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[11 We study the propagation of corotating interaction regions (CIRs) through the inner
heliosphere during the solar minimum of 2007-2008 using the Advanced Composition
Explorer (ACE), Mars Express (MEX), Venus Express (VEX), and the Solar Terrestrial
Relations Observatory (STEREO). We present observations of 24 CIRs observed

during the period from 1 July 2007 to 31 August 2008. Using data from ACE, we
demonstrate a method for predicting the arrival of CIRs at other locations within the
heliosphere. The efficacy of the technique is assessed using observations at Mars and
Venus, from MEX and VEX, respectively, and at the STEREO A and STEREO B
spacecraft. We also use observations from the STEREO Heliospheric Imagers (HI) to
produce another set of CIR arrival time estimates. We show that the estimated arrival
times from ACE agree well with the arrival times at other spacecraft, whereas the estimates
from STEREO/HI tend to agree less well. This latter difference can be explained through
uncertainties in estimates due to difficulties in the unambiguous identification of the

corresponding events in the STEREO/HI data.
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1. Introduction

[2] Solar wind transients, enhancements in solar wind
velocity and/or density, often have effects on planetary
magnetospheres that are of great interest to observers. These
events are sporadic in nature and difficult to predict. How-
ever it is hoped that once they are first observed close to the
Sun they can then be tracked through the solar system
and their arrival at the planets predicted. These transients
fall into two main categories: Coronal Mass Ejections
(CMEs) and their interplanetary counterparts (ICMEs) [e.g.,
Richardson and Cane, 1995; Wang et al., 2005] and Cor-
otating Interaction Regions (CIRs) [e.g., Gosling and Pizzo,
1999; Lee, 2000; Cranmer, 2002]. During the recent solar
minimum of 2007/8, observations of a number of CIRs have
been reported [e.g., Mason et al., 2009] and these form the
focus of this study. CIRs are regions of enhanced density
formed at the interface between a fast solar wind stream
catching up with a preceding slower solar wind stream. As
this interface rotates with the Sun the high speed stream
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sweeps out a large swath in heliospheric longitude and the
CIR assumes the shape of an Archimedean spiral, similar to
the Parker spiral of the interplanetary magnetic field
[Gosling and Pizzo, 1999]. CIRs are characterised in in situ
measurements by a peak in plasma density followed by an
increase in solar wind speed and plasma temperature. One of
the objectives of the Solar Terrestrial Relations Observatory
(STEREO), and more specifically the onboard Heliospheric
Imagers (HI), is to trace the visible evolution of CMEs
through the inner heliosphere. Due to the solar minimum
conditions in which it has been operating it has also been
possible to study the evolution of CIRs through the inner
heliosphere using STEREO/HI [Rouillard et al., 2008,
2009a; Sheeley et al., 2008a, 2008b; Tappin and Howard,
2009; Wood et al., 2010].

[3] As previously mentioned the impact of transient solar
wind events is often of great interest to observers of plan-
etary magnetospheres. For example, solar wind transients
are responsible for producing geomagnetic storms at Earth
[Cliver, 2006; Milan et al., 2009] and have a demonstrable
effect on other solar system bodies including Mars. At Earth
the direction of the interplanetary magnetic field (IMF) as
well as the dynamic pressure has an effect on the magne-
tosphere, whereas at Mars, pressure pulses in the solar wind
have been observed to increase the outflow of atmospheric
heavy ions by a factor of 2.5 [Edberg et al., 2010], and at
Venus, ICMEs have also been observed to increase atmo-
spheric ion loss [Luhmann et al., 2008a]. The role of the

1 of 11


http://dx.doi.org/10.1029/2010JA015719

A08103

WILLIAMS ET AL.: CIR TRACKING THROUGH INNER HELIOSPHERE

A08103

2008-03-01T700:00

2"'""||\|""""'|||||||||||Vllllllll

STEREO B
Mars _-- -

LN PUL LI B B B B |
\

-2

/

P/ T T S S N T T T T T T T T S T T TS S S T S S MR

-1

0 1

N

HEEY (AU)

Figure 1. Location of STEREO Ahead (A: red) and Behind (B: blue) in the ecliptic plane on 1 March
2008, illustrating the extent of the HI fields of view. Also shown are the positions of the planets Mercury,

Venus, Earth, and Mars and their respective orbits.

