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Abstract. Cluster four point measurements provide a comprehensive dataset for the separation of temporal and spatial variations, which is crucial for the calculation of the
cross shock electrostatic potential using electric field measurements. While Cluster is probably the most suited among
present and past spacecraft missions to provide such a separation at the terrestrial bow shock, it is far from ideal for a
study of the cross shock potential, since only 2 components
of the electric field are measured in the spacecraft spin plane.
The present paper is devoted to the comparison of 3 different techniques that can be used to estimate the potential with
this limitation. The first technique is the estimate taking only
into account the projection of the measured components onto
the shock normal. The second uses the ideal MHD condition
E · B = 0 to estimate the third electric field component. The
last method is based on the structure of the electric field in
the Normal Incidence Frame (NIF) for which only the potential component along the shock normal and the motional
electric field exist. All 3 approaches are used to estimate the
potential for a single crossing of the terrestrial bow shock
that took place on the 31 March 2001. Surprisingly all three
methods lead to the same order of magnitude for the cross
shock potential. It is argued that the third method must lead
to more reliable results. The effect of the shock normal inaccuracy is investigated for this particular shock crossing. The
resulting electrostatic potential appears too high in comparison with the theoretical results for low Mach number shocks.
This shows the variability of the potential, interpreted in the
frame of the non-stationary shock model.
Keywords. Space plasma physics (Electrostatic structures;
Shock waves)

Correspondence to: A. P. Dimmock
(a.dimmock@sheffield.ac.uk)

1

Introduction

The main process that takes place at the front of a collisionless shock is the redistribution of the upstream ion flow kinetic energy into the heating of the bulk plasma, and the acceleration of a fraction of plasma particles to very high energies. Since the very early stage of shock physics it was argued that the interactions between plasma particles and fields
in the shock front replaces the role of collisions in ordinary
hydrodynamic shocks and leads to the energy redistribution
at the front (Sagdeev, 1966; Sagdeev and Galeev, 1969). In
many cases such interactions were explained in the frame
of anomalous processes related to various instabilities in the
shock front. A comprehensive review of various instabilities
in the shock front can be found in Papadopoulos (1985). Results of the extensive experimental studies of the terrestrial
bow shock by INTERSHOCK and AMPTE (Scudder et al.,
1986; Krasnoselskikh et al., 1991) and numerical simulations
(Leroy et al., 1982; Scholer et al., 2003) have shown that the
effect of coherent macroscopic fields in the front of a strong,
supercritical, quasi-perpendicular shock is enough to account
for observed plasma thermalisation and acceleration. Recent observations by Venus Express (VEX) have shown that
the effect of this force is enough to explain thermalisation
in weak quasi-perpendicular shocks as well (Balikhin et al.,
2008). This does not mean that early models based on the
quest of micro instabilities that take the place of collisions to
allow shocks to form (Sagdeev, 1966) have lost their importance. On the contrary, such instabilities are very important
for the energy redistribution at quasi-parallel shocks. Moreover, the main motivation in shock studies is that they are
the most effective accelerators. According to present views,
cosmic rays consist of particles accelerated to huge energies by collision-less shocks formed in the vicinity of various astrophysical objects. These accelerated particles and
waves generated then determine the structure of these astrophysical shocks. In addition, numerical simulations for
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ultra-relativistic shocks associated with gamma ray burst afterglow indicate such shocks are formed by filamentational
instability as in classical anomalous process based shock
models.
However, as mentioned above for the quasi-perpendicular
planetary and interplanetary shocks that are observed in the
solar system, macro electric and magnetic fields in the shock
front can explain the energy redistribution without invoking
models based on instabilities (Wu, 1984; Leroy and Mangeney, 1984; Scudder et al., 1986; Balikhin and Gedalin,
1994). Therefore comprehensive measurements of electrostatic potential and the magnetic field structure of the shock
front are required to understand the evolution of the plasma
parameters across these shocks. The number of studies devoted to the magnetic field structure of the terrestrial bow
shock significantly outnumber the studies of the electric field.
One of the possible reasons is due to the complexity of the
electric field measurements across the region with nonuniform plasma temperature/density. Only a few papers devoted to the electric field and electrostatic potential in the
shock have been published (Heppner et al., 1978; Wygant
et al., 1987; Formisano, 1982; Scudder et al., 1986; Balikhin
et al., 2002; Scholer et al., 2003) in comparison to hundreds dedicated to the magnetic field structure of the various
types of shocks. The estimate of the cross shock potential
is also susceptible to the inaccuracy of the calculated relative shock/spacecraft velocity, because it requires the spacial
integration of the electric field over the spatial coordinates.
Therefore, the ability to distinguish between temporal and
spatial variations is crucial for the reliable identification of
the shock front potential. Four closely spaced satellites such
as Cluster appear ideal for the analysis of the shock potential. However, the electric field instrument onboard each of
the Cluster satellites does not measure all three components
of the electric field, providing only the X- and Y-components
in the satellite spin plane. In order to exploit the spatiotemporal potential of the Cluster mission, additional assumptions are required to estimate the potential in such cases.
A straight-forward approach which involves no computation
prior to the calculation of the potential assumes that if the
angle between the spin plane and the shock normal is small,
then the potential can be estimated using only the two available electric field components. If the spin plane is not almost
perpendicular to the shock normal such an estimate should
give a correct order of magnitude for the cross shock potential. The second method that has been used is based on the
assumption E ·B = 0 (ideal MHD). This condition allows the
identification of the third component of the electric field and
subsequently the cross shock potential. This methodology
has been used in a number of studies (Bale and Mozer, 2007;
Bale et al., 2008). The final method to be considered in the
present study uses the structure of electric field in the Normal Incidence Frame (NIF) in which the upstream velocity
lies along the shock normal. Only two components of electric field exist in this frame: the potential along the shock
Ann. Geophys., 29, 815–822, 2011
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normal, and V ×B. As velocity is directed along the normal,
only the component of the magnetic field that is perpendicular to the shock normal Bperp contributes to the term V × B.
Therefore E ·Bperp must be equal to zero, giving the possibility to determine the missing third component of the electric
field and therefore identify the cross-shock potential. The
present paper is devoted to the comparative study of these 3
methods applied to a particular shock observed by the four
Cluster spacecraft on 31 March 2001.
2

