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a b s t r a c t

Several factors control the bow shock position at Venus, including short-term period responses (solar
wind dynamic pressure) and long-term period variations (solar activity). Based on Venus Express (VEX)
observations, we revisit the influence of solar activity on the Venusian bow shock location, by accurately
determining not only the shock terminator distance but also the subsolar point with a three-parameter
fit (TPF) method. At the same time, VEX covers a larger range of solar zenith angles (SZA) at the Venusian
bow shock (from about 10 to 135 degrees) than the Pioneer Venus Orbiter (PVO) spacecraft. Fitting
results display that the Venusian bow shock is farther away from Venus at solar maximum than at solar
minimum. The subsolar stand-off distance increases from 1.364 planetary radii at solar minimum to
1.459RV at solar maximum, while the terminator shock distance changes from 2.087RV to 2.146RV .
Inspection of the bow shock and the induced magnetosphere boundary (IMB) locations clearly shows a
positive correlation for every orbit, while the average bow shock location is not responsive to changes in
the solar wind dynamic pressure.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

A shock plays an important role in converting upstream bulk
flow energy into downstream thermal energy, across which the
plasma speed decreases from super-magnetosonic upstream to
sub-magnetosonic downstream. A planetary bow shock is formed
when the high-speed solar wind interacts with the magneto-
sphere/ionosphere of a planet. Due to the lack of an intrinsic
planetary magnetic field, the deflection of the solar wind at the
Venusian bow shock is caused by an induced magnetosphere
created by the interaction between the solar wind and the
planetary ionosphere (Luhmann, 1986; and references therein).
Although the radius of Venus is similar to that of Earth, the size of
the Venusian bow shock is less than 1/10th of the size of the
Earth’s bow shock (Slavin et al., 1979a). In consideration of the
dimension of the Venusian radius (1RV ¼6051 km), the shock is
hanged tightly around the planet.

Since the Venusian bow shock was initially identified by the
Mariner 5 satellite (Bridge et al., 1967), it has been studied by
several spacecraft missions (Dolginov et al., 1968; Verigin et al.,

1978; Zhang et al., 2006). Among them, the Pioneer Venus Orbiter
(PVO) mission provided the longest duration for observations
(�14 years). Based on the PVO observations, Slavin et al. (1979a)
found that the bow shock terminator distance near solar max-
imum in 1978 and 1979 is about 2.44 RV , while the Venera 9/10
observations showed that the bow shock terminator distance is
2.09 RV near solar minimum in 1975 and 1976. After the shock
terminator distance reached a maximum of 2.45 RV at solar
maximum in 1980, it began to decline steadily to 2.13 RV at solar
minimum in 1986 (Alexander and Russell, 1985; Russell et al.,
1988; Zhang et al., 1990). Such a variation of the shock position
was attributed to some effects of the solar cycle. As solar
maximum approaches, simulations suggest that more neutral
particles from the Venusian atmosphere have access to the
magnetosheath (Gröller et al., 2010) and the extended planetary
hot atomic oxygen corona covers the magnetosheath. Then more
neutral particles are ionized due to the increase of solar EUV.
Therefore, the additional mass added to the planetary magne-
tosheath plasma causes the bow shock to move outward. The
existence of these additional particles (pickup ions) in the Venu-
sian magnetosheath also leads to a weaker Venusian bow shock
than its terrestrial analogue due to mass-loading (Russell et al.,
1979; Lu et al., 2013), in a similar manner as for the Martian bow
shock (Mazelle, 2004; and references therein), and a weaker
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Venusian bow shock near solar maximum than near solar
minimum.

However, due to orbital bias of PVO, its range of solar zenith
angle (SZA) at the Venusian bow shock varies from �601 to
�1101(Slavin et al., 1979b). The subsolar location of the Venusian
bow shock fit is not covered by PVO observations and the best-fit
technique for the bow shock location is only valid at the termi-
nator plane. Venus Express (VEX) was launched on November 9,
2005 and reached Venus on April 11, 2006. It orbits Venus with a
highly elliptical polar orbit that crosses the bow shock twice a day,
and provides a sufficiently long duration for observations, which
gives us another opportunity to investigate the effects of solar
activity on the Venusian bow shock. In addition, compared with
PVO, VEX covers a larger range of SZA (from �101 to � 1351) at
the Venusian bow shock, and is suitable to determine the bow
shock locations at both the stand-off and terminator distances
(Zhang et al., 2006; Martinecz et al., 2008; Whittaker et al., 2010).
Therefore, the shape of the Venusian bow shock can be deter-
mined with the desired accuracy to undertake stand- off variation
studies. In this paper, with magnetic field measurements from
VEX, we revisit the influence of solar activity on the Venusian bow
shock by comparing the shape of the shock at solar maximum and
minimum. Moreover, in order to seek for correlations between
shock locations and the induced magnetosphere boundary (IMB)
location, we have fitted a sample of IMB locations with the same
methods. A proxy previously used at Mars (Crider et al., 2003) is
also used here for studying the influence of the variations of the
solar wind dynamic pressure.