IMF in determining disturbances at Mars and Venus is less
clear as these planets do not possess intrinsic magneto-
spheres. Prediction of the arrival times of solar wind tran-
sients at points of interest would be of great use to observers
for estimating solar wind conditions if in situ measurements
are unavailable. To this end, in this study we track CIRs
through the inner heliosphere based on in situ and imaging
observations from spacecraft situated throughout the inner
solar system and then predict their arrival at different
planetary bodies and spacecraft based on this information.

2. Instrumentation

[4] The two STEREO spacecraft were launched into
heliocentric orbits on 26 October 2006. Each spacecraft was
launched into an orbit such that the spacecraft would sepa-
rate from Earth at a rate of approximately 22° per year. The
STEREO Ahead (STEREO A) spacecraft leads the Earth
in its orbit, while STEREO Behind (STEREO B) lags the
Earth in its orbit. Each spacecraft carries a variety of in
situ instruments to monitor the solar wind and the Sun
Earth Connection Coronal and Heliospheric Investigation
(SECCHI) [Howard et al., 2008] suite of imagers, designed
to study the Sun and the inner heliosphere. This study uses
the SECCHI Heliospheric Imagers (HI) [Eyles et al., 2009].
Each spacecraft houses two of these visible-light cameras,
HI-1 and HI-2. The HI-1 camera has a 20° by 20° field of
view centered at 14° elongation (angular distance from the

Sun) in the ecliptic plane; the HI-2 camera has a 70° by
70° field of view centered at 53.7°. Figure 1 shows the
location of the two STEREO spacecraft, and the extent of
combined fields of view of the HI cameras in the ecliptic
plane for each spacecraft on 1 March 2008. HI images
comprise the line-of-sight integrated Thomson scattered
sunlight from electron density features in the inner helio-
sphere, as well as the F-corona, background stars and other
planets in the solar system. The HI-1 camera produces an
image every 40 minutes while HI-2 produces an image
every 120 minutes.

[5] In addition to the STEREO/HI instruments, we also
present in situ measurements from the STEREO Plasma and
Suprathermal Ton Composition (PLASTIC) [Galvin et al.,
2008] and In situ Measurements of Particles and CME
Transients (IMPACT) packages [Luhmann et al., 2008b],
along with observations from the Solar Wind Electron
Proton and Alpha Monitor (SWEPAM) [McComas et al.,
1998] and magnetic field (MAG) [Smith et al., 1998]
instruments aboard the Advanced Composition Explorer
(ACE) spacecraft. ACE is in a Lissajous orbit around the
L1 Lagrange point, approximately 1.5 million km upstream
of the Earth in the solar wind. This enables it to take con-
tinuous measurements of the upstream solar wind. We also
present observations from the Electron Sensor (ELS) and
Ion Mass Analyzer (IMA) components of the Analyzer of
Space Plasmas and Energetic Atoms 3 and 4 (ASPERA-3
and ASPERA-4) instruments on board Mars Express (MEX)
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[Barabash et al., 2006] and Venus Express (VEX)
[Barabash et al., 2007], respectively. ELS within ASPERA-
3 (ASPERA-4) measures electrons in the energy range 1 eV
to 20 keV (1 eV to 15 keV) with a field of view of 4°
by 360° (10° by 360°) and a time resolution of4 s (32 s). IMA
within ASPERA-3 and ASPERA-4 measures ions in 32 mass
rings and 16 radial sectors over energies from 30 keV to
10 eV in 96 logarithmically equidistant steps. It then sweeps
over polar angles from —45° to +45° in 16 steps, with the
whole process taking 192 s. VEX uses a similar design and
instrument payload to MEX. The orbit of VEX is elliptical
in such a way that it only spends a limited time of each
orbit within the exosphere of Venus and for the majority of
its orbit, it is in the solar wind. ASPERA-4 mainly makes
observations near perigee when VEX is within the exosphere;
this contributes to the apparent gaps in the ELS data we
present here.

3. Method

[6] The plasma and magnetic field data from ACE for
the period 1 July 2007 to 31 August 2008 were searched
for signatures of CIRs. The signatures we used were regions
of high solar wind density, greater than 15 protons cm °,
immediately followed by regions of increased solar wind
speed, increasing by a factor of 1.3 or more over a 24 hour
period, and increased magnetic field strength, here increasing
to over 8 nT. These signatures were then confirmed by visual
inspection to ensure that they were clearly CIRs and other
transient structures such as CMEs were removed. A time of
arrival was chosen that corresponded to the time of the first
peak in density in the compressed region checked against
the list presented by Mason et al. [2009].

