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Abstract. The antennas of EISCAT have been used for in-more than 10® since 1982 Bourgois et al.1985 and on
terplanetary scintillation (IPS) studies of the solar wind for a regular basis since 1990. Simultaneous observations using
many years. The main science found from these studies igll three of the EISCAT antennas allow a cross-correlation
obtained through the cross-correlation of signals from an-analysis Coles 1996 Canals et a].2002 to be used to de-
tennas having the longest baseline, providing more accurateermine the solar wind speed(s) across the line of sight.
information on the different solar wind streams which may A comprehensive upgrade was carried out to the receivers
be present in the line of sight. The development of dual-at all mainland EISCAT sites in 2001. This upgrade has
frequency IPS observations between the 1.4 GHz receivergnproved the reliability of the receivers and improved the
at the remote sites and Tromsg, has allowed the use of thgquality of data returned from ionospheric soundings. How-
EISCAT Svalbard Radar for IPS, increasing the availableever the sensitivity of IPS measurements has substantially de-
baselines to the extent that three solar wind streams canreased since this upgrade.
sometimes be identified in the cross-correlation functions. There has also been a steady encroachment from mobile
A weak-scattering model incorporating three possible solartelephone networks into the frequency bands used by EIS-
wind streams and dual observing frequencies is discusse@AT. Hence, in 2002, EISCAT was upgraded to allow mea-
and some results presented. A recent study found that theurements within the protected astronomy frequency band of
current sampling bandwidth limits the sensitivity of IPS ob- 1.4 GHz at two sitesWannberg et al.2002. The compli-
servations at EISCAT. Methods of increasing the sensitivity,cation of a transmitting system has meant that the remaining
and the results of trials, are discussed. antenna, at Tromsg, has yet to be upgraded and still uses the
original observing frequency of 928 MHz. Whilst it is possi-
ble to obtain a reliable estimate of the mean solar wind ve-
locity in the line of sight from a single-site IPS observation
(Manoharan and Ananthakrishnat®90, cross-correlation
over a long baseline provides a more accurate estimate of
1 Introduction solar wind velocities even when more than one stream is
o ) _ . present. Hence the ability to cross-correlate different observ-

Interpl_anetary scmtlllatlor_w (IPS) arises from the d|ffract|or_1 ing frequencies assumes some importance in maintaining IPS
of radio waves from a distant, compact source by density,pqerations with all of the baselines available at EISCAT.
variations within the solar wind. Measurement; of IPS haveAn added advantage of this ability is the use of the EISCAT
been used for many years to probe the solar wind throughoug, 1narq Radar (ESR) for IPS observatioRallows et al,
the inner heliosphere (e.glewish et al. 1964 Coles 1978 5q0q further increasing the length of baseline available and
Manoharan and Ananthakrishndi®9Q Breen et al.1996h with it the accuracy with which solar wind speed and direc-
Canals et a.2002). tion may be determinedfeen et al.2006.

The three antennas of the European Incoherent SCATter In this paper, the probable causes of the decreased sensi-
radar (EISCAT) have been used to probe the solar wind at alliry, of |PS measurements are discussed and some recent
heliographic latitudes over distances ranging fromR15to results from dual-frequency observations presented.
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2 Interplanetary scintillation — some background the-  elongated in a particular direction, or several discrete Gaus-
ory sian sources may occupy the antenna beam with similar ef-
fects. The angular extent of the radio source when projected
Density fluctuations in the solar wind, which are assumed toalong the direction of solar wind flow is then the dominant
be of turbulent origin, cause phase variations to be introducedactor.
in the radio signal from a distant source. If the rms phase
difference over transverse scales equal to the Fresnel scale

Ry=,/% are small &1 radian), then the level of scattering 3 Sensitivity of IPS measurements

Is said to be "weak” and diffraction can be modeled with the The decrease in sensitivity of IPS measurements using EIS-

