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Abstract. Multi-scale structure of the solar wind in the eclip- 1 Introduction
tic at 1 AU undergoes significant evolution with the phase of
the solar cycle. Wind spacecraft measurements during 1993he Sun’s magnetic field reconfigures on 11-year, 22-year,
to 1998 and ACE spacecraft measurements during 1997 t@nd longer cycles (Carroll and Ostlie, 1996) leading to vari-
2005 were used to characterise the evolution of small-scal@tions in solar wind turbulence that may be reproducible
(~1min to 2h) fluctuations in the solar wind speeg,, from one solar cycle to the next, such as those associated
magnetic energy densit§?, and solar wind: parameter, in ~ With recurrent fast stream flows during the declining phase
the context of large-scale-(L day to years) variations. The (Neugebauer and Snyder, 1966; Burlaga, 1995). It is im-
|arge-sca|e variation i@ most resembled |arge-sca|e varia- portant to characterise the long-term evolution of solar wind
tions in B2. The probability density of large fluctuations in turbulence because it affects the coupling of solar wind en-
¢ and B2 both had strong minima during 1995, a familiar €rgy to the magnetosphere, and the initiation of geomagnetic
signature of solar minimum. Generalized Structure Functionstorms. There is also evidence that changes in the solar wind
(GSF) analysis was used to estimate inertial range scalingnay affect tropospheric climate (e.g. Svensmark and Friis-
exponentsigsrand their evolution throughout 1995 to 2005. Christensen, 1997; Reid, 1999; Rycroft et al. 2000).
For the entire data set, the weighted average scaling exponent It is widely accepted that the frequency and intensity of
for small-scale fluctuations in,, wasagsp=0.284-0.001,a  geomagnetic storms is related to the ever changing state of
value characteristic of intermittent MHD turbulence1(4),  the solar wind impacting the Earth. The aim of this study is
whereas the scaling exponents for corresponding fluctuationt characterise the evolution of small-scatel(min to 2 h)
in B2 ande wereags=0.395+0.001 and 0.33#40.001, re-  Solar-wind turbulence in the context of large-scale behaviour
spectively. These values are between the range expected-1 day to years) using long-term spacecraft data sets, with a
for Gaussian fluctuations (1/2) and Kolmogorov turbulenceView towards the impact of those variations on the magneto-
(1/3). However, the scaling exponent forchanged from sphere and ionosphere. To achieve this aim, we will analyse
a Gaussian-Kolmogorov value of 0.3#8.005 during 1997  Wind (1995 to 1998) and Advanced Composition Explorer
(end of solar minimum) to an MHD turbulence value of (ACE) (1998 to 2005) spacecraft data recorded near the L1
0.2470.004 during 2003 (recurrent fast streams). Change$0int.
in the characteristics of solar wind turbulence may be repro- The solar wind: parameter (Perreault and Akasofu, 1978)
ducible from one solar cycle to the next. provides a measure of the fraction of solar wind Poynting
flux entering the magnetosphere via magnetic reconnection:

Keywords. Magnetospheric  physics  (Solar  wind- B2 <9) "

magnetosphere interactions) — Space plasma physicg= vSW_lo sin
(Nonlinear phenomena; Turbulence)

wherevsw is the solar wind speed? is the magnetic energy
density, lo_ (7 Rg)? is an effective cross sectional area, and
o=arctan(|By|/B;) is the clock angle of the interplanetary
magnetic field (IMF). TheB, and B, components are usu-
Correspondence tayl. L. Parkinson ally expressed in Geocentric Solar Magnetospheric (GSM)
(m.parkinson@latrobe.edu.au) co-ordinates.
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In reconnection theory, the IMF clock angle plays a ma- rent corotating fast streams became prevalent, a reproducible
jor role in controlling the coupling of solar wind energy to feature of the declining phase of solar activity. They found
the magnetosphere. The coupling greatly increases when thitae PDFs of fluctuations in,,, and B from small (~1 h) to
IMF points in the negative8,, or southward directiorvErn) large scales<{1 year) could be described by a modified form
because this satisfies the condition for anti-parallel mergingof the Tsallis distribution (Tsallis, 1988). The Tsallis distri-
Clearly, fluctuations iny,,, B2 andd must combine in com-  bution represents an extension of Boltzmann-Gibbs statisti-
plicated ways to produce fluctuationsanThe evolution of  cal mechanics to include non-equilibrium systems with scal-
all of these terms will be investigated here using techniquesng properties described by fractal and multi-fractal structure.
which test for extended self-similarity (Benzi et al., 1993; The use of this distribution opens the way toward a compre-
Bershadskii and Sreenivasan, 2004). hensive empirical model of fluctuations in the solar wind,

Equation (1) implies that turbulence in the solar wind mustwhich predictive models must ultimately reproduce.
affect the rate of magnetic reconnection. Borovsky and Fun- Fluctuations invg,, are multi-fractal at small to interme-
sten (2003) have also shown that solar wind turbulence playsliate scales (Burlaga, 1995), exhibiting leptokurtic PDFs at
an important role in the viscous interaction. They showedsmall scales, and becoming Gaussian at intermediate scales
that enhanced MHD turbulence, as measured by the vectdBurlaga and F.-\ias, 2004a). The convergence toward
sum of the standard deviations Bf and B,, increases the Gaussian PDFs is consistent with the Central Limit Theo-
eddy viscosity and thus also the momentum transfer fromrem (e.g. Tijms, 2004), but occurs at smaltethan for other
the solar wind to the magnetosphere. They showed this efsolar wind parameters. Burlaga and F&$ (2004a) also
fect accounts for~150 nT of the variation in the AE index suggested fluctuations iB were caused by the combination
regardless of whetheB, is southward or northward. The of intermittent turbulence, shocks, discontinuities, and multi-
viscous interaction is not captured by Eq. (1). scale filamentary structures.

Early studies of turbulence involved calculating the power Horbury et al. (1996) analysed Ulysses measurements of
spectra of fluctuating measures. In the case of forward enfast solar wind flows emanating from the Sun’s southern po-
ergy cascades, three basic scaling regimes were identified it&r coronal hole. The high-latitude turbulence was described
the spectra: a large-scale driving regime, an inertial turbulenfs unevolved, exhibiting strong IK phenomenology close to
regime, and a small-scale dissipation regime. Of course, difthe Sun, yet with K41 phenomenology at small scales. The
ferent systems can exhibit more complicated behaviour in-minimum cut-off frequency for the K41 range was found to
cluding the presence of intermediate scaling regimes, andlecrease with heliocentric distance. That is, the turbulence
there are many kinds of turbulence and even more theorie§ecame more K41-like at larger scales with increasing he-
to explain them. Identification of scaling exponents helps toliospheric distance. They used the Ruzmaikin et al. (1995)
constrain the correct physical theory applicable to a complexwo component model to correct the scaling exponents for
system. intermittency, and suggested the small-scale fluctuations ex-