[7] Upon finding a signature which could clearly be
identified as a CIR, we found the arithmetic mean velocity
from the maximum of the high speed stream following the
CIR and the minimum of the low speed stream preceding it
and took this as being representative of the radial velocity of
the CIR, V,. We assumed that the adjacent sources of fast
and slow solar wind would continue to emit coronal plasma
at these same velocities. Using this assumption, we can use
the following equation to calculate the expected travel time,
At, from the observation of the CIR at the ACE spacecraft
to its impact at a planetary body or another spacecraft at a
different location based on the method used by Vennerstrom
et al. [2003]:

1) 1
_r, s

)
Vi“ wsun

At

(1)

where 6r is the radial distance between the two bodies of
interest, which is assumed constant for the duration taken for
the CIR to propagate between the two points, and 63 is the
angle between the two bodies in terms of solar longitude,
again assumed to be constant for the duration of the event.
Here w,, is the equatorial rotation rate of the Sun,
approximately 14.4° day ', equivalent to a complete solar
rotation every 25 days. Using equation (1) and knowledge
of the time of observation of the CIR at ACE we are able to
calculate an approximate arrival time of the CIR at Venus,
Mars, STEREO A and STEREO B. Clearly this will not be
the same plasma as observed at ACE, unless there is radial
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alignment, but plasma that is part of the same overall CIR
front. We used these estimated arrival times to look for signs
of CIR impact at Venus and Mars. Here we use 2 signatures
which could indicate the arrival of a CIR, first an increased
differential energy fluxes in the ELS instruments on MEX
and VEX. This was previously attributed to increased
electron fluxes observed in the magnetosheath to the arrival
of a solar wind pressure pulse at Mars by Edberg et al.
[2010]. Secondly, we can monitor the solar wind speed
more directly by examining the energy of the ion beam
summed over all anodes of the IMA instrument on VEX and
MEX, for this we use the IMA extra data as it is the best
quality available. When an increase in the beam energy is
seen outside of the planetary exosphere we interpret this as
an increase in the solar wind plasma speed, indicative of the
arrival of a CIR. The former method is primarily used for
observations by MEX and is supported by the latter method,
while observations by VEX are much clearer with the IMA
instrument so the latter method is preferred.

[8] We also compared in situ observations from STEREO
A and STEREO B with CIR observations from ACE using
equation (1) to obtain an expected time of CIR impact at
each spacecraft from ACE, as was done with MEX and
VEX. The observations from STEREO A and STEREO B
are more directly comparable with those from ACE. To
obtain the observed times of arrival at STEREO A and
STEREO B we compared the solar wind velocity profiles
from each spacecraft using the computed cross-correlation
function to obtain a time lag which best aligned the profiles
from ACE with STEREO A or STEREO B.

[9] In addition, we used observations from the HI cameras
aboard STEREO to aid our study of the propagation of CIRs
from the Sun through to the orbit of Mars, Venus, STEREO
A and STEREO B. To do this we have used the technique
of creating time-elongation (J-)maps, first used by Sheeley
et al. [1999] with the LASCO instrument onboard SOHO
and subsequently applied to the STEREO/HI observations
by authors such as Rouillard et al. [2008], Davies et al.
[2009], and Savani et al. [2009]. This method plots the
observed intensity along a fixed solar radial, in this case
the ecliptic, as a function of elongation (y axis) and time
(x axis). A typical example of an ecliptic J-map created
using observations from the HI cameras aboard STEREO A
is shown in Figure 2, for September 2007. As is evident in
Figure 2 there are many tracks, with a positive gradient,
indicating the path of transients traveling away from the
Sun. Differenced observations are used to highlight faint
propagating electron density features, so tracks are seen with
a white leading edge and a black trailing edge corresponding
to an increase and subsequent decrease in density. Other
features visible in Figure 2 include the passage of Mercury
through the field of view, starting at approximately 10°
elongation at the start of September and progressing through
to approximately 25° elongation at the end of September.
Also visible are the tracks of background stars not fully
removed in image processing and differencing which have a
negative gradient and appear due to the motion of the
spacecraft in its orbit. Finally there are some data gaps
which are visible as vertical gray areas, most visible on
25 September. Figure 2 shows two clear converging families
of tracks, the first entering the HI field of view between
8 and 12 September and the second entering the HI field of
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view between 17 and 19 September. Such converging
families of tracks are characteristic signatures of CIRs in HI
observations, and correspond to plasma elements that have
been emitted by the same (rotating) source region at dif-
ferent times and have been entrained at the stream interface
[Rouillard et al., 2009a]. Note these tracks only converge
in J-maps from STEREO A; in STEREO B the family of
tracks associated with a CIR diverge [Rouillard et al., 2008].
From the track of a given solar transient we can deduce its
speed and direction of propagation using a technique intro-
duced by Sheeley et al. [1999] and further developed by
Rouillard et al. [2008] and Sheeley et al. [2008a, 2008b]. Its
elongation-time profile, («, t), taken from the J-map, is used
to calculate a radial propagation velocity, V,, and angle of
propagation relative to the Sun-spacecraft line, 3, by fitting
to

