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Abstract. Dual-frequency Doppler measurements of the
Ulysses downlink carrier signals were recorded during the
spacecraft’s 1995 solar conjunction. In this paper we present
power spectra derived from phase fluctuations of the radio signals passing through the corona for different solar latitudes. It is
possible to (a) distinguish clearly between spectra for which the
ray paths were entirely embedded in a coronal hole or traversed
a coronal streamer for the same solar offset distance of 25 solar
radii and (b) characterize the evolution of the slope of the phase
fluctuation spectra p − 1 as a function of heliolatitude, where
p is the spectral index of the three-dimensional wavenumber
spectrum of the electron density fluctuations. There is an obvious increase from p = 3.2 at high southern latitudes (coronal
hole) toward the Kolmogorov value of p = 11/3 at those heliolatitudes coinciding with the extension of the heliospheric
current sheet. The spectra show a local flattening with break
frequencies at 0.06 Hz and 0.2 Hz for the hole and the streamer
spectra, respectively. The shift from 0.06 Hz to 0.2 Hz is not
gradual, but rather abrupt when the ray path becomes embedded in the streamer. The derived electron density fluctuations
and fractional electron density fluctuations at 25 solar radii are
larger in the coronal streamer than in the coronal hole by factors
of ∼20 and ∼5, respectively.

radio sources (“Interplanetary Scintillations”: IPS; Kojima &
Kakinuma 1987; Rickett & Coles 1991) or spacecraft radio signals. Phase scintillations of coherent monochromatic spacecraft
radio signals are sensitive to a combination of electron density
and solar wind velocity fluctuations (Woo 1975).
The Ulysses Solar Corona Experiment (SCE) sounded the
solar corona during the spacecraft’s superior solar conjunctions
in summer 1991 and early 1995 using two coherent downlink
frequencies at S-band (2.3 GHz) and X-band (8.4 GHz). The scientific objectives of SCE are the determination of the electron
density profile as a function of heliocentric distance and latitude, measurements of solar wind velocity in its acceleration
regime and investigation of coronal plasma turbulence (Bird et
al. 1992). Results on the electron density distribution in the solar
corona were published in Bird et al. (1994), Pätzold et al. (1995)
and Bird et al. (1996, this issue). First estimates of the solar
wind acceleration in coronal holes and streamers can be found
in Pätzold et al. (1996). In this paper we present power spectra
derived from phase fluctuations observed in coronal holes and
streamers during the 1995 solar conjunction. Analysis of the
phase fluctuations during the 1991 conjunction will follow in a
subsequent paper.

Key words: Sun: corona – solar wind – occultation

2. Ulysses solar conjunctions

1. Introduction
Observations of natural or spacecraft radio signals during solar
occultations can provide important insights in the study of the
solar corona over a wide range of distances including regions
which can presently not be investigated in situ. Angular broadening and intensity scintillations have been used to study the
fluctuations of electron density and the solar wind velocity as
a function of heliocentric distance using galactic/extragalactic
Send offprint requests to: Martin Pätzold

Fig. 1 presents the geometry of the Ulysses solar conjunction in
early 1995, as viewed from Earth in the plane of the sky. The first
Ulysses conjunction (C1 ) occurred during the in-ecliptic phase
of the mission on 21 August 1991. At this time the Ulysses ray
path moved roughly radially from east limb to west limb, passing
over the North pole of the Sun at an apparent solar offset distance
(proximate solar point of the radio ray path) of R = 4.3 R (solar radii). Contrasting with the common conjunction geometry
of 1991, the apparent position of the spacecraft cut through the
southwest quadrant of the solar corona from the South Pole to
the solar equator in February-March 1995. This unique constellation was a consequence of the spacecraft’s high inclination to
the ecliptic plane. Radio-sounding observations were conducted