Data and instrumentation

The data used in this study were collected by the Cluster spacecraft during a day of 11 bow shock crossings on
31 March 2001. The electric field measurements were
made by the Electric Fields and Waves experiment (EFW)
(Gustafsson et al., 1997), which is part of the wave consortium controlled by the Digital Wave Processor (DWP)
(Woolliscroft et al., 1997). The EFW instrument consists of
4 spherical probes deployed on 44 m wire booms (88 m sensor separation), the potential difference between the probes
is used to measure the electric field components in the spin
plane of the spacecraft (ISR2). In the ISR2 frame, the
spacecraft spin axis is represented by the X-axis. When
the ISR2 frame is inverted about the spin axis it varies by
< 6◦ of the geocentric solar ecliptic (GSE) frame. A significant limitation of this instrument is the absence of a third
field vector, as a result only 2 components are recorded in
the ISR2 frame. The Fluxgate Magnetometer (FGM) instrument (Balogh et al., 1997) provides magnetic field measurements which are used to identify the shock crossing region, and correlate with the EFW datasets. The time resolution of the EFW and FGM datasets are 25 Hz and 22 Hz
respectively. Ion density (Ni ) used to calculate Alfvén
Mach number (M
 a ), was estimated using the electron plasma
frequency ωpe measured by the WHISPER instrument
(Décréau et al.,
 1997). The solar wind upstream bulk flow
velocity Vup was obtained from the Cluster Ion Spectrometer (CIS) instrument (Rème et al., 1997).
3

Shock crossing: 31 March 2001, 18:28 UT

The present paper is devoted to a particular shock that occurred on 31 March 2001 at 18:28 UT. On this day solar wind
conditions were to some extent irregular due to the passage
of a CME. The magnetic field and solar wind velocity upstream of the shock measured by the Cluster 1 spacecraft
were 27 nT and 590 km s−1 , respectively. The model normal
(Farris et al., 1991) in the GSE frame is [0.92, −0.09, 0.37],
and the shock velocity was determined to be 29 km s−1 . Remaining parameters are θBN = 88◦ and plasma density Ni =
17.4 cm−3 . The Alfvén Mach number is rather moderate at
3.7 which is consistent with the lack of any significant overshoot.
www.ann-geophys.net/29/815/2011/
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Shock crossing observed by all 4 Cluster spacecraft on 31 March 2001
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Fig. 1. Measurements made by the four Cluster spacecraft as they observed one of eleven bow shock crossing on 31 March 2001 at 18:28 UT.
The top panel illustrates the magnitude of the magnetic field profile measured by the four FGM instruments onboard each spacecraft. The
four lower panels show the electric field measurements recorded by the relative EFW instruments over the same time period.
Shock crossing observed by Cluster 1 on 31 March 2001
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Fig. 2. A shock crossing observed by the Cluster 1 spacecraft at 18:28 on 31 March 2001. The upper panel shows the magnitude of the
magnetic field profile measured the Cluster 1 FGM instrument across the shock. The lower panel shows the x-component of the electric field
recorded by the EFW instrument over the same time interval (in the spacecraft spin frame).