)

a(t) = arctan{ Vitsin 3 } ,

ry — Vitcos3

where r4 is the radial distance of the observer from the Sun.
The assumption that r, is constant for the duration of
observation of the transient is used. We also assume that in
the field of view of the HI instruments V, and ( remain
constant.

[10] By fitting the elongation profile for each track with
equation (2) we have built up a database of transient events
each with a velocity, V,, and direction of propagation, j3. If
we assume that each of these tracks is associated with a
plasma parcel which forms part of a CIR, then we are then
able to calculate arrival times at Venus, Earth and Mars
using equation (1), substituting the appropriate values of
velocity and propagation angle. For each of the CIRs
identified in the ACE in situ observations we selected the
most identifiable tracks and fitted them using equation (2).
Of these tracks we are most interested in those which are
observed to propagate to elongations greater than 30°.
Williams et al. [2009] showed that these tracks produce
estimates with smaller errors on velocity and direction of
propagation.

4. Observations

[11] Using the methods of calculating arrival times out-
lined above we have examined the period from 1 July 2007
to 31 August 2008 and determined the velocities of 24 CIRs
as observed by ACE. These events were selected to match
times when we have good coverage of MEX data and only
where the signature was clearly of a CIR. Events which
were not clearly CIRs were not selected. For each of these
events we looked for corresponding signatures in the data
from VEX and MEX, and for observations of the groups
of tracks in STEREO/H]I, at the times expected based on the
CIR times from ACE, using equation (1). As an example we
present here a detailed study of one of these CIRs observed
by ACE on the 5 January 2008 at approximately 00:30 UT.
Figure 3 shows plasma data from instruments on MEX
(Figures 3f-3h), VEX (Figures 3a and 3b), ACE (Figure 3d),
STEREO A (Figure 3e) and STEREO B (Figure 3c). We
present the plasma density (green line) and speed (black line)
and magnetic field (red line) from the SWEPAM and MAG
instruments aboard ACE at L1 (Figure 3d). For Venus and
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Mars we present energy spectrograms from the ELS and IMA
instruments on VEX and MEX spacecraft. At STEREO A
and STEREO B we present plasma density (green line) and
bulk speed (black line) observations from the PLASTIC
instrument and magnetic field magnitudes (red line) from
the magnetometer instrument in the IMPACT package.
Using the mean of the minimum and maximum speed of the
CIR observed by ACE gives V, of 389 km s™'. Using this
value, from equation (1) we obtained estimated times
of arrival of 9 January 2008 at 09:35 UT at Venus and
7 January 2008 at 03:26 UT at Mars. Similarly, expected
arrival times of 6 January 2008 at 13:58 UT at STEREO A
and 3 January 2008 at 07:12 UT at STEREO B were
derived. Overlaid on Figure 3 are red lines indicating the
observed arrival time of the CIR at each spacecraft, and
black lines indicating the expected arrival times at the four
other spacecraft derived from the CIR arrival time at ACE.

[12] We used the speed in a simple model of the Parker
Spiral to confirm arrival times at each planet as shown
in Figure 4. Figure 4 shows 5 CIR fronts produced by the
model, each spiral shows the expected location of the
plasma density enhancement for the indicated time in days,
where t = 0 is the arrival time at ACE. Assuming a constant
V. of 389 km s !, the expected location of the CIR front at
STEREO A (t = 1.542 days), STEREO B (t =—1.292), Mars
(t = 1.943) and Venus (t = 5.029) is shown.

