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Abstract. The importance of space weather and its fore-rameters and fluctuations undergo significant changes across
casting is growing as interest in studying geoeffective pro-the bow shock and in the magnetosheath. Statistical results
cesses in the Sun — solar wind — magnetosphere — ionoindicate that the investigation of upstream solar wind input
sphere coupled system is increasing. This paper introducesonditions in relation to geomagnetic response is physically
the proper selection criteria for solar wind magnetic turbu-relevant. Despite the dynamical and structural complexity
lence events during duskward electric field and southvBard  of the solar wind, the gross features of solar wind — magne-
driven geomagnetic storms. Two measures for the strengthosphere interactions and magnetospheric responses can be
of solar wind fluctuations were investigated: the standard deunderstood in terms of a few physical parameters or derived
viations of magnetic field components and a proxy for thequantities in this input-output system. The parameters as-
so-called Shebalin anisotropy angles. These measures wessciated with the solar wind driver (input) usually include
compared to the strength of geomagnetic storms obtainethulk plasma parameters (e.g. the solar wind speed, density,
from a SYM-H index time series. We found a weak corre- etc.) and the strength and orientation of the interplanetary
lation between standard deviation of interplanetary magnetianagnetic field. The corresponding time-delayed magneto-
field GSM componenB, and SYM-H index, and a strong spheric response (output) is usually represented in terms of
correlation between Shebalin anisotropy angle and the SYMvarious geomagnetic indices. Based on both solar wind input
H index, which can be the result of an increase of probabilityparameters and geomagnetic indices, nonlinear input-output
of magnetic reconnection in fluctuating magnetic fields. filters were proposed (e.yassiliadis et a].1996. They ex-
plained more than 80% of the time-delayed magnetospheric
response. Let us mention some known examples, in which
coherent structures, waves and turbulence play an important
role in the solar wind — magnetosphere coupling processes:

1 Introduction

The solar wind is a supersonic plasma flow, originating from
the Sun, in which coherent structures, waves and turbu-
lence coexist and interact over various spatial and temporal  §ration negative interplanetary magnetic field GSM
scales. Some of these structures such as shocks, recurrent componentB, events and enhanced bulk spe&@bi-
streams, etc., can be associated with dynamical processes on oo ot al.2002.

the Sun. Multi-scale magnetic and plasma fluctuations are

— Magnetic cloud structures or interplanetary shock com-
pressed regions can be associated with intense and long

mostly driven locally at different heliocentric distances and — The interplanetary causes of intense geomagnetic
exhibit power-law spectral scalings and stretched-tailed non-  storms ,;;<—100nT) are supposed to be a conse-
Gaussian occurrence statistiBiflaga 1991 Sorriso-Valvo guence of large and negative solar wil] events
etal, 1999 Voros et al, 2002 Bruno and Carbone005. (<—10nT) with a duration of more than 3 hours as-
The investigation of the geoeffectiveness of solar wind tur- sociated with interplanetary duskward electric fields

bulence represents a complex problem. The upstream pa-  E,>5mV/m (Gonzalez and Tsurutarii987).

L — In some cases, large amplitude interplanetary @&ifv
Correspondence td. Jankovéova wave trains are associated with intense auroral activity
BY (dja@ufa.cas.cz) e.g. seen in the AE indeGpnzalez et a]1999.
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— D’Amicis et al. (2007 have shown that Alfénic tur- Dq; index is the time resolution and the effects of the solar
bulence is geoeffective mainly at solar cycle minimum, wind dynamic pressure variations are more clearly seen in the
while during solar maximum convected structures dom-SYM-H than in the hourlyD;; index Wanliss and Showalter
inated by an excess of magnetic energy play arole.  2006.