The sequence in which the Cluster spacecraft encountered
the bow shock was C4, C2, C1 and finally C3. This is illustrated by the top panel of Fig. 1. Additionally Fig. 2 shows
the measurements during the shock crossing recorded by the
FGM and EFW instruments onboard the Cluster 1 spacecraft. The top panel of Fig. 2 displays the magnitude of the
magnetic field several seconds before and after the shock.
The magnetic profile displays an abundance of low frequency
plasma waves prior to the shock crossing which commence at
www.ann-geophys.net/29/815/2011/

approximately 18:28:07 UT. The lower panel illustrates the
X-component of the EFW measurements in the spacecraft
spin frame. The electric field appears constant upstream of
the shock at around 5 mV m−1 which reflects the V ×B term.
It is worth noting that fluctuations within the electric field appear to accurately correspond to observations in the magnetic
field profile. There is also a notable spike like structure at
18:28:13.500 UT during the crossing. Such small scale structures were often observed within the quasi-perpendicular part
Ann. Geophys., 29, 815–822, 2011
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Shock crossing observed by the Cluster 1 and 4 spacecraft on 31 March 2001
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Fig. 3. The magnetic field profile of a shock crossing observed by the Cluster 1 and 4 satellites on 31 March 2001. The time interval shows
the crossing several seconds upstream and around 30 s downstream of the crossing. The black line shows the magnitude of the magnetic field
whereas the grey line is the magnetic field projected along the normal. The upper and lower panels represent the Cluster 1 and Cluster 4
spacecraft, respectively.

of the terrestrial bow shock and have been statistically studied by Walker et al. (2004). The lower panels of Fig. 1
demonstrate that a small scale structure within the shock
front, has been observed in the electric field by all four Cluster spacecraft.
4

Shock normal

The shock normal n̂ is one of the key parameters in the estimate of the cross-shock potential φ. This is not only because
it is the electric field component parallel to n̂ (En ) that contributes to φ, but also due to the effect of the normal shockspacecraft velocity on the spatial integration of the electric
field. In the present paper the shock normal n has been identified using the Farris et al. (1991) model shock surface. The
multi spacecraft timing analysis (Schwartz, 1998) produces
a normal that has a very small angle (< 5◦ ) with n̂. Figure 3 displays |B| and the projection of the magnetic field
along n̂ (Bn ), for the Cluster 1 (top) and Cluster 4 (bottom)
spacecraft. It can be seen that the average values of Bn do
not possess any significant change within the ramp where
|B| experiences a 60–70 nT change. The change of the average value from the far upstream to the deep downstream
is also insignificant, supporting the estimate of the normal
n̂. Spacecraft 2 and 3 show similar results. However, for all
four spacecraft the decreasing portions of overshot coincide
with deviation in Bn as also can be seen in Fig. 3. This can
be explained by a presence of an additional ripple-like local
structure.

Ann. Geophys., 29, 815–822, 2011

The velocity along the shock normal was determined
based on a selection of the 6 possible geometric parings of
the 4 Cluster satellites as they encountered the bow shock.
Only 3 pairs of crossings have been used, since the other
3 separation vectors were close to being perpendicular to
n̂. The following 3 spacecraft pairings were used, C1→C4,
C2→C3 and C3→C4. The total variation between the 3
identified velocities was less that 15 %. The mean of the 3
velocity pairings 29.4 km s−1 has been used as the shock velocity Vs .

5

Methodology for the estimation of cross-shock
potential

As the electric field is frame dependent, the Lorentz transformation should be used to estimate the cross shock potential
in the NIF frame using the electric field data measured in
the spacecraft frame. The electric field components resulting

from Vs and V nif (NIF frame velocity V nif = n̂ × V u × n̂ )
could reach quite significant values of a few mV m−1 which
may contribute errors leading to the miscalculation of φ.
Electric field measurements made by the EFW instrument
onboard all 4 Cluster spacecraft consist of only 2 components
directed along the X and Y directions in the spacecraft spin
frame. As a result only an estimate of φ can be calculated.
The present paper is devoted to three separate techniques for
estimating cross shock potential.
The estimate of the cross shock potential φest can be obtained by taking into account only the two components measured by the EFW instrument. The implicit assumption in
www.ann-geophys.net/29/815/2011/
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Three estimates of the crossïshock electric potential for a shock observed by Cluster 1 on 31 March 2001
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Fig. 4. A shock crossing made by the Cluster 1 spacecraft around 18:28 on 31 March 2001. The grey line shows the magnetic field magnitude
measured by the Cluster 1 FGM instrument during the bow shock crossing. The dotted black line is the estimate based on the assumption that
the electric field along B is zero. The black dashed line shown the estimate based on only the 2 measured electric field components. The black
solid line represents the potential estimate by evaluating the missing electric field component based on the NIF condition (ENIF · B⊥ = 0).