[13] As the observations from VEX/ASPERA-4 and
MEX/ASPERA-3 are not directly comparable with the ACE
observations, for identifying CIR impact at these spacecraft
we use the two methods previously explained to determine
the time of arrival at the spacecraft. For VEX/ASPERA-4
this is approximately 10 January 2008 at 02:00 UT, and for
MEX/ASPERA-3 this is approximately 6 January 2008 at
23:00 UT (red lines). These differ from the expected arrival
times (black lines) derived from the CIR arrival time at ACE
by 16 hours and 4 hours for VEX and MEX, respectively.
For clarity Figure 5 shows the period from 9 to 11 January
2008 for the VEX/ELS and IMA observations. Here we can
more clearly see the increase in speed of the solar wind
through the increased energy of the ion beam. This shows an
enhancement similar to that seen in the MEX/ELS but much
shorter. Reasons for this are discussed in section 5. These
enhancements in MEX/ELS have been shown to correspond
to periods of increased ion outflow from the atmosphere of
Mars [Edberg et al., 2010] compared to periods when no
CIR is present.

[14] As mentioned in section 3 we used a cross-correlation
of the velocity profiles to find the actual CIR arrival times
at STEREO A and STEREO B. For the example shown in
Figure 3 the arrival times from this method are 6 January
2008 at 13:30 UT for STEREO A and 3 January 2008 at
17:30 UT for STEREO B with cross-correlation values of
0.87 and 0.64, respectively. These differ from the expected
arrival times by approximately 30 mins and 10 hours for
STEREO A and STEREO B, respectively. Although in the
case of STEREO B, visual inspection of the observations
does indicate a density enhancement and velocity increase
beginning at approximately the expected arrival time. The
lower value of the cross-correlation function indicates a
larger error on the timing is to be expected.

[15] As previously mentioned we have applied this tech-
nique to 24 CIRs and found in the majority of cases good
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correlation between estimated arrival times and observed
arrival times. Figure 6 shows a sample interval (5 July 2007
to 5 August 2007) with several CIRs. Overlaid are boxes
marking the observed event (blue) in VEX, ACE and MEX
data with each event numbered. In some cases it should be
noted that the time of arrival at VEX is between direct
observations, although the arrival is clear from the difference
in the energy of the solar wind ion beam between successive
observations, this does lead to an error of 11 hours. Here
the time of arrival of events in the MEX observations are
the same as reported by Edberg et al. [2010]. In addition the
estimated arrival times as calculated from ACE and STEREO
A/HI are plotted, with an approximate width for error and
to account for the size of the events, in green and red,
respectively. Edberg et al. [2010] showed that CIRs last for
approximately 36 hours for this period which enables us
to add an approximate width. This is combined with the
error on velocity observed by STEREO/HI as defined by
Rouillard et al. [2010].

[16] In general using the ACE data gives a very good
estimate for the time of arrival at other planetary bodies; this
is best shown by presenting the difference between arrival
times expected from ACE and the observed arrival time
from MEX, STEREO A and STEREO B for all 24 events.
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STEREO/HI observations.
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The difference is plotted in Figure 7 which shows a histogram
with 6 hour bins. Figure 7 shows the difference between
the expected and observed arrival times at VEX (Figure 7a),
MEX (Figure 7b), STEREO A(Figure 7c) and STEREO B
(Figure 7d). In Figure 7a we note that the majority of events
occur within 1 day of the expected arrival time. However
due to data gaps we could only get observations of 17 CIRs,
although we note there could be other reasons for a lack of
observations as noted below. From Figure 7b we can see that
17 of the CIRs arrive within 1 day of when they are expected
at MEX, with all CIRs arriving within 1.5 days of when they
are expected. Looking at Figures 7c and 7d, where we have a
more direct comparison of observations with ACE, we notice
that the majority of CIRs arrive within 18 hours of when
we expect. In the case of STEREO A, the distribution of
time differences is mostly around zero with CIRs arriving
both earlier and later than expected. However at STEREO B
all CIRs arrive later than expected with the majority arriving
6—18 hours later than expected.

5. Discussion

[17] As shown by Figure 6 there is a discrepancy between
arrival times of CIRs estimated from STEREO/HI J-maps
and the observed arrival time at ACE. With regards to the
estimates of arrival times at Venus and Mars both data sets
have inherent problems. ACE is only one point in space and
so cannot measure the radial CIR speed at all heliographic
longitudes. Using only ACE gives us no information about
the continuity of the CIR in longitude, although the addition
of STEREO A and STEREO B in situ observations help to
fill this gap. Observations of the source coronal hole on the
Sun would also aid in establishing the continued presence of
the CIR. Despite these potential drawbacks there is good
agreement between the estimated arrival times and actual
arrival times of CIRs at Mars using the limited data provided
by ACE and two assumptions of CIR behavior.

