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Abstract.

Until the ULYSSES spacecraft reached high latitude, the only means for measuring the
solar wind velocity in the polar regions was from radio scattering observations (IPS), and
these remain the only way to measure the velocity near the sun. However, IPS, like many
remote sensing observations, is a “line-of—sight” integrated measurement. This integra-
tion is particularly troublesome when the line-of-sight passes through a fast stream but
that stream does not occupy the entire scattering region. Observations from the HELIOS
spacecraft have shown that the solar wind has a bimodal character which becomes more
pronounced near the sun. Recent observations from ULYSSES have confirmed that this
structure is clear at high latitudes even at relatively large solar distances. We have devel-
oped a method of separating the fast and slow contributions to an IPS observation which
takes advantage of this bimodal structure. In this paper I will describe the technique and
its application to IPS observations made using the receiving antennas of the EISCAT
incoherent backscatter radar observatory in northern Scandinavia.
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1. Introduction

Evidence is accumulating that the state of the solar wind is bimodal [Schwenn,
1990; Axford, this volume; Axford and McKenzie, in preparation]. We will
refer to these two states as “fast streams” and “slow wind”. The fast streams
appear to emanate from regions of the corona with unipolar magnetic field
(coronal holes) which are dark both in soft X-ray emission and white-light
polarized brightness measurements. Coronal holes are cooler and less dense
than the corona over closed field regions. Fluctuations in the fast wind are
dominated by outward propagating Alfvéen waves of relatively high ampli-
tude [Marsch and Tu, 1990].

The slow wind is observed above regions of the corona with complex
magnetic topology such as active regions and helmet streamers. It is not
clear whether it comes from the boundaries of coronal holes or whether
it “leaks out” from unresolved open field regions within larger closed field
regions. The slow wind is less homogeneous; it is denser and threaded with
magnetic field reversals. Fluctuations in the slow wind are not as Alfvénic
as those in the fast wind, consisting largely of convected pressure balance
structures [Marsch and Tu, 1990]. Waves are observed to propagate both
outwards and inwards.

Plasma observations from the Helios spacecraft close to the sun, have

Astrophysics and Spuce Science 243: 87-96, 1996.
© 1996 Kluwer Academic Publishers. Printed in Belgium

https://doi.org/10.1017/50252921100030001 Published online by Cambridge University Press


mailto:bcoles@ucsd.edu
https://doi.org/10.1017/S0252921100030001

88 WM. A. COLES

Drifting incident
Intensity Plane Wave
Pattern
Baseline Solar
(~100-300 km) o . Wind
I < verit Velocity Radio
|\ :f ﬂ_"- j Source
z ( v T ’ (O
! 5 ) el g \
RS ) 7 N
) ‘j \( /‘:
Earth Based 3 s )
Antennas SUN

Fig. 1. The geometry of an IPS observation.

shown this bimodal nature more clearly than observations at earth or fur-
ther out [Schwenn, 1990]. This is because the fast and slow wind in the
ecliptic plane interact forming contact surfaces, shocks and enhanced turbu-
lence. The interaction increases with distance from the sun. Recent observa-
tions from Ulysses also show this bimodal character clearly because stream
interactions become less important at higher latitudes [Phillips et al., 1994].

We can take advantage of this bimodal character in the analysis of IPS
observations. The basic geometry of an IPS observation is sketched in Fig. 1.
Turbulent density fluctuations act as a flow tracer. They cause phase mod-
ulation of the radio wave passing near the sun, and diffraction converts this
phase modulation to intensity modulation as the wave continues to propa-
gate to the earth. We measure the intensity diffraction pattern at two places
on the earth and estimate the time delay between the pattern at the two
stations. Since the intensity pattern is a random process we use a cross cor-
relation analysis to estimate the time delay. The cross correlation function -
should resemble the autocorrelation but it should peak at the desired time
lag. An example is shown in Fig. 2.