In basic Kolmogorov hydrodynamic turbulence (Kol- hibited an underlying IK phenomenology.
mogorov, 1941, 1962) (K41 hereafter), the spectral energy Although statistical, these highly successful studies of so-
density in the inertial range has a power law degay’ lar wind turbulence have been “case studies” in the sense that
with exponent8=5/3. For MHD/Alfvénic turbulence, as de- they have analysed a set of measurements made at a partic-
scribed by Irosnikov (1964) and Kraichnan (1965) (IK here- ular heliospheric location and phase of solar activity. There
after), the spectral exponent f=3/2. Fluctuations in, are dangers in scaling properties of solar wind parameters us-
are anisotropic, exhibiting K41 phenomenology in the field ing one or two years of data made at similar locations within
parallel direction, yet IK phenomenology in the field perpen- the heliosphere. This is because solar wind turbulence is al-
dicular direction (Chapman and Hnat, 26R7These authors ~Ways evolving in space and time, partly driven by constant
also found that fluctuations iB2 exhibit K41 phenomenol- ~ changes in the dynamics of the solar atmosphere. A more
ogy. The fluctuations may also be multi-modal in the sensecomprehensive picture of solar wind turbulence will be at-
that separate physical processes affect the measures (e.g., fiihed when solar wind parameters have been analysed at
passage of solar wind shocks). All of these complexities af-many heliospheric locations across multiple cycles of solar
fect coupling of energy to the magnetosphere. activity. _

Burlaga and Forman (2002) and Burlaga and Fai Yordanova et al. (2005) f(_)und that tur_bL_JI_ence in the
(2004a, b) described multi-scale structure in the fluctuationgn@gnetospheric cusp was anisotropic, exhibiting Gaussian-
of solar wind speedi,,) at 1 AU for various phases of the ke behavpur in thg f|eI(_j paraI_IeI dlrect|orﬂ.(:2.41),. yet
solar cycle. In particular, Burlaga and F.Adis (2004b) anal- More K41-like behaviour in the field perpendicular direction

ysed fluctuations imy,, andB made during 2003 when recur- (=1.93). Crosby et al. (2005) found the power law decay of
electron count rate distributions in the outer radiation belts

1Chapman, S. C. and Hnat, B.: Kolmogorov and Irosnikov- had smaller exponengsduring 1995 when there were more
Kraichnan scaling in the anisotropic turbulent solar wind, Phys.fast streams in the solar wind. In this case, the smaller expo-
Rev. Lett., in review, 2007. nentsg meant that larger count rates became more frequent
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relative to small count rates during 1995. Enhanced solaence calibrated data including SWEPAM measurements of
wind complexity was shown to increase complexity in the v,,,, and MAG measurements &, GSM B,, and GSMB;.
energisation of the outer radiation belt. Figure 1 is a bar chart showing the number of (a) Wind
Freeman et al. (2000) and Uritsky et al. (2001) have inves-v,,, samples per annum and (b) Wildsamples per annum
tigated the extent to which fluctuations in the magnetosphergboth blue). Thev;,, data were available at a variable time
are forced by fluctuations in the solar wind, or organised in-resolution, though (=84 s was close to the average sampling
ternally, or are a combination of both. A multi-year study of interval. TheB data were available at a time resolution of
this kind may be a stepping stone to the solution of this out-tg=92s. The data were presumably averaged to these sam-
standing problem. For example, if long-term changes in solaiple rates to reduce uncertainty. Figure 1 also shows the num-
wind scalings are found to be similar to those for indices of ber of ACEv,,, and B samples per annum (red). The ACE
magnetospheric activity, then one might conclude the inter-vy,, data were available ay=64 s, whereas th8 data were
nal fluctuations were directly driven by the solar wind fluc- available atrg=16s; hence the large number Bfsamples.
tuations. The following analysis will emphasise long-term Data collection was fairly continuous throughout all years
variability in the solar wince parameter and all of its com- except forB data during 1997, and,,, data commenced on
ponents with a view toward future comparisons with iono- day 36 during 1998.
spheric and magnetospheric activity. Ideally, for a long term study of this kind, the detectors on
Wind and ACE should have had identical performance char-
acteristics, there should have been no long-term drifts in their
2 Spacecraft instruments and data sets performance, and the signal processing algorithms should
also have been identical. The mode of operation of the Wind
This study utilises solar wind parameters measured using thewg experiment became more complicated during 1998,
Wind spacecraft during 1995 to 1998 and the ACE spacecrafynd this introduced some artificial jumps in thg, data.
during 1997 to 2005. This 11-year interval encompassed ONgqy this reason, all data tagged with a quality flag of 4098
solar minimum (1996) to nearly the next (2006). Data from or 14 466 were rejected. The Wirkldata also had artificial
two spacecraft were used to cross-check the validity of ouositive spikes; which were readily identified and rejected
results which are extremely sensitive to any changes in inyyhenever B:—B;_1)/B;_1>0.8 and B;—Bi;+1)/B;i+1>0.8
strumental performance. (R. Lepping, private communication, 2006). Rejecting these
The ACE spacecraft was located in a halo orbit at thedata resulted in agreement between the 6th order statistical
Earth-Sun L1 point at-238R . The trajectory of Wind was  moments of fluctuations in,,, and B2 measured using Wind
complicated, including near Earth orbits and excursions tognd ACE during 1998, the year of common observations.
the halo region of ACE. Any Wind measurements that couldThe 6th order moments are extremely sensitive to anoma-
have been influenced by the magnetosphere were rejected {Bus values. It is remarkable that the different spacecraft data

this Study. Statistica”y, the characteristics of solar wind fluc- sets agreed to such a h|gh statistical order after a”owing for
tuations should be the same for two spacecraft which are loknown problems.

cated in essentially the same region of the heliosphere.

Wind spacecraft instruments included the Solar Wind Ex-
periment (SWE) (Ogilvie et al., 1995) and the Magnetic 3 Observations and analysis
Field Investigation (MFI) (Lepping et al., 1995). The SWE
instrument included 2 Faraday cup ion detectors measur3.1 Evolution of large-scale solar wind fluctuations
ing solar wind protons and alpha particles at energies up to
8 keV. The MFI instrument consisted of dual, wide dynamic First we provide an overview of large-scale variability in so-
range (0.001 to+65536 nT) triaxial fluxgate magnetome- lar and solar wind activity to put the subsequent analysis
ters. The CDAWeb site was used to download SWE measureef small-scale solar wind fluctuations in context. Figure 2a
ments of the solar wind speeg,,, and MFI measurements shows the daily 10.7 cm solar flux (red) and sunspot number
of the IMF magnitudeB, and theB, and B, components ex-  (blue) during 1995 to 2006. The 27-day running averages
pressed in GSM co-ordinates. have been superimposed (black curve). Hence we emphasis