[18] Estimates from STEREO/HI J-maps have their own
inherent problems. While there have been several docu-
mented cases of the method used here providing velocities
and directions in agreement with in situ data and estimates
from other methods [Davis et al., 2010; Rouillard et al.,
2009a, 2009b], other work has also shown that it can be
difficult to identify complete events in the J-maps [Savani
et al., 2009] and this can lead to an inaccurate estimation
of the propagation angle or velocity or both. Indeed the
correct identification of complete events for sufficient peri-
ods in the J-maps is probably the largest source of error for
this method. In addition, the effects of the assumptions
should be considered. This method assumes two things about
the propagation of transient events through the STEREO/HI
field of view, firstly that the transients are point-like objects
and secondly that they move at a constant velocity and in a
constant direction. The first assumption is an effect unique to
the J-map method. CIRs are inherently three-dimensional
objects, as is clear from their formation mechanism, and
although they are visible in HI observations the tracking
technique used here is not applicable as the tracking tech-
nique assumes point-like objects are being tracked. The
extended nature of CIRs mean this technique is unsuitable
for application to CIRs. However the signatures of plasma
parcels which are entrained within a CIR can be treated as
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point-like objects and tracked using the method presented
here, as highlighted in Figure 2 and described by Rouillard
et al. [2009a]. By assuming a constant velocity and direc-
tion any acceleration which could alter the shape of the
transient track is ignored. This can lead to an error in
determining the velocity and direction which will lead to
errors in determining the arrival time of the CIR front at other
locations. If the direction of propagation is known from
another method, the forward modeling method by Thernisien
et al. [2009] for example, then a velocity profile can be found
which might allow for an estimation with less error.

[19] There is one further source of error that should be
considered when using the method of estimating solar
transient event properties from STEREO/HI J-maps, which
is the inherent user error in selecting the points for fitting to
equation (2). This source of error has been more thoroughly
investigated in previous work [Williams et al., 2009] using
simulated point selection for an ideal trace and a Monte
Carlo method to determine a suitable visibility of events in
elongation to minimize errors.

[20] As mentioned in section 4 there are some events
which were not observable in the VEX/ASPERA-4 data
and, as previously described, the observations are intermit-
tent due to the orbital configuration of VEX with respect to
Venus. As VEX only spends a short time each orbit in the
exosphere of Venus it is possible that ASPERA-4 was not in
a good location for long enough to collect many clear sig-
natures. Another reason for a lack of clear signatures could
be due to the difference in densities in the atmospheres
between Venus and Mars. It is possible that the increased
density at Venus allows it to better retain the atmosphere
during CIR transits. In addition, as hypothesized by Edberg
et al. [2010], CIRs could be less well developed at the orbit
of Venus and as such may have a smaller impact on the
Venusian atmosphere.

[21] One potential further source of error that applies to all
comparisons of data is the potential for latitudinal differences
in the structure of interaction regions. Although the differ-
ences are small, approaching approximately 3° at the end of
July 2008 between ACE and either STEREO spacecraft,
they could make a difference and could help to explain why
the density structures observed at the 3 spacecraft are fre-
quently so different. Helios observations [Schwenn and
Marsch, 1990] showed that a latitudinal separation of only
1° between two spacecraft can lead to significant observa-
tional differences as they observe different latitudinal slices
of the same coronal hole. Indeed Simunac et al. [2009]
undertook a correlation of expected bulk velocity and
density at STEREO B from STEREO A during 2 events in
July 2008 and while there was an approximately 1:1 corre-
lation (0.96) in bulk velocity, there was a poor correlation in
density.

6. Conclusion

[22] We have presented a technique for estimating the
time of arrival of CIRs at planetary bodies and other
spacecraft from observations of their passage through the
inner heliosphere in the STEREO/HI instruments, and from
ACE observations. As we have shown, using the mean
measured velocity from ACE gives a good prediction.
STEREO/HI will provide additional information about the
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temporal behavior and may in future give a predictive
capability. At the time of writing the STEREO spacecraft
are separated by approximately 70° from Earth and so are
moving out of position to get optimum views of Earth
directed events. Hence predictions may need to be done by
future missions. There are times when predictions of arrival
times at Venus or Mars would only be possible in advance
with STEREO/HI, such as when either planet is lagging the
Earth in their orbit, as with Mars in Figure 1. In this case
waiting for the CIR to arrive at ACE would be too late as it
would have already arrived and impacted at Mars or Venus.
STEREO/HI observations can still give us advance warning
of an impending CIR at Earth if we use a reasonable esti-
mate of the velocity, for example a mean velocity from
several previous CIRs and make the assumption that the
fitted angle is correct.
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