2. Observations

VEX has an elliptical polar orbit with a periapsis of 250–300 km
altitude at 781N, and the magnetometer MAG on board of VEX
consists of two fluxgate sensors for a separation of magnetic
effects of the spacecraft origin from the ambient space magnetic
field (Zhang et al., 2006). Fig. 1 displays 1 Hz sampling magnetic
field measurements from MAG on 10 February 2012, and the
observations are presented in the Venus Solar Orbital (VSO)
coordinates. X is aligned with the Venus to Sun direction, Y is
oriented along the planet’s orbital velocity and Z completes the
direct coordinates system. Bow shocks are identified by a jump in
the magnetic field amplitude with respect to the upstream region,
and the locations are also compared with previous and subsequent
orbits. For quasi-perpendicular bow shock, the medium of the
ramp is selected as the shock location, while for the quasi-parallel
one, we use the middle time of the transition interval between the
upstream solar wind and magnetosheath. In the latter case, there
is an error bar on the shock location, but we have checked that it
has little influence on the present statistical study. The spacecraft
encounters the inbound (BS1) and outbound shock crossings (BS2)
at �06:08:00 UT and �07:43:28 UT, corresponding to the posi-
tions (�2.10, �1.67, �2.78)RV and (1.14, 0.94, 0.64)RV , respec-
tively. SZA at BS1 is 1231, and it is 451 for BS2. The shock angle θBn

(the angle between the interplanetary magnetic field and the
shock normal) is calculated with the minimum variance analysis
method (Sonnerup and Scherble, 1998). The values are 581 for BS1
and 691 for BS2. The ratios of the maximum to intermediate and
intermediate to minimum eigenvalues are 2.1 and 4.9 for BS1, and
1.8 and 3.8 for BS2, respectively. The values of θBn computed by
magnetic coplanarity and Venusian bow shock model (Shan et al.,
2013; and references therein) are 561 and 651 for BS1, and 611 and
651 for BS2, respectively.

After we have identified the shock positions in the VSO
coordinates, we take account of Venus orbital motion (�35 km/s),
and we transform the data into an aberrated solar ecliptic system,

which has an assumed angle 4:71 aberration from VSO. The shape of
the shock is then fitted with a conic section curve, and the equation
for the conic section is

R¼ L
1þε cos θ

ð1Þ

where R is the observed bow shock distance from the conic focus, L
is the conic section semi-latus rectum, ε is the eccentricity. There
are two least-square fit methods: direct fit (DF) (Spreiter et al., 1970;
Russell, 1977) and three-parameter fit (TPF) with a best fitted focus
(Slavin et al., 1980; Slavin and Holzer, 1981). The former method is
also called two-parameter fit. In the DF method, the focus of the
conic section curve is assumed to be in the center of Venus. L and ε
should be fitted. For the TPF method, the focus (xo, 0, 0) of the conic
section curve is not assumed to be in the center of the Venus, and
the three parameters L, ε and xo should be fitted.

We have obtained 454 clear bow shock crossings at solar
minimum (from August 2008 to May 2009) and 335 clear cross-
ings at solar maximum (from May 2011 to February 2012). The
averages of monthly sunspot numbers are 1.7 and 60.0 (from the
website http://sidc.oma.be/sunspot-data/) during these two inter-
vals. Fig. 2 shows the fits based on magnetic field measurements at
solar minimum (Fig. 2a) and maximum (Fig. 2b) with DF (blue
curves) and TPF methods (black and red curves). It is found that
the mean of the absolute deviation (MAD) of TPF method is
smaller than that of DF method. The calculated MAD with DF
method is 0.182RV at solar minimum and 0.208RV at solar max-
imum, while it is 0.153RV at solar minimum and 0.180RV at solar
maximumwith TPF method. Because of the smaller errors, the TPF
method is better to determine the influence of solar activity on the
shape of the Venusian bow shock. Fig. 2c compares the shape of
the Venusian bow shock at solar minimum and maximum fitted
with TPF method.