Recent IPS observations made at the EISCAT observatory in northern
Scandinavia began to show unusual cross correlations with two distinct peaks
during the spring of 1994. An example is shown in Fig. 3. We assume that
this is caused by the superposition of fast and slow wind. To confirm this
we have examined the underlying corona carefully to see if one could expect
the line of sight to cross fast and slow regions. Indeed the line of sight
crosses a coronal hole, where one would expect a fast stream, and continues
across the heliospheric current sheet, where one would expect slow wind.
We then fit a model to the cross correlation and estimate the fast and slow
speeds independently. This estimation is quite good when the two peaks are
distinct. However even if the slow peak is not resolved one can often fit the
fast peak quite accurately.
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Fig. 2. Auto and cross correlation functions for an IPS observation at EISCAT on 940908.
The estimated correlations are solid lines, the best fit model is overplotted with dashed
. lines. This observation is entirely in slow wind.
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Fig. 3. Auto and cross correlation functions for an IPS observation at EISCAT on 940428.
This observation has received equal contributions from fast and slow wind.

2. Coronal Observations

We used the soft X-ray maps from the Yohkoh spacecraft as a primary
data source because they provide excellent resolution. We have assembled a
synoptic map by using a strip from the center of the daily full disc map which
is archived at the NSSDC. Such a map is shown in Fig. 4 for the rotation
centered on the double peaked observation of Fig. 3. The gray scale is
proportional to the log of the emission measure. The other primary data
source are the polarized brightness observations made by HAO at Mauna
Loa. Although these are limb observations, and thus have poorer longitude
resolution, they depend only on the electron density and are thus easier
to interpret. We have added contours representing the electron density at
1.7 Rg derived from these white light observations. The position of the
heliospheric current sheet, as estimated from the Wilcox Solar Observatory
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Fig. 4. A synoptic map of soft X-ray emission from the Yohkoh spacecraft (gray scale) and
the electron density at 1.7 Rg derived from Mauna Loa white light observations (contours),
overlaid with the magnetic neutral line from the Wilcox Solar Observatory (heavy line).
The daily average IMP8 velocity measurements have been quantized into fast (circles),
slow (triangles) and interaction regions (squares) and mapped back to the coronal base
using a constant velocity trajectory. The IPS line of sight has also been mapped back and
marked with small circles at 10° intervals. The closest point of approach has been marked
with a triangle. The earth is marked with an @ symbol. The 10° circles are connected
with a light line in the slow wind and heavy line in the fast stream.

at Stanford University is overplotted as a heavy solid line. This is inferred
from measurements of the photospheric magnetic field and a potential field
mapping which is constrained to be radial at 2.5 Rg. Previous work indicates
that the current sheet (where the radial component of the magnetic field
reverses sign ) should delineate the densest corona and the slowest solar wind.
However it is known that the WSO estimates of the position of the current
sheet tend to overestimate the latitude variation due to an underestimate of
the polar field strength [ Wilcoz and Hundhausen, 1983].

We have mapped the IPS line of sight back to the coronal base at 10°
intervals using a simple radial-flow constant-velocity assumption and plotted
the result on Fig. 4. The closest point to the sun is marked with an open
triangle and a number. Each 10° interval is marked with a small solid circle
up to 80° in the direction of the source and all the way back to the earth
which is marked with an @ symbol. The last 10° is not plotted because
there is very little contribution from such large solar distances. The IPS
track numbered 1 corresponds to Fig. 3.

We have examined the corresponding IMP8 plasma data and identified
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three “modes”; fast wind, slow wind, and interaction regions. Daily averages
have also been mapped back to the coronal base and overlaid it on Fig. 3
as large solid symbols. The fast wind is marked with a circle, the slow wind
with a triangle and the interaction regions with a square.

3. Model Fitting

The IPS cross correlation function can be calculated, when the scattering is
weak, from the distribution of velocity and density variance along the line of
sight. The bimodal assumption allows us to simplify this since we need only
specify the boundaries between the fast and slow wind and the conditions in
these two “modes”. In fact we do not need the exact density variance, but

- only the ratio of the variance in the slow wind to that in the fast wind. This
ratio was found to exceed 10 by Bourgois and Coles [1992] for polar streams
near the sun, and this was confirmed by Manoharan [1993]. The fact that
the slow wind has a rather high density variance means that a relatively
small part of the line of sight in slow wind can cause a large decrease in the
apparent IPS velocity.