ACE spacecraft instruments include the Solar Wind Elec-temporal variability atr=1 day, 27 day, and longer. Solar
tron, Proton, and Alpha Monitor (SWEPAM) (McComas et activity minimised during 1996, including a minimum in the
al., 1998) and the MAGnetometer experiment (MAG) (Smith fluctuation level of 10.7 cm solar flux and sunspot number at
etal., 1998). The SWEPAM instrument was built using sparer=1 day. Sunspot maximum was during 2000, but continued
(but improved) solar wind electron and ion analysers frominto 2001 before the declining phase commenced.
the Ulysses mission. Except for minor modifications, the Figure 2b shows the daily averagg, and the correspond-
MAG experiment was a flight spare of the Wind mission, anding 27-day running average at 1 AU calculated using Wind
produced data with similar digital resolution and dynamic (blue) and ACE (red) measurements. It can be seen that the
range. The ACE Level 2 web site was used to download sci27-day averagey,, and 1-day fluctuations in,, minimised
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during 1997, slightly after sunspot minimum. Another strik-

o

ing feature was the prevalence of recurrent fast streams dur: 1996 1998 2000 2002 2004 2008

ing the declining phase, with the 27-day average speed peak Year

ing during 2003. A significant episode of unusually fast

stream was also encountered at the beginning of 2005. Fig. 2. (a)Daily 10.7 cm solar flux measurements (red) and sunspot

Figure 2c shows the large-scale variability in the magnetichumbers (blue) during the study interval 1995 to 20Q8) Daily
energy densityB2. It can be seen that2 and 1- and 27-day ~ average sol_ar wind speeg,, 2measured by Wlpd (blue) and ACE
fluctuations inB2 minimised during 1996, a distinct signa- ("¢d)-(¢) Dally average IMF8“ measured by Wind (blue) and ACE
ture of sunspot minimum. Three episodes of unusually largd'e%): () Daily average solar wina parameter calculated using
1-day average?>100nT? occurred during the solar maxi- ind (blue) and ACE (red) measurements. The 27-day running

averages have been superimposed for all parameters (black curves).
mum years 2000 and 2001. The largest peakinfor exam-
ple, was associated with an intense geomagnetic storm start-

ing on 31 March 2001K ,=9- andD,;=—387 nT). However, Although useful, the curves in Fig. 2 do not quantify

the largest 27-day averag# of all was coincident with @ changes in the higher order statistical moments of the solar
sharp peak in 27-day averagg, (part b) during 2003. This  ing parameters.

event was associated with a major geomagnetic storm start-
ing on 29 October K ,=9 and D;,;=—383nT). Another in- 3.2 Evolution of small-scale fluctuations g,y
tense storm commenced on 20 November 2003.

Figure 2d shows large-scale variability in the 1- and 27- A fluctuation in the solar wind parameterwas defined as
day average parameter. Equation (1) implies the variations §x(t,7)=x (#)—x (r—t) wherer is an adjustable temporal scale.
in ¢ are controlled by the variations in,, and B2, but the It is convenient to employ octaves of temporal scale, so that
relative variations irB?2 (part c) are much larger than the rel- =27 wherei is an integer and is the native time reso-
ative variations invg,, (part b). Thus the variations inmost  lution of the data. The probability density of a fluctuation at
resemble the variations iB2. Like B2, it can be seenthat  scaler is n/(N Ax) whereN is the total number ofx sam-
and 1- and 27-day fluctuations énminimised during 1996. ples, andn is the number ofx samples within bins of size
Moreover, episodes of unusually large 2x101°W tended ~ Ax. Hence the probability density function (PDFs) consist
to correspond to the aforementioned episodes of unusuallpf all the elementsP(5x,7) separated according to fluctua-
large B2. The 27-day average reached~5x101°W dur-  tion sizesx and temporal scale.
ing the major geomagnetic storms, but peaked at even larger In this study the fluctuation&x at all scaless were esti-
values for shorter intervals. mated by stepping through the records at the native resolution
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7o. This had the advantage of generating numeusam- SV [km s71]
ples at the largest, but it also meant the samples were only . =740 = £ A0
completely independent of each othetat, and then grad-
ually became less statistically independent at the largest
For example, at=524288 s there are only60 completely
independent samples, and the corresponding PDFs are les
reliable. However, our scaling exponents were not estimated
using the under-sampled fluctuations at the largest

Figure 3 summarises the evolution of PDFsof,, with
solar phase. Wind measurements were used to calculatt
PDFs ofévs,, att=84, 168, ..., 688 128 s for each year dur-
ing 1995 to 1998, and ACE measurements to calculate PDFs
of dvy, at =64, 128, ..., 524288s for each year during
1998 to 2005. Showing the PDFs for all years andgould
be impractical. Hence, Fig. 3a shows the PDFs for Wind at
t=84 s and for ACE ato=64s, colour coded according to
year.

Figure 3a shows that at these shefl min temporal
scales, the probability density for large,,, minimised dur-
ing 1997 (purple) and then maximised during the fast streams
of 2003 (orange). Similar results were obtained when using
larger values of for Wind or ACE. Figure 2b showed the
same basic behaviour extended out tel day.

Wind_1995 ACE_1998
Wind_1996 i
% wind_1997

i

gl Bwind_1098 1(a)

10g10(P(6Usy,T)) [km~? s]
|

[-2,2] km g1

[-500,-20],[20,500] km s-!
o
N
T
|

Figures 3b and ¢ summarise the evolution of the PDFs g
across allz. Panel (b) shows the evolution of probability
density integrated over the peaks of the PDFs using the lim- E T T~ ]
its of integration [-2, 2]km s 1. Panel (c) shows the evo- T e—
1996 1998 2000 2002 2004 2006

lution of probability density integrated over the wings of the
PDFs using the limits of integration-b00, —20] plus [20,

7 . . "
i\?gliksr?a;lr.a-trgs :‘r;treggﬁqe?apr:’gizzb#@r/ndgzssltl(f)lsavc\:llf rigﬁ:)c u- Fig._3. (a) The evolution of a_nnual PDFs for solar wind speed fluc-
) ! '’ tuationdvyy, calculated for Wind aty=84 s and for ACE aty=64s.
to 688128 (red) for Wind, and from 64 s (black, bold) t0 the ppFs were colour coded according to yéhy. The evolution
524288 (red) for ACE. of probability density integrated over the peaks of the PDFs using
Figure 3b shows that the probability density integratedthe limits of integration {2, 2] kms™L. (c) The evolution of prob-
across the peaks had a maximum value of 0.63 for Windability density integrated over the wings of the PDFs using the lim-
at t=84s during 1997. The probability density integrated its of integration [-500, —20] plus [20, 500]kms?. The results
across the limits foo, oo] is one, meaning that 100% of for (b) and (c) were calculated separately at eachanging from
8x values are contained within those limits. Hence 63% of84s (black) to 688128 (red) for Wind, and from 64 s (black) to
fluctuations were contained within-p, 2]kms ! att=84s.  524288s (red) for ACE.
In general, the probability density across the peaks declined
with increasingz; it was only 0.016 at=688 128 s during
1997. range oft and the PDFs were calculated using many thou-
A decrease in probability density across the peaks withsands of independent samples, especially at low to moderate
7 must be compensated by an increase in probability dent (Fig. 1). However, some of the erratic variations shown at
sity across the wings with, and vice versa. Figure 3c con- the largest may have been statistically insignificant because
firms the reduction in probability density across the peaksof the decreasing number of independent samples.
was compensated by an increase of probability density across Figure 3b shows that for all the probability density in-
the wings. During 1997, the integrated probability density tegrated across the peaks maximised during 1997, just past
across the wings was only 4804 att=92s, increasingto  sunspot minimum, and then declined toward a minimum dur-
0.64 atr=688128s. As expected, larger fluctuationsjp ing the fast streams of 2003. For exampler at1 min, the
tended to occur at larger temporal scales. absolute solar cycle change in probability density integrated
Figures 3b and c show the evolution of probability density across the peaks was27% (i.e. usingc=84 s for 1997 and
with solar phase throughout 1995 to 2005. Most of the trendsc=64 s for 2003). Conversely, Figure 3c shows the proba-
shown in this and subsequent figures are considered statisthility density integrated across the wings minimised during
cally significant because they are consistent across a broatR97, and then increased toward a maximum during 2003.