The IMB locations on the dayside used in the present study are
also displayed (green) in Fig. 2a and b as well as the results of the
DF method (green curves). IMB crossings has been determined

Fig. 1. 1 Hz sampling magnetic field measurements from VEX for 12 h on 10
February 2012. BS1 and BS2 represent the inbound and outbound shock crossing,
respectively.
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accurately with plasma wave, magnetic field and electron data
(Trotignon et al., 1996; Vignes et al., 2000; Bertucci et al., 2003a,
2003b). Two criteria are used for identifying the IMB only with
magnetic field data: the end of fluctuations in the magnetosheath,
the amplitude increase if on the dayside and rotation of magnetic
field. It should be noted that VEX cannot cover the SZA range from
about less than 401 at the IMB because of the orbital limitations.
We have identified 89 clear crossings at solar minimum and 66
clear crossings at solar maximum. We used only partial fits of the
IMB for SZA o901, since the present study is focused on the bow

shock location. On the dayside, as was found from previous studies
at Mars (Trotignon et al., 1996; Vignes et al., 2000), the DF method
provided more reliable results for IMB location than the TPF
method. We won’t discuss the difference between solar minimum
and maximum for IMB due to the limited sample used here. A
more complete analysis of the IMB location is left for a fut-
ure study.

The details of the bow shock fitting results are listed in Table 1.
Several previous models for the Venusian bow shock are also
given. The eccentricities are 1.030 at solar minimum and 1.095 at

Fig. 2. Fitted curves of the Venusian bow shock and IMB location based on magnetic field measurements at solar minimum (a) and solar maximum (b) in VSO cylindrical
coordinates. The MAD values are also calculated. For the bow shock, the blue curves represent the fits with DF methods, and the black and red curves are from TPF method
for solar minimum and maximum, respectively. The two fitted bow shock models for solar minimum and maximum are then displayed for comparison (c). The DF fits for the
IMB are also displayed in green in panels a and b. For more explanation, see text. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 1
Venusian bow shock fit parameters at solar minimum and solar maximum.

Number of crossings xo(RV ) L(RV ) ε RT (RV ) RS(RV )

This study 454 0.596 1.557 1.030 2.087 1.364 Solar minimum
Zhang et al. (2008) 147 0 2.14 0.621 2.14 1.32
Martinecz et al. (2008) 248 0.788 1.303 1.056 1.984 1.422
Russell et al. (1988) 166 0 2.14 0.609 2.14 1.33
Slavin et al. (1984) �66 0.45 1.68 1.03 2.10 1.28

This study 335 0.775 1.433 1.095 2.146 1.459 Solar maximum
Zhang et al. (1990) 135 0 2.394 0.66 2.394 1.440
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solar maximum, and the focus of the conic section curve changes
from (0:596RV , 0, 0) at solar minimum to (0:775RV , 0, 0) at solar
maximum. The stand-off distance (RS) increases from 1.364RV at
solar minimum to 1.459RV at solar maximum, while the termi-
nator shock distance (RT ) changes from 2.087RV at solar minimum
to 2.146RV at solar maximum. The shock is farther away from
Venus at the solar maximum than at the solar minimum.

3. Discussion and conclusions

PVO observations have shown that solar activities can influence
the shape of the Venusian bow shock, as the bow shock terminator
distance was found to be larger at solar maximum than at solar
minimum (Slavin et al., 1979b). However, the range of the SZA at
the Venusian bow shock covered by PVO is limited from �601 to
�1101(Slavin et al., 1979b), and the subsolar location cannot be
well defined. The VEX mission covers a larger range of SZA (from
�101 to � 1351) at the Venusian bow shock, and both the stand-
off and terminator distance of the Venusian bow shock can be
accurately determined (Zhang et al., 2006). In this paper, with the
TPF method, we revisit the influence of the solar activity on the
shape of the Venusian bow shock based on VEX observations. The
PVO observations, where the shock is farther away from Venus at
solar maximum, are confirmed. The stand-off distance changes
from 1.364 at solar minimum to 1.459RV at solar maximum, and

terminator shock distance changes from 2.087 at solar minimum
to 2.146RV at solar maximum. The focus of the conic section curve
of the Venusian bow shock is found to change from (0:596RV , 0, 0)
at solar minimum to (0:775RV , 0, 0) at solar maximum.

