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Abstract. Akasofu’s solar winde parameter describes the using the effective Nyquist frequency and volume resolution
coupling of solar wind energy to the magnetosphere andf SuperDARN radars.

lonosphere. Analy5|s 9f fluc'guat|0r'15 frusing model inde- . Keywords. lonosphere (Electric fields and currents) — Mag-
pendent scaling techniques including the peaks of probabil- . . .
: . . : netospheric physics (Plasma sheet) — Space plasma physics
ity density functions (PDFs) and generalised structure func'(NonIinear henomena)
tion (GSF) analysis show the fluctuations were self-affine P
(mono-fractal, single exponent scaling) over 9 octaves of
time scale from~46s to~9.1h. However, the peak scal-
ing exponentyg was a function of the fluctuation bin size, so 1 |ntroduction
caution is required when comparing the exponents for differ-

ent data sets sampled in different ways. The same generigome complex physical systems can establish a scale-free
scaling techniques revealed the organisation and functionadtate known as self-organised criticality (SOC) (Bak et al.,
form of concurrent fluctuations in azimuthal magnetospheric1987; Frette et al., 1996). These systems exhibit burstiness,
electric fields implied by SuperDARN HF radar measure- intermittency, and self-similarity over many orders of spatial
ments of line-of-sight Doppler velocity os, made in the  and temporal scale. Familiar examples of terrestrial systems
high-latitude austral ionosphere. The PDFsvpbs fluc-  exhibiting SOC may include earthquakes, the accumulation
tuation were calculated for time scales between 1 min anchf snow on mountain tops, and water drops on a pane of glass
256 min, and were sorted into noon sector results obtainegjensen, 1998). All undergo potentially catastrophic energy
with the Halley radar, and midnight sector results obtainedrelease via localised or system-wide avalanches, a defining
with the TIGER radar. The PDFs were further sorted accord-eature of SOC. The intermittency of avalanches means the
ing to the orientation of the interplanetary magnetic field, asprobability of major, sometimes life-threatening energy re-
well as ionospheric regions of high and low Doppler spec-|ease is far greater than predicted by simple Gaussian statis-
tral width. High spectral widths tend to occur at higher tics. For example, nivologists aim to incorporate the power-
latitude, mostly on open field lines but also on closed field jaw behaviour of self-organised systems into routine predic-
lines just equatorward of the open-closed boundary, whereagons of avalanche risk for the European Alps (Palmer, 2003).
low spectral widths are concentrated on closed field linesThis is an example of the way in which complexity science
deeper inside the magnetosphere. Fihss fluctuations were  mjght contribute to the preservation of human life.

most self-affine (i.e. like the solar wined parameter) on Solar flares (Lu, 1995), the solar wind (Freeman et al.,
the high spectral width field lines in the noon sector iono- 2000; Hnat et al., 2003a), and the magnetosphere (Klimas
sphere (i.e. the greater cusp), but suggested multi-fractal best al., 2000; Baker et al., 1999; Consolini and Chang, 2001),
haViOUr on Closed f|e|d Iines in the m|dn|ght sector (|e the are good examp|es Of astrophysica' Systems exh|b|t|ng the
central plasma sheet). Long tails in the PDFs imply thatintermittency characteristic of SOC. However, some aspects
“microbursts” in ionospheric convection occur far more fre- of their statistical behaviour may also be characteristic of
quently, especially on open field lines, than can be capturegther kinds of non-linear dynamics (Sornette, 2000). Fluc-
tuations within systems exhibiting the same statistical be-
Correspondence tayl. L. Parkinson haviour may be governed by the same set of non-linear equa-
(m.parkinson@latrobe.edu.au) tions, irrespective of the “micro” physics governing them.
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690 M. L. Parkinson: Dynamical critical scaling of electric field fluctuations in the greater cusp

For example, Hnat et al. (2003b) modeled the probabilitycentral plasma sheet (CPS) (e.g. Lester et al., P0@mlike
density functions (PDFs) of solar wind fluctuations using athe fluctuations in solar wind parameters which are mono-
generalised Fokker-Planck equation (Sornette, 2000) and &actal, electric field fluctuations associated with current dis-
Castaing model (Castaing et al., 1990). Statistical physicsuption in the CPS may be multi-fractal at time scales less
approaches like these provide constraints on first princithan the substorm cycle (e.g. Lui, 20010/s et al., 2003).

ple physics models, such as magneto-hydrodynamic (MHD) The aim of this paper is to identify the characteristics
models incorporating kinetic effects, which must ultimately of magnetospheric electric field fluctuations implied by Su-
describe the same kind of non-linear behaviour. Studies likeper Dual Auroral Radar Network (SuperDARN) observa-
these are also important because they will contribute to theions of line-of-sight Doppler velocityy os, in the noon and
prediction of the risk of space weather events such as solamidnight sectors of the high-latitude ionosphere. Magneto-
flares and substorms. spheric electric fields map to ionospheric electric fields, ex-
The extent to which fluctuations of currents and electric cept at shqrt scqles N regions of strong Eedersen conduc-
fields within the magnetosphere and ionosphere are driver‘%ance and field-aligned potential drops (Weimer et al., 1985).

by, or independent of, corresponding fluctuations in the SolarHence the characteristics of electric field fluctuations may

Wi 151 anopen queston (Frerane a, 2000 Uiy 211 SSPenig on et ey cxcur i egons o oy
et al., 2001). It is well known that electric field fluctuations y

within the greater cusp are strongly coupled to the fluctua—lur‘nm"’Ited polar cap ionosphere (open field lines), or within

) . . i : ) . regions of high Pedersen conductance which tend to occur in
tions in the solar-wind via magnetic reconnection (Pinnock

etal., 1993). In this paper the greater cusp refers to the icmo[\lghtSlde auroral regions (closed field lines) (see Parkinson

spheric projection of the dayside low latitude boundary Iayeret Iilé’rg?/sg)énal se Advanced Composition Explorer (ACE)
(LLBL), cusp, cleft, and adjacent mantle. Y P b

spacecraft measurements of the solar wind and SuperDARN
However, there is nearly always a background compo-HF radar measurements qfos for the year 2000. First we
nent of electric potential and current flow that is not directly characterise fluctuations in the solar wingarameter by cal-
controlled by the interplanetary magnetic field (IMF) (Kel- culating the probability density functions (PDFs) and statisti-
ley, 1989). In fact, spatial fluctuation of electric fields in cal moments of fluctuations inon various time scales. Next
the high-latitude ionosphere are strongest during IMF north-we characterise concurrent fluctuationis by calculat-
ward conditions, when coupling to the solar wind is weakesting PDFs sorted according to IMF orientation, magnetic lo-
(Golovchanskaya et al., 2002). This was attributed to the in-cal time (MLT), and approximate regions of open and closed
terchange instability acting over extended regions of closednagnetic flux. The different sets of PDFs are re-scaled using
magnetic flux wherB, is northward. the generic and model independent techniques described by
There might be characteristic variations in the electrody-Hnat et al. (2002b, 2003, 2005). The extent to which the
PDFs collapse to a common curve reveals whether they are

namic fluctuations, and the dynamical equations governingS . . . .
them, for different phases of the sunspot cycle, different elf-affine (mono-fractal, single exponent scaling) or possi-
' ' bly multi-fractal (e.g. Lui, 2001; 8ros et al., 2003). These

f the IMF in diff heri ions. . o : ) ;
states of the , and in different magnetospheric regions results provide further insights into the dynamics governing

For example, itis W?” kr_10wn that changes in the IMF rapidly tge behaviour of the coupled ionosphere—magnetosphere sys-
couple to the dayside ionosphere and magnetosphere, arlt

probably the nightside ionosphere and magnetotail, at leas

for some events (e.g., see Ruohoniemi et al., 2002). How-

ever, the spectacular consequence of these IMF changes, the Scaling of the solar winde parameter

onset of magnetospheric substorms and the development of a

distinct current systems which include the substorm curren.1 Instruments and data set

wedge, are often delayed. Certainly, there must be differ-

ences between instabilities acting in the cusp and magnetofhe ACE spacecraft was located at about 235 Re upstream
tail. of the Earth, and provided nearly continuous measurements

A recent study by Hnat et al. (2005) suggests that quctu-Of.SO|ar wind conditions throughout. the year 2000. We ob-
. X o . tained measurements of the solar wind spggd (McComas
ations in auroral electrojet indices are partly driven by the

. : . et al., 1998) measured in geocentric solar magnetospheric
solar wind, yet partly independent, hence suggesting self- . . :

) L : (GSM) co-ordinates at 64-s time resolution, and the three
organised behaviour in the magnetotail. Although some sub-

: . IMF components®,, By, B;) (Smith et al., 1998) measured
storms are triggered by IMF northward turnings, and the so- P B, By, Bo) ( )
lar wind may be the ultimate source of energy, it is well 1| ester M., Parkinson, M. L., Wild, J. A., et al.: Simultaneous
known that substorm evolution is not necessarily directly observations of ionospheric flow and tail reconnection signatures
driven by solar wind variability. Substorm evolution can also during the substorm expansion phase, Ann. Geophys., submitted,
be dominated by reconnection of closed magnetic flux in the2005.

