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Abstract. A relative scintillation index can be derived from
EISCAT observations of Interplanetary Scintillation (IPS)
usually used to study the solar wind velocity. This provides
an ideal opportunity to compare reliable measurements of the
solar wind velocity derived for a number of points along the
line-of-sight with measurements of the overall level of scin-
tillation. By selecting those occasions where either slow- or
fast-stream scattering was dominant, it is shown that at dis-
tances from the Sun greater than 30RS , in both cases the
scintillation index fell with increasing distance as a simple
power law, typically asR−1.7. The level of scintillation for
slow-stream scattering is found to be 2.3 times the level for
fast-stream scattering.
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1 Introduction

Interplanetary scintillation (IPS) is the fluctuation of the ra-
dio signal from a compact, extra-galactic radio source af-
ter the line-of-sight from source to Earth has passed through
density fluctuations in the solar wind. IPS has been used to
study the solar wind close to the Sun for more than three
decades (e.g. Hewish et al., 1964; Dennison and Hewish,
1967).

Phase variations introduced by the density fluctuations
scatter the signal and cause the fluctuations in received
power. If the phase variations introduced across the wave-
front are large (� 1 radian), then the scattered waves do not
add constructively and the variations in received power are
relatively small; this is known as ‘strong’ scattering. If, how-
ever, the phase variations are small (� 1 radian) then the
scattered waves add constructively to generate much larger
fluctuations in received power (e.g. Little and Hewish, 1966;
Bourgois, 1969). This is known as ‘weak’ scattering.

The standard measurement of the level of IPS ism, the
scintillation index. This is the ratio of the rms variation in
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the strength of the source signal due to IPS to the average
strength of the signal.

As the distance from the Sun increases, the average elec-
tron density in the solar wind and the rms variation in elec-
tron density decrease, so that the phase variation across the
wavefront also decreases. It follows that if the line-of-sight
passes close to the Sun, then the phase variation is large,
strong scattering occurs, andm is low. As the distance of
the line-of-sight from the Sun increases, there is a transition
from strong to weak scattering, so at firstm increases with so-
lar distance until it reaches a peak. At even greater distances
from the Sun, only weak scattering occurs andm decreases
with solar distanceR.

Within the weak scattering regime, the scintillation index
is directly proportional to the variation in solar wind electron
density, which, in turn, is related to the mean electron den-
sity. Thus, observations have shown thatm is lower at high
latitudes, where the solar wind fast-stream above polar coro-
nal holes is less dense, than at low latitudes, where the mea-
surements are associated with the equatorial streamer belt
and the much denser slow stream (e.g. Bourgois and Coles,
1992; Manoharan, 1993; Asai et al., 1998).

In addition, the scintillation index is dependent on the
structure of the radio source being observed. For an ideal
point source,m is expected to peak near unity. However,
as the angular diameter of the scintillating source increases,
the scintillation level decreases (Briggs, 1961). This effect
is especially marked if a compact source is surrounded by
an extended component that adds significantly to the overall
power of the source, so that the apparent scintillation index is
reduced. Measurements of the scintillation index have usu-
ally been carried out by large monostatic antennas capable
of observing large numbers of sources every day to obtain a
two-dimensional image of the distribution ofm over a wide
range of heliographic latitudes and distances from the Sun
(e.g. Gapper et al., 1982). These images can be compared
with data from spacecraft and other available sources, but
the variation of solar wind parameters along the line-of-sight
from source to Earth, such as velocity, could not be derived
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from single observations.
More recently, a method of deriving the solar wind ve-

locity from single-station observations has been developed
(Manoharan and Ananthakrishnan, 1990). As scattering
power falls off rapidly with distance,R, from the Sun (∝
R−4), it was assumed that the derived velocities referred to
the points of closest approach of the lines-of-sight to the Sun.
In reality, however, there are contributions to the total scat-
tering power from along the entire line-of-sight. The devel-
opment of tomography (Jackson et al., 1998; Kojima et al.,
1998; Asai et al., 1998) as a technique for modeling the solar
wind in three dimensions has helped to reduce this problem,
but this method is reliant on the combination of a large num-
ber of observations, which reduces the temporal resolution.