Born approximation as a linear summation of the effects of . . . .
a series of “thin screens” along the line of sight between thegéar‘-\r/;,zoais:r:glézt;tfﬁebgatrzi g;;ecet g??]gasr(')slgr Cofc'i\évc()a%tg o
source and receiver. The resulting intensity fluctuations have 9 Y

most of their energy at scales nelaf. SinceR, changes showing broadly similar solar wind streams). Such a com-
with distancez, the line of sight integration spreads the en- parison is made in Fidl giving the power spectra and cor-

. . . relation functions from two observations of the radio source
ergy over a range of scales. Higher observing frequenuesJ0738+177 one taken on 13 July 1995 and the other on 13
sensitive to smaller density scales, which are weaker, mayuly 2006 L,Jsing the same pair of antennas

be used to maintain observations within a weak scatterin . . ) .
It is evident from this comparison that the power spectra

regime as the mean solar wind density increases closer to the ) . .
Sl?n y from the 1995 observation are far more clearly defined in

The IPS temporal power spectrum under weak scatterin shape than the 2006 observation, and that the power levels

conditions can be expressed by the following equation: (Fo%xceed the white noise level far more in the 1995 observa-

further details, the reader is referred to, &gott et al. 1983 t|_on. The ratio in 'Fhe power spectral density between the_IPS
. signal and the noise baseline can be shown to be proportional
and references therein).

to Brr (Tsourcd Tsysten)z (e.g.Fallows et al. 2002 based on
0 o 00 2 W.A.Coles, private communication). The comparison clearly
. gz
/ sir? ( )
—00

P(f)= SmfAZ/ shows that this factor decreased substantially from 20dB in

0 vp) add 1995 to less than 10 dB in 2006.
IV (g, z, 80(A)? Py(q)dgydz (1) The possible causes of this change were investigated in
summer 2006 by W. A. Coles (University of California, San
g2 -3 2 Diego) and M. Kojima (Solar-Terrestrial Environment Lab-
Py(q) =C (qf + —y2> exp— (1> R™* 2 oratory, Nagoya University). Their findings are summarised
AR qi in the next few sub-sections.

where: r, is the classical electron radiug;is the observ- 31
ing wavelengthC is a constant of proportionality;,, is the '

component of solar wind velocity perpendicular to the line the proplem of increasing interference from GSM base sta-
of sight; ¢ is the 2-dimensional spatial wavenumber (density {ions has been known for some years. As the usual oper-
variations are assumed to be anisotropic with the anisotrop)étmg frequency of EISCAT (around 930 MHz) is not — and
defined by an axial ratiof R); ¢ is the distance from Earth to - ¢qjq not be due to transmission operations — in a protected
the scattering screem(q. z. fo(4)) is the visibility function  requency band, the bandwidth available has been steadily
of a radio source of sizé(1). Sinz(%) is the Fresnel filter  encroached upon. In order to try and reduce the effects of
which acts as a high-pass filter attenuating wavenumbers behis the central observing frequency has been moved several
low the Fresnel frequency,s= /i_z_ exp(—(%)z describes times from _the_ original 933.5MHz and now lies at 928 MHz
the dissipation and attenuates the scintillation power spect©’ the main ion line receiver. However it has also been
necessary for the bandwidth to be reduced from the origi-

trum at wavenumbers higher than | duced . ith the fi
The radio source structure is an important factor in Ipshd 30 MHz (reduced to 15MHz in c1988 with the first ana-

measurements. For a radio source with a Gaussian brightneé gue GSM operations in the 900 MHz waveband) to just un-

distributi 9)— —02\\ th isibili b er 8 MHz in the case of Tromsg and Kiruna and 1.5 MHz
istribution (B( )_exp(gg)), the source visibility can be ., yho 456 of Sodankyl(where the GSM problem is much

expressed as exp(gz6p)?) (e.g.Yamauchi et al.1996. It more severe). This restriction on available bandwidth helped
then acts as a low-pass filter attenuating wavenumbers abovygrompt the move to 1420 MHz IPS operations at the remote
q5=%. Thus the effect of source size in the IPS power sites; Tromsg has yet to have such an upgrade due to the
spectrum is similar to that of the inner scale. This simple complication of the transmitting system.