450

M. Pätzold et al.: Phase scintillation spectra

Fig. 1. Ulysses conjunction geometry in 1995. The dots indicate the
apparent position of the spacecraft with respect to the Sun at 0 UT for
each 1995 day-of-year (DOY) during the conjunction. Also included
are measurements of the total electron content as a polar plot with
the radial scale given along the south polar axis in units of hexems
(1016 electron m−2 ). Data recorded on DOY 58 and DOY 69, when the
radio ray path was embedded in a coronal hole and a coronal streamer,
respectively, are discussed in this paper.

over all southern heliographic latitudes at an approximately constant proximate distance of R ≈ 0.1 AU.
3. Phase fluctuation spectra
Dual-frequency Doppler measurements of coherent downlinks
at S-band and X-band were used to compute the differential
Doppler
3
· fX (t) + δfspin
(1)
11
where fS and fX are the received frequencies at S-band and Xband, respectively, and δfspin is a differential spacecraft spin
contribution, a constant bias which is subtracted out in the processing.
The observations were performed in two-way mode, both
downlinks being driven by a common S-band uplink signal. The
ratio of the transponded downlink signals was fX /fS = 11/3.
The nominal sampling rate of the Doppler measurements was
one sample per second.
Integration of the differential Doppler over time yields the
differential phase, a quantity which is directly proportional to
the change in electron content δNT from the beginning of the
measurement


Z
1
40.31
1
· fS · 2 − 2 · δNT
(2)
δΦ = δf dt =
c
fS
fX
δf (t) = fS (t) −

where c is the speed of light and
Z s
δN ds0
δNT =
0

(3)
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Fig. 3. a Differential phase, expressed in
hexems, showing the change in electron content for the same tracking pass as shown
in Fig. 2a–c. This is normalized to the total electron content as determined from the
dual-frequency ranging data, shown as diamonds (Bird et al. 1996). b Differential
phase residuals with subtracted baseline and
trend in radians.

edge of a coronal hole (Pätzold et al. 1995). The ranging and
Doppler data are in good qualitative agreement. The typical accuracy of the ranging points is ±50 hexems while that of the
differential Doppler measurement is of the order of ±0.1 hexem
(Bird et al. 1992). Subtracting the trend from the Doppler data
in Fig. 3a yields the profile shown in Fig. 3b, now presented as
differential phase in radians.
The power spectra were actually computed in the following manner. First the differential phase data are prewhitened by
computing
δfi+1 =

Φi+1 − Φi
ti+1 − ti

(5)

The differential Doppler data from Eq. (5), shown in Fig. 2a–cc,
were spectral analysed using a standard FFT routine including a
Parzen window and a block length of 4096 samples. The data interval represented in each spectrum is thus 4096 seconds and the
spectral range extends from the lowest frequency at 2.4·10−4 Hz

to the Nyquist frequency at 0.5 Hz. The phase power spectrum is
then obtained by dividing the frequency power spectrum by ν 2 .
The phase power spectrum calculated from the data of Figs. 2-3
is shown in Fig. 3 together with an a spectrum calculated from
Doppler data obtained when Ulysses was at solar opposition
(DOY 60, 1992). At solar opposition the contributions from the
interplanetary medium are minimized and this spectrum represents a kind of calibration spectrum. Armstrong et al. (1979)
observed Viking radio wave phase scintillation at various elongation angles ranging from 1◦ (solar conjunction) to 175◦ (solar
opposition). The opposition spectrum shown in Fig. 3 is similar
to the spectra published by Armstrong et al. (1979). The spectral power as a function of elongation decreases rapidly and
approaches the level of a white noise spectrum for frequencies
ν > 10−2 Hz.
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Fig. 4. Power spectrum (upper curve)
calculated from the differential phase
fluctuations
shown in Fig. 3b. The straight solid
line represents a single power law fit
with slope −2.7 in the frequency range
10−3 Hz ≤ ν ≤ 5 · 10−2 Hz. The lower
curve is a spectrum calculated from
Doppler data obtained when Ulysses
was at solar opposition. The contribution from the interplanetary medium
is minimized at solar opposition. The
slope for frequencies ν < 10−2 Hz is
also −2.7. The power of the opposition
spectrum is a white noise spectrum for
frequencies ν > 10−2 Hz. The vertical
bar denotes the 95% confidence level.