The inclusion of geomagnetic indices as input parameters in-

dicates that the magnetosphere is not a passive element, bdt Methods and data description

rather the actual magnetospheric conditions are also impor- o . .

tant for the prediction of its future behavioui¢Pherron et 2.1 Description of storm associated upstream magnetic tur-
al., 1988. bulence

The multiscale non-Gaussian nature of turbulent ﬂuctua—_l_O characterize maanetic turbulence in the solar wind. we
tions in the solar wind is not fully understood. Magnetic 9 '

field fluctuations represent “weak” stationary random func- use the standard deviation (std) and the so-called Shebalin

tions in the first and second order statistics. Sudden jumpémISOtrODy anglef). The first measure is estimated in a stan-

in the time series influence the spectral properties of fluc—dard way, the latter needs more explanation.

tuations and higher order statistical moments (e.g. skewnes§ 1.1 The anisotropy angle
and kurtosis) show also non-stationary behaviour, often as-
sociated with coherent structures and boundaries in the solagnepalin et al(1983 studied incompressible 2-D MHD

wind (.J_anko_véové et al, 2008._ A turbulent effect is MOre  anisotropy arising in wave vector space in the presence of
discernible if other geoeffective parameters are “switchedy mean magnetic field. They studied the interaction of
off”, which happens e.g. during particular periods of posi- gpposite-traveling wave packets and found that those inter-
tive interplanetary magnetic field GSM compondiat Oth-  actions produce modes with wave vectors preferentially per-

grwise, turbulence p'resumably doe; not have a complete%endicular to the mean magnetic field. They introduced the
independent role as it can only amplify or weaken the effectynisotropy angle

of a “switched on” geoeffective parameter, e.g. the duskward

electric field. Borovsky and Funste(2003 found statisti- 2 < ki >

cally strong correlations between the amplitude of upstreamta 0= 2> @)

< >

turbulence (constructed from standard deviations of mag- I

netic field components from ISEE-3 and IMP-8 spacecraft)as a quantitative measure of spectral anisotropy, where

and geomagnetic indices (AE, AL, AU, Kp, ap, PCl and and k; represent wave numbers parallel and perpendicu-

Dy;) during northward (positivel, conditions. Intheir stud- lar to the mean magnetic field direction, respectively. In

ies the duskward electric field, shows little or no correla- the 3-D case (e.gOughton et al. 19983 Matthaeus et al.

tion with the geomagnetic response in this case. In contrast1999, three special cases are relevagwy54° corresponds

during southwardB, the correlation betwee#, and geo-  to isotropic fluctuationsg=0° (if k; =0) to purely parallel

magnetic indices increases and the correlation between tuislab) fluctuations and=90 (if ;,=0) to fully perpendicu-

bulence amplitude and geomagnetic indices decreases, bldr (2-D) fluctuations. On the basis of theoretical arguments

remains statistically significant. Their physical interpretation and numerical simulation®ughton et al(19983 showed

is straightforward: during northwarA, a viscous coupling that the anisotropy anglg defined in the Fourier space, can

of the solar wind flow to the magnetosphere is enhanced antde estimated in the timedomain from the ratio of the fluctu-

therefore the level of turbulence in the solar wind is the keyating magnetic fieldb to the local magnetic fieldg as

parameter. On the contrary, when magnetic reconnection op- )

erates at the magnetopause during southuaythe antipar- coLp — m( 8b ) +e @)

allel orientations of interplanetary and magnetospheric mag- Bg + 5b2 '

netic fields are essentidorovsky and Funstef2003 found

that the correlation between upstream magnetic fluctuation : , :

and the geomagnetic indices AE, AL, AU, Kp, ap, PCI are ¢&n be estimated from Fig. 3 in the V\{ork«‘mghton et al.

stronger than its correlation with thy, index. (19984 by e.g., a least square fit over intermediate values of
In this paper we investigate the influence of upstream magéb/,/ B5+35b2 dashed line as~0.4 andc~0.01. Oughton et

netic field turbulence on geomagnetic SYM-H index associ-al. (19981 showed that the approximate relationship is valid

ated with southward interplanetary magnetic field GSM com-only for some intermediate values

ponentB; and enhanced duskward electric field component

Ey during geomagnetic storms. The SYM-H index is similar 9.1 < __ % <1, ©)

to the Dy, index. BothD,; and SYM-H are indices, which /Bg 4 8b2

measure the intensity of the storm time ring current. The

main difference between the 1 min SYM-H and the hourly where the denominator is the total magnetic field strength.

Wherem and ¢ depend on the turbulence parameters and
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Fig. 1. Geomagnetic storm in March 2001, ACE observatiga}GSM B, component of the interplanetary magnetic figl); vV, component
of bulk speed(c) the duskward electric field'y; (d) the estimated Shebalin anisotropy angjlée) the ratio of magnetic fluctuations to the

local fieldsb/,/ B3+8b2; (f) SYM-H index.