Gaussian model of source structure is not necessarily valid In their observations of summer 2006, Coles and Kojima
in many cases. Radio sources may have a structure which iattempted to mitigate the effects of GSM interference by

Interference and bandwidth limitations
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recording samples every 10@ instead of the more usual EISCAT IPS 950713 ot 60100 UT Source = 0738+177
10ms. They then reduced the sampling interval to 10 ms
by smoothing and decimating with a median smoother rather
than a mean. This was successful at eliminating most of the *[
brief, high amplitude, pulses of GSM interference. However

a median filter is less statistically efficient than a mean fil-

ter, increasing the rms by approximately 15%, but is a bet- _
ter proposition than leaving the interference to be averaged®
in the usual way. This approach was less successful at Sos

dankyB where the interference was such that the brief pulses W\/V\/JJ

overlap into a more continuous stream, thus providing fur- o} 1
ther evidence (above the extra restriction on bandwidth) that

IPS operations are only realistic with the 1420MHz system

on this antenna.

The receiver upgrade carried out in 2001 has also reduced oo 01
the recordable bandwidth. Prior to the upgrade, the full band-
width of 15 MHz was recordable. However the Digital Signal ‘ ‘
Processor (DSP) installed during the upgrade is limited by a Dist = 17.4 sol rad, Lot = -50.1 deg. Long = 1368 deg
(theoretical) data transfer rate of around 20 Mbps. Whilst this
is more than adequate for most EISCAT operations, it places
a severe constraint on the recordable bandwidth for the much [
higher sampling rate used for IPS measurements. At present
data are measured by three 16-bit channels (from a total oEs|
six), each covering 1.67 MHz of bandwidth. This takes the &
data transfer rate very close to its theoretical limit and only *
provides a 5.4 MHz bandwidth, a reduction by a factor of
three compared to the old system.

T T
Dist = 17.8 sol rad, Lat = —57.5 deg, Long = 248.9 deg
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3.2 System noise temperature

Cryogenic cooling of the preamplifiers at the remote sites T emercn b
was removed during the system upgrade of 2001, resulting

in an increased system temperature at these sites. Coles and L p wa of IPS s of the radi
Kojima reported that the system temperature had risen to ap-'J: - ~OWer spectra o measurements ot Ine raio source
proximately 45K from 30K prior to the upgrade. Since the J0738+177 taken on 13 Jul) 1995 and(b) 2006. In each case

IPS ity iS | | " | to th fth the top spectrum is of data taken by the Kiruna site and the bot-
Sensiivity 1S Inversely proportional to th€ square ot €, ,, spectrum is of data taken at SodaidkyThe horizontal dotted

system temperature, the lack of cooling has further reducediny gashed lines represent the level of background white noise for

the sensitivity by a factor of two. each spectrum. The power is given in decibels and the frequency
displayed logarithmically.

3.3 The 1420 MHz system

Observing at 1420 MHz has the principle advantage that itconfirmed by a set of drift scans of the strong radio sources
lies in a long-standing radio band protected for astronom-cas-A and Cyg-A made by EISCAT staff.

ical observations of the 21 cm Hydrogen spectral emission A further complication is that the radio sources them-

line. Howev_er, the_ antenna.ls. of EISCAT were not deslgr"adselves may be up to 50% weaker at 1420 MHz compared with
to be at their maximum efficiency at this frequency. Coles

- ; S 930 MHz. The net effect is a further drop in the IPS sensitiv-
and Kojima reported that the ratio of the aperture E>1an'encyity, but the data are not lost due to external interference.
to system temperature drops by a factor of two compared to
that at 930 MHz. They suggested that, due to antenna beams
having a tendency to narrow when the frequency is slightly
increased, the drop may be due to an under-illumination o4 Spring 2007 trials
the dish by the 930 MHz feed when operated at 1420 MHz.
However G. Wannberg (private communication) suggested-ollowing the tests of Coles and Kojima, ways of increasing
that the dish is actually over-illuminated at 1420 MHz, al- the bandwidth available for IPS with the current EISCAT sys-

lowing extra ground noise into the receiver. This has beentem were investigated in spring 2007. These investigations

www.ann-geophys.net/26/2229/2008/ Ann. Geophys., 26, 22235-2008
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EISCAT IPS 1070507 at 153000 UT Source = 0318+164 .
o Ye—u P-Jonnt
: Di;( = 20.0 sol rad, Lat = ‘725.9 deg, Long = 149.‘2 deg Radio Earth
Source
o FAST
SLOW SLOW
ts
Sun
Fig. 3. A diagram illustrating the IPS line of sight as viewed from
001 o : 10 above. The point of closest approach of the line of sight to the Sun is
FREQUENCY (Hz) indicated as the P-point. Example locations of fast and slow streams
are given.

