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Effects of mixed scatter on SuperDARN convection maps
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Abstract. The SuperDARN radars map high-latitude iono- to the velocity data from all available radaRuohoniemi
spheric plasma drift velocities by measuring the Doppler fre-and Baker1998.

quency shift of HF signals scattered by decameter electron There are two major contributors to radar returns: (i) iono-
density irregularities. In many cases the ionospheric returngpheric turbulence producing so-called “ionospheric scatter”
are contaminated by strong scatter from the ground or se@S) and (ii) scatter from the ground or sea surface (surface
surface. In this paper we develop and test a two-componenécatter, SS). The ionospheric component is usually charac-
fitting algorithm to separate ionospheric and surface scatteterised by relatively large values ¥ |~100—1000 m/s and
components. Application of the technique to sample data re4/>100 m/s in contrast toV|, W <30-40 m/s typically for
veals that mixed scatter may considerably distortionospherigs. While “pure” SS is routinely detected and eliminated
convection patterns derived from the radar data and can causgsing empirical thresholds fg¥| and W (G. T. Blanchard
underestimation of the plasma drift velocity. and K. Baker, private communication, for details $amo-

Keywords. lonosphere (Plasma convection) — Magneto- marenko et a).2007), the so-called mixed scatter (MS) re-

spheric physics (Magnetosphere-ionosphere interactions) {Urns containing both types of echoes are not easily iden-
Radio science (lonospheric propagation) tified. Application of the conventional FITACF procedures

in this case leads to incorrect estimatesVof W and other
parameters producing large fitting errohisham and Pin-
. nock (2002 showed that contamination from SS can consid-
1 Introduction erably alter mesoscale features of the fitted convection pat-

tern and developed a technique for eliminating SS and MS
;r;fssol:%irirzlé?l'f;;gzjirz?::;Sﬁéﬁg;ﬁgﬁgﬁ?g;’*;gg;from range-velocity distribution of echoes based on empir-
. . . . ical identification of HF propagation modes. A similar ap-
vection over the polar and auroral regions in both hemi-
spheres Greenwald et a).1995. To achieve the required
ranges P ~3500 km) and Doppler velocitie$| |~2 km/s),
the radars were designed to measure the complex autoco
relation function (ACF) of the returns using a sequence of
non-evenly separated puls&sréenwald et a].1985 Baker
et al, 1995 Ponomarenko and Water2006. In FITACF,
the SuperDARN data processing package, velogitgpec-
tral width W and other characteristics are estimated by fitting
analytical functions to the experimental ACF phdsg) and
power |R(t)| assuming a single spectral component in the
radar echoesBaker et al. 1995 Ponomarenko and Waters
2006. The ionospheric plasma convection maps are obtaine
by fitting a model based on a spherical harmonic expansio

proach was applied byonomarenko et a{2007), who suc-
cessfully removed most MS from the data by applying the
Blanchard-Baker algorithm with extended empirical thresh-
Gids forw and|V|. However, both methods reject potentially
useful MS data, which contain information about ionospheric
returns.

Barthes et al(1998 demonstrated the possibility of re-
solving an arbitrary number of modes in multi-component
SuperDARN ACFs using the multiple signal classification
(MUSIC) method. However, their approach is rather com-
plex and requires extensive additional calculations. In this

ork we develop and test a simple algorithm for identifying
j{jls returns and deconvolving IS and SS components using a
two-component complex fitting function, which can be rela-
Correspondence td?. V. Ponomarenko tively easily incorporated into the existing SuperDARN soft-
(phpp@alinga.newcastle.edu.au) ware.
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Fig. 1. Range-time map of line-of-sight velocity,, from beam 13
of the TIGER radar (Tasmania) at 06:00-08:00 UT, 1 March 2000
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01/03/2000, 07:12:14UT, gate 31, beam 13, f=12.2 MHz, N=78
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Fig. 2. Mixed-scatter ACF power,R(t)| [top], and phasey ()
[bottom]. Experimental data are shown by open diamonds, dashed
lines represent results of FITACF conventional fitting procedure,
and dash-dot lines correspond to two-component fitting as defined

by Eq. ().

locity (top panel) exhibits two distinct components with rel-
atively low (olive green, rang®~1000-1700 km) and high
(orange-yellow,D~1300-2000 km) values df, which ap-
parently overlap at~07:00-07:30 UT.