The three-dimensional electron density spectrum ist often
described as a single power law
ΦN e (q) ∼ q −p

(6)

over the wavenumber range 2 · 10−6 km−1 ≤ q ≤ 0.1 km−1 ,
where q = 2π · ν/v is the wavenumber, ν is the fluctuation
frequency and v is the solar wind speed. Employing the Rytov approximation, Woo (1975) and Woo et al. (1976a, 1976b)
obtained the two-way differential phase fluctuation spectrum
WΦd (ν) which should follow a single power law
2

2πfS 8π 3 a1 R
WΦd (ν) = (0.857)(0.033)c2no
·
c
v

1−p
2πν
Γ((p − 1)/2)
(7)
v
Γ(p/2)
with slope 1 − p, where p is the spectral index of the threedimensional wavenumber spectrum of electron density fluctuations, a1 = 0.85 (Woo 1975), fS is the S-band carrier frequency,
R is the closest approach distance of the ray path to the Sun,
cno is the structure constant which indicates the strength of turbulence, v is the solar wind velocity transverse to the ray path
at the proximate point to the Sun, ν is the fluctuation frequency
and Γ is the Gamma Function.
The phase fluctuation spectrum shown in Fig. 3 represents
a typical spectrum with slope p − 1 ' 2.7, indicating that the
spectral index of the 3-D spatial spectrum of electron density inhomogenieties p ' 3.7. The dashed line is a single power law fit
to the data in the frequency range 10−3 Hz ≤ ν ≤ 5 · 10−2 Hz.
Assuming a solar wind velocity of 350 km s−1 , this corresponds
to a spatial wavenumber range of 1.8 · 10−5 km−1 ≤ q ≤
9 · 10−4 km−1 . Similar spectra have been derived from observational data of different spacecraft during solar conjunction

Fig. 5. Projections of the radio ray paths on DOY 58 and DOY 69 from
Ulysses (position at star) to Earth (⊕) onto the Source Surface Map.
The thick solid line marked HCS is the heliospheric current sheet as determined from observations at the Wilcox Solar Observatory (courtesy
J.T. Hoeksema, Stanford University)

(Mariner 10, Viking, Pioneer 10 and 11), reported by Woo et
al. (1976a, 1976b), Woo & Armstrong (1979) and Tyler et al.
(1981).
The Ulysses data from the 1995 conjunction enable one to
(a) distinguish clearly between spectra for which the ray paths at
the same solar offset distance were entirely embedded in a coronal hole or traversed a coronal streamer, and (b) characterize the
evolution of the spectral index p as a function of heliolatitude.
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Fig. 6. Phase fluctuation spectra derived from observations on DOY 58
and DOY 69 when the radio ray paths
passed mostly through a coronal hole
and mostly through the heliospheric
current sheet, respectively. It is evident that the spectral index p − 1 is
significantly smaller and that there is
less power contained in the coronal
hole spectrum. The two data sets were
recorded at almost the same heliocentric solar offset distance of 25 R .