Ann. Geophys., 24, 68305 2006 www.ann-geophys.net/24/689/2006/
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Fig. 1. Probability density functions (PDFs) of all the fluctua-
tions in the solar wind: parameter for year 2000. The different Fig. 2. Scaling of the PDF peaks, l6g(0, t) versus logz, for

curves correspond to time scates64 s (black), 128s, 2565, ...,  these curves shown in Fig. 2. The linear best fit to the data yields
65536's (18.2h) (red). The number of availablevalues varied 4 slope ofg=0.33+0.03 using a bin size ok s=0.001L0W. The

from 1186 303 forr=1024s to 457 608 for=16 536's. A bin size of o1 pars assume shot noise/n/n, and the vertical dashed line
0.00T"W was used fobe in this plot. indicates the approximate outer time scale for the power law regime.

in GSM co-ordinates at 16-s resolution. The IMF data were

re-sampled at 64-s resolution, and then used to construct Brobability density functions (PDFs). We define a PDF ele-
single time series of the solar windparameter which pro- Ment asén/(nAx) wheren is the total number of samples,
vides a measure of the fraction of solar wind Poynting flux @nd dn is the number of samples within bins of sizer.

entering the magnetosphere via magnetic reconnection: The Subsequent account iS Concise, fO||OWiI’Ig the detailed ac-
counts given by Hnat et al. (2002a, b), and inspired by the

e = USWB_Zlcz) sin (9) (1) earlier work of Mantegna and Stanley (1995).
A fluctuation ine was defined ase(z, t)=¢(t)—e(t—1)

) ) A\ Y . 1 wherer is an adjustable time separation between samples. In
where  B= (Bx + B+ Bz) y Ho=4rx10"Hm™, practice, every!" sample was tested for the existence of an
lo=7Rp, andg= arctan(%). ¢ fluctuationse;=¢; —e; such that the actual time separation

between samples$, equaled one of the native time series
R?alueSr=64 s, 128s, 2565, ..., or 524288 s (roughly 1 min
to 6.1 days). A 2% relative error iffr—t| was tolerated,
but the sample corresponding to the minimum difference be-
tweensr andt was always identified. In practice, the average
relative error injdt—1| was<1%. Our search algorithm had
the advantage of recovering many fluctuations at larfjem
relatively small data sets, yet the disadvantage of introducing
correlations between samples at the largesEven so, our
talculations are in agreement with previous results.

d Figure 1 shows the PDFs &k on a logarithmic scale

This parameter was not evaluated using measuremen
made when ACE was within the magnetosphere.

The calculation of scaling parameters #as known to be
problematic (Hnat et al., 2002b). Equation (1) shows that
is @ minimum (maximum) when the angle0° (180°), cor-
responding to the IMF pointing directly northward (south-
ward). The problem arises in the §{@/2) term which en-
sures the distribution of values is dominated by many
small, effectively near zero values, and then it decays rapidly,
converging asymptotically toward zero fer-1019W and
greater. That is, weak solar wind coupling is prevalent, an

intense coupling is rare. for various vqlues of ranging from 64 s (black) to 18.2h
(red). That is, we plot logP(se, t) versusse, where
2.2 Scaling collapse of the fluctuation PDFs P (8¢, T)=0n/(nAde) is the occurrence ofe in bins of size

Ade. The PDFs ofse are symmetric, peaking at the ori-
Fluctuations ine were analysed to elucidate the techniquesgin, and then gradually decaying toward zero for large posi-
we use to quantify the fractal qualities of the data. The resultdive and negative values. However, there is a greater occur-
also provided context for our main analysiswpbs fluctua-  rence of small (largeje values for small (large) values of
tions which may be partly driven by thefluctuations. The  The crossover points are located n&ar40.319W. Clearly,
first technique aims to identify a single component, powerthese PDFs have the long tails characteristic of strongly lep-
law scaling regime ot fluctuations through an analysis of tokurtic, non-Gaussian functions.

www.ann-geophys.net/24/689/2006/ Ann. Geophys., 24, B89-2006
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Fig. 3. Scaling collapse of the PDFs 6§ for =64 s to 32768s
(9.1 h) shown in Fig. 1 onto a common curve (see text). A single
scaling exponentg=0.33 was used (Fig. 2), but the scaling collapse
was also good for a range of values including0.43.

Fig. 4. The variation of the scaling parameteg estimated us-

ing the peaks of the PDFs plotted against the bin size used to
resolve the amplitude and shape of the peaks. A local max-
imum of «p=0.43+0.03 was obtained for a bin size of about
A8e~0.000020W (i.e. logjg=—>5 on the scale).

Figure 2 plots the logarithm of the peak probability of each
PDF versus the logarithm af. That is, we plot estimates of
log, P(0,7) versus logr. The P(0,r) values were estimated
by averaging the four values &f(8¢, t) centred ors¢=0, and
using bins of widthA§e=0.001°W. Within statistical error,
the data points lie on a straight line with slopg=0.33+0.03
over 9 octaves ot ranging from 64s to~9.1h. Clearly,
the linearity of the data breaks downwat18.2h, and defi-  of ¢;=0.33:0.03.

nitely for >36.4 h. The vertical line in Fig. 2 represents the  The amplitude and shape of the peaks is controlled by
approximate limit of the turbulent regime sharing the samehe choice of bin size for these strongly leptokurtic PDFs
scaling (and non-linear dynamics). The single, power [awyith s-function like peaks. Figure 4 llustrates how the scal-
scaling parameterp will be used to re-scale the PDFs shown ing parametery varied with the bin sizeAse. It can be
in Fig. 1. seen thatwg had a local maximum ofp=0.43+0.03 for
Figure 3 shows collapse of all the PDFsSef fromt=64s  A§s~0.00002°W, in agreement with earlier work. On the
to 9.1h (cf. Fig. 1) onto a single, common curve. Here, one hand, it makes sense to estimate the scaling parameter
logio(Ps(8es, 7)) versusde, where Py(ds;, t)=t*P (8¢, using the peaks where there is the largest numbé&r edlues
7) andéde;=8et 0 has been plotted. Most of the PDF for and thus statistical fluctuations are least. On the other hand,
7=18.2 (not shown) also collapsed to the same curve, butrrors in the measurements Bf, By, B;, andv,,, combine
systematic differences began to show, and the scaling breai a complicated way to limit the accuracy of estimates of
was indisputable by=36.4 h. The choice of a small bin size, ¢. In turn, these errors affect estimates of the smallest val-
A8¢=0.0019W, helped to emphasise the scatter in our esti-ues ofse and also the shape of the peaks. The local maxi-
mates of PDF elements. The scatter bars assuming shot noigeum in Fig. 4 may correspond to the point where the effects
within individual bins are only slightly larger than the scatter of numerical and measurement errors begin to dominate for
shown. Within statistical error, we conclude the results showsmaller bin sizes.

single scaling exponent collapse of fluctuations for all = Hnat et al. (2002b) identified the similarity @f for PDFs
from64sto9.1h. of 8¢ and fluctuations in the auroral electrojet indices, AL,
Scaling collapse of the solar windparameter has been AU, and AE. This raised the possibility that small-scale fluc-
shown previously (e.g., Hnat et al., 2002a, b). Using Windtuations in the magnetospheric current system are directly
spacecraft observations made during 1995 to 1998, Hnat edriven by the solar wind. Figure 4 illustrates how difficult it
al. (2002b) showed the peaks of the PDF8«ifvere well de-  is to scale the parameter, and suggests caution in making di-
scribed by a power law far up to 4.6 h, and possibly even for rect comparisons between the absolute valueg abtained
7=9.2 h and more (see their Fig. 2). Hnat et al. (2003b) alsofor completely different data sets. However, the presence of
showed the solar wind parameteB? scaled forr upto 26 h.  fluctuations common to the solar wind and electrojet indices