When two or more antennas are available, a suitable dis-
tance apart, simultaneous observations of the same scintil-
lating source allow for a cross-correlation analysis of the
scintillations to be made and from this the solar wind ve-
locity across the lines-of-sight can be estimated. This tech-
nique for measuring solar wind velocity has been used for
many years (e.g. Dennison and Hewish, 1967; Vitkevich and
Vlasov, 1970). The UHF antennas of EISCAT in northern
Scandinavia have been used in this mode since 1990 to make
regular measurements of solar wind velocity. In the early
EISCAT measurements (Bourgois et al., 1985), it was as-
sumed that the solar wind velocity was constant along the
line-of-sight. However, later observations used the maximum
antenna spacing (up to 390 km) and with the improved veloc-
ity resolution this provided it became clear that the cross-
correlation function often showed two distinct peaks, cor-
responding to separate regions of fast and slow solar wind
streams along the line-of-sight (e.g. Breen et al., 1996b). Ob-
servations by Ulysses had already demonstrated a clear dis-
tinction between fast- and slow-stream regimes in the solar
wind (Phillips et al., 1995).

For many years it has been accepted that the fast wind is
associated with coronal holes (e.g. Schwenn et al., 1978),
which show up as dark regions in white-light images of the
corona. Therefore, Carrington maps of coronal white light
(e.g. from the High Altitude Observatory) give a clear indi-
cation where it is likely that the line-of-sight passes through
fast- or slow-stream regions of the solar wind. Subsequent
analysis of the EISCAT IPS data was carried out using a two-
dimensional weak scattering model (Grall, 1995; Klingle-
smith, 1997; Massey, 1998), which assumed the presence of
two streams, as indicated by linking each part of the line-of-
sight to the corresponding part of the Carrington map (Coles,
1996). This analysis not only gave the values of the fast- and
slow-stream velocities, but also included the relative contri-
bution of each to the total scattering in a single observation.
The analysis procedure is detailed further elsewhere (e.g.
Coles, 1996; Breen et al., 1996b; Grall et al., 1996; Breen
et al., 1998; Canals et al., 2002).

Use of this revised analysis procedure gave very good
agreement between the observed cross-correlation function
and the best-fitting model. A generally good agreement is
also found when the results from a series of two-station EIS-

CAT observations of solar wind velocity are compared with
corresponding single-station observations taken by the Ooty
Radio Telescope (ORT) (Moran et al., 2000). The good
agreement obtained has given further confidence in the dif-
ferent analysis methods used by EISCAT and ORT to deter-
mine solar wind velocity.

As well as determining solar wind velocity, the EISCAT
observations can also be used to determine scintillation in-
dices, and this has been done for all observations of IPS
made between 1994 and 1999. These are compared with
distance from the Sun, but for the present paper only those
cases where either a fast- or slow-stream dominates along
the whole line-of-sight have been used. The novel factor of
these results is that this is the first time that measurements of
the scintillation index can be divided between fast- and slow-
stream scattering regimes with some confidence for each ob-
servation.

2 Scintillation index

A relative scintillation index can be calculated from EISCAT
interplanetary scintillation measurements using parameters
that are easily measured or confidently assumed.I (t), the
total detected signal1 at the output of the receiving system,
can be described by:

I (t) = 〈N〉 + IS + δN(t) + M(t)IS (1)

where〈N〉 is the average background or system noise;IS

is the average signal from the radio source;δN(t) is the
stochastic variation in the background noise;M(t) is a scin-
tillation factor whose rms value ism.

PI (f ), the power spectrum of the time-variations of the
signal is given by:

PI (f ) = PN (f ) + PSc(f ) = PN (f ) + PM(f )I2
S , (2)

wherePN (f ) is the power spectrum of the stochastic varia-
tion of the background;PSc(f ) is the power spectrum of the
scintillations;PM(f ) is the power spectrum ofM(t). The
two components ofPI (f ) are illustrated in Fig. 1.

The standard theory of white noise shows that when back-
ground noiseN over bandwidthB is averaged for a timeτ ,
thenσN , the rms value ofδN(t), is given by:

σN =
〈I 〉

√
Bτ

. (3)

σN can also be expressed in the spectral domain:

σN =

(∫ fNyquist

0
PN (f )df

)0.5

=
(
< PN > fNyquist

)0.5
. (4)

1It would be normal to use the terms ‘signal power’, ‘noise
power’, etc. However, the procedure described refers to the power
spectrum of time-variations in the detected signal. The double
meaning of the word ‘power’ might be confusing, so ‘power’ is
only used in connection with the spectrum of time-variation, and
other terms used when describing signal output from the receiver
square-law detector.
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Fig. 1. An example of the power spectrum of the time-variations in detected intensity, calculated from EISCAT IPS measurements. The top
panel shows the spectrum out to the Nyquist frequency (50 Hz). The bottom panel is a close-up of the 0–5 Hz frequency range, illustrating
the position of the low-pass filterfLP , which filters out the white spectrum of stochastic noise at higher frequencies, and the high-pass filter
fHP , which filters out slow time variations within the antenna and receiving systems.