4. Ulysses phase spectra during the 1995 conjunction
As mentioned previously (Fig. 1) the Ulysses radio ray path
sampled all heliographic latitudes at ca. 0.1 AU during the 1995
conjunction. It was determined (Pätzold et al. 1995) that the
ray paths on the 1995 days of year (DOY) 54 to at least 64
were entirely embedded in the southern coronal hole. Examples of two ray path projections onto the source surface map of
the radial coronal magnetic field are shown in Fig. 5. Whereas
the projected ray path on DOY 58 was embedded within the
south polar coronal hole, the ray path on DOY 69 ran basically
parallel to and within the heliospheric currect sheet (HCS), the
interplanetary extension of a coronal streamer (see also Fig. 1).
Fig. 3 shows a comparison of the two spectra, one obtained
in the southern coronal hole on DOY 58 and the other in a
streamer on DOY 69 at essentially the same heliocentric distance
of 25 R , but different heliographic latitude. It is striking that
the spectral index of the streamer sprectrum is steeper (p −
1)streamer = 2.7 than that of the coronal hole (p − 1)hole = 2.2.
There is also a significant difference in the power level of the
two spectra, which increases towards smaller ν.
Fig. 7 (upper panel) shows the spectral index (p − 1) over
the range of fluctuation frequencies from 10−3 Hz ≤ ν ≤
5 · 10−2 Hz, computed for all tracking passes during the 1995
conjunction as a function of heliographic latitude. There is
an obvious increase in (p − 1) toward the Kolmogorov value
(11/3 − 1) at those heliographic latitudes coinciding with the
extension of the HCS.
Another striking feature of the spectra in Fig. 3 is their flattening above a break frequency at 0.2 Hz and 0.06 Hz for the
streamer and the hole spectrum, respectively. The spectra of
all Doppler tracking passes taken in the coronal hole and the
spectra taken in the region of the HCS seem to flatten at these

Fig. 7. Spectral parameters as a function of the heliographic latitude of
the solar offset point. Upper panel: spectral index p − 1; lower panel:
spectral break frequency.

frequencies. There is no gradual increase from 0.06 Hz toward
0.2 Hz, but rather a more abrupt shift (Fig. 7 lower panel), in
contrast to the more or less continuous transition in spectral index shown in Fig. 7 (upper panel). It seems that this behaviour
is connected to the vicinity of the HCS and thus with the solar
wind speed. The spectra do not flatten into a white spectrum as
might be expected if running into a noise floor. The slope of the
flattened part of the spectrum was determined to be -1.5 and -0.7
for the streamer and the hole, respectively. A similar flattening
was not observed in the spectrum shown by Woo et al. (1976b)
because the Nyquist frequency of the Mariner 10 spectra (0.05
Hz) was below the break frequency.
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Woo and Armstrong (1979), in their analysis of the extensive
Viking radio scattering data set, found that the spectral index
varies with heliocentric distance, being less than (11/3 − 1)
for distances R < 20 R and Kolmogorov for larger distances.
The 1995 Ulysses spectral index data in Fig. 7 are in agreement
with the Viking data for the coronal streamer at 25 R , but
show distinctly smaller spectral indices for the coronal hole at
25 R . Woo and Armstrong (1979) did also not distinguish
between holes and streamers and assumed a generally constant
solar wind velocity.
Marsch and Tu (1990), in an extensive analysis of Helios
plasma measurements in the distance range 0.3–1.0 AU, determined spectral indicies of electron density spectra for both
slow and fast solar wind. They found a significant flattening
for the fast solar wind in the frequency range 5 · 10−4 Hz ≤
ν ≤ 2 · 10−3 Hz, applicable to the Ulysses observations reported here. Their results imply a 3D spectral index of p ' 3.5
for slow wind (v ' 300 km s−1 ) and p ' 2.5 for fast wind
(v ' 700 km s−1 ).