Given we expect solar cycle variability (Pagel and Balogh,
2002; Hnat et al., 2005) and a particular turbulent regime
may not end suddenly, our outer temporal scate9.1 h, is

in basic agreement. However, Hnat et al. (2002b) obtained
20=0.42+0.03 using bin sizeass which decrease logarith-
mically with §e, and this disagrees with our initial estimate

Ann. Geophys., 24, 68305 2006 www.ann-geophys.net/24/689/2006/
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Fig. 6. This figure shows the gradients of the linear best fit curves,
Fig. 5. A generalised structure function analysis (GSF) showing the¢ (), shown in Fig. 6, versus order over the rangen=—1to 7.
variation of the moments,,; (z)=(|8¢(z, t) |*) with time scaler for The gradient of the best fit curve to the present, combined results
ordersm=1to 6. The results are linearised on a log-log scale overgivesagsF=0.25+0.05.
time scales from 64 s te-2h. We also show the variation of the
standard deviation (t)=[S»(z)]/2 with t (squares). Least squares

fits have been applied to all of the moments. gests the break in the scaling regime is somewhat less than

the ~9.1 h obtained using the preceding analysis. However,

. . . . . the estimates of the moments, especially for large absolute
can be inferred from relative variations in the correspondlngValues ofm, can be greatly perturbed by a few very large

scaling parameters, such as those which depend upon SOI%tliers. That is, the moments become very sensitive to sta-

phase (Hnat et al., 2005). tistical uncertainty created by the small number of very large
fluctuationsS¢ available at all values af. This familiar prob-
lem was moderated by only calculatisg (z) usingde val-

ues less than 1) whereos was initially estimated using all
samples. This process is known as “conditioning.” However,
there is still a practical range of in the GSF analysis.

2.3 Generalised Structure Function (GSF) analysis

The previous analysis identified a small-scale solar wind
regime where single exponent scaling exists. Although

Ps(S¢s, T) collapse suggests self-affinity, there may be non-~ i
Figure 5 (squares) show the scalingaofr)oct?” where

self-affine fluctuations which also collapse the PDFs. Ide- " ‘
ally, the higher order moments, including the standard de-f? iS the Hurst exponent[2)/2]. Like the results for the

viation, should be analysed to confirm self-affinity (Hnat MomentSi(z), within experimental uncertainty, the scal-
et al., 2002b, 2003a). Here we use generalised structur&d Of o(7) is linear out to at least=2.3h. We obtain
functions (GSF), or “variograms$,,, to better characterise 1 =0-23£0.05, but note that this parameter does not dis-
the leptokurtic properties of the data. As explained bytlngwsh between Gaussian and non-Gaussian fluctuations
Hnat et al. (2003a, 2005), the variograms of the fluctuationdMandelbrot, 2002).
se(t, T)=¢(t)—e(t —7) are defined as the time average of their  In Fig. 6 we test whethes,,(r)xt¢"™), plotting ¢(m)
moments,S,, (t)=(|8¢(¢, T) ") wherem is any real number, Versus ordern over the rangen=—1 to 7. By definition,
not necessarily positive. For power law scalingsefz, ),  ¢(0)=0 with no error. Within experimental error, the gra-
S (t)oxté™  and a log-log plot of,, versusr will reveala  dients¢(m) increase linearly withm, except for the case
straight line for eachn with gradients; (m). If the time se-  m=—1, the calculation of which is too sensitive to the prob-
ries of ¢ is self-affine, thert (im)=agspn with a single scal- lematic peaks of the PDFs. The gradient of the best fit
ing exponentigsr. The parameteargsrobtained in this way ~ curve givesegs=0.25+0.05, and this value also collapsed
should also collapse the PDFs onto a common curve, as ithe PDFs onto a single common curve (cf. Fig. 3). In fact,
Fig. 3. good scaling collapse was achieved over a fairly broad range
Figure 5 shows the variogram of the momesis(r) of scaling parameters. Overall, the analysis of the higher or-
for m=1 to 6 (bottom to top). So(z)=(|8¢|°) is trivial and ~ der moments confirms the self-affinity of thelata over time
not shown,S1(z)=(|8¢|!) is the mean, and,(r) provides  scales of 64 sto 2h or more.
the standard deviatiom;()=[S2(z)]*/?, of the fluctuations. Note that prior to the analysis effluctuations, the tech-
Within statistical error, the moments far=1 to 6 are linear  nique was exercised using a synthetic time series with well
over 6 to 7 octaves of ranging from 64 s te-2 h. This sug-  known properties. Using Eq. (2.3) of Janicki et al. (2005) an

www.ann-geophys.net/24/689/2006/ Ann. Geophys., 24, B89-2006
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typically measure the line-of-sight Doppler velocity,os,

in up to 16 different beam directions separated by 3.24
and at 75 range gates starting from 180 km and separated
by 45km. Depending on group range, individualos
measurements are averaged over an arealdfOx 45 km.
Here we use observations made with the Halley SuperDARN
radar (75.8S, 26.6 W; 62°CGM), and the TIGER Super-
DARN radar (43.4S, 147.2 E; 55 CGM) (Dyson and De-
vlin, 2000; Dyson et al., 2003). Year 2000 was chosen for
analysis, because this was the first full year of joint radar op-
erations.

SuperDARN radars repeatedly transmit pulse sets to mea
sure and average the autocorrelation function (ACF) of re-
turned signals, whilst minimising the effects of range alias-
ing out to great ranges~3300km). The pulse set uses a
fundamental lag length of 24Q0s, which corresponds to an
effective Nyquist frequency o£208.3 Hz. For a typical op-
erating frequency of 12 MHz, this corresponds to a Nyquist
velocity of £2604m s. Hence, depending on the chosen
pulse set and operating frequency, SuperDARN radars will
alias large velocity transients of 2-3kmlsand more. If
Fig. 7. The fields of view (FoV) of the Halley (top) and TIGER the ionospheric convection is fractal in space and time, the
(bottom) SuperDARN radars are shown mapped to a clock dial plotsmall-scale electric field structure will not be resolved.
of MLT and latitude. B_eam 0 of eac_h ra_dar is the western_ most Anp algorithm known as “FITACF” (Baker et al., 1995)
EZ?]?;’O?::“E:‘; gzseir‘@“tﬁg ‘I’De'\'/'ls’sll‘fsgt'er;”tgsbj:gg ﬁ)rr?odsrsp\l\g:i::n é’g:]%ses the coherently averaged ACFs to estimate the backscat-
vection Model (DICM) (Papitashvili and Rich, 2002) foy(, By, terl pc?;"’er (S'gna"_t?'”o'sde Igat'o)l (dB), '":e'lof'%?hht Dipp'er
B.)=(0, 0,—5) nT are also shown. The minimum electric potential Ve o' VLOS (m 577, and Doppler spectral width (nT's).
in the dusk cell was-53.3 kV, the maximum potential in the dawn Only ionospheric scatter with FITACF power3dB and
cell was 34.9kV, and contours are separated by 2.5kV. vLos €rfor <200 m st were analysed here. The velocity er-

rors generally increased with decreasing power and increas-

ing spectral width. Thresholding the data with a large veloc-
a-stable Levy walk withw=1.5 (not the same ag or agsp ity error ensured a sufficient number of samples with large
was created. This time series exhibits behaviour reminisvelocity. However, when the error threshold was reduced,
cent of economic index fluctuations (e.g. the S&P 500, Man-our results were basically the same, except scatter in the
tegna and Stanley, 1995). Approximately one million sam-PDFs increased, especially for the rare fluctuations of most
p|es were generated, and then ana|ysed using peak scanﬁgterest. As will be explained, the FITACF veIocity errors

and GSF analysis. From peak scaling=0.63+0.02 was
obtained, and from GSH=0.50+0.02 andxgs=0.53+0.05
were obtained. The equalitsf =agsg is expected for these

cannot explain the long tails of the PDFs &fi os to be
shown.
Figure 7 shows the field of view (FoV) of the Halley

uncorrelated fluctuations. All the moments exhibited powerradar (blue) and TIGER (red) radar mapped to a standard
law scaling over the full range af, and scaling collapse of ~clock-dial plot consisting of MLT and magnetic latitude mea-
the PDFs was also achieved. sured in altitude adjusted corrected geomagnetic (CGM) co-
The preceding techniques can be used to quantify the chafrdinates (Baker and Wing, 1989). The Halley radar is lo-
acteristics of turbulent or SOC-like regimes, and will be ap- cated~6° closer to the geomagnetic pole than the TIGER

plied to concurrent HF radar measurements in subsequerigdar. Hence the Halley radar is better suited for observing
sections. the greater cusp (as previously defined), whereas TIGER is

better suited for observing the nightside auroral oval. How-
ever, both radars can observe scatter on open and closed field
lines, day or night.