When EUV fluxes are very high and the solar wind dynamic
pressure is on average quite low, any variation of the pressure will
have an impact on shock positions in some ways (Russell et al.,
1988). We could not calculate the dynamic pressure because of the
usual lack of reliable plasma data. However, there is a proxy, which
has been used at Mars by Crider et al. (2003). Their method
assumes that in the pressure balance equation the contribution of
the thermal pressure is neglected compared to the solar wind
dynamic and magnetic pressures. Therefore, the solar wind
pressure is

PISWD ¼ B2
MB

2μok cos 2θ
ð2Þ

where PISWD is the inferred solar wind dynamic pressure, BMB is
the maximum value of the magnetic field in the magnetic barrier.
μo is permeability and θ is the angle between the ram direction
and the surface normal. Typical value 0.88 is used for the
proportionality constant k.

Fig. 3a (solar minimum) and Fig. 3b (solar maximum) illustrate
the dependence of the subsolar bow shock RS on the inferred solar
wind dynamic pressure PISWD derived from magnetic field data.
The average subsolar shock distance RS Ave: varies from 1.36RV to

Fig. 3. The dependence of the subsolar Venusian bow shock distance on the
inferred solar wind dynamic pressure at solar minimum (a) and maximum (b). PAve:

is the average dynamic pressure, and Rs Ave: is the average of subsolar bow shock
distance.

Fig. 4. The dependence of Venusian bow shock position on the induced magneto-
sphere boundary (IMB) location at solar minimum (a) and maximum (b). rBS , rIMB

are bow shock and IMB distances from the center of Venus for the same orbit. rCor is
the correlation coefficient of the measurements.
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1.48RV , while the average pressure PAve: derived from our proxy
only remains nearly constant (from 2.30 nPa to 2.28 nPa). Fig. 3a
and b illustrate that despite PISWDhas a large dynamic range of
more than 2 orders of magnitude, there is no dependence of Rs on
PISWD for both solar conditions. It should be noted that we also
examined the dependence of the terminator shock distance RT on
the pressure, which provides similar results (not shown). In Fig. 3a
and b, there is no evident correlation between RS and PISWD.
Therefore, our study shows that the dominating factor for the
variation of the average shock position at different solar cycle
phases is not the variation of solar wind dynamic pressure.

As a stretchy obstacle to the solar wind at Venus, the clear
crossings of IMB on the dayside are identified. In Fig. 2, the fitted
subsolar point of IMB is closer to Venus at solar minimum
(1.075RV ) than that at solar maximum (1.137RV ). Fig. 4a and b
illustrate clearly that, there is a positive correlation between the
distances of bow shock and IMB for the same orbit. The correlation
coefficients are 0.72 and 0.65, corresponding to 0.114RVand
0.139RVof MAD, respectively. When the solar activity is strong,
solar EUV fluxes are high and more neutral particles from the
Venusian ionosphere are ionized and extended into the magne-
tosheath due to the lack of the protection from an intrinsic
magnetic field at Venus (Luhmann, 1986). As a result, the shock
may move further from Venus through the mediation of the
thermal pressure (Zhang et al., 1990). This is different from Mars.
IMB at Mars appears as independent of solar cycle phase (Vignes
et al., 2000, 2002). The distance of Mars from the Sun is over
2 times than for Venus. Compared with EUX fluxes at Venus, it is
less than one in eight at Mars. So the influence of solar cycle on
bow shock and IMB could be neglected at Mars contrary to Venus.
Additionally, considering the size of these nonmagnetic planets,
Venus is much larger than Mars. The Venusian bow shock and its
induced magnetic barrier are also at larger distances than at Mars.
The location of Martian bow shock perhaps has a so lower

variation during different solar phases that it is difficult to identify
it from observations.

In this paper, more attention are focused to the difference of
shock positions at different solar phases. It is clear that the
ensemble average location of the shock at solar maximum is farther
away from Venus than at solar minimum. However, we can also
find the small difference of the average shock locations between the
VEX and PVO observations during solar maximum and minimum
(Alexander and Russell, 1985; Russell et al., 1988). The average
sunspot number and 10.7 cm solar radio flux (from the website:
http://lasp.colorado.edu/lisird/tss/noaa_radio_flux.html) at the solar
maximum and solar minimum in our study are different from those
in the PVO observations, which are shown in Fig. 5. For example, the
average sunspot number and 10.7 cm solar radio flux at the solar
maximum during the VEX observations are 60 and 119, while at the
solar maximum during the PVO observations they are about 155
and 199. At the same time, the average interplanetary conditions,
which include the interplanetary magnetic field, solar wind speed,
and plasma density etc., during the VEX observations have sig-
nificant differences from those during the PVO observations solar
cycle (Smith and Balogh, 2008; McComas et al., 2008; Luhmann et
al., 2011). These effects combined with the solar activity may be the
reason that leads to the difference of the average shock position
between the VEX and PVO observations at solar maximum and
minimum.
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