The middle panel shows results of analytical ray trac-
ing covering the same distance range and based on expres-

estimated using conventional FITACF package (top) and new two-sjons for a parabolic ionospheric layer and spherical geom-
component complex fit (bottom) accompanied by respective analyt-etry (Kelsq, 1964 p. 254—257). The layer parameters were

ical ray-tracing for the same distance range (middle). Light green

and orange shading in the middle panel show areas of potentiall
angles and arrows in the velocity panels correspond to the mixed
scatter ACF presented in Fig.

2 Example of mixed scatter data

To illustrate the effects of mixed scatter, in Figwe show

provided by the IRI modélfor the interval shown in the top

intensive surface and ionospheric scatter, respectively. White rec'?b anel, and we plotted only those rays reflected by the iono-

sphere. The multi-hop HF propagation results in periodic
spatial variations of the wave field strength due to focus-
ing effects. The “bright spots” are located Bt~ Dgkjpxn

on the ground (green shading) amt~ Dgjpx (n—0.5) in

the ionosphere (pink shading), whelgip is the skip zone
distance, ana is hop number. lonospheric and ground re-

gions partially overlap in the range (time delay) domain so

a range-time map oV for beam 13 of the TIGER (Tasma- that some SS and IS echoes may arrive at the receiver at the
nia) SuperDARN radar during 06:00-08:00 UT on 1 March same times producing mixed scatter returns. By comparing
2000. The radar was operating in common mode con-he ray-tracing results with the data from the top panel it is
secutively scanning all 16 beams with the integration timereasonable to assume that most of the low-velocity echoes
~7 s/beam (number of averaged pulse seque¢gsy0) at  from D~1000-1700 km belong to the single-hop SS mode,
the working frequencyp~12.2 MHz. We present data only
with signal-to-noise ratio (SNR}6 dB. The measured ve-

1http://ccmc.gsfc.nasa.gov/modelweb/modelsfmino.php
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while the majority of the high-speed returns frapa~1500— Model: f =11.5MHz, N=78

1800 km may be interpreted as 1.5-hop IS returns. Some sig- ol V= J0 1= 200 ms 3%
natures of 0.5, 2, and 2.5-hop modes can also be seen after |, ‘ ‘
07:15UT.

In Fig. 2 we show an example of mixed scatter ACF power L0

and phase for the time and range identified by the white rect- =

LS A
/
<

angle and arrow in Fidl. Both|R(t)| andW¥(z) exhibit pro- 5 T *\‘\“‘-———--~7,—_'§-_'_-:-§--0~ o o ]
nounced oscillations so that the FITACF single-component é 06F N 0 B et
fit (dashed lines) becomes meaningless producing large ero 0ab Tt h
rors in estimatingV, W and other echo parameters and il- a 1
lustrating the need for a more sophisticated fitting function.  02¢ .
Importantly, this ACF was identified by FITACF as “ground oof ‘ ‘ ‘ ‘ 1
scatter” and would normally be excluded from further analy- 0.00 0.01 0.02 0.03 0.04

Sis. FITACF: V= 8m/s,7=145.1 ms

Tonosph.: V=486 m/s, 7= 17.2 ms, 40%
Surface: V= 7.88 m/s, 60%

3 Separation algorithm

20
Following Barthes et al(1999, we separate different prop-

agation modes in MS by analytically representing a mixed-
scatter ACF as a sum of exponentially decaying harmonic
oscillations but using only two terms describing IS and SS:

10

ACF Phase, deg
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R(‘L’) — Ri(o)e—r/ri+j2nt/7} +R‘y(0)e—r/r5+j2nt/7}’ (1) 0

=)
AARRRRRNRARRARRRES o2 FUAN RN RN RN RN RR RN

-

S

wherer is time lag, R; ;(0), t; s and f; ;=1/T; ; are ACF 20
magnitude, decay time and frequency shift, respectively, in- 0.00 0.01 0.02 0.03 0.04

dicesi ands depict IS and SS, respectively, afe:/—1. Time lag, s

The above parameters relate to SuperDARN velocity and

Spectral width ad/; ;=Af; ;/2 andW; ;=1/(2r7; ), where  Fig. 3. Slmulated example of a “good” ACF (open diamonds) cov-

A is radar Wave|ength an® is measured at the half- -power ering ’\’1 periods of the interference pattern between IS and SS.
level and expressed in m& The dashed line corresponds to the FITACF fit, while the dash-dot

To avoid dealing with 2 phase skips, the new algorithm iné shows the two-component fit.
uses a single procedure to directly fit the model in B¢
a complex ACF.