Fig. 2. Auto-power spectra of Tromsg data from an observation of
the radio source J0318+164 taken on 5 May 2007. The plot with
raised power levels in relation to the other includes data from an Figure 2 shows the auto- power spectra of Tromsg data
additional three channel boards in the VHF DSP. The horizontalfrom an observation of J0318+164 taken on 5 May 2007; one

dotted and dashed lines mark the background noise level for eacplot includes data from the additional three channel boards of
spectrum. The power is given in decibels but is arbitrary in level; the VHF DSP, the other does not. The difference between the
the frequency is displayed logarithmically. two Tromsg spectra is readily apparent with the power levels
from data including the additional three channel boards in-
met with a little success but did not result in a dramatic in- creased above the background white noise by approximately
crease in the sensitivity. 5dB.
All three sites have two signal receivers installed: at
Tromsg the second receiver is used for plasma line mea-
surements at a central frequency of 924 MHz; at the remoté& A three-stream weak scattering model
sites two polarisation channels (horizontal and vertical) are
installed and the secondary receivers are used for the secordl diagram showing the IPS line of sight relative to the Sun
polarisation. This means that the nominal 8 MHz of potentialis given in Fig.3. When the line of sight is mapped back
bandwidth available can be expanded or a second orthogonallong the solar wind streamline to the solar corona (usu-
polarisation used to provide extra independent information. ally to a distance of 2.Rg), the central portion will lie at
However, the principle issue is the limitation on data trans-higher solar latitudes than the tails and may be immersed
fer in the DSP. At Tromsg a second, identical DSP is used foiin fast solar wind flow; the tails usually remain above the
measurements taken using the VHF receiver. It is a straightcoronal streamer belt and so lie in slow flow. Overlaying the
forward matter to pipe the output from the second UHF re-back-projected line of sight onto a Carrington map of coro-
ceiver to this DSP, provided the VHF antenna is not in use.nal white light (usually taken from SoHO LASCO corona-
This immediately doubles the 5.4 MHz recordable bandwidthgraph data) allows the portions of the line of sightimmersed
to 10.8 MHz. in fast or slow flow to be identified reasonably accurately un-
There is no second DSP at the remote sites. However irfler straightforward solar minimum conditiorGdles 1996).
conjunction with the installation of a dual polarisation sys- A weak scattering interplanetary scintillation model allow-
tem a total of eight 8-bit channel boards were built so thating for the presence of two solar wind streams in the line of
four of these could be used at each site as opposed to onlgight has been used for the last decade to analyse EISCAT
three of the 16-bit boards. Six slots are available for channelPS observationsQoles 1996 Klinglesmith, 1997 Canals
boards in the DSP, but it is not possible to mix 8- and 16-bitet al, 2002. The current analysis routines perform all fit-
boards in the same system. Hence it was decided to try anting to the auto- and cross- power spectra, with the resulting
use six 8-bit channel boards at Sodarikyleaving Kiruna  correlation functions displayed for a more convenient visual-
with only the three 16-bit boards. The six 8-bit boards op- isation.
erated well at Sodankg| thus doubling the available infor- In the analysis routines, the parameterand the inner
mation here. A trial was also carried out to see if four 16-bit scale are adjusted to describe the spectrum of density vari-
boards could be used: Surprisingly, this was successful aations. Previous studies (e.gamauchi et al. 1996 have
Sodankya but did not work at Kiruna. found o to vary between 2 and 4 and the inner scale in
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Fig. 4. Diagram demonstrating the geometry of the new model in- i i .