Now 〈I 〉 = kBTsysB (wherekB = Boltzmann’s constant;
Tsys= system temperature), and the Nyquist frequency is de-
fined by the sampling intervalτ asfNyquist =

1
2τ

. Hence,
substituting Eq. (4) into Eq. (3):

〈PN 〉 = 2k2
BT 2

sysB . (5)

Similarly, the rms variation of the scintillating power:

σSc =

(∫ fLP

fHP

PSc(f )df

)0.5

=

(
〈PSc〉fBP

)0.5
, (6)

wherefBP is the bandwidth (fLP −fHP ); 〈PSc〉 is the mean
of PSc(f ) over this bandwidth.

Also:

σSc = mIS = mkBTSB , (7)

whereTS is the equivalent temperature of the signal from the
source.

Hence, by dividingσSc by σN , a simple formula for the
scintillation index,m, can be obtained:

σSc

σN

=

(
〈PSc〉fBP

〈PN 〉fNyquist

)0.5

=
mkBTSB

kBTsys
√

2BfNyquist
(8)

m =

√
2〈Psc〉fBP T 2

sys

〈PN 〉BT 2
S

. (9)

Four of the terms in Eq. (9) are easily measured, or a
known constant in the system. However, the system and
source temperatures need to be estimated. When a strong
radio source passes through the beam of a large antenna, the
power from the source itself stands out as a clear, identifi-
able maximum and the average intensity of the source and
the level of scintillation can both be measured directly. For
most of the sources used in the present study, however, the
signal intensity observed at 931.5 MHz by the 32 m EISCAT
dishes is comparable with the level of “confusion”, i.e. the
intrinsic variation in background intensity due to stochastic
fluctuation in the integrated intensity from all sources, weak
and strong, that lie within the antenna beam in any given di-
rection. In such cases, the source intensity cannot be mea-
sured directly with sufficient accuracy, and it is necessary to
estimate this parameter by usingFS , the flux density of the
source at 931.5 MHz.

At present, there is no published catalogue of the flux den-
sity of radio sources at 931.5 MHz, so the flux density is
best derived by interpolating accurate measurements - free
of confusion - made by more powerful radio telescopes at
lower and higher frequencies, and published in the standard
catalogues of radio sources. Figure 2a shows how at frequen-
cies above 400 MHz the flux density of 0521 + 166 follows
a typical power-law relationship with frequency, so that the
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(a)

(b)

Fig. 2. Log-log plots ofFS versus ob-
serving frequency for radio sources:(a)
0521 + 166, and(b) 1229 + 020.

value at 931.5 MHz can be derived by interpolation. The fig-
ure also shows the sharp cutoff in flux density at frequen-
cies below 200 MHz: this is the signature of synchrotron
self-absorption in radio sources of very small angular diam-
eter (e.g. Williams, 1963; Hornby and Williams, 1966) and
hence, a reliable signature of a scintillating source.

OnceFS has been estimated, it can be converted into the
equivalentTS , usingA, the equivalent collecting area of the
EISCAT UHF antennas (= 571 m2; Rishbeth and Williams,
1985), and quotingFS in Janskys:

TS =
FSA

2kB

= 0.207FS . (10)

Even when the total source temperature is determined in
this way there is a second problem. The value used to de-
terminem should correspond to the scintillating part of the
source, but detailed maps of source intensity (usually made at
much higher frequencies) show that the compact scintillating

component is often surrounded by a more extended compo-
nent which is unlikely to scintillate. For example, the strong
source 1229 + 020 (Fig. 2b) consists of two components,
one compact and the other extended. For such a source,
the total flux density includes the contribution from the ex-
tended, non-scintillating component, and if this is used to
calculate the scintillation index,m will always be underesti-
mated. This problem applies toall measurements ofm which
must, therefore, be regarded as relative and observations of
different sources can only be combined after applying some
form of calibration to correct for the effects of source struc-
ture.