For actual fitting we used a free IDL package MPFLT
which applies the Levenberg-Marquardt technique to solve
the least-squares problem. Initial values for varying the fit-
ting parameters wereR; (0)=R;(0)=0.5R(0), ;=20ms,
T;=30ms,T;=00 (V;=0). To avoid “swapping” IS and SS
or obtaining two components with essentially the samaad
T, the SS decay time was fixed at a large vale100s. No  Applying different weighting to the above components sim-
other limitations have been imposed on the input or outputy|ates the relative SS/IS contributions and SNR. We used
parameters. the same number of averaged pulse sequences as ig,Fig.

Prior to fitting experimental data, the new technique wasy =78, so that the resulting statistical variations resembled
thoroughly tested against simulated ACFs emulating a sumhose of the experimental data analyzed in this paper. To
of IS, SS and background noise. All three componentsayoid distortion of the shape of the ACF power arour®,
were generated using the SuperDARN mlutipulse algorithmprior to fitting the background noise power was extracted
(Baker et al. 1995 Ponomarenko and Wate2006 applied  from R(0), so that this component only contributed to the sta-
to the following simulated timeseries: tistical fluctuation level (for more details s@®nomarenko
and Waters2006.

Intuitively, one would expect the best results from the new
algorithm when it is applied to a mixed scatter ACF with a
pronounced interference pattern similar to that presented in
Fig.2. The IS and SS powers are compara®g0)~R; (0),
2http://cow.physics.wisc.edutraigm/idl/idl. html and there is at least one full oscillation in the interference

— SS: sinusoid with constant amplitude;£occ) and
large period corresponding to a relatively low velocity,
|Vs|~10 m/s;

— Background noise: white noise resultingsitorrelated
ACF (t=0).

— IS: sum of signals scattered by a large number of irreg-
ularities randomly distributed within a range gate and
characterized by exponential decay timéLorentzian
ACF) and background velocity;;

www.ann-geophys.net/26/1517/2008/ Ann. Geophys., 26, 18323-2008
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Model: £ =11.5MHz, N=78 Complex fit statistics for simulated ACFs Input
Tonosph.: V=70 m/s, 7= 30.0 ms, 33% a) P P
Surface: V= 1033 m/s, 67% T T V.
1.2 ‘ ‘ ] 50%-¢-%%%-%%%-3-4-4-3-1-1--1-1-1 500
1_0% ° { Il SNR = 6dB, 2'[=30 ms, !
Fmma, 1 é 400 = N =78, n=1000 4+ 4
5 08 ° ﬂh-‘““‘—« ° <o ] - T Ty
s CF Tm-nlel ® 1 > FF+¥- ¥ %F-3-3F-1-1-7--¢-1- --F-F-1350
5 r ° o o o ———— ] g
z - it I S 300 |
= 0'6: © Ealt 2 o)
9 04 a1 S v ]
< 7 1 5 200 | '
L ] = °
02F . >
r 1 g
0.0C L L L L 1 ;_Oq 100? 1. 7{7{7757{7 P S S D N O S I 7()
0.00 0.01 0.02 0.03 0.04 _ii_i -E—-E-ié—- 1 __P B I L
FITACF: V= 21 m/s, 7= 89.0 ms [ LT Y M, i i it
Tonosph.: V=82 m/s, 7= 62.3 ms, 39%
Surface: V= 0.85m/s, 61%
25 T T ™ 7 b
: AMMRSSSCinee )
[ > . ]
L o Phe 1
20p R .
2 T ° emTlT e o ]
) L e ]
S 1sF P A = b5
E ot ] 2
A~ + ke Pie B s ]
B0 At - ko) / E
% [ o o7 o ] .g ]
L /,/‘ -7 ] = 4
sk 0t ° 7 = T o% o
e ] S
0Lre ‘ ‘ ‘ ‘ ] Z
0.00 0.01 0.02 0.03 0.04 \
Time lag, s
Ed v il il L\.

0.01 0.1 1 10 100 1000

Fig. 4. Simulated example of a “bad” model ACF coverim% of .
SS/IS power ratio, p =R (0)/R (0)

the interference period presented in the same format a8 Fig.