cluding two fast streams. The line of sight is displayed as though itF19: - Auto- (top line) and cross-correlation functions for the
were mapped back down to the corona, with the corona displayed ifF | SCAT-MERLIN observation of J0319+415 (3C84) after 14:10UT
the form of a Carrington map. Hence the horizontal axis represent9” 14 May 2005. The peaks associated with the perturbed back-
heliographic longitude and the vertical axis represents heliographi@"und solar wind flow and with the CME are marked "Deflected

latitude with the equator across the centre. It should be noted tha@St Wind” and “CME”, respectively. The solid lines are the ob-
each stream may have a variable width, including zero. served functions and the broken lines the weak-scattering model fit.

The parallel and perpendicular baselines (Bpar and Bperp) are given
in km. After Breen et al. (2008).

kilometres to be roughly equal to the distance of the observa-

tion in solar radii, although it is not very well determined.

These boundaries are used as a guide when matching tHéabbal(1997 who noted a step in Ulysses density values,
model to the high-frequency tail of the auto-power spectrum.but, apart from the speed, otherwise had the same stream pa-
Since these parameters also closely match the effect of sourd@meter values as the main fast stream. Figuileistrates
structure and the two effects are difficult to separate, sourcéhe expected line of sight geometry, displayed as though it
structure is not modelled separately in the routines and anyvere back-projected down to the solar corona.

effects are also matched with these parameters. However it has become apparent that some observations

The density variations are assumed to be anisotropic angan only be modelled satisfactorily with full three-stream ca-
normally extended in the direction of the interplanetary mag-pabilities, meaning all solar wind stream related parameters
netic field. The magnetic field direction is assumed to bebeing able to be individually adjusted for each stream and
radial but corrected to include the Parker spiral and may als@ach stream able to be given an additional weighting (al-
be tilted in solar latitude (to include a super-radial expan-though the fast stream, being the least dense, has always had
sion of the magnetic field for example) by an anglevhere  no additional weighting). Particular cases are where a Coro-
YR=Y exp(;—R) describes the decrease of this angle with dis-nal Mass Ejection (CME) or, potentially, where a region of
tance from the Sun for points in the line of sight away from interaction between fast and slow streams is thought to ex-
the point of closest approach to the Sun. Solar wind velocityist in the line of sight. A CME observed on 14 May 2005
is normally assumed to follow the direction of the magnetic has been modelled this way, using a tomographic reconstruc-
field but a parametes§, may be used to describe an angle tion derived from IPS observations taken with the STELab
between the two if this is thought necessary. Both of thesenetwork on 13-16 May 2005 (using the method described in
parameters may be adjusted for each stream. Jackson et a1.1998 andJackson and Hick2005 to con-

The slow stream is given an extra weighting to account forstrain the location of the CME in the line of sight (Breen et
its greater density and hence greater scattering power. FoRl, 2008). The modelled cross-correlation functions for a
lowing the work ofLittle and Ekerg1971), each stream can number of antenna baselines is given in Fgin this case
be modelled as having a mean speed with random velocitfhe model (given the constraints of the tomographic analy-
components in the radiad ¥}, — indicated by a skewed cross- Sis) was able to clearly identify a low, small-time-lag peak
correlation function) and transversél{, — indicated by a  (previously disregarded) with the CME and indicate that the
reduced area under the cross-correlation function) directionsadjacent fast stream appeared to be deviated from the radial

Observations indicating the presence of two discrete fasflirection by approximately 15
streams in addition to a slow stream in the line of sight The three-stream model is very flexible but has a large
prompted the model to be extended to allow for the seconchumber of free parameters. It should be noted that the stream
fast streamBisi et al, 2007). This stream was given a slight parameters are only used if the observation can support
additional weighting of 1.5 following the work aVoo and  them or additional constraints can be put upon them. The

www.ann-geophys.net/26/2229/2008/ Ann. Geophys., 26, 22235-2008
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T T ] to this frequency, dual frequency correlation is necessary in

] order to maintain use of the longest baseline available be-
tween the mainland EISCAT sites. Following successful
dual-frequency trials in 2003, use of the EISCAT Svalbard
Radar for IPS was started in 2004, enabling very long base-
lines (>1000 km) to be used-@allows et al.2006.