2.1.2 Sliding window analysis sults. For proper steady estimations@ogimilar values of
(7 1o .

It is obvious that the geoeffectivity of upstream processes(Sb_/ Bg-+8b% were required at least over the length of two

in the solar wind changes over time. Our main goal is toW'ndOWS'

provide a possible quantitative description of non-stationary

magnetic fluctuations within sliding overlapping windows. 2.2 Solar wind fluctuations vs. magnetospheric response

The length of the sliding windowv has to be chosen ac-

cording to the available length of quasi-stationary physicalThe existence of possible connections among negative solar

processes. To be able to estimate the spectral properties @find B, events &—10nT), large interplanetary duskward

fluctuations,W should be as large as possible, but cannot beelectric fieldsE, (>5mV/m), anisotropy of magnetic field

larger than the lifetime of fluctuations we are interested in.fluctuations and magnetic storms is displayed in Fig. 1. The

The largest timescale of turbulence in the solar wind is typi-magnetic storm shown in the time series of SYM-H index

cally less than a day. Below this time scale, power spectra aréFig. 1f), occured between days 77 and 84 of 2001. The main

well-described by a power law slope5/3 and extend over phase of the storm (indicated by a red box in Fig. 1) occured

the so-called inertial range, where dissipation is supposed tbetween days 77.5 and 78.6. During that time pegds

be negligible and energy cascades toward large wave nunmainly negative and achieves values-df8 nT (Fig. 1a). Af-

bers (small time scales) are governed by nonlinear interacter a discontinuity on day 77.5, the bulk spe&g| compo-

tions (e.gBurlaga and Formar2002. On the other hand, the nent increases up to 500 km/s (Fig. 1b) and the electric field

smallest time scale of magnetohydrodynamic turbulence is of£, fluctuates around 5 mV/m (Fig. 1c). The estimated She-

the order of some minutes. Therefore, the chdlce35 min halin anisotropy angle and the associated réf B§+6b2

seems to be reasonable, being well inside the inertial range of . S . .
turbulence. The window is time shifted by 16 s along the are depicted in Fig. 1d, e. During the main phase and the be-

. : : o . _ginning of the recovery phase of the storm (between days 78
time series after each calculation step. Within each analyzméJ > _ '
window the mean magnetic field, the standard deviation andnd 80).8b/,/ B5+38b? is close to 0.1. Therefore, according

the Shebalin anisotropy angle are estimated. Fluctuationdp Eq. (3),6 cannot be straightforwardly estimated. Indeed,

8b, in Egs. (2) and (3) were obtained within edéh as during that period shows almost no variability, but displays
2 saturated values close to85This behaviour is not unique,
8b°(t, W) = 4) but repeatedly occurs during some geomagnetic storms. Just
((Bx — (B)?) + ((By — (By)?) + ((B. — (B2))). before the beginning of the main phase of the storm at day

The timescale in this time-domain analysis is represented by 7.7, 8b/,/ B5+b? fluctuates around 0.5 anh-70° dur-
W. We note that performing sliding window analysis using ing several sliding window length® (Fig. 1d, e). Ifé
slightly differentW (different scales) will not change our re- does not fluctuate too much, multi-scale fluctuations occur
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100 : A— B+C+D time needed to shift the solar wind measurements to Earth
B using the average solar wind convection velociyV,,>.
'; °r Other Fig. 2a shows the scatter plot &f,(r—1) vs. SYM-H() for
T a0 types of D two months of data beginning 1 March 2001. There are
§ o ’ drivers no clear structures in it. This fact would be clearly due to
the non-stationarity character of both solar wind input and
Bt o 10 20 magnetospheric output parameters. Figure 2b, ¢ and d dis-
L~ BV N play the contribution of different physical situations to the
100 100 structureless scatter plot in Fig. 2a. Fluctuations around
E o - B 0 ——— c Ey(_t—r)~p and SYM-H()_~0 occur during quiet perio_ds, _
= . during which the solar wind — magnetosphere coupling is
7 o i negligible (Fig. 2b). A good example of duskward electric
& -200 Quiet periods 0 driven storms field driven storms is represented by the geomagnetic storm
300 P 300 Y in Fig. 1. Figure 2c shows the scatter plot corresponding to
2 ey mvm 2 ey v the time interval indicated by red box in Fig. 1. The SYM-H

