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Abstract. We use observations in the solar wind and on themaximum. These results are consistent with the previous re-
ground to study the interaction of the solar wind and inter- port that both strong drivingH;) and high dynamic pressure
planetary magnetic field with Earth’s magnetosphere. We(Pgyn) reduce the coupling efficiency. Although the changes
find that the type of response depends on the state of thappear to be statistically significant their physical cause can-
solar wind. Coupling functions change as the properties ofnot be uniquely identified because various properties of the
the solar wind change. We examine this behavior quantitasolar wind vary systematically through a corotating interac-
tively with time dependent linear prediction filters. These tion region. It is also possible that the quality of the propa-
filters are determined from ensemble arrays of representagated solar wind data depends on the state of the solar wind.
tive events organized by some characteristic time in the evenFEinally it is likely that the quality of the AL index during the
time series. In our study we have chosen the stream interfackast solar cycle may affect the results. Despite these limita-
at the center of a corotating interaction region as the refertions our results indicate that thg,-AL coupling function
ence time. To carry out our analysis we have identified 394is 50% stronger outside a corotating interaction region than
stream interfaces in the years 1995-2007. For each interfacaside.

we have selected ten-day intervals centered on the interfacR .
; : words. Interplanetary physics (Flare and stream dynam-
and placed data for the interval in rows of an ensemble ar- eywords. Interplanetary physics (Flare and stream dyna

ray. In this study we usé&; the rectified dawn-dusk electric :ﬁférgclt\i/lsrgsr;eiosspgir: ﬁg:ﬁ;(;s (hS ?Slitsvzmg';rl?naeg;et%sepnhoer;e_
field in gsm coordinates as input and the AL index as out- P P phy P

put. A selection window of width one day is stepped across na)
the ensemble and for each of the nine available windows all
events in a given yeary30) are used to calculate a system
impulse response function. A change in the properties of thel  Introduction

system as a consequence of changes in the solar wind rela-

tive to the reference time will appear as a change in the shap®ery early in the space age it was shown that geomagnetic ac-
and/or the area of the response function. The analysis showtvity is related to the solar wind speed (Snyder et al., 1963)
that typically only 45% of the AL variance is predictable in and controlled by the north-south component of the inter-
this manner when filters are constructed from a full year of planetary magnetic field (Fairfield and Cahill, 1966). This re-
data. We find that the weakest coupling occurs around thesult was interpreted as evidence of magnetic reconnection be-
stream interface and the strongest well away from the intertween the interplanetary magnetic field (IMF) and the earth’s
face. The interface is the time of peak dynamic pressure andipole field. According to Dungey (1963) the rate per unit
strength of the electric field. We also find that coupling ap- length at which southward IMF is transported to the subsolar
pears to be stronger during recurrent high-speed streams imagnetopause should be proportional to the dawn dusk com-
the declining phase of the solar cycle than it is around solaponent of the electric field given b¥,=V B.. Subsequent
work suggests that the magnetosheath flow pattern and stag-
nation of the flow may modify this simple assumption. Early