Year
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5(82) [n1?] ting the results on a logarithmic scale did not help because
. fTO. : ‘7‘20‘ SIS | 2|0 . 4|0 s this rendered the largest variations in probability density in-
I ] visible.

r Wind_1995 ACE_1998
1
. Wind_1996

- 3.3 Evolution of small-scale fluctuations irf B

1(a)

a Figure 4 summarises the evolution of the PDFs of fluctua-
] tions in magnetic energy densiB? with solar phase, in the
ACE_2004 1 same format as Fig. 3. Wind measurements were used to cal-
culate PDFs oB(B?) at7=92, 184, ..., 376832s for each

of the years 1995 to 1998, and ACE measurements to calcu-
I o o Bk late PDFs of$(B?) at r=16, 32, ..., 524288 for each of

L_‘g" o T HP the years 1998 to 2005. Figure 4a shows the PDFs for Wind
i att=84s and for ACE at=64s, colour coded according to
TopT === S ——— year.

e e o i e (b) Figure 4a shows the solar cycle changes in the PDFs of
oE ﬁ*”_‘“*&/ 1 8(B?) at temporal scales of1min were not as large as
RS ; — 1 ] those fordvy, (Fig. 3a). The probability density for large
: el - g 8(B?) was smallest during 1996 and 1997 (black, purple),
02 —t P and larger though variable in the remaining years encompass-

N N =l T ] ing the solar maximum and declining phase. This is consis-
1) tent with Fig. 2c which showed that fluctuations#% at
~1 day minimised during 1996, and then subsequently in-
] creased.
3 Figure 4b shows the evolution of probability density inte-
] grated over the peaks of the PDFs using the limits of inte-
gration [-5, 5] nT2. Again the results were calculated sepa-
rately for eachr. The solar cycle changes in probability den-
sity integrated over the peaks were relatively weak at short

Fig. 4. (a) The evolution of annual PDFs for magnetic energy den- (Plack), but slightly larger at the largesi(red). These rela-
sity fluctuations(B2) calculated for Wind ato=92's and for ACE  tively “flat” changes are consistent with the relatively weak
atrg=64s. The PDFs were colour coded according to y¢a).  changes in the peaks of the PDFs shown in Fig. 4a.

The evolution of probability density integrated over the peaks of Figure 4c shows the evolution of probability density in-
the PDFs using the limits of integratior-§, 5]nT2. (c) The evo-  tegrated over the wings of the PDFs using the limits of in-
lution of probability density integrated over the wings of the PDFs tegration [-400, —100] plus [100, 400]n%. Changes in
using the limits of integration-400, —100] plus [100, 400] n%. the probability density of very Iargé(BZ) were dramatic:
The results for (b) and (c) were calculated separately for at each the probability density minimised during 1996 at alland
ranging from 92 s (black) to 376 832 s (red) for Wind, and from 16Sthen increased rapidly during 1997 to 1999. For short
(black) to 524 288's (red) for ACE. the integrated probability density only peaked during 2001,
whereas forr >1 day there were local maxima during 1999,
2001, and 2003. Note that the evolution of probability den-
sity had greater statistical significance at shortbecause of

Wind_1998

ACE_2005

logio(P(6(82),7)) [nT-?]

[-5,5] nT-2
3
\

bt
w
T

[-400,-100],[100,400] nT-2

1996 1998 2000 2002 2004 2006

Year

For example, at~1 day, the change in integrated probabil-

ity density across the wings wasl8% (i.e. using=86 016 s the larger number of independent samples. That is, the three

for 1997 andr=65 536 s for 2003; yellow curves). local maxima forr>1 day have less statistical significance
Furthermore, in going from 1997 to 2003, the absolute de+han the single maximum at shorter

crease in probability density across the peaks was greatest

for T~1 min, and the Corresponding increase in probablllty 3.4 Evolution of small-scale fluctuationsdn

density across the wings was greatestderl day. Whilst

the probability density was transferred from smill,, 0 Figure 5 summarises the evolution of the PDFs of fluctua-

large dvyy, at all 7, the probability density was also trans- tions in the solar wind: parameter with solar phase, in the

ferred from shortr to long z. The transfer of probability same format as Fig. 3. Wind measurements were used to cal-

density was toward greateras well as greatefvy,,. culate PDFs oBe at t=84, 168, ..., 688128s for each of
The ordinates in Figs. 3b and c were enlarged to reveal théhe years 1995 to 1998, and ACE measurements to calculate

variations in near zero probability density. The relative vari- PDFs ofe at t=64, 128, ..., 524 288 s for each of the years

ations in probability density were comparable atmallPlot- 1998 to 2005. As in Fig. 3, panel (a) shows the PDFs for
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2
%';’ AMW Fig. 6. Probability density functions (PDFs) of the fluctuations in

7 the solar wind speed,, for year 2000. The different curves corre-

] spond to temporal scales=64 s (black), 128 s, 256, ..., 524288s
(6.1 days) (red). Error bars were calculated assuming Gaussian fluc-
tuationsoc,/n/n, and they have been drawn at the Bvel. A bin

size of 1km s was used.

(e)

e probability density integrated over the peaks decreased with
3 largert for each year. The solar cycle changes in probabil-
E ity density integrated over the peaks were also reminiscent

T L |
1998 2000 2002

2004 2006 of those fordv;,,; the probability denisty maximised during
Year 1997, and then gradually decreased to a minimum during the
fast streams of 2003.
Fig. 5. (a) The evolution of annual PDFs faer parameter fluctu- Figure 5c shows the evolution of probability density inte-

ationsde calculated for Wind ato=92§ and for ACE atO:GA_.s. grated over the wings of the PDFs using the limits of inte-
The PDFs were colour coded according to y€b). The evolution

. 0 .
of probability density integrated over the peaks of the PDFs usinggratlon [1.0,-0.8] p.ll.JS [0.8, 10* 10°°W. Like the resuIFs

the limits of integration {-0.1, 0.1}x 1010 Watt. (c) The evolution for 8vy,, the probability density integrated over the wings
of probability density integrated over the wings of the PDFs using {€Nded to increase with during any one year. The proba-
the limits of integration {-1.0, —0.8] plus [0.8, 1.0x10*°W. The bility density also minimised during 1997, and then gradu-
results for (b) and (c) were calculated separately at eachnging ally increased to a maximum during the fast streams of 2003.
from 84 s (black) to 688 128 s (red) for Wind, and from 64 s (black) However, these trends did not hold for the largestl day,

to 524 288 s (red) for ACE. especially during 2003. Surprisingly, the probability den-
sity of large fluctuations at>1 day in§e minimised during
2003.