The daytime sector was defined as the six-hour interval
08:00 to 14:00 MLT for the Halley radar, and the nighttime
sector as 20:00 to 02:00 for the TIGER radar (yellow shad-
SuperDARN is a network of oblique sounding HF backscat-ing). The daytime sector was biased toward pre-noon be-
ter radars established to study convection in the high-latitudecause this was better aligned with the observed distribution of
ionosphere (Greenwald et al., 1995). SuperDARN radarsechoes with large spectral width, and to preserve symmetry

3 Scaling of the SuperDARNuv| os observations

3.1 Instruments and data set
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with the nighttime sector used for TIGER. The latter was bi- and 4) were used to increase the statistical significance of our
ased toward pre-midnight where the spectral width bound-calculations. The scatter was also restricted to range gates
ary is a better proxy for the open-closed field line boundarybetween 630 and 3330 km (bold) to eliminate most of the E-
(Parkinson et al., 2004; Chisham et al., 2005). Note that weregion scatter which occurs at closer ranges, and the known
also aim to separate the analysis according to open and closdzhd ranges which occur at the furthest ranges, a limitation of

flux. the pulse set design. Thus we formed up $63=305 time
Ideally, the radar FoVs should have been fixed in MLT for series ofv os for each radar.
all UT to ensure all of the os fluctuations were purely tem- For each radar time series, eveith velocity sample,

poral. Although the observed os fluctuations were mostly v os;, was tested for the existence of a velocity fluctua-
due to temporal variations in the electric field (Abel and tion v os;=vLosi—vLos,j such that the actual time sepa-
Freeman, 2002), the radars rotated through their respectiveation between sample8;, equaled one ot=1, 2, 4, ...,
time sectors once per day. Hence the observed fluctuationsr 256 min. As with these analysis, a 2% relative error
were influenced by spatial variations in the underlying statis-in |§z—z| was tolerated, but the relative errors were mostly
tical convection pattern, especially at the largest time scalex1%. The time resolution of the radar measurements was
7. Knowledge of the unique convection pattern at every in-typically 1 or 2 min, though sometimes as good as 6 s during
stant would be required to correct for the spatial variationsspecial campaigns of limited duration. Hence our choice of
in our analysis. Even so, we might expect complimentarya minimumt=1min. The outer time scale of 256 min was
fluctuations in space and time. limited by the 6-h windows of MLT (Fig. 7) and the Earth's

Most of the ionospheric scatter detected by SuperDARNrotation.
radars at ranges greater than 600 km is thought to emanate Each radar observation was tagged with an IMF vector de-
from F-region decametre-scale irregularities which drift attermined by advecting the IMF measured at the spacecraft
the ExB/B? velocity (Villain et al., 1985). Hence fluc- to the sub-solar magnetopauselQ Re) using hourly aver-
tuations inv os are proportional to fluctuations in the cor- age solar wind speeds and the GSMistance. This simple
responding orthogonal electric field in the ionosphere. Amethod was adequate for a statistical analysis of numerous
fluctuation ofv 0s=200m s corresponds to a fluctuation observations made over an entire year. Finally, the results for
of E~8.8mV nt! at representative group ranges within the all chosen beams and ranges were compiled into single files,
Halley radar FoV. The magnetic field is stronger within the though separately for each radar and value.oThe results
TIGER FoV, so the same, os fluctuation corresponds to a were further sorted according to the orientation of the IMF,
fluctuation of E~11.3mV nt1. Of course, the full vector MLT, and the Doppler spectral width.
electric fields will be somewhat larger on average.

lonospheric echoes with low spectral widgi75m st 3.2 Results for Halley radaf os (electric field)
are defined as “Population A’, and those with large spec-
tral width >150m s1 as “Population B” (Parkinson et al., Figure 4 suggested caution in making a direct comparison be-
2003). Two widely separated thresholds were used to helgween the absolute values of scaling parameters obtained for
resolve the two populations because of overlap between theitcompletely different data sets. However, direct comparison
corresponding PDFs. The two populations are often sepaef scaling parameters should be possible when analysing sub-
rated by a distinct boundary in latitude, which is also a rea-sets of the same measurements in a consistent way, including
sonable proxy for the open-closed magnetic field line boundthe choice of bin size, as will be done in the remainder of
ary in proximity to the dayside cusp (Baker et al., 1995) andthis paper. Nevertheless the results for the radar measure-
in the pre-midnight sector (Lester et al., 2001; Parkinsonments need to be considered in the context of the results for
et al., 2002; Chisham et al., 2004). Although high spectrale fluctuations, a possible driver for theos fluctuations.
widths are concentrated on open field lines, they can also oc- Figure 8 shows PDFs af os for 7=1, 2, 4, ..., 256 min
cur on closed field lines (Dudeney et al., 1998; Woodfield etobserved using the Halley radar in the noon-sector iono-
al., 2002; Wild et al., 2004), especially just equatorward of sphere. Part (a) shows the results for Population B (spectral
the open-closed boundary. Similarly, although low spectralwidth >150m s1), and part (b) shows the results for Popu-
widths are concentrated on closed field lines deeper in théation A (spectral width<75m s1). Population B echoes
magnetosphere, they can also occur on open field lines.  are more likely to be found at a higher latitude, on open

It is possible to construct up to 16 beams?5 ranges = field lines in the polar cap ionosphere. This was confirmed
1200 time series of pos for each radar. However, here we by an analysis of the PDFs of group range for these echoes.
only consider the measurements made on the “meridional’Doppler spectral width tends to increase with the amplitude
beams of Halley (6, 7, 8, 9, and 10) and TIGER (2, 3, 4, 5, of velocity fluctuations which are expected to increase in pro-
and 6) (bold in Fig. 1). This ensured our statistics were dom-portion to the mean flow speed for turbulence, so it is not
inated by fluctuations in the zonal electric field, which tend surprising that largev, os tended to be observed for Popu-
to be the strongest component in the polar cap. Data takefation B. Approximately 23% ofv_os| values were greater
on the two beams adjacent to the actual meridional beams (ghan 500 m 5.
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=8 min. The inset shows the PDF of the corresponding velocity

errors. Bin sizes of 1 ms! were used for both PDFs.

0.006

0.004

P(vios,7) [s m™]

shorterr. The PDFs were generated usings values for
which v os values were identified. Hence the first possible
value ofv os occurred near 08:01 MLT for=1 min, but not
until 12:16 MLT for t=256 min. This ensured the time in-
tervals used to calculate, os were confined between 08:00
and 14:00 MLT. However, the os samples forr=256 min
were biased toward the afternoon sector, 12:16 to 14:00 MLT,
where slightly more flows with a sunward component were
observed. Indeed, the PDFs for all time scales became more
(less) alike forB, southward (northward).

Tertiary peaks were centred very closev@s=0m s1
and correspond to echoes from zonal flows, especially at
nearer ranges. The artificial-looking bite outs ne&5 m
s~1 are related to the behaviour of the algorithm which flags
echoes as “ionospheric” or “ground” scatter. Because of
TIGER's lower latitude, ionospheric echoes are more likely

The PDFs ofv, os are consistent with the expected be- to be misidentified as ground scatter than vice versa. How-
haviour of statistical convection models (cf. Fig. 7). In both ever, some of the small os samples may have been caused
cases, they consist of three overlapping distributions. Thedy ground scatter misidentified as ionospheric scatter. Re-
dominant peaks were associated with flows away from thegardless, exclusion of these low Doppler echoes did not
radar, or anti-sunward into the polar cap, whereas the secchange the conclusions of this study, and improved methods
ondary peaks were associated with flows toward the radarfor resolving the two kinds of scatter are under development.
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Fig. 8. PDFs ofv og for =1 min (black), 2min, ..., 256 min (or-
ange) observed using the Halley radar during 08:00 to 14:00 MLT
throughout year 2000. The results were sorted accordin@)to
spectral width>150m st (Population B), andb) spectral width
<75m s’ (Population A). The number of samples varied from
86 801 forr=1min to 562542 forr=8 min for Population B, and
from 58 276 forr=1 min to 310 551 forr=8 min for Population A.

