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Abstract We extrapolate solar-wind bulk velocity measurements for different in-ecliptic
heliospheric positions by calculating the theoretical time lag between the locations. The
solar-wind bulk velocity dataset is obtained from in-situ plasma measurements by STEREO
A and B, SOHO, Venus Express, and Mars Express. During their simultaneous measure-
ments between 2007 and 2009 we find typical solar activity minimum conditions. In order
to validate our extrapolations of the STEREO A and B data, we compare them with simulta-
neous in-situ observations from the other spacecraft. This way of cross-calibration we obtain
a measure for the goodness of our extrapolations over different heliospheric distances. We
find that a reliable solar-wind dataset can be provided in case of a longitudinal separation
less than 65 degrees. Moreover, we find that the time lag method assuming constant velocity
is a good basis to extrapolate from measurements in Earth orbit to Venus or to Mars. These
extrapolations might serve as a good solar-wind input information for planetary studies of
magnetospheric and ionospheric processes. We additionally show how the stream-stream
interactions in the ecliptic alter the bulk velocity during radial propagation.
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1. Motivation

The solar-wind plasma properties directly influence the size and shape of the planetary bow
shock and magnetopause, as well as define the magnetosheath characteristics. Their vari-
ation might have several effects, for instance on the planetary ion escape (Lundin et al.,
2008). Hence, we make efforts to provide a full-time solar-wind dataset to support studies
by planetary missions. These spacecraft are traversing the different plasma regions in the
planetary environment, as a result they provide valuable measurements in the solar wind,
magnetosheath and magnetosphere. However, one single spacecraft cannot provide simulta-
neous in-situ measurements in the different plasma regions. We try to fill up such data gaps
of the local solar-wind plasma measurements by extrapolating datasets measured continu-
ously by solar missions.

It was found that the bulk velocity of the solar wind ejected from the same source location
on the solar surface but at different times is persistent at least up to two days (Opitz et al.,
2009). This two-day period is derived from a time lag of ∼30 degree longitudinal spacecraft
separation. From the proton bulk velocity results of very good correlation we extrapolate
that even in ∼5 days the correlation coefficient must be still higher than 0.5, so the solar
wind can be considered as more or less persistent. As a result, in this paper we extend our
solar-wind bulk velocity investigations with cases above 30 degree longitudinal separation.

We note that this study is performed during solar activity minimum, when transient events
such as coronal mass ejections are rare. Such events would modify the plasma properties so
that the measured in-situ parameters could not provide a good input for our extrapolations.

2. Plasma Datasets

Our solar-wind bulk velocity dataset is obtained from plasma measurements by five space-
craft: The Solar Terrestrial Relations Observatory (STEREO) A and B spacecraft carry
the Plasma and Suprathermal Ion Composition (PLASTIC) experiment (Galvin et al.,
2008). The Solar and Heliospheric Observatory (SOHO) spacecraft accommodates as
part of the Charge Element and Isotope Analysis System (CELIAS) Mass Time-of-Flight
Spectrometer (MTOF) the Proton Monitor (PM) investigation (Hovestadt et al., 1995;
Ipavich et al., 1998). The Venus Express (VEX) spacecraft carries as part of the ASPERA-4
plasma instrument package the Ion Mass Analyzer (IMA) experiment (Barabash et al., 2007)
and the Mars Express (MEX) spacecraft accommodates as part of the ASPERA-3 plasma
instrument package the Ion Mass Analyzer (IMA) investigation (Barabash et al., 2006). We
obtain the solar-wind bulk velocity dataset from these five spacecraft measurements. The
two PLASTIC instruments provide one-minute and the PM one-hour measurements as long
as the VEX and MEX datasets seem to be rather sporadic since they cross frequently the
planetary bow shock, hence we had to select plasma measurements for periods where the
spacecraft were upstream of the respective bow shock to assure a pure solar-wind dataset.
During these simultaneous measurements between 2007 and 2009 we find the usual solar
activity minimum conditions with the typical alternating slow and fast solar-wind stream
pattern.

3. Method, Prediction and Its Validation

We extrapolate solar-wind bulk velocity measurements for different heliospheric positions
by time shifting the measured dataset with the theoretical time lag between the spacecraft
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and the target position. The applied method is described in detail by Opitz et al. (2009),
where they calculate the time lag between the STEREO A and B spacecraft by separating
the effect of the radial and longitudinal spacecraft separation.

The time lag from the radial separation is calculated by assuming constant bulk veloc-
ity of the solar wind along the radial propagation direction, which is acceptable beyond
reasonable distances from the solar surface. Note, however, that larger radial distances are
affected by the acceleration and deceleration of the bulk plasma due to fast and slow stream
interactions. As an example, such large-scale heliospheric radial distances were studied by
Burlaga et al. (2008), where they compared one-dimensional time-dependent MHD model
results with in-situ Voyager 2 measurements. In this paper we study how far our simple
approximation is valid on somewhat shorter distances.

The time lag from the longitudinal separation (tr ) is calculated from the solar rotation
rate. In this study we perform the time lag calculation in the same way but between the
measuring spacecraft and the target position. To extrapolate the solar-wind properties to a
given heliospheric position, the measured dataset is time shifted by this theoretical time lag.