Wind atr=84s and for ACE ato=64s, colour coded ac-  Hence, unlikesvy,, the transfer of probability density

cording to year. from small to largeSe was strongest for the small-scale fluc-

The results shown in Fig. 5 are reminiscent of the resultsiyations, ~1 min to <2h. That is, there was no transfer
shown in Fig. 3 foBv,,. For example, Fig. 5a shows that at of probability density toward greater as well as greater
temporal scales of1 min, the probability density for large s¢. Nevertheless, probability density was conserved, and the
de minimised during 1997, and then maximised during the similarity of the results foBv,,, andse suggests that solar

fast streams of 2003. Figure 3a showed the samév@r.  cycle change irv, exerted a stronger influence on solar
However, the PDFs ofe are more strongly leptokurtic than  cycle changes ide thans(B2) at small scales:2 h.

the PDFs oBv,,,, and, unlike the PDFs dlv,,,, they do not
show a significant transition toward a more Gaussian shap@.5 Evolution of small-scale fluctuations in ${a/2)
at larger temporal scales (see Fig. 6).

Figure 5b shows the evolution of probability density in- The PDFs ofssin*(6/2) were plotted in the same format as
tegrated over the peaks of the PDFs using the limits of in-Figs. 3 to 5, but are not shown for brevity. At temporal scales
tegration [-0.1, 0.1}x 101°W. Again the results were calcu- <1 day the probability density integrated across the peaks
lated separately for each Like the results folvy,,, the decreased with increasing whereas the probability density
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L) AT R A N ST which extend our ability to characterise turbulence. Here we
i ! ] make use of peak scaling and Generalised Structure Function
(GSF) analyses to help characterise the long-term evolution
of small-scale solar wind turbulence. These methods test for
extended self-similarity (Benzi et al., 1993; Bershadskii and
Sreenivasan, 2004), providing a way to identify mono-fractal
] regimes and their scaling exponents.

] This study focuses on characterising regimes of inertial

range turbulence reasonably well described by a single ex-
4 ] ponent power law over a fixed range of Although these

4 ] regimes are approximately mono-fractal, they are actually

] weakly multi-fractal to a greater or lesser extent, depending
N T T TR on the particular paral_”n_eter and chosen range.ofWhen
= E p = e = analysed across a sufficiently large range adll the param-

loga(r[sec]) eters exhibit multi-fractal behaviour, and multi-fractal spec-

tra should be calculated. Departure from linearity in a GSF

Fig. 7. Scaling of the PDF peaks, lo@(0,7) versus logr, for the analysis may indicate either multi-fractal behaviour, or sim-
Svsy curves shown in Fig. 6. The linear best fit to the data yields ply poor statistics.

a slope ofxg=0.343£0.014 using a PDF bin size of 1km&. The The application of peak scaling and GSF analyses to so-
error bars assume Gaussian noise in the peaks, and are drawn jaf wind and other data have been described by Hnat et
the 3 level. The vertical dashed line indicates the nominal outer 5 (2002a, b, 2003, 2005), Chapman et al. (2005), and
temporal scale for the power law regime. Parkinson (2006). The limitations of these techniques in the
presence of measurement noise and multi-fractal behaviour
will be illustrated by an analysis of the fluctuationsvig, for
%/ear 2000. Strictly, the fluctuations i3,, are multi-fractal
The solar cycle changes in the probability density inte- across medi_umto large scalgs (Bgrl_aga, 1995). This prol_alem

gvas partly circumvented by identifying a power law scaling

rated across the peaks had primary maxima during 199 .
?solar minimum) an?:l 2004 (Iatepdeclin)i/ng phase). The?e Wasexponent using a smaller range of temporal scales than usual,

; . i and for which linearity in the GSFs was satisfactory.
also a secondary maximum during 2000 (solar maximum). Figure 6 shows the PDFs 6f,,,, namely
Conver.sely, the prpbapility density integrated over the wingsloglo( P(8Vyp,7)) VEISUSSVs c;\lféulate d separately far
had primary maxima in 1996 and 2004, and a secondar)é64 S (black’) tor=524 288 s, (6.1 day) (red) for year 2000
maximum during 2000, at most temporal scalelsday. ' i

. . The PDFs were strongly leptokurtic at the shortest scales,
However, the solar cycle changes in the PDFssarf*(6/2) _ . .
were not as strong as those found 8ot 5(B2), andse, 10=64s, but became Gaussian and asymmetric at larger

nor did they resemble any of those changes. Given a rou hlscales,r>81925 (-2h). The asymmetries are related to
. y resemt y ges. UINYast streams overtaking slow flows in the solar wind at 1 AU
stationary distribution of IMF clock angles and fluctuations

therein, strong solar cycle changes in the PDFssf*(0/2) (Sarabhai, 1963). The transformation to Gaussian PDFs was

. N not prevalent in the PDFs 6{B?), §sin*(9/2), andss across
would not be expected because the sine function is raised tﬂwe same range of temporal scales.
the fourth power.

. . . Peak scaling involves plotting legP(0,7)) versus logr
Figures 3a to 5a show that the leptokurtic behaviour of the : ; e
PDFs decreased in the following ordée;, §(B2), andsvy,. where P(0,r) is the peak amplitude of the PDF at differ

: ent temporal scale. If the peaks follow a power law then
Neverthelgss, the PDFs 6¥;,, were siill strongly leptokur- P(0,r)xt~*0, and a straight line will be obtained over the
tic, especially at small scales. Although not shown, the PDFs

of 8sin*(9/2) were the most leptokurtic of all, again because applicable range of temporal scale. Hence the gradient gives

. L the peak scaling exponeag. Although peak scaling should
the sine function is raised to the fourth power. be accurate because the probability density of returns cor-

responds to the largest number of samples, the estimation

_3

0=0.343+0.014

log2(P(0,7))

A 4

integrated over the wings tended to increase with increasin
T.

4 Characterisation of small-scale turbulence of returns is also the most sensitive to measurement errors,
sometimes assumed to be Gaussian. Hence the bin size also
4.1 Generalized Structure Function (GSF) analysis affects the estimation afo (Parkinson et al., 2006).