A bin size of 1 m 51 was used fow, os. The scatter obtained for
this bin size is an approximate indication of shot noise.

or in the sunward direction. In Fig. 8b, the PDFs shifted
toward negative values (anti-sunward flow) #®r negative,
and toward positive values (sunward flow) fBr positive
(not shown). There was less of a shift in velocity with

Figure 9 shows the PDFs 6fv os(z, 7) = vLos(t) —
vLos(t — 1) for r=1 to 256 min for Halley Population B
echoes. The PDFs reveal the extent to which large fluctua-
tions inv_os are likely to occur on longer time scales. Many

for Fig. 8a because Population B echoes were concentratehore small fluctuations im_os occur forr=1 min, whereas
in the polar cap, a region less affected by expansion and cormany more large fluctuations in os occur fort=256 min.

traction of the convection pattern. However, the ratio of the
amplitude of negative to positive os peaks increased (de-
creased) foB, southward (northward) subsets.

Notice that the PDFs for=256 min (orange) are shifted
further towards positives os, more than is the case for

Ann. Geophys., 24, 6805, 2006

The cross over point is near200m s. Although the
radars do not measuigos >2-3km s1, the available re-
sults suggest that at least 0.07% (34%) afos values ex-
ceeded 500m < for r=1min (256 min). Note that these
fractions might increase if smaller spatial regions could be
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Fig. 10. A GSF analysis showing the variation of the moments Fig. 11. This f!gurg shows the gradients of the linear best fit curves,
¢(m) shown in Fig. 10, versus order over the rangen=-—1

Sm(f)—<|5”L_C>S(”_I)lm> with time scaler for ord_erSm—lto 6. The .to 6. The gradient of the best fit curve to these gradients gives
results are linearised on a log-log scale over time scales from 1 min _
to 256 min. Least squares fits have been applied and the error barasGSF_O'lEO'OG'
(barely visible) are standard deviations of the moments. The varia-
tion of the standard deviatian(z)=[S»(r)]}/2 with  is also shown

(squares). the PDF of the variations was the same as in the inset (i.e. not
Gaussian).
Next the synthetic time series was analysed in the same

probed. Clearly, these PDFs have the long tails characteristivay as the actual measurementsvphs. The steep, bold
of leptokurtic functions. red curve in the main panel of Fig. 9 shows the PDF of the

A large velocity error threshold was used for data selec-Synthetic time series far=256 min, superimposed upon the
tion, even though large measurement errors are known téynthetic results for all other. As expected, the PDFs of the
produce spurious “outliers.” It might be argued that the lep-Vvelocity errors are independent of Note that all the peaks
tokurtic PDFs ofsu_os arose from measurement errors, but are off scale. Fofuv os greater than-200m s, it can be
this is unlikely for the following reasons. In the first instance, Seen that the probability density for the synthetic data is very
the velocity errors are only weakly correlated with the veloc- sSmall compared to the actual radar measurements. The ve-
ities, so the measurement errors should be statistically indelocity errors cannot reproduce the long tails distinguishing
pendent of the time scale Hence if measurement errors the Ieptokurtic functions. In fact, the model results suggest
completely dominated the tails, there would be no separatiorihe velocity errors had their greatest impact on the peaks, ob-
of the results according te. Even so, the velocity errors ~Scuring thei-function like shape.
might still exert a significant influence on the results, chang- Finally, note that the same leptokurtic tails were obtained
ing the shape of the PDFs in some way. when using velocity errors less than 2001 so threshold

The insert of Fig. 9 shows the PDF of the velocity errors the data. Moreover, the long tails could not be reproduced by
returned by FITACF for Halley Population B echoes. The simply including velocities corresponding to erros200 m
most probable velocity error was27 m s1, but only 14% s~ 1linthe synthetic data. Also, the PDF of velocity errors had
of the velocity errors were less than this, and there werethe largest number of large values for Halley Population B, so
many velocity errors greater than the most probable valuethe most extreme case has been considered. However, there
38% (11%) of the velocity errors were greater than 100 mis an unlikely caveat to this argument: the FITACF veloc-
s 1 (200m s1), respectively. This extreme distribution was ity errors themselves may have been grossly under-estimated
used to create a discrete, synthetic time series with time resc@nd poorly characterised.
lution 1 min and duration 1 year. Variations in the time series Having shown the PDFs dfv, os are indicative of geo-
had an occurrence frequency weighted by the correspondinghysical behaviour, the extent to which the PDFsafos
probability density of errors out to the chosen threshold ofcollapse on to a common curve was investigated. The same
200m s1. Individual variations were given an amplitude of methods used to achieve scaling collapsésoéxplained in
2/3 the velocity error, since the true error is always less tharSect. 2 were used. First, the scaling parameigrgere esti-
the maximum error. A random number generator was used tanated from the gradient of a log-log plot of the peak proba-
determine whether the individual variations were positive orbility density versus time scake Next, the scaling parame-
negative, and to shuffle the final set of elements in time, buter agsFwas identified using GSF analysis, noting the outer
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variations are in good agreement. In all cases, the individual
data points were reasonably close to the best fit straight lines.
Next we show the extent to which the PDFs for different
collapse to a single common curve using the scaling parame-
tersag given in Table 1. Figure 12a plots lgg P (8vLos,
M‘ ‘”w 7)) versusdv poss Where Py(vLos, 1)=t~*°P(SvL0s, T),
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especially forr=256 min. The mappindv os;=6vLost ~*°
implies that the role-off corresponds to measured veloci-
Fig. 12. The extent to which the PDFs 6f og collapse to a com- ties of ~2.5km s'*, the apprQXImate NquISt “m'_t of the_
mon curve for(a) Halley Population B, andb) Halley Population radars. Hepce the roIg—off is an .artlfact assqmated with
A. The same method used to collapse the PDF§cofvas used. ~ under-sampling. Otherwise the scaling collapse is good, con-
Common bin sizes of 1 nTg were used fobv, og prior to scaling.  firming the self-affinity of theSv_os data over time scales of
60sto~4h. In fact, as will be seen, this was the best scaling
collapse achieved for any of the radar data sets.

time scales of the self-similar regimes. For example, Fig. 10 Figure 12b shows the scaling collapse for Halley Popu-
shows the variogram of momerfs (t)=(|vLos(z, 7)|™) for lation A was good out tdv os=+250m st for r=1 to
m=1 to 6 (bottom to top), as well as for the standard devia-128 min, but started to fail for=256 min (orange). There
tions, o (t) (squares). Figure 11 tests whettsgr(z)ocr ™, was a slight bias fow os to increase (i.e. positivév_os)
plotting ¢(m) versus ordein over the rangen=-—1 to 6 at the longest time scale=256 min. The results are very
(cf. Fig. 6). Within experimental error, the gradiermtgn) noisy beyondsv os=+250m st since the electric fields
increase linearly with, and the gradient of the best fit curve tend to be much weaker deeper inside the magnetosphere.
givesagsk=0.1740.06. In Fig. 12a, there was also a slight bias fpps to decrease
The GSF results were surprisingly linear, even for theat the longest time scale=256 min. When the measure-
higher order moments at the longestin part, this may be ments for Populations A and B were combined, the biases to-
caused by our strongly conditioned data. The radars cannoards positiveéiv  os for small|sv os|, and towards negative
measurev os values out to 16. For example, for Halley dvLos for large|sv os|, remained. These biases are statisti-
Population B at =256 min, 1@ corresponds to 6.8 knTs, cally significant because there were over 400 000 samples at
compared to the Nyquist limit 0£2.6 km 5. HenceSv og ~ T=256 min.
values less thans@3were used, but this only rejected a small Measurements ofSv ps at the longest time scales,
fraction of the data because 3s near to the Nyquist limit.  ©>256 min, represent a mixture of spatial and temporal vari-
Despite this difficulty, our analysis discerned consistent, rel-ations. TheSv| os values represent differences between ve-
ative variations in the scaling parameters amongst the differfocities measured in the morning and afternoon convection
ent populations. Table 1 lists the valueswf agsr, H, and cells. The bias for largev os to decrease for Population
their errors obtained for the different data sets. Although theB means the receding velocities were stronger (i.e. more
absolute values of the different parameters differ, the relativenegative) in the afternoon side of the convection throat at
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higher latitudes, V\{hereas the bias for smalbg@s t?_i”' Table 2. Scaling parametergg for v og observed by the Halley
crease for Population A means the receding velocities Wer€yqar in the dayside ionosphere.