this procedure is that the direction of the shock normal is not
almost perpendicular to the axis of the spacecraft spin plane.
Such an estimate will provide a correct spatial scale of the
cross shock potential and a reasonable estimate of its magnitude. However, this method cannot be expected to produce a
precise magnitude of the potential |φ|.
To obtain more reliable and accurate values of the cross
shock potential from Cluster data, the properties of the electric field in the NIF frame ENIF of reference can be used. In
the NIF the motional component V u × B is perpendicular to
the electrostatic component which is the gradient of φ along
the normal. The upstream magnetic field can be decomposed
into the component parallel to n̂ (Bn ), and a perpendicular
component B⊥ . The condition ENIF · B⊥ = 0 allows the determination of the third unmeasured component of the electric field.
Often when only two components of the electric field are
available the third component is reconstructed by assuming
that the component of E along B is zero (Bale and Mozer,
2007) E · B = 0 (ideal MHD). It is worth noting that whilst
this approximation might provide an accurate estimate for
some other structures and regions, it is unacceptable for the
terrestrial bow shock. This can be illustrated by electron dynamics. The de-Hoffman-Teller frame (HTF) of reference is
defined by the condition that the upstream velocity is parallel
to the upstream magnetic field. Therefore the motional component of electric field vanishes, leading to charged particle
energy conservation in the HTF. As discussed by Goodrich
and Scudder (1984) the electrostatic potential in the HTF is
directly related to the electron energization. Setting the parallel electric field to zero will distort the value of the electrowww.ann-geophys.net/29/815/2011/

static potential in HTF for quasi-perpendicular shocks. As a
result the “bump on flattop” electron distributions (Feldman
et al., 1983) would not be observed. In spite of all this criticism of the E · B = 0 assumption, it will be used in the
present paper for comparison with the results obtained by the
first two methods.
It is worth noting that upstream of the shock front the only
component that contributes to the DC electric field is the motional V × B field. This value will be constant across the
shock. Therefore, the upstream value of V × B can be used
to account for the motional electric field across the whole
shock front.
Finally to calculate the electrostatic potential, ENIF is spatially integrated through the shock front, including both the
foot and shock ramp regions. The integration is discontinued
at the end of the shock ramp just prior to downstream.
6

Results

The change of the electrostatic potential within the shock
crossing measured by the Cluster 1 spacecraft, is displayed
in Fig. 4, together with the magnitude of the magnetic field
(grey solid line). The zero level reference line of φ = 0 is
also shown in this figure. Three methods of potential estimates lead to the differences in the φ. The lowest value of
the potential is a result of the method based on the NIF condition ENIF · B⊥ = 0 (solid line). The highest is based on the
ideal MHD assumption previously used by Bale et al. (2008)
(dotted). The estimate based on 2 components only results
in the intermediate estimate (dashed). The legend in this figure describes the scaling of the potential with respect to both
Ann. Geophys., 29, 815–822, 2011
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Table 1. Cross shock potential estimates for each electric field dataset. Provided are calculations for the potential in Volts and also the
up
potential normalised with respect to the upstream ion kinetic energy (Ei ).
Mehod
NIF structure
2 Measured Components
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Fig. 5. Electric cross-shock potential estimates of all four Cluster spacecraft. The circle markers represent the potential estimates
prior to any variation whereas, the error bars represent the upper and
lower limits of the maximum and minimum potential evaluations as
a result of a variation about the model normal of ±5◦ .
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mi V 2