The system temperature can be described by the formula:

Tsys = Treceiver+ Tground(z) + Tsky + TS , (11)

whereTreceiver is the noise contributed by the receiving sys-
tem. For Kiruna and Sodankylä, this is mainly due to losses
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Fig. 3. Example of a plot of detected
power versus zenith angle for obser-
vations using the antenna at Kiruna in
1997. These data have been corrected
for any change in attenuator settings
and corrected for the different sources
used. The fitted curves are of the form
(Tsys− TS) = a + b exp[c(z − 45)].

before the preamplifier and the preamplifier itself, and is ap-
proximately 30 K. At Tromsø, the EISCAT transmitting sta-
tion, there are additional front-end components to protect
the receiver from the transmitted signal, so that in the past
Treceiver has been approximately 90 K. Data from Tromsø
have, therefore, not been used to determinem due to the
higher system temperature at that site. (In the futureTreceiver
will be much lower and it is anticipated that Tromsø will
play a greater part in measurements ofm.)

Tground corresponds to black-body radiation from the
ground coming into the antenna side lobes, and, hence, is
a function of zenith anglez. Tground is close to zero for
z < 45◦, but is significant at lower elevations. (Observa-
tions of the powerful radio source Cassiopeia A confirm that
for offsets from the main beam>∼ 45◦, the side-lobe levels
are always reduced by at least 50 dB).

Tsky is the power from the background radiation made up
of two isotropic components, the cosmological background
and the combined power from radio galaxies and quasars
throughout the Universe, and one anisotropic component, the
radiation from the Milky Way, which is concentrated near the
galactic plane. Hence,Tsky is a function of galactic latitudeb
and longitude,l, but for observations whereb > 10◦, it can
be assumed thatTsky is approximately constant.

Finally, since a specific source is being tracked, the sys-
tem temperature is systematically higher than the average
value by an amountTS , dependent on the flux density of the
source, as described in Eq. (10). Note that the contribution
this makes to the stochastic fluctuation in the background
noise has a white-noise power spectrum and is entirely sepa-
rate from the interplanetary scintillation.

Therefore, for observations whereb > 10◦, Tsys − TS

should be a simple function ofz, constant forz < 45◦, but
increasing with zenith angle forz > 45◦. Hence, to esti-
mate the predicted value ofTsys for a particular observation,

detected intensity is plotted against zenith angle for each an-
tenna and for each year, using known receiver settings. This
monitors any differences between the three antennas and any
year-to-year variations in overall receiver performance.

Normally, the measurements follow a fixed relationship
between detected power and zenith angle (Fig. 3), deter-
mined by fitting the expression:(
Tsys− TS

)
= a + b exp[c(z − 45)] . (12)

For some measurements, however, the detected power
shows a large deviation from the predicted value. This some-
times indicates a fault in the receiver, or a faulty attenuator
setting, leading to receiver saturation. On other occasions,
it is the result of intermittent interference, usually of human
origin. It has been decided, therefore, that the analysis of the
scintillation level will only be reliable if the detected power
in each case is close to the value predicted by the normal
relationship.

To calibrate the observations that follow the normal rela-
tionship, a system temperature of 37 K is assumed for obser-
vations at the zenith, and this value is corrected for the effects
of ground noise, according to the actual zenith angle of the
observation, according to the fitted curve for that antenna and
year.

3 Results

Once the source and system temperatures are estimated,
these figures are put into Eq. (9), to calculate the scintilla-
tion indices for each antenna in each observation. The mea-
sured values are fewer in number and subject to larger er-
rors than the data derived by systems specifically designed
to determine the scintillation index (e.g. the Cambridge sys-
tem; Duffett-Smith, 1980). However, the ability to estimate
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Table 1.

Source: Solar Distances Dominant Indexb of
Covered by Stream: Power-Law

Observations m = aR−b:
(RS ):

0431+206 28–82 Slow 1.65± 0.15

0432+416 74–98 Fast 1.72± 0.33

0521+166 44–118 Slow 1.84± 0.06

0604+203 27–47 Slow 2.08± 0.17

0625+146 32–42 Fast 1.38± 0.53

0842+185 35–50 Slow 1.45± 0.05

1008+075 41–132 Slow 1.58± 0.11

1042+120 42–63 Slow 1.97± 0.29

1150-003 32–57 Slow 1.81± 0.22

1229+020 63–115 Slow 1.52± 0.49

the distribution of solar wind velocity along the line-of-sight
from a single observation, and especially the ability to se-
lect those observations where either a fast- or slow-stream
accounts for more than 90% of the scattering, is a major ad-
vantage enjoyed by the EISCAT observations. With this ca-
pability it is possible for EISCAT to compare the scintillation
levels observed when fast- or slow-streams are dominant in
the lines-of-sight.