Equation () assumes a single observing frequency and so
can only represent the auto-spectrum for each antenna in the
case of dual-frequency observations. A simple modification
is needed for the cross-spectru®@alpeter(1967) is one of
few authors on IPS theory to do this: All thé terms are sep-
arated into single. terms and the cross-spectrum becomes:

o
P(f) = 81%r2r1h2 /
0 vp(Z)
00 2 2
. A . A
/ sm(q 1Z)S|n(q 2Z)
w [ T ] o 47 47
IV(q,z, 801V (g, 2, 60(A2)) | Ppdqydz (3)
“E == = S e _ ’_____—_ — The assumption of weak scatter must be valid for both ob-
-2 -1 ° 1 2 serving frequencies. The cross correlation between differ-

TIME LAG (sec)

ent frequencies drops much more quickly in strong scatter-
ing than is the case for single-frequency cross-correlation, so
Fig. 6. An observation of the radio source J0319+415 taken onthis technique cannot be used as close to the Sun as the sin-
12 May 2004, fitted using a dual-frequency weak scattering modelgle frequency case. By contrast, any radio source is limited
The top panel is a Tromsg (928 MHz) — Kiruna (1420 MHz) corre- in how far from the Sun its scintillation can be measured at
lation; the middle panel is a Tromsg (928 MHz) — ESR (500 MHz) a given frequency by its strength, angular size and structure.
correlation; the bottom panel is a Kiruna (1420MHz) — ESR Therefore radio sources and heliocentric distances have to be

(500 MHz) correlation. The dotted and dashed lines represent thgjicked carefully to ensure that these restrictions are satisfied
data; the solid lines the model fit. The auto-correlation functions¢,, poth observing frequencies

from both antennas and the cross-correlation function are displayed h . isibility ion h |
in each case. The observation is dominated by fast solar wind to The radio source visibility function has also been sepa-

which the model fitted a speed of 775 kmis rated into two terms, each dependent on an observing fre-
guency, to account for differing radio source structures which
may be apparent at each frequency.

cross-correlation peak naturally constrains the solar wind The weak-scattering model currently in use is restricted to
speed;sV, is rarely used but may be necessary for obser-ysing a single observing frequency only, although it has been
vations close to the Sun where Alfven waves become im-found that using an average of the two frequencies in a dual
portant;5V), is only required for short-baseline observations frequency observation seems to give reliable results. A full
where separate streams simply skew the cross-correlatiogual-frequency model based on E8). is under development
function — in longer baselines streams separate into sepeand has now reached the testing stage. Figugives an

ate cross-correlation peaks as the difference in time lag beexample fit using this model to an observation of J0319+415
tween them increaseg; andé can only be used in observa- made on 12 May 2004. It can be seen that the model fits
tions where a number of cross-correlation functions coveringthe correlation functions in all three cases very well, giving a
arange of baselines exist and these indicate that the flow magolar wind speed of 775 knt8.

not be purely radial. The correlation functions given in Fi§.were fitted using
singlex and inner scale model parameters, despite the radio
source structure at each frequency being included in them.
In this case the fits are still good but the final model will
The principle science from EISCAT IPS observations hasseparate these parameters according to observing frequency,
come from the cross-correlation of measurements from veryvith the cross-correlation model using an average of the two,
widely-spaced antennas (eBjsi et al, 2007 Breen et a|.  to allow differing source structures to be accounted for.

2006. As it has become necessary to operate the Sodankyl Tests using the new model are still continuing, but it is
antenna at 1420 MHz, but Tromsg has yet to be converte@xpected to go into full-time use in the near future.

6 Dual-frequency observations
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7 Summary and conclusions sites would also reduce the noise floor, to the benefit of the
whole EISCAT user community.

Coles and Kojima carried out a comprehensive investigation ) _

into the loss of sensitivity of the EISCAT system for IPS, ap- AcknowledgementSNe__wouId l'ke_ o extend partucglar_tha_nks to
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