Correspondence tdR. L. McPherron work examined the relation of averages of different solar
BY (rmcpherron@igpp.ucla.edu) wind parameters versus various magnetic indices finding that
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the larger isB;, the stronger is magnetic activity (Schatten peak was highest in strong activity. This result stimulated
and Wilcox, 1967). This work also showed th&tingsm co-  a long sequence of papers that utilized this dataset to study
ordinates exhibits the highest correlation with magnetic ac-solar wind coupling to the westward electrojet.
tivity (Hirshberg and Colburn, 1969). Arnoldy (1971) stud- A number of reviews of solar wind coupling to geomag-
ied the relation between gsBy (B, northward = 0) and the netic activity were written about this time. Reiff (1983),
hourly integral of AE (auroral electrojet index). The hourly Baker (1986), and Baumjohann (1986) described a variety of
integral was calculated as the sum of several samples multistandard statistical techniques for studying solar wind cou-
plied by the time between samplasapproximately 10m) pling. Clauer et al. (1986) provided a detailed description of
represented aZ B;r. He found that the highest correla- the techniques of linear prediction filtering. McPherron et
tion betweenz B;r and AE occurred when the input was al. (1988) reviewed results of linear prediction filtering not-
taken one hour ahead of the output, but there was correlaing that theE;-AL response function can be approximated
tion at other lags as well. This led him to express the out-by a Rayleigh function with time constant one-hour. Since
put AE as a linear combination of input values at lags of 0,the maximum of a Rayleigh function occurs at a time equal
1 and 2h. The correspondence between the model predido the time constant this implies that the peak AL response to
tions and the observations was remarkable. This model waa delta function input will be delayed by this amount. Note,
actually a linear prediction filter. Meng et al. (1973) used however, that although this result was quoted in the abstract
5-min resolution data to study the cross correlation betweerit was not shown in the body of the published paper. In the
AE and IMF B, and found that the peak correlation occurred results discussed below we demonstrate the truth of this state-
at ~40 min delay, a value somewhat less than the value obment. McPherron et al. (1988) also showed that the transfer
tained by Arnoldy. function is a low pass filter with a cutoff frequency about
The first study to explicitly use linear prediction filters to 0.1 mHz (2.8 h). This filter explained less than 45% of the
investigate the relation between IMF: and various indices variance in the dataset suggesting that other factors beside
was performed by lyemori et al. (1979). The authors usedthe solar wind are important in the creation of AL. However,
hourly averages to show that AL, AU, AE ard,; are all the authors showed that more than 90% of the variance in
reasonably well predicted by IMB,. The auroral electro- an individual event could be described by a very simple re-
jet filters were all short with only a few samples contributing sponse function consisting of two delta functions of speci-
to the output, but thé,, index depends on inputs for many fied amplitude and time delay provided the four parameters
hours prior to the current time. Clauer et al. (1981) extendedare varied from event to event. Their interpretation of this
this work with 2.5 min resolution data and consideration of result was that the AL index contains two components: one
three different coupling functions: epsilol,B, and V2B;. directly driven by the solar wind through the measured im-
Epsilon is proportional to the product of the interplanetary pulse response; and another driven by energy stored in the
Poynting vector and a “gating function” that depends on themagnetotail and unloaded in a substorm expansion. The sur-
clock angle of the IMF around the Earth-Sun line (Perreaultprising result was that the second component also appears to
and Akasofu, 1978). All of the coupling functions produced be directly related to the solar wind electric field. However,
filters that rise rapidly to a peak in an hour or less and thernthe time delay when this component begins is controlled by
decay more slowly for several hours. They found that theinternal processes and hence on average does not correlate
epsilon parameter produced considerably less accurate pravith the solar wind.
dictions than the other coupling functions and that its filter ~Subsequent to the work by McPherron et al. (1988),
was much noisier. They also noted that moderate activitWwWeimer (1994) carried out a superposed epoch analysis of
filters tended to peak at about 60 min while strong activity AL during the expansion phase and fit a slightly different
filters peaked near 30 min. They interpreted this as evidencéunction to the mean behavior during the expansion and re-
of a possible nonlinear response of the magnetosphere to theovery phase. This function waé=c,+c1re?’. He found
solar wind. Clauer et al. (1983) used the same technique tthat the decay time constantl/p decreased from 0.56 to
determine the prediction filter relating, (component off,, 0.41 h as activity increased. For this function these values
due toBy) to the ring current asymmetry index. They demon- imply that the maximum of the response function occurs ear-
strated that this filter is very similar to the AL filter suggest- lier as activity increases.
ing a relation between the westward electrojet and the current Techniques of nonlinear dynamics have been applied to
system responsible for asymmetryiin,. the AE index time series in attempts to identify the type
The nonlinearity of theE; to AL response was investi- of system represented by solar wind coupling to the auroral
gated in greater detail by Bargatze et al. (1985). The authorglectrojets. Vassiliadis et al. (1990) considered the magneto-
selected isolated intervals of activity and then characterizedphere as an autonomous system, one driven by a low-level
each interval by its median value of AL. Prediction filters steady input. In this situation the transient response of the
were created for successive intervals. They found that the filsystem disappears as the system approaches a semi-steady
ters consisted of two peaks at about 20 and 60 min. The 60state governed by internal dynamics. They concluded that
min peak was highest for moderate activity while the 20-min the magnetosphere is a low-dimensional chaotic system with
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a fractal dimension near 4. This implies that only four differ- step prediction efficiencies that were virtually identical and
ential equations are needed to describe the relatiaf, @b close to the result of persistence, i.e. the next values is the
AE. In an extension of this work Vassiliadis et al. (1991) con- same as the last value. The authors conclude that there is
cluded that the Lyapunov exponent of the system, the timdittle evidence for nonlinear coupling. They support the con-
to depart from a given state, is only 10 min. Prichard andclusion of Bargatze et al. (1985) and McPherron et al. (1988)
Price (1992) disputed this result arguing that the conclusiorthat the AE time series contains a strong and unpredictable
of low-dimensionality and short-lived chaotic behavior was stochastic component.