The velocity analysis used requires the use of two anten-
nas. In the case of the EISCAT measurements of the scin-
tillation index, independent values of this can be obtained
from either or both of the two stations. In most cases, one
of those two stations is at Tromsø, where the system noise is
much higher than at Kiruna or Sodankylä, so in these cases,
only the Kiruna or Sodankylä observations are actually used
to provide the scintillation index.

For each source, in turn, the selected measurements of
scintillation index are plotted against the closest distance of
the line-of-sight from the Sun on a log-log scale (Fig. 4).
Slow-stream results are plotted as circles and fast-stream re-
sults as triangles. Where appropriate, a least-squares regres-
sion is used to fit a simple power-law curve (m ∝ R−b) to the
data. In using a least-squares fit, the points were unweighted,
since the scatter in the data is greater thanσi , the estimated
standard error in each of the data points (with the exception
of 0604 + 203: in this case, the points were weighted by
1/σ 2

i ).
The values ofm are relative and not absolute. The error

introduced by using the whole flux density of the source, and
not just the scintillating component, will systematically un-
derestimate all calculated values ofm, but to the same extent.
Errors in the estimate ofFS , and in the assumed system tem-
perature, will also affect all observations of a given source
in more-or-less the same way, though for these errorsm may
be systematically underestimated or overestimated. Finally,
there are random errors in the relative values, and these have

Table 2.

Paper: Source Solar Exponent,b:
(or average Distances

over (RS ):
sources):

Bourgois, 1969 Average 10–90 1.55± 0.05

Armstrong and Crab pulsar >108 1.55± 0.15
Coles, 1978

Manoharan, 1993 1256-057 80–200 1.89± 0.15

1058+015 80–200 1.72± 0.20

1229+020 75–200 1.78± 0.16

1008+075 75–200 1.59± 0.20

Coles et al., 1995 1256-057 5–15 1.70± ?

Asai et al., 1998 1058+015 50–215 1.60± ?

been estimated by measuringm separately for each 3-min
segment of the usual 15-min observation. This gives five in-
dependent indices for each observation, and these are used to
determine a mean and standard error. These standard errors
are also given in Fig. 4.

3.1 Results for individual sources

Figure 4a shows all the results for the source 0431 + 206
where a single mode is dominant. In this case, there are
5 slow-stream measurements ofm at distances ranging from
28 to 82RS . These follow closely the simple power-law re-
lationshipm ∝ R−b, with the indexb = 1.65± 0.15. There
are no fast-stream measurements for this source.

In this respect, 0432 + 416 (Fig. 4b) is complementary.
Here, there are only 3 slow-stream observations and 5 fast-
stream. All the data are confined within the distance range 74
to 98RS , so that neither can be used to determine an accurate
power-law relationship betweenm andR, though the fast-
stream data giveb = 1.72 ± 0.33. However, a comparison
between the two sets of data indicates that at a distance of
∼ 80RS , the value ofm for the fast-stream is a factor of
2.2 ± 0.1 times smaller than for the slow-stream.

0521 + 166 (Fig. 4c) shows a power-law relationship be-
tweenm andR for slow-stream measurements, and the dif-
ference in scintillation index between slow- and fast-streams.
Four measurements ofm in the slow-stream, ranging from 44
to 118RS , suggest a power-law relationship with an index of
1.84 ± 0.06: it must be noted, however, that this value de-
pends heavily on a single value at 118RS . There is also a
single fast-stream observation at a distance of 29RS and this
timem is a factor of 2.4 ± 0.1 lower than the value obtained
for this distance by extrapolation from the slow-stream data.

Figures 4d–j give the results obtained using 7 other
sources. By and large, they confirm the results derived from
Figs. 4a–c. Thus, 0842,185 (Fig. 4f), 1008 + 075 (Fig. 4g),
1150–003 (Fig. 4i) and 1229 + 020 (Fig. 4j) are similar to
0431 + 206 (Fig. 4a), and 0521 + 166 (Fig. 4c), with slow-
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Fig. 4. Log-log plots of relative scintillation index versus distance from the Sun for a number of sources and cases where a single fast- or
slow-stream is dominant across the line-of-sight. The curves fitted are of the formy = ax−b. Errors in they-values have been plotted. See
text for details.
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Fig. 4. continued ...

stream measurements between them covering 24–132RS .
All six cases show a similar power-law dependence, with val-
ues ofb lying in the range 1.45± 0.05 to 1.84± 0.06.