Figure 7 shows log( P(0,7)) versus logz for the PDFs of
Although power spectra are useful for analysing turbulencegvy,,. Similar results were obtained for other years. The er-
they are calculated using variances, and thus cannot disror bars have been drawn at the [Bvel and the straight line
criminate between Gaussian and non-Gaussian fluctuationepresents the results of a weighted linear regression. The
(Mandelbrot, 2002). Sornette (2000) describe other analysebne does not overlap all of the error bars, but a quasi-linear

Ann. Geophys., 25, 1183497 2007 www.ann-geophys.net/25/1183/2007/



M. L. Parkinson et al.: Solar cycle changes in small-scale solar wind turbulence 1191
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Fig. 9. The gradients of the weighted least squares curv@s) es-
Fig. 8. A generalised structure function (GSF) analysis showing timated from Fig. 8, versus order over the range:z=—11t0 7. The
the variation of the momentS,, (z)=(|8Vsw (t,z) |™) with tempo- error bars are drawn at the3evel. The gradient of the weighted
ral scalet for ordersm=—1 to 6, but not the trivial results for least squares curve to thén) points givesxgg=0.287#-0.006 (b
m=0. The results are quasi-linear on a log-log plot betweel?8 s error).
and~2h. We also show the variation of the standard deviation
o (1)=[S2(t)]Y2 with t (squares). The error bars are drawn at the
30 level, and weighted least squares fits have been applied to allthe Chapman et al. (2005) and Kiyani et al. (2006) discuss
moments. methods used to “condition” the data, thereby eliminating the
deleterious effects of extreme fluctuations which are invari-
ably under-sampled. The method used to condition the data
may affect the estimation of the scaling exponents. In this

is consistent with its strong multi-fractal behaviour. The study, we conditioned the data by I'Ejf%Ctlng a}lltlvgl, sam-
scaling exponent obtained féw,,, was K41-like, namely ples greater th'an ¥ whereo was estimated mdependently
«0=0.343t0.014 (I error). In contrast, the results fée at al! T Kiyani et al, (.2006) shovyed the 'scallng exponents
exhibit strong linearity fromr=64's tor ~4.5 h (e.g. Hnat et stabilized after removing only a tiny fraction of the samples

al., 2002b), and possibly~10 h (~3 decades) (Parkinson et (<1_%)' L i
al., 2006). . Figure 8 also f/govx{s the variation of the standard deyla—
GSF analysis utilises higher order statistical moments, andion @ ())=[S2(0)]7= with « (squares). The gradient of this

thus provides a more comprehensive characterisation of th§Urve provides an estimate of the Hurst expongnt Al-
fluctuations. The GSFs of the fluctuatiofs(t,z)=x(r)— though useful,H does not discriminate between Gaussian

x(1—7) are defined as the time average of their moments,and non-Gaussian distributions (Mandelbrot, 2002).

S, (T)=(I8x(t,7) ") wherem is any real number, not nec- Figure 9 shows_the plot where e_acfz;_(m) is the grad_ient
essarily positive. For single exponent scalingsatt,z), of the m-th bes_t fit curves shown in Flg._ 8. The weighted
Sy (7)ot | and a log-log plot of,, versusr will reveal a Ie_ast squares fit to.tljpi plot was to thg points fat=0 tp 6,
straight line for each: with gradients; (m). Ifthe time series ~ With £(0)=0 by definition. The solution was constrained to
of x is mono-fractal, theg (m)=agspn with a single scaling ~ Pass through the origin to ensure mathematical plausibility,
exponentgse. A plot of ¢ (m) versus ordem is known as and to force a better fit to the lower order moments which
a“¢ plot”. The parametesgse obtained in this way should are more statistically significant. Multi-fractal behaviour is
collapse the PDFs at separatento a single curve. indicated if¢ (m) is quad_ratic_irm (Chapman et al._, 2005).
Figure 8 shows the GSF analysis for,, for the year Hence departure from linearity in thleplots, especially for
2000. The moments,,(r) were calculated form=—1 to the low order moments, may indicate the presence of multi-
6 across a broad range of Like the peak scaling analysis, fractal behaviour. _ _ _
there is a quasi-linear small-scale regime betweeh28s Figure 9 shows the increase in the gradients of the best fit
and 8192 s{2 h). The points ato=64 s have been excluded CUrves in Fig. 8 was essentially linear. Herde:)=aGsrn
from the least squares fit because of a slight “roll-off” at theseWith @es=0.287£0.006 (b error), as expected for inter-
smallest scales. There is clearly a transition in the gradientgnittent IK turbulence. Note that for random fluctuations,

regime can be identified across? decades frontp=64s
and 8192s+{2h). The restricted scaling regime févy,,

of all the curves beyond the outer scale~df h. agsF=1/2 and; (2)=1, for Kolmogorov turbulence;gs=1/3
and¢ (3)=1, and for IK turbulenceygs=1/4 and; (4)=1 (Ta-
ble 1).
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Table 1. Scaling exponents for single-mode mono-fractal fluctuating measures.

Fluctuation Model @ power spectra (D GSF analysis @ Linearz plot  ® Fractal dimension

Zero Complexity B=3 a=1 ¢ (1)=1 D =1.0
Gaussian Motion B=2 a=1/2 ¢ (2)=1 D =15
Kolmogorov Hydrodynamic S=5/3 a=1/3 ¢ (3)=1 D =1.66
Irosnikov-Kraichnan MHD ~ 8=3/2 a=1/4 ¢ (4)=1 D =1.75
Maximum Complexity B=1 a=0 ¢ (00)=1 D =20

@ g=20+1
2 m:oz_l

@ p=24w

L e R R R R N R RN R be used to identify power law scaling exponeftsvhereas

e & | L ] GSF analysis separates probability density according to scale

i B | e ] size, and can be used to identify power law exponenighe

= - 1 two kinds of scaling exponents are related gl +1.

] If Gaussian fluctuations control the diffusion of the prob-

B B ] ability density witht, thena=1/2 andg=2. If ideal K41

a5 i ] turbulence prevails, thetags=1/3 andB=5/3, whereas for

L i GiHd ] IK turbulence,a=1/4 andp=3/2. Intermittency in IK tur-

| ] bulence will increase the magnitude of the observed scaling

: IR T exponents (Ruzmaikin et al., 1995).

L I T L Peak scaling separates the peak probability density accord-

L Hl | ing to scale size (Fig. 7), in this case temporal. In magnitude,

:HH ‘|‘ P e Lo v e e sl an 1n e vor Lo op sl 1 a relatively small scaling exponentg<1 implies the vari-

=20 ~a8 0 10 20 ance of fluctuations only decreases slightly at larger scales
Sty [ 2270 ] 7. In other words, asg—0 the magnitude of fluctuations

becomes equal at all scales. This suggests the time series be-

comes intensely fractal. In fact, the complexity would be un-

The scaling exponenigsr=0.287 estimated from Fig. 9 was used limited in 7, except in practise the cascade is usually broken

in the mapping. Again, the error bars assume Gaussian fluctuationgy dissipation at_ some inner, and the physical dimensions
and are drawn at thes3evel. of the system driver at some outer

GSF analysis is a more comprehensive way of character-
ising the fluctuations because it separates the higher order
Identification of a mono-fractal scaling regime can be val- statistical moments according to scale size (Fig. 8). In prac-
idated by using the scaling exponemgse to re-scale or  tise, the maximum useable order is constrained by the sam-
“collapse” the PDFs at separateonto a single curve using ple sizeN. Relatively small scaling exponenigse<1 im-
the transformations;(8x,7)=t*° P(8x,7) and §X,=8xz ~*0 ply the rate of increase of the statistical moments witls
where§x=48vy,, in this case. Figure 10 shows the extent to similar at all ordersn. Because (0)=0, this implies that as
which scaling collapse was achieved for PDF$waf, from acs—0, ¢(m)—0 for all m, and the PDFs of fluctuations
10=64 s (black) tor =8192s (~2h) (red). The scaling col- become the same for ail Again, the time series becomes
lapse was partly successful except for the asymmetry anéhtensely fractal. Basically, smaller scaling exponents corre-
multi-fractal behaviour which developed at larger In the spond to greater complexity in the sense of increasing fractal
case ofse, the scaling collapse is excellent, and holds overdimension.
another decade of temporal scale (Hnat et al., 2002b, 2003). The fractal dimensiorD of a time series can be thought
of as D=2—qa wherea=1 implies no complexity and.=0
4.2 Relationship between complexity and scaling expo-implies maximum complexity. Thus K41 turbulenes=(/3)
nents is more complex than Gaussian fluctuations1/2), and IK