an artifact of a long autocorrelation time in the AE indextime A, extension of input-output system analysis has been re-

series. They concluded instead that the index series ”Sua"kforted by Vassiliadis et al. (1995). The authors utilize the
represents random behavior with some nonlinear structurésgme pasic principles as did Price et al. (1994), but with a

Such time series are produced by a driven system with a ranqmper of differences. Among these were the use of the AL
dom forcing function. They suggested that accurate dimen;jgex rather than AE which includes AU and AL indices:

sional estimates can only be obtained when the dri#&r ( {he yse of the solar wind monitor IMP-8 closer to the Earth
in solar wind) is steady for times long compared to the time 4, |SEE-3; calculation of both moving average and autore-
constants of the system. Price and Prichard (1993) examinegessive moving average filters. In addition they performed
one such event and concluded that there was some evidenegyailed optimization of the various parameters used in the
for deterministic nonlinear coupling. Further analysis of a gpa)ysis method including the length of the filter, the sep-
longer data series by Prichard and Price (1993) again conaration of samples used in the filter, the number of nearest
cluded that there is no evidence of low-dimensional ChaOt'Cneighbors defining the state space, and the number of sin-
behavior. gular values used in the matrix inversion. The authors find

~ Singular spectrum analysis was applied to the AE indexiat |ocal moving average (MA) filters that depend only on
time series by Sharma et al. (1993) who again concluded thafe cyrrent state of the solar wind are optimum for a 2.5h

that the magnetospheric system could be represented by gng fiiter when the input series is sampled at five minute in-
low dimensional system. Vassiliadis et al. (1993) demon-ieryas, with 100 nearest neighbors, and separated from the
strated the feasibility of this by representing the system bygyrrent state by at least 10h. Such filters make single step
an LRC circuit. Parameters in this model were determinedy e gictions of AL with a prediction efficiency of order 75%.
by least square optimization. When driven by the solar W'”dAutoregreSSive moving average filters (ARMA) that depend

these simple low-dimensional models were able to reproducey, the state of both the solar wind and previous AL index do
the behavior in the AE time series about as well as linear pres,ch petter £90% of variance) with far fewer coefficients

diction filters. Quantitatively the authors showed that aver- 4-6) in the two parts of the filter. When these filters are
aged over 1-2d intervals their LRC models usually prediCtsiierated for about 4 h using previous predictions of AL and
more than 40% of the AE variance. This is very close t0 theihe opserved input series they still predict about 65% of the
average value of 45% obtained later in this paper. ~ variance. In comparison linear filters predict about 40% of
The first attempt to use modern techniques of informationihe yariance. (Note the authors report prediction quality with
theory to treat the magnetosphere as an input-output systeyrelation coefficients which are approximately the square
was carried out by Price et al. (1994). The authors used “loyoot of prediction efficiency.) An important point made by
cal linear filters” to predict the AE index some time ahead {he quthors is that the AL predictions are stable against per-

of the current time. This technique assumes that the curreng;ryations of the initial conditions used to start an iterated
state of the system is defined by a state vector consisting of Brediction.

sequence of previous values of the input and output, both nor- Inalat Vassiliadis et al. (1996) th th

malized by their respective standard deviations. The histori- nala ertp;]aper ats.s' |af|sE Z]' ( & )ALese salme autnors
cal record is searched to find previous examples of this stater.ee);_"’lmme Tﬁ ques |o|n(;) \f[Vh et tﬁr S” fo?ﬁ. Ing In i

An ensemble of these “nearest neighbors” is used to calculatgoMnear. €y conciude that Ihe answer to this question
a filter to advance the prediction one time step. Single-steﬁ’tro'ﬁ'gl.y depends on the details of the analysis. In p.ar.tlcular,
prediction uses the last measured values to advance the sta‘f’?en filters are averaged over a I_argg range Of.a(.:tIVIt)./ lev-
and prediction. Multi-step prediction uses the previously pre-e s they are biased toward becoming linear prediction filters.

dicted values of the output and measured values of input tc;l’hey conclude that the magnetosphere is nonlinear and that

advance both the state and prediction. this r_nu_st b_e taken into account by the use of state-dependent
Price et al. (1994) found that their prediction errors do notpmd'CtIon filters.

