci. In

this case, the plasma rest frame frequencies range from 21 to

over 50 �ci. It is therefore unlikely that the whistler waves

observed in this case originate from proton beam instabili-

ties.
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Fig. 6. The dispersion relation for the wave vectors in Table 1 in the

PRF and the theoretical whistler dispersion relation (dotted line) for

Whistler waves propagating at an angle of 2BK = 43.76◦ to the

upstream magnetic field.

The temperature anisotropy instability has also been con-

sidered as a mechanism for the generation of whittler waves

by Wu et al. (1984). However, for sufficient growth rates the

range of k vectors would have to be much greater than what

was observed in this study. Therefore, this mechanism is un-

likely to be responsible.

The kinetic cross field streaming instability has also been

attributed to the generation of whistler waves (Wu et al.,

1984). For waves propagating at angles of 2bk ≈ 30◦ → 60◦

the frequencies in the plasma frame should be in the range

0.5–1 ωLH at the maximum growth rate. Where ωLH =

[(�ciωce)
−1 +ω−2

pi ]−1/2 is the lower hybrid frequency. In the

case of these results the plasma frame frequencies are 0.5–

1.2 ωLH . The oblique propagation angle, and the frequency

ranges suggest that the kinetic cross stream instability could

be responsible for the generation of these waves.

Gyro phase bunched ions produced by the shock have been

suggested as a local generation mechanism (Gurgiolo et al.,

1993) of whistler waves observed upstream of the shock

front. Although this process is cannot be discounted, from

these observations it is reasonable to postulate that the waves

were generated by some process at the shock transition and

not locally.

Another generation for whistler waves is attributed to the

macro-dynamics of the shock front. It was shown by Tidman

and Northrop (1968) that non-stationarity of the shock front

can produce whistler waves that can propagate upstream.

The process of nonlinear ramp steepening and overturning

has also been known to emit nonlinear wave packets up-

stream of the shock front (Krasnoselskikh, 1985). The ex-

perimental determination of whistler waves was performed

by Balikhin et al. (1997) using AMTE data. In this example,
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the generation mechanism was due to the shock macro dy-

namics. In comparison to these results, their frequencies ex-

ceeded ωLH and therefore, kinetic cross field streaming in-

stability was discounted. The solar wind velocity was also

higher than normal on this day at 640 km s−1 which is also

supported the shock non-stationarity. The angle between the

shock normal was 27◦ (for this case 2bk ≈ 43.7◦) which is

also supportive of the macro dynamic models.

6 Summary

To summarise: whistler waves have been observed upstream

of the quasi-perpendicular and supercritical terrestrial bow

shock on 19 February 2002. The phase velocity is directed

towards the shock in both the spacecraft and shock frame, but

is directed upstream in the plasma rest frame. We have used

the observed phase shift measured between C3 and C4 to re-

construct the full wave vector and produce the experimental

dispersion relation. Comparison with the theoretical disper-

sion relation confirms that they are indeed propagating in the

whistler mode. The properties of these waves suggest that

the source mechanism could be related to the shock macro

dynamics or the kinetic cross-stream instability.
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