) ) ) turbulence ¢=1/4) is more complex than K41 turbulence.
Table 1 shows the relationship between scaling exponents ob-

tained using power spectra and GSF analysis, and the “com-
plexity” (fractal dimension) of the data. Power spectra sepa-
rate spectral energy density according to frequency, and can

16910(P(8 5w, 7)) [s7/(m s7)]

Fig. 10. Partial scaling collapse of the PDFs &fy,, for t=64s
to 8192s 2 h) shown in Fig. 6 onto a common curve (see text).
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4.3 Solar cycle changes in the scaling exponents

The technigues outlined in Sect. 4.1 were used to estimate the
scaling exponenisg, agsy, andH for each year of the study
interval for the three solar wind parameters,, B2, ande.
Note the behaviour ofsir*(6/2) is intensely non-linear and
the use of GSF analysis to estimate a single scaling exponen
is impractical.

Figure 11a shows the daily solar activity during 1995 to
2006, reproduced for reference. Figures 11b—d show the
evolution of the peak scaling exponery (blue), GSF scal-
ing exponentygsr (black), and the Hurst expone#t (red) sk LV
for the three solar wind parameters. The scaling exponents 02017 | roshikov—Kraichaan | | 3
were calculated separately for each year during 1995 t0 2005 g 0.255 = —fmrmmgrmsim s s e e
Sorting the data according to year képtlarge and roughly
constant (Fig. 1), as required to maintain statistical signifi-
cance. The scaling exponents were plotted increasing down. &
ward, so that complexity increases upward. The horizontal ° 0.450
dashed line represents the scaling exponent expected for K4. 0T+
turbulence, and the dash-dotted line represents the scaling sk oo Lo E
exponent expected for IK turbulence. :

Figure 11b shows the evolution of the scaling exponents
estimated for fluctuations ing,, during 1995 to 2005. The 0.40F
peak scaling exponentg were estimated using Wind data 0.4sE 1
from =84 to 5376s and ACE data fronF64 to 8192s i i J0h iR dhe A
(~2h), whereas GSF scaling exponemtssgwere estimated Year
using Wind data fromr=84 to 5376 s and ACE data from
=64 t0 4096 s. Similar results were obtained when Changing:ig_ 11. (a) Daily 10.7cm solar flux measurements (red) and
the outer temporal scale by one or two octaves. However, fosunspot numbers (blue) during the study interval 1995 to 2(lf)6.
consistency, these ranges of temporal scale were kept corhe evolution of annual scaling exponents for fluctuations in solar

stant for all years. Note the error bars have been drawn at theind speedv;,,. «g was estimated using Wind data fram84 to
3o level. 21504 s and ACE data fron=64 to 32768 s{6 h). agspand H

. . were estimated using Wind data fram84 to 5376 s and ACE data
The measurements recorded by ACE and Wind durlngfrom =128 t0 8192 s(c) The same as (b) except for fluctuations in

1998 were essentially concurrent and within the same r€inagnetic energy densit(B2). «o was estimated using Wind data

gion of the heliosphere. Thus we would expect the esti-fom 192 to 47 104 s and ACE data from32 to 37 768 s¢10h).

mated scaling exponents to be very similar. Bay,, the  ,c-andH were estimated using Wind data fram92 to 23 552's

1o error bars estimated using Wind and ACE data nearlyand ACE data fromr=32 to 16 384 s{5h). (d) The same as (b)

overlapped during 1998x6s—=0.3140.008 for Wind and  except for fluctuations in the parameter.ag was estimated us-

acs=0.301:0.007 for ACE). The small differences may be ing Wind data fromr=84 to 43008 s and ACE data fron¥64 to

explained by the different sampling times and spacecraft 1032 768 s -9 h). agsrand H were estimated using Wind data from

cations. However, a GSF analysis involves the calculationt=84 to 5376 s and ACE data from¥64 to 8192s{-2h).

of higher order statistical moments which are very sensitive

to artefacts. We liaised with the relevant instrument PIs to

ensure no suspect data were used in the calculations. The GSF scaling exponents are considered more reliable
For 8Vyy, the We|ghted average peak Sca”ng expow']t because they were estimated USing statistical moments of or-

for all years wasr¢=0.355:0.005 (I error). However, the derm=0to 6. The use of weighted least squares fits helped

values for Wind were larger than for ACE. Peak scalings aref0 compensate for the reduced statistical significance of the

problematic because their estimation is influenced by meabigher order moments. However, the largest error bars drawn

surement errors, sometimes assumed to be Gaussi;afeo‘ in Flg 11 indicate thq plOtS were less Iinear, either due to

The Windag values were probably more strongly influenced stronger multi-fractal behaviour or the reduced statistical sig-

by measurement errors than the AGE values, and both hificance of the higher order moments, or both. Also, we may

probably over-estimated the true underlying exponents. PeaROt have eliminated all of the artefacts in the data.

scaling exponents may provide information about changes in Figure 11b shows the evolution of the scaling exponents

detector performance. agsrand H estimated for fluctuations in,,. The weighted
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average values for all years wesgss=0.284:0.001 and  nents typically changed by0.01, but overall similar results
H=0.283t0.002. However, thegsgvalues ranged between were still obtained.

a K41-IK value of 0.31#0.008 during the ascending phase,

1998, to a “beyond IK” value of 0.2340.006 during the

recurrent fast streams of 2003. The relatively large error
bars foragsr estimated during 1995, 1996, and 2005 sug-
gest stronger multi-fractal behaviour near solar minimum

but there may have been subtle variations in the data qu urbulence in the solar wind. The analysis concentrated

ity. on a small set of solar wind parameters, namgly, B2,
Figure 11c shows the evolution of the scaling exponentssj#(9/2), ande, with a view toward comparison with the re-
estimated for fluctuations i8* during 1995 to 2005. The  gyjts of similar long-term studies of ionospheric and magne-
parametersg were estimated using Wind data fram921t0  tospheric activity. There is no doubt the PDFs of fluctuating
11776s and ACE data fron=16 to 8192st2h), whereas  sojar wind parameters evolved between different temporal
GSF scaling exponenisssrwere estimated using Wind data  scales and fluctuation size (Figs. 3-5). Hence there is reason
from 7=92 to 23552 s and ACE data fror32 10 16 384s {9 pelieve the observed solar cycle changes in the estimated
(~4h). Linearity was maintained across a larger range ofy scaling exponents were genuine. The theoretical explana-
temporal scales than féwv;,,. Again, the range of temporal tjon for these changes is unknown to us, but they may be
scales was kept constant for all years, and the quality of thgg|ated to anisotropies in the turbulence (Chapman and Hnat,
scaling collapse varied from one year to the next. 2007), and the development of intermittency, as in the two
For 8(B?), the weighted average scaling exponents forcomponent model of Alfénic turbulence (Ruzmaikin et al.,
all years werex(=0.439+0.001, ¢gsp=0.395£0.001, and  1995).
H=0.40A4-0.001. Basically, these values ranged between However, some minor issues may have affected the accu-