Fig. 5. (a) Dependence of median IS velocity estimate by two-

pattern over the duration of the ACE,< min[zmax. 7] (here component model on IS/SS power rat{®) Same dependence for
oy e IS power and doubled fitting error illustrating the selection criterion

Tmax~44 ms' !S the maximum ACF time Iag). Dev!atlon from developed in this paper. The dashed lines in both panels represent
these Con_dltlons Sh‘?“'d .Iead toa Ies§ reliable f'_t' These eféimulated (input) parameters while the symbols depict median fit-
fects are illustrated in Fig3 and4, which show simulated g results, and the error bars correspond to one standard deviation.
examples of “good” and “bad” ACFs obtained for the SS/IS
power ratiop=R;(0)/R;(0)=2 and SNR=0. The “good”
ACF covers:l% oscillation periods, and in this case the new
algorithm comprehensively deconvolves IS and SS compoels represent simulated (input) parameters while the symbols
nents and reliably reproduces the input parameters for botlgiepict median values for the fitting results (output), and the
components, while the conventional technique fails. For theerror bars correspond to one standard deviation. Median out-
“bad” ACF covering only~ of the oscillation period, while  put velocity and power follow closely the input values for
not performing as good as féf=500 m/s, the new algorithm  p<10-20. The velocity error bars increase with decreasing
still provides a better estimate of IS parameters compared/;, but the algorithm is reliable even for the lowest velocity
with FITACF. magnitude,V;=30 m/s. Forp>10-20 the fitting results be-

To establish statistically reliable limitations of the new come unreliable exhibiting strong bias from the input values
technique, we applied it to a number of simulated dataset@nd unacceptably large fluctuations.
with different values ofV; and p. Each dataset con- In order to correctly apply Eq.1j it is necessary to de-
tained n=1000 ACFs with constant values af=30ms, sign a procedure for detecting the presence or absence of MS
V,=10.33m/s and SNR=6 dB, which is the lowest SNR in a single ACF. PreviouslyAndré et al.(2002 proposed
value used in our experimental data analysis (here the “sigidentification of multi-component ionospheric echoes recog-
nal” presents a sum of IS and SS). Results of the statisticahising that a single-component model (FITACF) applied to
analysis are presented in Fi.where we show dependence multi-component ACFs generally produces larger fitting er-
of V; (a) andR;(0) (b) on p. The dashed lines in both pan- rors, sf, than those obtained for single-mode echoes. They

Ann. Geophys., 26, 1517523 2008 www.ann-geophys.net/26/1517/2008/
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FITACF Complex fit
2000/03/01, 07:12:00:UT 2000/03/01, 07:12:00:UT

I I

Fig. 6. Spatial distributions of line-of-sight velocity for 07:12—-07:14 UT 1 March 2000. The left panel shows results obtained for the
conventional single-component fitting procedure. The right panel represent the same parameter but estimated for the ionospheric componer
of the two-component fitting.

applied empirical thresholds for the standard deviation of thep (red solid lines). The dash-dotted red line corresponds to
experimental data from the fitted functions for both power, the “conventional” statistical fluctuation leveiz. Notably,
SB'Qt/R(O)zo.lS, and phasezsf{,tzos rad. The disadvantage the fitting error exhibits little variation with changirig. For

of using phase erraii! is that it relies on correctly account- small values ofo the MS threshold is close in magnitude to
ing for 27 skips. Usings‘;i; seems to be more reliable, but or, but with increasing contributions from SS it decreases

requires a more rigorous approach when choosing the cut-ofgintil p~8—10 and then starts to saturate becaBs@®) be-
value. comes comparable to the external nois@& ¢@IB). Increasing

The natural candidate for a physically justified cutoff is SNR leads to respective increase in the effective threshold in
a statistical fluctuation level for ACF powesg. If both  », Whichisillustrated by the dotted red line showing average
R; (0) and R, (0) exceedr, then MS should be considered 255'; for SNR=10.
present in this particular ACF. The theoretical estimate for Therefore, according to our criterion, in Figb the IS
the fluctuation levelpr=R(0)/+/N, is used in FITACF to component is considered to be present in the data wherever
reject ACF lags with low powerRonomarenko and Waters the power curves are located above the error curves. Com-
2006. However, MS presents a combination of a quickly parison with the velocity data in Figa shows that our al-
varying IS componentr{<tmax) and an essentially regular gorithm effectively rejects unreliable data with large velocity
SS ;> Tmax). In this case the statistical fluctuations are de-and power fluctuations.
termined predominantly by IS, and their relative magnitude
decreases with increasing contribution from &%/ (1+p).
Also, for large values op the contribution from the back- 4 Fitting experimental data
ground noise becomes important. To account for all possible