weaker (i.e. less negative) in the afternoon side of the convec-

tion throat at lower latitudes. The biases which developed at

longert were caused by spatial variations in the underling population B, o <k>  <SURMS>
statistical convection pattern. (spectral width)

In the common modes of operation, SuperDARN radars
measurev pos on all 16 beams every 1 min (2min) using
3-s (6-s) coherently averaged ACFs (i.e. integrations). The
SvLos samples calculated at=1 min mostly used measure-
ments ofv os made with 3-s integrations, whereas 8weos
samples forr>2 min used measurements made with a mix-
ture of 3- and 6-s integrations. This is relevant because when
the ionospheric irregularities angos change on time scales
comparable to 1-10s, slightly differentos values will be
measured using different integration times. The results ob-
tained forr=1 min differ slightly because of this reason. 3.3 Results for TIGER radaf_ os (electric field)

When the PDFs of Halley data shown in Fig. 12 were
further sorted according to IMB,, the same scaling col- Figure 13 shows the PDFs afos for r=1, 2, 4, ...,
lapse occurred, except the results had more scatter becaugg6 min observed using the TIGER radar in the nightside
of the fewer number of samples. However, the PDFs of Pophigh-latitude ionosphere. Part (a) shows the results for Pop-
ulation A had noticeably sharper peaks fBr southward, ~ ulation B (spectral width=150m s'1), and part (b) shows
and broader peaks faB, northward. That is, there was a the results for Population A (spectral widtv5 m s1). As
greater probability for largév os at all r when B, was explained in Sect. 3.1, Population B echoes are more likely
northward for Population A found at lower latitudes. Very to be found on open field lines in the polar cap, but also on
minor changes were found when sorting the PDFs accordinglosed field lines just equatorward of the open-closed bound-
to B,. Table 2 shows the scaling parametgrversus the ~ ary, whereas Population A echoes are more likely to be found

B(>150ms1) Al 0.1940.04 6.7 497.3m3t
B(>150ms?1) South 0.180.04 65 498.8mst
B(>150msl) North 0.19:0.04 6.9 482.6m3s!
A(<75msl Al 0.23+0.04 582 248.9m3
A(<75msl) South 023004 762 203.7msl
A(<75ms1y  North 021004 432 262.8mst

orientation ofB, . on closed field lines in the auroral and sub-auroral iono-
Table 2 also lists the kurtosis of the unscaled PDFs aversphere. Population A echoes are also more likely to be found
aged over=1 to 256 min,<«>. The kurtosis is given by: in regions of high Pedersen conductance which often corre-
sponds to the auroral ionosphere (Parkinson et al., 2004).
1 N=d (SvLogj — dvLos) 4 The PDFs ofv_os for Population B (Fig. 13a) are highly
K="N ¢ . variancé’2 -3 skewed toward positive values, and they appear single
i=

peaked. The positive skew occurs because the distribution
(Spiegel and Boxer, 1972). When the kurtosis is negativejs dominated by anti-sunward flows exiting the polar cap
zero, and positive, the distributions are platykurtic, mesokur-(cf. Fig. 7). Not surprisingly, the PDFs shift more (less)
tic (Gaussian), and leptokurtic, respectively. Here all thetoward positive values foB, southward (northward). The
kurtosis values were large and positive, and they decreasedDFs appear single peaked, but they may actually be the
ast increased (cf. Fig. 9). This confirms the PDFs were synthesis of three overlapping but unresolved distributions.
leptokurtic, having sharp peaks and long tails. The kurtosisThere are negative (sunward) flows, and close examination
was strongest for Population A, especially ®rsouthward. ~ reveals a small enhancement neass=0m s, possibly
Moreover, the average kurtosis values were even larger whepaused by ground scatter mistaken for ionospheric scatter.
the PDFs forr=64 to 256 min were not included, thereby = The PDFs ofv os for Population A (Fig. 13b) are tri-
eliminating biases due to spatial variations in the large-scalanodal, consisting of a dominate peak associated with anti-
convection. sunward flows exiting the polar cap (motion towards the
Lastly, Table 2 also lists root-mean-square (RMS) valuesradar), a secondary peak centred close tgs=0m s ™1, and
of the velocity fluctuations averaged overl to 256 min,  a tertiary peak associated with sunward flows. Because of
<Svrms>. These RMS values facilitate inter-comparison expansion and contraction of the auroral oval, the ratio of the
between the magnitude of the velocity fluctuations observecamplitude of positivey os peak to the negativa os peak in-
by the two radars. Consistent with Fig. 8irums increased  creases (decreases) 8y southward (northward). The sec-
with t for every way the results were sorted. Als®vrms> ondary peak is mostly due to zonal flows in the auroral and
was larger for Population B which had largaros. It is sub-auroral ionosphere. It becomes the dominate peak when
important to note thakdvrms> was substantially smaller B, is northward, and the tertiary peak wh8nis southward.
(greater) forB, southward (northward) for Population A, but These changes are also consistent with the expected expan-
not for Population B. sion and contraction of the polar cap wij.
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Fig. 13. PDFs ofv og for t=1 min (black), 2min, ..., 256 min (or-  Fig. 14. The extent to which the PDFs 86| og collapse to a com-
ange) observed using the TIGER radar during 20:00 to 02:00 MLT.mon curve for(a) TIGER Population B, an¢b) TIGER Population
The results have been sorted accordin@)spectral width=150 m A. Common bin sizes of 1 nTs were used fofv| og prior to scal-
s~1 (Population B), andb) spectral width<75m s1 (Popula- ing.
tion A). The number of samples varied from 266 388 ferl min
to 1625514 forr=16 min for Population B, and from 117 421 for
7=1min to 591 619 for=2 min for Population A. Abinsizeof1m RMS values of un-scaled os values averaged over1 to
s~! was used o os. 256 min are also given.
Figure 14a shows the extent to which the PDFs of
dv os collapse to the same curve for TIGER Population
Figure 13a shows that some large positiyes values  B. The scaling collapse of the PDFs was satisfactory out
are less likely to occur at=256 min (orange), and Fig. 13b to §v os~+800m s for all 7, but the probability of
shows that the secondary peak closetes=0m s grows |5 o5|>800 m st decreases with. That is, the same “role
in amplitude withz. These effects occur because the off” of the wings found for Halley Population B (cf. Fig. 12a)
v os samples atr=1min were measured during 20:01 to s steeper and more clearly defined for TIGER echoes be-
02:00 MLT, whereas at=256 min they were measured dur- cause of the greater number of available samples. The
ing 00:44 to 02:00 MLT (i.e. 256 min after 20:00 MLT). The effect was strongest for=256 min because the mapping
convection pattern tends to become more zonal when thgy og,=5v 05T~ implies the role off corresponds to mea-
radar FoV is in the latter MLT sector. sured velocities of~2.6km s1, the Nyquist limit of the
The same procedures used to estimate scaling parametergdar. Strong leptokurtic wings persisted ferl min, as they
for the Halley radar data in preceding section were appliedmight for largerr if the radars could measure velocities in the
to the TIGER data. Table 1 lists the valueso@f agsr, H, order of 10 km s1.
and their errors for Populations A and B, and Table 3 lists the Figure 14b shows that mono-scaling collapse of the
values ofwg for B, southward and northward conditions. In PDFs for Population A was not achieved. Here we used
most cases, the individual data points were reasonably close=0.35:0.04, but varying this parameter did not improve
to the best fit straight line, but as previously explained, thethe scaling significantly. Whilst the PDFs collapsed to the
largest errors occurred far=1 and 256 min. Kurtosis and same curve out tdv os~+40m s, even this result is
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questionable because measurement errors most strongly af; e 3. Scaling parameters, for v_og observed by the TIGER
fected the peaks of the PDFs (i.e. Fig. 9). We conclude thg,qar in the nightside ionosphere.

results for TIGER Population A are not self-affine, even less
self-affine than for Halley Population B. When allowing for
errors, the graph af(m) versusn suggests the results might  population B, g <k>  <SURMS>
be multi-fractal. (spectral width)

When the PDFs for Population A and B were sorted ac-
cording to the IMF, large values 681 os had a greater prob-
ability for B, northward. Only minor changes were found
when the PDFs were sorted accordingto

B(>150ms1) Al 0.1840.04 9.9 402.2mzst
B(>150ms1) South 0.180.04 10.3 397.8m=s!
B(>150ms?l) North 0.19:0.04 9.5 4045m3!
A(<75msl Al 0.35+£0.04 226 379.6m3t
A(<75ms1) South 0.340.04 344 306.0ms!