Discussion and summary

In this study we aimed to show the solar cycle changes in

a’the scaling exponents for small-scale?4 h) inertial range

the values expected for pure Gaussian and K41 fluctuationgacy of our estimated scaling exponents:

Again, the small differences between the Wind and ACE
scaling exponents for the years 1997 and 1998 may be ex-
plained by the different sampling times and spacecraft loca-
tions, and subtle variations in data quality. Bathsrand H

had local minima during 1996, but the error bars were rela-
tively large. The weak local minima imgsg and H during

the recurrent fast streams of 2003 are considered more re-
liable because of the smaller error bars and consistent data
set.

Figure 11d shows the evolution of the scaling exponents
estimated for solar wind fluctuations during 1995 to 2005.
The parametersg were estimated using Wind data from
7=84t0 43008 s and ACE data frors64 to 32 768 s{9 h),
whereas GSF scaling exponenissg were estimated using
Wind data fromr=84 to 5376 s and ACE data fron¥64 to
8192s (-2 h). As with previous studies (Hnat et al., 2002b,
2003; Parkinson, 2006), scaling collapse was generally ex-
cellent for thes parameter over the chosen range of temporal
scale.

For 8¢, the weighted average scaling exponents for
all years werexp=0.352+0.001, ags=0.3310.001, and
H=0.323:0.003. These values are close to the values ex-
pected for K41 turbulence. However, thesrvalues ranged
between a Gaussian-K41 value of 0.395002 during the
end of solar minimum, 1997, to the IK value of 0.24®.005
during the recurrent fast streams of 2003. This peak in com-
plexity was also apparent in the scaling exponentsufgr,
and to a lesser exte®?.

Finally, we experimented with conditioning the data in a
variety of ways (Kiyani et al., 2006) and fitting the data over
slightly different ranges of temporal scale. The scaling expo-

Ann. Geophys., 25, 11834197 2007

1. The time series of solar wind parameters include fluctu-
ations due to inertial range turbulence, but also fluctua-
tions due to other physical processes (e.g. shock fronts).
Although impractical for the long-term data sets anal-
ysed here, fluctuations due to non-inertial structures
could in principle be filtered from the time series (e.g.
Borovsky and Funsten, 2003). This might reduce some
of the variability in the scaling exponents.

2. It is remarkable that the 6-th order statistical moments
estimated using concurrent Wind and ACE measure-
ments during 1998 agreed so well (not shown). How-
ever, the slight mismatch between the corresponding
solar wind scaling exponents illustrates the difficulty
of comparing the results obtained with different space-
craft. Ideally, spacecraft detectors need to be designed
and calibrated to guarantee calculation of the same
higher order statistical moments when measuring the
same physical process. The detector performance also
needs to be very stable for a long-term study of this
kind, which is believed to be the case for both Wind
and ACE.

. The GSF analysis used here was approximate in the
sense that it aimed to identify mono-fractal scaling
regimes for solar wind parameters which exhibit multi-
fractal behaviour (e.g.vs,). However, analysing the
fluctuations on temporal scales-ofl min to 2 h helped
ensure the fluctuations were reasonably mono-fractal.
Future calculations of multi-fractal spectra would per-
mit us to more fully characterise the evolution of fluc-
tuations over a broader range of temporal scale. The
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larger error bars for the scaling exponents estimated us- 7.

ing Wind data (Fig. 11) suggest stronger multi-fractal
behaviour during solar minimum, but so far the ACE
spacecraft data has not validated this conclusion.

With these issues in mind, the main results of this study are
summarised as follows:

1. Consistent with the properties of Eq. (1), large-scale 8.
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The scaling exponents for fluctuations #f at small
temporal scales¥1 min to 4 h) were between the values
expected for Gaussian fluctuations and K41 turbulence,
namelyacs=0.395-0.001. There was also a sugges-
tion that fluctuations inB2 were more complex during
the recurrent fast streams of 2003 (Fig. 11c).

The scaling exponents for fluctuations énat small

www.ann-geophys.net/25/1183/2007/

scales 1 min to 2 h) were the most K41-like, namely
agsF=0.334+0.001. Howeverpgse had a Gaussian-
K41 value of 0.373:0.005 during the end of solar min-
imum, 1997, and then decreased to an IK value of
0.24'#0.004 during the recurrent fast streams of 2003.
The latter was a striking feature (Fig. 11d).

(~1 day to years) variations in most resembled the
large-scale variation iB?, thenuy,, (Fig. 2), and least
of all sin*(6/2). Episodes of unusually largetended
to occur when there were peaksBi, but peaks irvg,,
and sirf(6/2) also played an important role.

. The probability density of large fluctuationsig, min-
imised at small to medium scales-Imin to 1 day)
during 1997, the end of solar minimum, and then max-
imised during the recurrent fast streams of 2003 (Fig. 3).
The increase of probability density for large fluctuations
in vy, at large scales tended to be compensated by a
decrease in probability density of small fluctuations at
small scales.

9. Variations in¢ at large temporal scales 6fl day and
greater had a closer resemblance to corresponding vari-
ations in B2 thanwy,, (Fig. 2). However, variations in
3¢ at small temporal scales-(L min to 2 h) had a closer
resemblance to corresponding variationssyy,, than
8(B?) (Figs. 3 to 5). Although there were significant
solar cycle changes, the scaling exponents were, on av-
erage, Gaussian to K41-like fé(B?), K41 to IK-like

. Solar cycle changes in the probability density of small :
for 8¢, and the most IK-like foBv;,,.

fluctuations inB? were modest at short However, the
probability density of large fluctuations iB? at small-

to large-scales~1 min to 27 day) had a strong mini- 1
mum during 1996 (Fig. 4). The probability density of
large fluctuation inB? was decaying during 2005, im-
plying the next solar minimum during 2006—2007. The
observed behaviour iB? is a familiar signature of solar
minimum.

. The coupling of solar wind energy to the magneto-
sphere, as measured by the solar wirghrameter, had
a minimum in complexity (fractal dimension) at the end
of solar minimum, 1997, and a maximum in complexity
during the recurrent fast streams of 2003. Itis important
to test whether these results are reproducible from one
solar cycle to the next using independent data sets, and
to search for corresponding signatures in the magneto-
sphere.

. Solar cycle changes in small-scale fluctuationswere
reminiscent of the solar cycle changesiip,, (Fig. 5).
The probability density of largés minimised at small
scales {1 min to 2 h) during 1997, and then maximised
during 2003. However, the solar cycle changesan
were modest at large (~1 day), and even showed a
minimum at the largest scales$.1 day) during the fast
streams of 2003 (Fig. 5c).
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