Thus, for 1008 + 075 (Fig. 4g), there are 7 slow-stream
observations, ranging from 41 to 132RS , and they show a
well-defined power-law relationship betweenm andR, with
an indexb of 1.58± 0.11. There is also a single fast-stream
observation atR = 19RS . In this case, the measured value
of m is a factor of 2.6±0.3 lower than the value extrapolated
from the slow-stream observations. This could be a combina-
tion of the lower values ofm always found in the fast-stream,
plus the transition from weak- to strong-scattering, which is
likely in the fast-stream at 19RS .

In contrast, it should be noted that in two cases where only
slow-stream observations are available, 0604 + 203 (Fig. 4d),
and 1042 + 120 (Fig. 4h), there is apparently a faster decrease
in m with increasingR, and in both cases,b is ∼ 2.0.

Finally, 0625 + 146 (Fig. 4e) is unusual because in this

case, there are 7 fast-stream observations and only one slow-
stream. All the fast-stream observations are within the range
32 to 42RS and the values ofm show considerable scatter, so
that although the measurements are consistent with a power-
law relationship betweenm andR, only an estimate of the
indexb can be made (1.38±0.53). However, when this rela-
tionship is extrapolated for comparison with the single slow-
stream measurement at 76RS , the ratio of 2.2±1.0 is at least
consistent with the other measurements.

3.2 Overall results

The expected power-law was observed throughout the weak
scattering regime over the range of distances covered by
these measurements, and curves of the formm = aR−b were
fitted in all cases where adequate data were available.

The exact form of the power law varies fromR−1.38 to
R−2.08 (Table 1), and this gives a weighted mean of 1.64±

0.04. (This includes both fast- and slow-stream cases, since
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Fig. 5. Normalised log-log plots of rel-
ative scintillation index versus distance
from the Sun for cases where a single
fast- or slow-stream is dominant across
the line-of-sight. The curves fitted are
of the formy = ax−b.

no significant difference can be seen in the power law for
either category).

To derive the best overall results, it is necessary to combine
the data from all 10 sources. The main difficulty in doing
this is that all the individual measurements ofm are relative
values: each of them is likely to be systematically underesti-
mated but to different extents. However, in 8 of the 10 cases,
the slow-stream measurements ofm are seen to follow a sim-
ple power-law relationship with distance, and in 6 cases, the
range of distances actually covered by the slow-stream mea-
surements includes 50RS . Therefore, all the slow-stream
data sets, where it was possible to fit a power law, were nor-
malised at 50RS , to give a revised value ofm = 0.30. Fig-
ure 5 shows the plot of the normalised values ofm versusR
and the best-fitting power-law relationship,m ∝ R−1.64.

In only two cases was it possible to fit separate power-
law relationships to the fast-stream data. However, on the
assumption that the normalising factor compensates for any
error in the estimate ofFS , and for the extent to which the
scintillating component ofFS was significantly less thanFS ,
it should be the same for both slow- and fast-streams. For any
given source, therefore, the same normalisation factor was
applied to the fast-stream data as had been calculated for the
slow-stream data. Figure 5 shows the plot of the normalised
fast-stream values ofm versusR. Once again, the best-fitting
power-law relationship is given bym ∝ R−1.64. In other
words, the ratio of the slow-stream scintillation index to the
fast-stream index equals 2.3 at all solar distances from 30 to
90RS .

As measurements in the weak scattering regime are made
closer and closer to the Sun, the scintillation index rises to
a peak, but even closer the line-of-sight passes through a
strong scattering regime and the scintillation index is ex-

pected to drop rapidly. At the EISCAT observing frequency
of 931.5 MHz, this peak is expected to occur at about 25–
30RS for the slow-stream and about 15–20RS for the fast-
stream. Very few data are available within a solar distance
of 30RS , but Fig. 5 suggests that the transition from weak-
to strong-scattering is close to 24RS for the slow-stream and
below 19RS for the fast-stream. (There are measurements
of the scintillation index close to the Sun that show the drop
in m inside the strong scattering regime, but all of these data
have been excluded from the present paper, because in no
case does either the fast- or slow-stream contribute more than
90% of the total scattering.)