In order to validate our extrapolations, we compare them with in-situ solar-wind plasma
measurements. This way we obtain the validity of our extrapolation of the solar-wind bulk
velocity over different heliospheric distances. We additionally define a goodness index (GI)
from the longitudinal time lag as GI = (CR/2 − |tr |)/(CR/2) · 100, where CR stands for
Carrington Rotation (27.2753 day). This goodness index is meant to describe the expected
accuracy of our prediction. The goodness of the prediction depends on the heliospheric
constellation: it is supposed to be good if the longitudinal time lag is less than five days
(GI > ∼63), and the radial time lag is less than the characteristic time in which the stream-
stream interactions might significantly alter the solar-wind bulk velocity. This characteristic
time depends on several factors such as the occurrence and heliospheric position (distance
and latitude) of these stream interfaces, the velocity difference between the two streams, the
density or the magnetic field configuration.

4. Results and Discussion

In order to predict the solar-wind properties at a given heliospheric position, we time shift
both datasets measured by the two STEREO spacecraft. After adjusting for the time lag
between the spacecraft and the target position, we obtain two predictions for the target po-
sition.

In August 2007 planet Venus passed in front of both STEREO spacecraft and Mars was
about 60 degrees in longitude from Earth (Figure 1). This heliospheric constellation was a
good opportunity to cross-calibrate the solar-wind plasma measurements of the five space-
craft and to assess the validity region of our predictions.

We extrapolated solar-wind bulk velocity measurements performed by STEREO to the
locations of Venus, Earth and Mars. These predictions were compared with the in-situ mea-
surements by VEX, SOHO and MEX spacecraft, respectively (Figure 2). We included in the
plots the correlation coefficients between the prediction and in-situ measurements for the
investigated time period. As expected, the smaller spacecraft separations resulted in higher
correlations and the poorest correlation of 0.671 was found between MEX and STEREO B
since they have the largest separation. Additionally, the goodness, GI, is shown in the plots,
which indicates here that we expect a good prediction for the investigated time period. In-
deed, the correlation coefficients are high (between 0.671 and 0.911), the predictions agree
well with the in-situ measurements for most of the time. A significant exception is the spe-
cial period of DOY 227 – 235 in 2007, where an especially fast evolution of the solar wind
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Figure 1 In-ecliptic position of Earth (E), Venus (V), Mars (M), STEREO A (red) and B (blue) on 1st
August 2007 (left) and 31st August 2007 (right).

was followed by a latitudinal effect as discussed already in Opitz et al. (2009). Neglect-
ing this time period and further analyzing the results, it is visible that the Venus prediction
is tilted slightly to the right, while the Mars prediction is clearly tilted slightly to the left
relative to the in-situ measurements. In fact, during radial propagation in the ecliptic the
fast solar wind tries to overtake the slow solar wind, what triggers acceleration and decel-
eration of the bulk plasma. As Figure 2 shows, the plasma must have been accelerated in
the front and decelerated in the back of the stream interface during its radial propagation.
The tilt in the predictions relative to the in-situ measurements is due to the omission of this
acceleration – deceleration process by assuming constant solar-wind bulk velocity. At the
fast and slow solar-wind interaction the density increases and forms a compression region,
the frozen-in magnetic field is stressed, hence pressure gradients form. The above shown
bulk plasma acceleration and deceleration is due to these effects, which is accounted for
in models, for instance by MHD simulation (see Zieger and Hansen, 2008 and references
therein). In this paper we just test the limitations of the simple method that assumes solar-
wind propagation by constant velocity. We find that these predictions are valid from Earth
orbit to Venus (0.7 AU) or to Mars orbit (∼1.5 AU), but the in-ecliptic extrapolation to the
solar surface (backmapping) using the constant velocity assumption results in significantly
overtilted curves.

5. Conclusions

We conclude that even a simple model of solar-wind propagation can predict the solar-wind
bulk velocity between Venus and Mars orbits if the longitudinal separation between the
target position and the solar-wind measuring spacecraft is not larger than about 65 degrees.
We have additionally shown that the stream-stream interactions alter the bulk velocity during
radial propagation. There is acceleration in front of the stream interface, while deceleration
behind, which is already visible when extrapolating from Earth to Mars or to Venus orbit. We
believe though, that this modification is still on a tolerable level in this region, but beyond
these radial distances a more complex model is needed.
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Figure 2 Predicted and
measured solar-wind bulk
velocity at Venus (top), Earth
(center) and Mars (bottom) in
August 2007. Black crosses
denote the in-situ measurements
by VEX, SOHO and MEX,
respectively. All predictions used
PLASTIC measurements
onboard STEREO A (red) and B
(blue). The correlation coefficient
between prediction and in-situ
measurement is also given. The
goodness index (between 0 and
100) is shown at the bottom of
each plot, where red corresponds
to STEREO A and blue to
STEREO B. Above the dashed
line we expect a good prediction
since the spacecraft longitudinal
separation is lower than
65 degrees.
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In the above given limitations we can provide a full-time (one-minute) solar-wind bulk
velocity dataset for 2007 – 2009 for any heliospheric positions. These predictions can be
improved by more sophisticated in-ecliptic radial solar-wind propagation models and further
solar-wind temporal evolution results obtained at greater STEREO longitudinal spacecraft
separations.
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