_ , A(<75msl) North 0.35:0.04 145 459.0mst
4 Discussion

An ongoing concern in the field of magnetospheric com-
plexity science is the extent to which the magnetosphere idatitude boundary layer, a region exhibiting dynamics closely
a SOC system, or a forced SOC system (F/SOC) (Changfelated to the cusp, and perhaps sometimes residing on open
1992). Some aspects of magnetospheric dynamics are dfield lines. Because of the conducting, incompressible iono-
rectly driven by the solar wind, yet others seem to arise fromsphere, fluctuations in the electric potential generated by re-
internal interactions, and it is possible the dynamics are of-connection across the merging gap may penetrate to closed
ten driven yet self-organised, behaving in a way analogous tdield lines laying just equatorward of the open-closed mag-
phase transitions (Ukhorskiy et al., 2003). The driver mightnetic field line boundary.
dominate the magnetospheric dynamics when and where the TIGER Population B echoes also exhibited good self-
coupling is strong, yet self-organisation might prevail when affinity (Fig. 14a). Within experimental error, they shared the
and where the coupling is weak. For example, it is well same scaling parameters as Halley Population B (Table 1).
known that fluctuations in the dayside cusp currents and elecHowever, the fluctuations levels, as measurecByrus>,
tric fields in the ionosphere respond rapidly to changing solawere slightly larger for Halley Population B. Most TIGER
wind conditions. Th®P2current system and related electric Population B echoes map to open magnetic field lines in the
fields might also fluctuate in a way that is partly determinedtail lobes, and they must be associated with 2 cur-
by the driver. rent system, and partly thBP1 current system. TIGER
Although the overall shape of the magnetotail owes itsPopulation A echoes are found further equatorward and they
very existence to the solar wind, much of its complicated map to the plasma sheet in the magnetotail, a region thought
internal structure might be self-organised. Mdb1 sub-  to exhibit multi-fractal behaviour (Lui, 2001). Our TIGER
storm current un-loadings are triggered by IMF northward Population A echoes did not exhibit mono-fractal scaling
turnings, but there are so-called spontaneous substorm@&ig. 14b). These fluctuations must include strong effects
(Borovsky, 1993). Also, there is a distinction between theassociated with substordP1 current un-loadings which
driver and trigger for a system near to criticality. For exam- might constitute system wide avalanches. In the future, we
ple, the weather ultimately drives snow avalanches, yet the&im to further sort all the PDFs according to substorm phase
trigger may be any perturbation, such as a skier traversingDP1) and non-substormDP2) conditions, as well as per-
the slope. In the case of substorms, an external trigger doglorm a multi-fractal analysis.
not preclude self-organisation. Given the spontaneity of sub- The PDFs ofv os probably collapsed to the same curve
storms, it seems reasonable to suggest that much of the intefer Halley and TIGER Populations B far=1 to 256 min, but
nal structure and evolution of the magnetotail is not directly less so for Halley Population A. The existence of this power
driven. law scaling is an attribute of SOC, but some other, perhaps
Our re-scaled radar observations are in basic agreementnknown linear or non-linear dynamic might also explain our
with this broad picture of the magnetosphere. Halley Popu-esults. Nor do our results prove the fluctuating ionospheric
lation B corresponds to echoes from the dayside greater cusgglectric fields are directly driven by corresponding fluctua-
and mostly included the effects of electric field fluctuations tions in the solar wind. Coincidentally, both space plasmas
associated with thBP2 and cusp current systems. Like the may be governed by nonlinear dynamics exhibiting similar
solar winde fluctuations (Fig. 3), the Halley Population B scaling. The importance of the solar wind driver might be
results exhibited the most convincing mono-fractal scalingrevealed by a multi-year study of seasonal and solar cycle
(Fig. 12a). Halley Population A results also exhibited rea- variations in the scaling parameters, revealing common sys-
sonable self-affinity (Fig. 12b). Although these low spectral tematic variations.
width echoes are thought to map to closed field lines (Baker SuperDARN radars were designed to measure convection
et al., 1995), they include echoes which map to the low-speeds in the order 6100m s to 2-3km s, and they
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provide an outstanding view of global-scale electrodynamicsage spatial variations in the underling statistical convection
(Ruohoniemi and Baker, 1998). The invention of the pulsepattern. Although this is a second-order effect, ideally we
set/FITACF approach achieved a large Nyquist frequencyrequire a radar which resides in the same MLT sector as the
whilst reducing the deleterious affects of range aliasing wherEarth rotates. However, given the earlier Hnat et al. (2002b,
sampling out to great ranges (1000 to 3000 km). However2003a) results obtained using the AE indices, the present re-
the radar data has its limitations and our interpretation tooksults confirmed the outer limit of the scaling regime extended
them into account. Of fundamental concern is the ability of to nearr=128 or 256 min.
existing radars to measure very sma#1-10m s?1) and TIGER Population A corresponds to an ionospheric
very large &2km s 1) velocity with small relative error.  regime dominated by energetic particle precipitation and sup-
The shapes of the PDFs 8f| os are probably reasonable pression of electric field fluctuations by large Pedersen con-
for intermediate velocities, but the peaks of the PDFs mightductance (Parkinson et al., 2004). It is well known that mag-
become sharper with increased Doppler resolution. Alsonetic field lines are not equipotentials in the auroral iono-
the shapes of the present PDFs imply the probability densitysphere because of field-aligned potential drops. Large-scale
in the long tails would increase with improved angular and electric fields map from the magnetosphere to the ionosphere
range resolution, and Nyquist frequency. The PDFs may bén the auroral oval, but the short-scale electric fields are sup-
even more leptokurtic than shown (cf. Fig. 9). This implies pressed (Weimer et al., 1985). Hence the “Pedersen conduc-
the existence of intense flows at small scale sizes. tance filter” will have the largest impact at the shortest time
Lanchester et al. (1996) reported high space and time (9 s3cales for TIGER Population A. Ideally, the transfer function
resolution EISCAT measurements of electric field coinci- specifying how fluctuations in the magnetosphere map to the
dent with TV images of optical aurora. These measure-ionosphere ought to be measured and de-convolved from the
ments revealed the existence of intense4Q0mV nt1), radar measurements.
short-lived ¢~minute) electric fields occurring at the edges  Perhaps it is surprising that scaling collapse was achieved
of auroral arcs. Other TV images of optical aurora revealfor all of the PDFs front=1 to 256 min because the chosen
intense, small-scale{10 km) filamentary currents with life- values ofr crossed the time scales of different physical pro-
times<1s, and no doubt these are also accompanied by ineesses. Solar wind fluctuations and the magnetospheric in-
tense electric fields. The fractal limits of filamentary current terchange instability probably drive electric field fluctuations
and electric field structure is unknown, but we expect it to across a broad range of time scales. ULF waves contribute
extend down to the same scale size of ionospheric irregularto the fluctuation level for <15 min, whereas atmospheric
ities and energy dependent gyro-radiil(m). Although the  gravity waves might contribute for 15 mitt <120 min, and
radars do not access the regime of rare, intense, and spatialtides and planetary waves at even longeowever, the fact
localised fluctuations of most relevance to magnetospherithat scaling collapse was achieved suggest the role of ULF
complexity, the long tails of the PDFs &b os do imply the ~ waves was secondary, or they shared the same stochastic
existence of such fluctuations. Combined, these results improperties of the observed fluctuating electric fields. Gravity
ply the existence of convection “microbursts”. Radars with waves might be generated with periods similar to the electric
the spatial and temporal resolution required to analyse thigield fluctuations driving them via the Lorentz force, whereas
regime need to be developed. the effects of tides and planetary waves occur at longer time
Further experimental support for the relevance of intensescales than analysed here.
small-scale electric field fluctuations is provided by an in- Golovchanskaya et al. (2002) used Dynamics Explorer 2
termittency analysis of high time resolution SIERRA rocket (DE 2) observations to show the high-latitude convection is
measurements (Tam et al., 2005). They identified a powemore likely to be smooth when it is strongly driven under
law scaling regime for fluctuations in auroral electric fields B, southward conditions, and that electric field fluctuations
extending from 5 ms te-1/3 s in the rocket reference frame. increase in intensity on closed field lines undgr north-
The smallest scale fluctuations exhibit the strongest intermitward conditions. They propose that whBp is northward,
tency. The treatise of Chang et al. (2004) provides theoretinterchange instability develops within closed field line re-
ical support for the cause of intermittent plasma turbulencegions mapping to high latitude. They also reported their DE
at these small scales, and hence the cause of complexity i& electric field fluctuations had a most common scale size
space plasmas. These recent studies also suggest that imf 11 km, an irregularity scale size comparable to the small-
proved HF radars would measure intense activity at smallescale vortices thought to strongly influence the Doppler spec-