The IPS data in Fig. 3 is a good example. Here we used initial estimates
of the fast and slow speeds of 800 and 400 km/s. Our initial estimate of the
ratio of the slow to fast density variance was 15, following the work of Coles,
et al. [1995]. Examination of the IPS track marked 1 in Fig. 4 suggests that
most of it lies in a large fast stream which is connected to the south polar
hole. We assumed that only the region from the earth (—73°) to —40° was
slow wind. The best fit correlations are overplotted as dashed lines on Fig. 3.
In such cases, where both fast and slow peaks are resolved, one can estimate
both speeds quite accurately. However it frequently happens that only one
of the peaks is resolved and the other shows as a “shoulder” on the cross
correlation.

Measurements of the solar wind velocity using multiple antenna cross
correlation analysis have been made with a variety of instruments for nearly
30 years [ Dennison and Hewish, 1967; Hewish and Symonds, 1969; Vitkevitch
and Vlasov, 1970; Ekers and Little, 1971; Coles and Maagoe, 1972; Watanabe
et al., 1973; Kojima et al., 1982; Scott et al., 1983; Bourgois et al., 1985;
Armstrong et al., 1986). Thus it may seem odd that double peaks in the
cross correlations have not been discussed before. The reason for this is
shown in Fig. 5. Here we have plotted the best fit to the example of Fig. 3
with the actual baseline used (240 km), and also with shorter baselines of
160 km and 80 km. One can see that if the observation had been made with a
shorter baseline the two peaks would not have been resolved. The important
parameter is the ratio of the baseline to the spatial scale of the intensity
diffraction pattern. Previous IPS observations have been made with much
shorter effective baselines. The reason is that previous observations were
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Fig. 5. Model correlation functions for the data of Fig. 3, and two examples of the
expected [PS if baselines of 160 km and 80 km had been used.

made with three antenna systems in order to estimate the flow direction.
This requires relatively short baselines to ensure that correlation is observed
on all three baselines. However we now know that the flow is almost radial
(at the distances where IPS observations can be made), so we can use a single
very long radial baseline. There are a few existing observatories where such
baselines can be employed. One of the best is EISCAT, but the Pietown and
Los Alamos antennas of the VLBA have been used; the Jodrell Bank and
Cambridge antennas of MERLIN could be used; and the Ooty and GMRT
antennas could be used. »

In order to see double-peaked cross correlations, and thus have an op-
portunity to correct for the line of sight integration one must satisfy four
conditions. As mentioned above, the baseline must be substantially longer
than the spatial scale of the diffraction pattern. In addition the scatter-
ing must be weak, since different contributions to the cross correlations are
not additive in strong scattering and double peaks cannot occur. The line -
of sight must pass through both fast and slow wind, a common situation
during the declining phase of solar activity, however it must not cross an
interaction region. Since interaction regions build up with increasing solar
distance, this latter condition implies that one must observe near the sun,
yet in weak scattering. So one must use a relatively high frequency.

4. The Velocity of the Fast Wind

An attempt to measure the acceleration profile of the solar wind for compar-
ison with theoretical models was made by Coles et al. [1990]. In that work
the data were selected to measure the mean velocity at essentially the same
latitude and longitude but different distances. The mean velocity was scaled
up by 18% to remove the bias due to spherical divergence, but no attempt
was made to correct for possible inclusion of both fast and slow wind in the
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Fig. 6. An overplot of coronal observations, IPS solar wind scattering region, and IMP8
solar wind measurements for rotation 1883 in the same format as Figure 3.

line of sight. This may be a reasonable approach when the line of sight is
dominated by slow wind (which has a higher density variance), but is not
very good when attempting to measure the speed of the fast polar stream.
In this section we will present some preliminary measurements of the fast
stream at a distance of 24 to 28 Rg.