index does not change too much whgpis negative (north-
Fig. 2. (A) Scatter plot of SYM-H index vs. duskward electric field ward B;), but in full agreement witionzalez and Tsurutani
for two months of data beginning from March 1, 20@B) scatter ~ (1987), positive electric fields (southwai}) evoke a strong
plot pattern during a quiet intervalC) scatter plot pattern during geomagnetic response in the form of negative SYM-H reach-
an £y, driven geomagnetic stornfD) other sources. The sources jng a value of—160 nT. Figure 2d implies the possibility of
(B), (C), (D), all contribute to the structureless scatter plotin (A). gther types of physical processes contributing to the scatter
plot in Fig. 2a. These processes include e.g. local processes
in the solar wind, internal dynamics of the magnetosphere,
the influence of other input parameters on coupling efficiency
like density or (e.gBorovsky and Funster2003. More-
day 77.5. The fluctuations @b/,/ B5+3b2 or 6 are larger  over, the solar wind bulk speed changes in time so that the
between days 75 and 77.5 or after day 80, but the propeaverage convection velocity V,,> and the time shift do

value of the ratiosh/ /Bg_,_(gbz does not guarantee alone Not characterize well longer time periods. Consequently the
that the estimated can be physically related to anisotropy characteristic,, driven patterns (e.g. in Fig. 2c) get smeared

features of cascade turbulence in the presence of mean ma r even lost. A practical way to find a Propens to com-
netic field. On the other hand, the simultaneous presence dfut€ itS approximate value using the convection velocity and
multiscale magnetic and electric fluctuations during intervalsfsys'[emlat'Cally changrllng (lff_arohung_mean Vﬁlue in the g|\éen
of quasi-steady non-saturatédindicates that the Shebalin 'Ntérval(l/<Vs,>, wherel is the distance betweeln an
angles might have physical meaning in the relation of solar

Earth) to find as large a coherency in scatter plot pattern in
wind-magnetosphere coupling. We will test this hypothesisF'g' 2c as possiblex is not the only one time parameter,
considering larger number of events.

anyway inB; and E, after the shock front visible iv, on

which has to be considered in comparison of solar wind in-
put to magnetospheric response. The linear correlation co-
efficients between solar wind magnetic field fluctuations and
3 Results the Dy, index reach the largest values at a time lag of few
hours Borovsky and Funster2003. It happens because the
In order to study the geoeffective processes it is necessary, tautocorrelation time of solar wind fluctuations is of the or-
find simultaneous interplanetary and geomagnetic data setsler of hours and also because of the gradual build-up of the
For our analysis we used the time series of 16 s averagesiagnetospheric current systems.
of interplanetary magnetic fiel#, (GSM) component mea- In this paper we estimate the standard deviations of mag-
surements performed by ACE satellite during years 2000netic field components and the Shebalin anisotropy angle
2002. E, was constructed from 1min ACE data for magnetic (¢) during 0.1 day long time intervals from time shifted so-
field and from OMNI combined dataset for bulk speed. Aslar wind measurements in cases of duskward electric field
an indicator of magnetospheric response, the SYM-H indexdriven geomagnetic storms. The time intervals 0.1day long
with Az=1min was chosen. The SYM-H index is ideally were chosen in order to simultaneously satisfy two condi-
regarded as a measure of the magnetospheric ring current itions: (i) to have enough proper events and (ii) std and
tensity. have as small errors as possible. If intervals would have been
In order to present clearly our event selection criteria welonger than 0.1 day we had had less amount proper inter-
show how the enhanced level of solar wind-magnetosphereals, but even std and would have been with much less
coupling during geomagnetic storms can be represented ierrors. If shorter, we had had more proper intervals, but
E,(t—71) vs. SYM-H() scatter plots. T represents the with std andé with much greater errors. From this point

Nonlin. Processes Geophys., 15, 5239 2008 www.nonlin-processes-geophys.net/15/523/2008/
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Fig. 3. The time delayed maximum strength of geomagnetic storms, ) ) )
measured by min(SYM-H), is plotted as a function of standard de-Fig. 4. The time delayed maximum strength of geomagnetic storms,

viations of interplanetary magnetic field GSM componeRits By, measur_ed b)_/ min(SYM-H), is plotted as a_function _of_the estimated
B,. The correlation coefficients Y and the corresponding p-values Shebalin anisotropy anglés The correlation coefficientf and
are shown in each subplot. the corresponding p-value are shown on the top.