scales. tral widths measured by SuperDARN radars (Huber and
It was not possible to reliably infer the outer limit of the Sofko, 2000).
scaling regime because the Nyquist frequency~@f6 km Similarly, the present HF radar observations show evi-

s~ 1 caused a steep role off in the re-scaled PDFs at the largestence for aB. northward enhancement of fluctuation level.
7. Also, at the longest time scales>256 min, thedv_os Tables 2 and 3, show thatsvrus> was larger for both Hal-
values became a mixture of spatial and temporal fluctuationsley and TIGER Populations A wheB, was northward, but
We attributed some of the discrepancies in the PDFs to averfor neither Population B. Population A echoes tend to occur
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on closed field lines mapping to deeper inside the magneinside the magnetosphere. The analysis was also sorted ac-
tosphere where interchange instability will enhadogps, cording to basic categories of the IMF.

whereas Population B echoes occur at higher latitude on open 5. The PDFs ofu.os measured by both radars were in
field lines, and on closed field lines just equatorward of thepasic agreement with standard two-cell convection patterns,
open-closed boundary. and they also changed in shape within the expected way.

In conceptual models of magnetosphere-ionosphere coutargev, os values occurred most often for Halley Population
pling, the open-closed magnetic field line boundary is adi-B in the greater cusp, and smallos values occurred most
aroic and represented by a smooth line (fractal dimension %ften for TIGER Population A mapping to the nightside in-
1). However, the present results show the convective flow hager magnetosphere.

a large fractal dimension, especially in proximity to the day-

side cusp. This raises the possibility that an adiaroic openg.,ies: from 1 min to 256 min. The smallest time scale

closed boundary is also fractal. The radar spectral width 55 |imited by the time resolution of the radar scans and the

boundary, often taken as a proxy for the open-closed boundp, gt time scale by rotation of the radars in MLT. The PDFs

ary, exhibits structure down to the time and range resolu-of SuLos Were leptokurtic and modeling of the weakly cor-
tion of the measurements (see Parkinson et al., 2002). Th

; , - felated velocity errors suggested the leptokurtic peaks would
iso-contours of auroral intensity are also known to be fraCtaI“sharpen” if the errors were reduced. The effective Nyquist

(e.g., Kozelov, 2003). The fractal dimension_of the pOIe‘Nardfrequency of the measurements limited the probability den-
boundary of the auroral oval, and other proxies for the OPeNity in the long tails of the leptokurtic functions.

closed boundary, need to be determined. :

y 7. Peaks in the PDFs dfv os and GSF analyses were
used to estimate scaling parameters for the radar measure-
ments. The scaling parameters were then used to test for scal-
ing collapse. Halley Population B exhibited the most con-
1. The solar winds parameter was estimated using ACE Vincing self-affinity (like thes parameter) out to the Nyquist
spacecraft measurements during year 2000. As with previlimit. Halley Population A and TIGER Population B also
ous studies, the PDFs of fluctuationsdrat various time  ©xhibited self-affinity, whereas TIGER Population A did not
scalest were compiled and found to be leptokurtic. There €Xhibit scaling collapse. Due to the conducting, incompress-
was a greater occurrence of small (large)alues for small  ible ionosphere, fluctuations in the electric potential in the
(large) values ofr, with the cross over points located near 0PeN magnetosphere (Halley Population B) can penetrate to
Se~+0.310\W. the closed field lines residing just equatorward of the open-

2 Peaks in the PDFs were used to estimate the scalin(j'osed boundary (Halley Population A). Thus the three most

parameterg. Estimates ofxo were vexed because of the °uter domains (Halley Populations B and A, and TIGER
sin*(6/2) term in the definition of, combined with sensitiv- PoPulation B) exhibit scaling most akin to the solar wind,
ity to measurement errorsg increased with decreasing bin Whereas TIGER Population A tends to map to the nightside
size used to resolve the peaks but there was a local maximuf@Sma sheet, a separate electrodynamic region generating
of g=0.43+0.03 for Ase~0.00002°W, in agreement with ~ DP1 substorm current unloadings.
earlier work. 8. Referring to Tables 1 to 3, the scaling parameters ob-
3. GSF analysis was used to estimate the scaling paramédained for Halley and TIGER Population B were essentially
ter agse=0.25+0.05 and the Hurst exponefit=0.23+0.05. the same, namely(=0.185+0.04. The zonal electric field
The moments of the GSF analysissefexhibited power law ~ fluctuations exhibited the strongest mono-fractal cascade in
scaling over 9 octaves of time scale ranging from 46's tothese higher latitude regions. For the dayside Halley Popula-
~9.1h, and scaling collapse of the PDFs was also achievedion A, ag was 0.23:0.04, the next most fractal region. For
The 8¢ fluctuations were self-affine (mono-fractal) over this the nightside TIGER Population Ay was 0.35:0.04, but
regime. scaling collapse did not occur. Electrodynamic fluctuations
4. SuperDARN radar measurements of ionospheriss in the nightside plasma sheet are known to be multi-fractal.
in the meridional direction (equivalent to zonal electric field) No significant variations in the scaling parameters were de-
were analysed in the same way as thearameter. The HF tected betweem, north and south categories for any of the
radar measurements were sorted according to Halley mednorphological regions, suggesting an internal organisation
surements in the dayside ionosphere (08:00 to 14:00 MLT)of fluctuation.
and TIGER measurements in the nightside ionosphere (20:00 9. Finally, referring to Tables 2 and 3, the average RMS ve-
to 02:00 MLT). The analyses were further sorted accordinglocity fluctuations,<§vrms>, were largest for Halley Popu-
to regions of high spectral width (Population-8150m s'1) lation B, next largest for TIGER Population B, and weakest
occurring predominantly on open field lines within the polar for Halley Population A. The<dvrms> values were sub-
cap, and low spectral width (Population A75m s1) oc- stantially smaller (larger) foB, southward (northward) for
curring predominantly on closed field lines mapping deeperboth Halley and TIGER Population A which tend to map to

6. PDFs of fluctuations in os were compiled for time

5 Summary
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closed field lines in the inner magnetosphere. Again, this is itation boundaries in the morning sector ionosphere, Ann. Geo-

further evidence for an internal organisation of fluctuation. phys., 23, 733-743, 200S. o _
An important consequence of this work is that any €onsolini, G. and Chang, T. S.: Magnetic field topology and crit-

dynamical model predicting variability in magnetosphere- icality in geotall dynamics: relevance to substorm phenomena,

ionosphere behaviour on time scale4 h should exhibit sta- _ SPace Sci. Rev., 95, 309-321, 2001 .

. . . . . . Dudeney, J. R., Rodger, A. S., Freeman, M. P., Pickett, J., Scudder,

tistical scaling properties like those found in this study, oth-

. L . J., Sofko, G., and Lester, M.: The nightside ionospheric response
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