stabilize until at least 500 nearest neighbors are used to ad- Until recently little additional work has been done on the

vance the prediction. For single-step prediction about 95%4roblem ofV B;-AL coupling. Attention has turned to other

of the variance in the next value is predictable. However,indices such as the PC index and g index. Also an ef-

in multi-step prediction the prediction efficiency stabilizes at fort has been made to define a better input parameter than

about 60% after 60 min. Twenty different coupling functions V Bs. For example, Newell et al. (2007) find that the func-

including gsmV B, and epsilon were considered with single- tion V4/3B§/3sin‘3/3(96/2) correlates best with 9 out of 10
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different indices ¥ is solar wind speedBry is the transverse away from the interface broadening the interaction region.
component of the IMF, is the IMF clock angle in gsm co- Inside the leading edge of the CIR the slow wind is acceler-
ordinates). ated while behind the fast wind is decelerated. In a frame of
Pulkkinen et al. (2007), however, have investigated thereference moving with the interface the solar wind flow on
V Bs-AL coupling problem using superposed epoch analy-the two sides is tangential to the interface. The high-speed
sis. A set of 150 electrojet activations defined by the onset ostream behind the interface contains large amplitude&hifv
a negative bay in AL was selected. The dataset was dividedvaves propagating outward from the Sun. These waves ro-
into high and low driving withE,=4 mV/m as the dividing tate the IMF southward antiparallel to the Earth’s magnetic
line and high and low dynamic pressure withy,=3nP sep- field enabling dayside magnetic reconnection. The reconnec-
arating the two classes. They find that the ra#ib|/E,, for tion drives magnetospheric convection which in turn drives
low driving before onset is-130 and after is~180. For high  field-aligned current closing through the ionosphere. It is the
driving the corresponding ratios arel 10 and~140. Similar ~ Hall current produced by this closure that is evident in the
results were found for high and low dynamic pressure. FoOrAE indices. Since the electric field in the solar wind is the
low pressure before onset the ratio~430 and after onset rate of flux transport per unit length high speed wind cre-
it is ~180. For high pressure the corresponding values arates a stronger electric field than low-speed wind. Combined
lower, ~75 and~130. Thus weak driving and low dynamic with the fluctuations inB, caused by the Alfén waves it is
pressure both result in stronger coupling. These results seeexpected that geomagnetic activity is stronger after the inter-
to confirm the conclusion of Vassiliadis et al. (1996) that the face than it is before.
AL index has a nonlinear response to the solar wind electric An illustration of the average properties of a CIR derived
field. from superposed epoch analysis is presented in Fig. 1. Zero
The purpose of this paper is to determine whether the nontime in this analysis is the time a stream interface, defined
linear results obtained by Pulkkinen et al. (2007) are evidenias the zero crossing of the azimuthal flow angle of the so-
in the properties of linear prediction filters. For this analysis lar wind passed the Earth. The right side of the figure dis-
we use a technique somewhat like the first method describeglays important parameters derived from solar wind plasma
by Vassiliadis et al. (1995) (see preceding discussion). Thesand magnetic field measurements. In each panel the shaded
authors used a state vector depending only on the solar windegions bounded by the upper and lower quartiles define the
input (E,) to define the system state and for each state conrange within which 50% of the data fall. The top panel shows
structed a moving average filter from a number of very simi-that solar wind dynamic pressure begins to increase one day
lar states. In our case we define the state of the solar wind difbefore the stream interface. This is the leading edge of the
ferently. In particular we use the stream interface in a corotatcompression region. Dynamic pressure peaks at the stream
ing interaction region (CIR) as a reference time. We assuménterface then decays over the following two days. The be-
that all CIRs exhibit similar values of solar wind parameters havior of total pressure in the solar wind frame (panel 2) is
as a function of time relative to this reference time. Thus wevery similar although starting its increase a little later. The
expect that the linear prediction filter that transforfsinto solar wind electric field£,) (panel 3) begins to increase 12 h
AL is the same for all CIRs but varies with epoch time. We before the interface, peaks at the interface, and decays slowly
will show that there is a significant change with epoch time over a period of three days. Beta (panel 4), the ratio of ther-
with the weakest coupling occurring at the stream interfacemal to magnetic pressure in the solar wind is nearly 2.0 just
when the solar wind electric field and dynamic pressure arébefore the interface, falls to about 1.0 at the interface, and
strongest. takes several days to return to normal. Solar wind Mach
To illustrate why we might expect a change in h8,-AL number (panel 5) is typically around 8.0 but inside the CIR it
coupling function during the passage of a CIR we briefly re-falls to 6.0 and then recovers over the next three days.
view the characteristics of corotating interaction regions. A The left side of Fig. 1 shows measures of geomagnetic ac-
CIR is formed when slow speed solar wind from one longi- tivity during the passage of a CIR. All panels show that ac-
tude on the Sun is overtaken by high-speed wind from a fol-tivity indices begin to increase a few hours before the CIR
lowing longitude. The high-speed plasma can not penetratstream interface, peak 6-12 h after the interface, and then
the slow speed plasma because of the imbedded magnettake about five days to decay to the quiet levels present be-
fields. Consequently it compresses the plasma and magnetfore the interface. The analysis presented in this paper uti-
field near the interface. This creates a spiral shaped interadizes Ey, the rectified version of,, as input, and the AL
tion region between the two solar wind streams with the in-index (a component of AE) as output. If coupling is stronger
terface between the two streams at the center. Total pressufer low dynamic pressure and a weak driver we would expect
in the plasma reaches a peak along the interface with a gradto find that the ratio between AL arfd is largest at the edges
ent away from ridge of high pressure. Ahead of the interfaceof the figure and weakest at the center. We will demonstrate
the pressure gradient deflects the solar wind to the west of théhat this is the case.
Earth-Sun line and behind it deflects the plasma toward the
east. With time the region of elevated pressure propagates
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Ground Indices Relative to Stream Interface in 1995-2006 Derived Parameters Relative to Stream Interface in 1995-2006
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Fig. 1. Results of superposed epoch analysis of solar wind and magnetospheric parameters are plotted versus time relative to a strean
interface at the center of a corotating interaction region (CIR). The five panels on the right respectively show solar wind dynamic pressure,
total of thermal and magnetic pressure, g8 plasma beta, and plasma Mach number. The five panels on the left show the AE index, the
Sym-H index, the Asym-H index, the 3+, index and the PC index. Heavy black lines at the edges of the shaded regions define the range
within which 50% of the data lie. The heavy red line at the center of shaded regions defines the parameter median at each epoch.