_ _ ) ~std(B;) (r=—0.43) and min(SYM-H), respectively. If the ob-
of view, value 0.1 day is a good compromise. We consid-geryed p-value exceeds 0.05, the result is not statistically sig-
ered 3 years from 1 January 2000 to 31 December 2002, ijficant at the 5% level. Therefore, the negative correlation
which SYM-H<—40nT. In each case, we reconstrucied  petween stdg,) and min(SYM-H) is close to being statisti-
vs. SYM-H scatter plots and se_zlec?ed the events, for ‘_Nthh Zally significant, the other two correlations are not statisti-
typical pattern (similar to one in Fig. 2c) was recognizable. ¢4y significant. Figure 4 shows positive strong correlation
We omitted those complicated cases, in which the SYM-H(r:o]) between the anisotropy angleand min(SYM-H).
index exhibited strong fluctuations due to previous non-quiet,,=0 0002 indicates that the correlation is statistically signifi-
magnetospheric conditions before the main phase of geogant. Smalles indicate stronger storms (smaller min(SYM-
magnetic storms. The 0.1 day-long time interval in the timeH) and if 9—90°, turbulence is quasi 2-D and the fluctu-

shifted solar wind measurements was chosen to be at the begjons concentrate into the plane perpendicular to the local
ginning of the main phase of a storm. We selected only thosgnean magnetic field.

events, in which multi-scale fluctuations were present in both

B, andE, and Eq. (3) was fulfilled at the same time. Fol-

lowing these selection criteria we found 23 events during the;,  piscussion and conclusions
time interval selected. Then we compared the standard de-

viations and anisotropy angles (computed from 0.1 day-long, this paper we investigated the geoeffectivity of solar
solar wind magnetic field data) with min(SYM-H) (in Fig. 1f inq magnetic turbulence using ACE measurements during
min(SYM-H) ~—160nT). The duration of the main phase qskward electric field driven geomagnetic storms from 2000
of the geomagnetic storms is usually of the same order ( 15 2002, Two measures of fluctuations computed in sliding
hours) of the time lag, which maximizes the linear correla-,;inqows within a 0.1-day time interval at the beginning of
tion coefficient between the fluctuations in the solar wind andg;orms were evaluated: the standard deviations of magnetic
the D, index. field components and the Shebalin anisotropy angles. These
Figure 3 shows the scatter plots between min(SYM-H) measures were compared to the minima of SYM-H index
and standard deviations of magnetic field components ob{maximum strength of geomagnetic storms), which usually
tained from the solar wind. The correlation coefficient ( occur a few hours after the beginning of storms. The so-
and the p-value corresponding to each pair of variables idar wind measurements were shifted to Earth using the av-
shown at the top. The p-value or calculated probability iserage bulk speed. The approximate value of the time shift
the estimated probability of rejecting the null hypothesis of awas corrected on the basis of visual inspection of the asso-
study question when that hypothesis is true. There is no coreiated patterns in th&, — SYM-H plane. Only geomag-
relation between std,) and min(SYM-H) index £=0.05) netic storms with well-defined Shebalin angles associated
and a weak negative correlation betweenBtd(r=—0.31), with multi-scale fluctuations in the solar wind were selected.
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cause various sources (e.g. current at the magnetopausgeferences

ring current, tail current, etc.) contribute to thig, (and _
SYM-H) index and the effective magnetospheric responseBorovsky, J. E. and Funsten, H. O.: Role of solar wind turbulence
in the coupling of the solar wind to the Earth’'s magnetosphere,

can be affected by different time delays between the solar ;"o 06 Res. 108(A6), 1246, doi:10.1029/2002JA009601,
wind input and the corresponding magnetospheric driving 5593
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