Woo et al. (1976) have shown and Woo & Armstrong (1979)
have used the fact that if the three-dimensional wavenumber
spectrum Φne of the electron density fluctuations has a power
law dependence with spectral index p, then the one-dimensional
frequency spectrum of electron density fluctuations Vne has a
power law dependence with spectral index p − 2. The spectrum
Vne is observed in situ by solar wind analysers on spacecraft.
For R < 100R , Vne is related to WΦd (Woo & Armstrong
1979) by

2
Γ( p2 )
ν
1
2πfS
(8)
Vne (ν) = 4.39 · 10 · WΦd (ν)
v·R
c
p − 2 Γ( p−1
2 )
27

The ratio of the power level at a given fluctuation frequency ν
in a coronal streamer to that in a coronal hole is thus
WΦd,streamer
vhole
Vne,streamer (ν)
=
·
·
Vne,hole (ν)
WΦd,hole
vstreamer
phole − 2
·
pstreamer − 2
−1
Γ( phole
)
2
phole
pstreamer −1
Γ(
) Γ( 2 )
2

Γ( pstreamer
)
2

5. Discussion
Evidently, it is inadequate to describe the density spectrum
by a pure power law as done by Armstrong and Woo (1979).
Coles and Harmon (1989) found that the density spectrum near
the Sun is well represented by a three-component model: (i) a
Kolmogorov-like spectrum in the scale range 106 −103 km with
wavenumbers 6.3 · 10−6 km−1 ≤ q ≤ 6.3 · 10−3 km−1 , corresponding to the frequency range 2 · 10−4 Hz ≤ ν ≤ 0.2 Hz for
the slow wind (v = 200 km s−1 ) and 7 · 10−4 Hz ≤ ν ≤ 0.7 Hz
for the fast wind (v = 700 km s−1 ); (ii) a flattening at scales between 1000 km and the inner scale of ≈ 10-100 km, and (iii) a
final steepened part at high frequencies, attributed to dissipation
at scales near 10 km (20 Hz and 70 Hz for the slow and the fast
wind, respectively).
Manoharan et al. (1994) found a dependence of the density spectrum on the solar wind speed at frequencies above 1
Hz. Steeper spectra were found for the higher velocities, i.e.
exactly opposite to the trend found in the Ulysses data at lower
frequencies. It is possible that the power at high frequencies
is affected by dissipation near the inner scale, however, leading to an apparent steeper spectrum for the fast wind. Coles
and Harmon (1989) found a Kolomogorov-like spectrum at
frequencies below 10−4 Hz, a flattened region at frequencies
≈ 10−3 − 10−1 Hz, and a much steeper spectrum at higher
frequencies.
The Ulysses data presented here are applicable to the frequency range 2.4·10−4 Hz ≤ ν ≤ 0.5 Hz or scales 7·105 km ≥
s ≥ 400 km for the slow wind and 2.6 · 106 km ≥ s ≥
1, 400 km for the fast wind. They were recorded at a solar distance intermediate to the range valid for the investigations of
Coles and Harmon (1989) at 5–20 R and Manoharan et al.
(1994) at R > 70 R .
Measured and calculated physical quantities based on the
spectra displayed in Fig. 3 are listed in Table 1.

·

(9)

It is assumed that the acceleration of the fast wind is already terminated at 25R (Grall et al. 1995), so that vhole = 700 km/s.
Assuming further that the slow wind is still being accelerated
inside 40 - 70 R (Pätzold et al. 1996), a reasonable range
of velocities is 100 km/s ≤ vstreamer ≤ 350 km/s. Under these assumptions the ratio given by (9) lies in the range
2400 ≥ Vne,streamer /Vne,hole (ν0 = 2.8 · 10−4 Hz) ≥ 700.
Woo et al. (1976b) derived an expression for the rms fluctuation of the electron density σne , which, together with Eq. 7,
may be written as
# 21
p−3
3
Γ(
)Γ(
)
2
2
·
σne (ν0 ) = 0.033 · c2n0 · 2π · Lp−3
0
Γ( p2 )
2

2πfS
5.66 · 1013 ·
(10)
c
# 21
"

p−1
p−3
3
Γ(
)Γ(
)
·
v
2πν
WΦd Lp−3
0
· 0
·
· 2 p−1 2
·
=
0.857 a1 · R
v
Γ( 2 )
"