4 Discussion and conclusions

The scintillation indices calculated above are relative val-
ues, since in order to obtain an absolute value, it would be
necessary to know the detailed structure of each source at
the observing frequency of 931.5 MHz, and then correct for
the contribution to the overall source temperature from non-
scintillating components. The effect of source structure on
the results is demonstrated by the variation in the overall
level of scintillation in the results from different individual
sources.

Nevertheless, the variation of the scintillation index with
distance from the Sun is clearly seen. It was expected that
a peak in the scintillation index would be visible, indicating
the transition between strong- and weak-scattering regimes.
However, with few totally reliable measurements available
within 30RS , a decrease in the scintillation index within the
strong-scattering regime is not seen in any of the data where
one stream is more than 90% dominant. The only hint visible
is a flattening of the scintillation index curve in the measure-



1288 R. A. Fallows et al.: EISCAT measurements of scintillation levels

ments of 0842 + 185 (Fig. 4f) for the slow-stream and 1008
+ 075 (Fig. 4g) for the fast-stream. However, measurements
close to the Sun, where the slow-stream is dominant – but not
90% dominant – do suggest a sharp reduction in the scintil-
lation index inside 20RS .

Beyond 30RS , within the weak-scattering regime for ob-
servations at this frequency, the scintillation index decreases
with distance from the Sun as a simple power law. The
weighted mean exponent of this power law is found to be
1.64± 0.04. Comparison of this value with that previously
published by other authors (e.g. Bourgois, 1969; Armstrong
and Coles, 1978; Coles et al., 1995; Asai et al., 1998) shows
a good agreement (Table 2).

These values are close to the index expected from sim-
ple theory. Within the weak scattering regime, the contri-
butions to the overall variation in intensity (δI ) from differ-
ent parts of the line-of-sight are independent. Therefore, the
variance of these contributions (δI2) adds. Hence, assuming
that δI ∝ δNe (the rms variation in the density)∝ R−2, it
follows that δI2

∝ R−4. However, the path length of the
line-of-sight is proportional toR. Therefore, the path inte-
gral of δI2 is proportional toR−3, and the rms variation in
the measured intensity of the source∝ R−1.5 (Coles et al.,
1995). The average index in the measured power law is,
therefore, slightly greater than predicted by this simple the-
ory, indicating that the rms variation in the density follows
a slightly steeper power law than an inverse square. This is
indeed to be expected. If solar wind velocity increases asRα,
then in a steady state the electron density actually falls with
distance asR−(2+α). The scintillation index should, there-
fore, be proportional toR−(1.5+α) andb = (1.5+ α). Model
results of the fast solar wind from Allen et al. (2000) indi-
cate that 0.05 < α < 0.1 over the distance range 30–100RS .
A similar model for the slow-stream (Chen and Hu, 2001)
indicates thatα ∼ 0.1.

However, in individual cases, the power laws varied from
R−1.38 to R−2.08. Similar variations of the power law from
source to source were also seen by Manoharan (1993), using
observations over a distance range of 80RS to 200RS . The
sources 1008 + 075 and 1229 + 020 formed part of this au-
thor’s study and the exponents he published are in agreement
with those presented here for the same sources, within the
bounds of error.

A difference between the levels of scintillation due to fast-
and slow-streams across the line-of-sight is evident in the
limited data available. The main example is seen in the obser-
vations of 0432 + 416. Here, the relative scintillation indices
when the line-of-sight is entirely within the slow-stream are
found to be 2.2 times greater than when it is within the fast
stream. When measurements from different sources are com-
bined (Fig 5), the ratio of the slow-stream scintillation index
to that of the fast-stream is 2.3 over the distance range 30 to
90RS .

Measurements of the same source which feature both dom-
inant fast-streams and dominant slow-streams are naturally
limited. For a dominant fast-stream to be measured, the
source needs to have a high heliographic latitude and to be

measured at solar minimum (when slow flow in the ends of
the line-of-sight is minimised); whereas for a dominant slow-
stream to be measured, it needs to be at low latitude or to be
measured at solar maximum. These limitations, combined
with data quality controls, are the reasons for the limited
number of dominant fast-stream data. However, despite these
limitations, the difference seen is in good agreement with
previous studies outside of the acceleration region (Manoha-
ran, 1993; Asai et al., 1998).
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