sources of fluctuations it is more practical to use fitting er- gjrst e applied the new technique to the example shown
rors defined asfi=y/((R(r)—R™M(1))?), whereR(r) isthe  in Fig. 2. Resembling the simulation results in F&J.the
experimental complex ACRR™(7) is the fitted model and  new two-component fitting function (dash-dot) closely re-
(...) means averaging over. We assume that the IS or SS produces the experimental power and phase (diamonds), in
component is present in a particular experimental ACF if thecontrast to the single-component FITACF (dashed lines).
respective lag O power exceeds the fitting error by at leastThe two-component analysis reveals that in this case the
100%, i.e.R; (0), R;(0)>25"t. Toiillustrate the validity ofthe jonospheric echoes characterized by high-300 m/s and
selection criterion, Fighb shows the dependence c&‘,‘?on W=>~200m/s values are effectively masked by SS, and the

www.ann-geophys.net/26/1517/2008/ Ann. Geophys., 26, 18323-2008
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FITACF Complex fit
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Fig. 7. Fitted model plasma convection velocities (coloured vectors) and electric field potential contours over the Southern Hemisphere at
07:12-07:14 UT 1 March 2000. As in Fif, the left panel shows results obtained using the conventional FITACF procedure, while the right
panel represent the results based on the new technique.

ACF is mis-identified by FITACF as surface scatter with low  Figure7 shows respective convection patterns and electric
Vs~3.5m/s andW ~50 m/s. potential contours obtained by fitting the conventional APL
The bottom panel in Figl shows ionospheric velocities model to all available radar data from the Southern Hemi-
V; calculated using the new fitting technique. While the newsphere, for the interval considered in F@. Only three
processing algorithm closely reproduces major features ofadars, TIGER, Syowa East and Sanae, had sufficient scatter
the ionospheric scatter obtained by the FITACF (top panel),during that period. In contrast to TIGER, the data from Sanae
it also reveals additional details hidden by SS, such as a highand Syowa East had virtually no SS component, and their re-
speed patch centeredat=1500 km during 07:00-07:30 UT. processing with the new technique did not show much dif-
Next, we applied the new fitting procedure to a full 16- ference in spatial velocity distribution (not shown) compared
beam scan 07:12—-07:14 UT corresponding to the white rectwith FITACF. When calculating the convection maps, we ap-
angle in Fig.1. Figure6 shows spatial maps of line-of-sight plied the spherical harmonic expansion of 8th ordeud-
velocities calculated by FITACF (left) and using the iono- honiemi and Bakerl998, while the IMF components ob-
spheric component of the new fit (right). Both plots ex- tained from the ACE satellite at the second Lagrangian point
hibit a clear change fronv¥~1000m/s in the eastern part were B,=6.2nT, B,=3.9nT, B,=-5.1nT accounting for
of the radar’s field of view to/~—600m/s in the western the propagation time-48 min.
part, which is a characteristic response of the radar’s line- As expected, the new algorithm produces an extended cov-
of-sight velocity to the regularly observed westward flow erage clearly seen over the TIGER field-of-view on the left-
of the ionospheric plasma. However, in the left panel athand side of the map. It clarifies the latitudinal extent of the
D<1600km this pattern is almost completely “blanketed” high-speed flow around 70ILAT. While the total cross-cap
by the 1-hop SS component (olive green), while the secondpotential remains virtually unchanged, the new procedure re-
hop SS echoes are affecting scatter fr@m2300km. In  sults in substantially higher local fitted velocities and a no-
contrast, the two-component fit effectively separates radaticeable change in the configuration of equipotential lines at
echoes into IS (right panel) and SS (not shown) componentshe mesoscale level, in agreement withisham and Pinnock
and expands the effective spatial coverage revealing furthe(2002.
details of theV; distribution over the “blanketed” distance
range,D~1300-1600 km.

Ann. Geophys., 26, 1517523 2008 www.ann-geophys.net/26/1517/2008/
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