5.66 · 1013 ·

fS
c

(11)

where L0 = v/(2π · ν0 ) is the maximum scale of turbulence at
the selected minimum fluctuation frequency ν0 = 2.8 · 10−4 Hz
corresponding to the averaging time interval. Using further the
fact that
 
√
π
3
=
Γ
2
2




2
p−1
p−3
=
Γ
Γ
2
p−3
2
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Table 1. Phase scintillations and derived quantities: coronal streamer vs. coronal hole
coronal streamer
coronal hole
observed quantities:
DOY
69
58
solar offset distance R [R ]
25
25
heliolatitude of solar offset point [deg]
-79
-15
WΦd (ν0 = 2.8 · 10−4 ) [rad2 /Hz]
5·107
1.2 · 105
p−1
2.7
2.2
break frequency [Hz]
0.2
0.06
calculated quantities at 25 R :
Vne (ν0 = 2.8 · 10−4 Hz) [cm−6 Hz−1 ]
5.1 · 107 ...1.4 · 107 (a)
2.1 · 104(b)
−3
(a)
σne (R) [cm ]
243...130
7.6(b)
−3
(c)
Ne (R)[cm ]
950
200(c)
σne (R) / Ne (R)[%]
25...13.5(a)
3.8(b)
(a)
−1
assumed slow solar wind velocity range at 25 R : 100–350 km s
(b)
assumed fast solar wind velocity at 25 R : 700 km s−1 (Phillips et al. 1995)
(c)
estimates from measurements of column densities (Bird et al. (1996)

σne reduces to the form
 21
 
√
(2π)2
π
WΦd
fS
2
·
· ν0 ·5.66·1013 ·
(12)
·
=
0.857 v · a1 · R p − 3
c


σne

The ratio of the rms electron density fluctuation in a coronal
streamer to a coronal hole, valid for averaging time intervals of
ca. one hour (ν0 = 2.8 · 104 Hz), is thus given by
1

phole − 3 2
σne,stream
WΦd,stream vhole
=
·
·
σne,hole
WΦd,hole vstream pstream − 3

(13)

Using the range of solar wind speeds mentioned in Table 1 for
the fast and slow wind, the streamer-to-hole ratio from Eq. 13
found to be in the range 32 ≥ σne,streamer /σne,hole (ν0 ) ≥ 17.
2
in the polar streams
Coles et al. (1995) found a deficiency of σne
during the declining phase of the solar cycle in the order of 15
for wavenumbers in the order of 0.01km−1 or 0.3 Hz, corresponding to a ratio σne,streamer /σne,hole ∼ 3.8. The values
inferred in this work are valid for much smaller frequencies or
wavenumbers and reflect the increasing divergence of the two
spectra of the lower frequencies.
Values for Vne (ν0 ) and σne (ν0 ) derived from the hole and
the streamer spectra can be found in the lower part of Table 1.
Vne (ν0 ) is consistent with the electron density fluctuation spectra derived from the Viking data set (Woo & Armstrong 1979)
for the given range of slow solar wind velocities.
The fractional density fluctuation σne (ν0 )/Ne is listed in
Table 1 for different slow solar wind velocities at R = 25 R
and for an already terminated solar wind acceleration in the fast
solar wind stream (Grall et al. 1995) with an asymptotic velocity of 700 km s−1 (Phillips et al. 1995). The electron densities
were taken from the model of Bird et al. (1996) based on Ulysses
electron content measurements. The ratio of the fractional electron density variations in the streamer and the hole is thus in
the range 5.3 ≥ σstreamer Nhole /σhole Nstreamer ≥ 3.5. The

derived fractional electron densities can be compared with Woo
et al. (1995), who obtained ratios of 15% and <3% for streamer
and hole, respectively, valid for fluctuations at periods up to 5
hours. In view of the divergence of the spectra coronal hole vs.
coronal streamer at long periods, it is not surprising that Woo et
al. (1995) derived a somewhat larger difference in the respective
fractional density fluctuations.
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