Volts and the upstream ion energy Ei = 2 up . Table 1 summarises the values of the overall cross shock potential change
obtained by these 3 techniques for all four Cluster spacecraft.
It can be seen that the relative values of the potential estimate
by all 3 methods are similar to these obtained by the Cluster 1 spacecraft. The lowest and highest values are always
resulting from ENIF ·B⊥ = 0 and E ·B = 0, respectively. The
2 component based estimate values are always intermediate
with respect to the other methods. Even the lowest of the
potential estimates obtained using NIF condition appear too
high in the case of the Cluster 1 and 4 crossings. The possible
physical reasons for such high values of the potential will be
explained later in the Discussion section. To ensure that these
values are not the result of an error during the identification
of the shock normal and consequent shock velocity, the effect of the normal variation has been investigated for the NIF
condition based method. The direction of the normal n̂ has
been subjected to a variation of a 10◦ cone around its identified model value. Obviously any variation in the direction
of the normal leads to variation in the shock velocity, NIF
frame, ENIF etc. The extreme minimal and maximum values
resulting from such a variation within the cone are shown as
the upper and lower boundaries for the error bars in Fig. 5.
It can be seen that even minimal values of the potential for
Ann. Geophys., 29, 815–822, 2011

The change of the cross shock potential for Cluster 1 displayed in Fig. 4 is representative of the four spacecraft crossings of this shock. The increase in the potential starts upstream of the ramp in the region of low frequency turbulence.
Since ISEE and AMPTE projects, it is known that this region
almost coincides with the foot of a quasi-perpendicular shock
(e.g. Krasnoselskikh et al., 1991). Initially it was thought
that these waves are the result of plasma instabilities caused
by the counter streaming plasma flow and the beam of reflected ions. However, data from closely spaced spacecraft
(inside the coherency length of the turbulence) enabled the
dismissal of these models and indicated that these waves are
the result of the nonlinear evolution of the shock front itself
(Krasnoselskikh, 1985; Balikhin et al., 1997, 1999; Walker
et al., 2008). The increase of the potential in the foot is
about a quarter of the overall change. The rest of the increase corresponds to the region of the magnetic ramp. A
small scale structure is evident in the electric field at around
18:28:13.5 in Fig. 1 which contributes around 15 % of the
electrostatic potential. According to the estimation based on
the NIF condition, the contribution of this small scale structure is around 300 V. Such a considerable increase of the potential over a small spatial scale should lead to non-adiabatic
dynamics of electrons and a corresponding increase of temperature (Gedalin et al., 1995; Balikhin and Gedalin, 1994;
Balikhin et al., 1998). The increase of the cross shock potential should also lead to the decrease of the ion thermal energy
downstream of the shock e.g. Ofman et al. (2009).
The peculiar feature of the potential estimates for all four
shocks is the unexpectedly high values of φ in comparison to
theoretical studies such as Gedalin (1997). In a study by Bale
et al. (2008) of the bow shock crossings that take place on 31
March 2001, their methodology (ideal MHD) also produced
high potential estimates very similar to the results obtained
with the ideal MHD condition in the present paper. The overall high resulting potential for the shock studied in the present
paper can be the result of two factors. The first is the high
concentration of alpha particles on that day (about 9 % of the
www.ann-geophys.net/29/815/2011/
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protons). Therefore the value of the upstream average ion
kinetic energy based on the proton mass should lead to significant underestimation. The second reason is the unusual
CME observed on this day. There are a total of 9 crossings
of the terrestrial bow shock in a short period of about 2 and a
half hours. This indicates non-stationarity of the solar wind
conditions. Such non-stationarity can lead to shock reformation induced by the change in the abnormal solar wind conditions, and results in unusual values of the potential for this
particular crossing.
The main conclusion that should be drawn from this study
is that all three methods lead to the same order of magnitude of the cross shock potential, and exactly the same spatial scales of the potential change. However as these methods
still lead to a significant difference in the potential estimates,
the NIF derived method should be used for a more accurate
estimation. As the E · B = 0 technique is based on an assumption that is not valid at the shock front. The simplistic
methodology of the potential estimate when only two measured components are taken into account (without any other
additional assumptions) are able to provide the same reliability of φ spatial scales as the more sophisticated technique
that uses the NIF condition ENIF · B⊥ = 0. The spatial scales
of the shock are one of the most important parameters, as
they are related to the physical processes that balance nonlinearity and lead to the shock structure formation (Kennel
et al., 1985; Sagdeev, 1979; Papadopoulos, 1981). In addition, the spatial scale determines the mechanism of interaction between the incoming solar wind particles, and the
macro electric and magnetic fields within the shock. While
there are many studies of the magnetic field scales within the
shock front (e.g. Balikhin et al., 1995; Hobara et al., 2010;
Newbury and Russell, 1996), only a few studies are devoted
to the scales of the electric field e.g. Walker et al. (2004). The
results of the present study facilitate the ability to estimate φ
spatial scales in the case of limited electric field datasets such
as Cluster, and can allow an easier comprehensive statistical
study of these scales based on a large number of shocks observed by Cluster.
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