Six observations of the south polar stream were made at EISCAT in late
May of 1994, a time when the ULYSSES spacecraft was also in the south
polar stream. The IPS track and coronal maps for this period are shown in
Fig. 6. One can see that all six IPS tracks plotted are dominated by fast
wind, and this is confirmed by inspection of the cross correlations. However
all six observations have a significant contribution from the slow wind. A
typical example is shown in Fig. 7. This comes from the track marked 1 on
Fig. 6. The mean speed derived from the intersection of the auto and cross
correlations is 585 km/s which should be corrected to 690 kmy/s for spherical
divergence. In this case the contribution of the slow wind has reduced the
mean speed 195 km/s below that of the fast stream! The various velocity
estimators for the six IPS observations shown are given in Table 1.

During this period the ULYSSES spacecraft was at similar latitudes in
the south polar stream and measured a very stable speed between 750 and
800 kmys at a distance of 630 Rg. Thus we see an apparent deceleration of
the solar wind from 25 to 630 Rg. Of course it is possible that the solar
wind actually does decelerate, but it is also possible that the IPS speed does
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Fig. 7. Correlation functions and model fit for the IPS track marked 1 on Fig. 6

TABLE1

Velocity estimators for the IPS measurements of the south polar hole in rotation 1883.
The peak velocity Vpx has been used as a measure of the fastest speed. The midpoint
(at 50%) velocity Vma has been widely used as a measure of the mean velocity. The
intersection velocity Vin is a good measure of the mean velocity when the velocity
distribution is a single peaked monotonically decreasing function. The Vi, and Vijow
velocities are the results of the best-fit bimodal model described in this work. The angle
subtended by the fast stream at the Sun is also given. Negative angles are in the direction
of the earth.

Date Source Rmin Vpk Vmp Vin Viast  Vilow Otast (o)
Re kms kms kms kms kms from to

1. 940612 05214166 244 822 662 585 885 400 —60 90
2. 940613 05214166 25.0 842 719 603 885 400 -58 90
3. 940614 05214166 25.9 842 681 591 885 450 —41.5 90
4. 940615 05214166 27.4 828 475 544 885 450 -37.5 90
5. 940606 04314206 24.7 790 651 623 850 450 -20 690
6. 940607 04314206 28.2 750 629 581 850 450 -15 70

not represent the flow speed. The IPS speed is the velocity of the density
fluctuations which are acting as the flow tracer. If these fluctuations are due
to outwards propagating waves, then IPS will measure the sum of the flow
velocity and the wave velocity. Since both the sound speed and the Alfvén
speed decrease rapidly with distance this apparent deceleration may well be
caused by waves. This seems particularly likely in the fast wind, which we
know to be dominated by outwards propagating waves.
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5. Summary and Conclusions

We have seen that IPS measurements of the solar wind speed may be severely
affected by the line of sight integration, an effect that they share with most
remote sensing observations. This problem is particularly acute when mea-
suring the fast stream near the sun because the fast wind has a much smaller
density variance than the slow wind. However if IPS observations are made
with a sufficiently long baseline it is possible to resolve the fast and slow
wind and estimate the two speeds independently.

The separation technique can only be used when the scattering is weak,
because the cross correlation is not a simple line of sight integral in strong
scattering. This severely limits the closest one can measure to the sun. EIS-
CAT, for example, cannot measure inside of about 16 Rg over the poles

“at solar minimum or 30 R in the equatorial regions because it cannot ob-
serve at frequencies above 933 MHz. The VLBA is particularly useful in
this respect because it can operate at higher frequencies and will be able to
measure as close as 4 Rg at 8 GHz.

The separation technique cannot be used much further from the sun than
100 R because interactions build up outside this distance and a bimodal
model is no longer be useful. It may be possible to model the interaction
regions, but it will be a more complex problem.

Preliminary results indicate that the apparent speed of the fast stream
which is known to be between 750 and 800 kmy/s at 630 R, has reached nearly
900 km/s by a distance of 25 Rg. However the apparent speed may be the
flow speed plus a wave speed so the IPS measurement does not necessarily
indicate a deceleration.
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