2 Datasets and preprocessing wind velocity onto this normal. The calculated time delays
are added to the times of sequential points. When fast solar
The output parameter used in this study is the lower auroraivind follows slow wind some parcels of plasma will appear
electrojet index (AL) calculated and distributed by the World to overtake and pass slower parcels ahead of them. Of course
Data Center — C2 in Kyoto, Japan. We have downloadechis can not happen in the solar wind because the magnetic
these data and interactively edited the AL time series to flagfield is frozen in the plasma. Instead the plasma and mag-
obvious spikes in the index. The input parameter is the rectinetic field near the gradient in speed is compressed. In the
fied dawn-dusk electric field of the solar wind in gsm coordi- ysual propagation technique this situation is handled by sim-
nates. To obtain this quantity we have processed all availablgly eliminating the overtaken parcels. When the wind speed
solar wind and IMF data from the Wind and ACE spacecraft.is decreasing fast particles leave slower ones behind. At the
The intervals covered by these spacecraft are Wind 1995 tg@ubsolar bow shock the original equally spaced time series is
present and ACE from 1 February 1998 to present. distorted into a time sequence with variable time delay be-
Rectified electric field is calculated from solar wind speed tween samples. This sequence is interpolated to the original
and gsmB; propagated to the subsolar bow shock by thegrid of one-minute samples. If the normal is poorly deter-
Modified Minimum Variance Method (Bargatze et al., 2005; mined (eigenvalues are nearly equal) or the normal is close
Weimer et al., 2003). This method uses a moving windowto orthogonal to the Earth-Sun line the normal can not be
to calculate the time-varying normal to discontinuities in the defined or is meaningless. In these cases the time delay is
interplanetary magnetic field (IMF). For each window the interpolated from adjacent values.
mean field is calculated and a minimum variance analysis A combined one-minute solar wind and IMF dataset with
performed on the projection of the field perpendicular to theproperties somewhat similar to ours is available from the
mean field. The minimum variance direction is taken as theNASA National Space Science Data Center at the url http:
normal to discontinuities in the window. Time delays are cal- //cdaweb.gsfc.nasa.gov/isgublic/.
culated by projecting the satellite position vector and solar

www.ann-geophys.net/27/3165/2009/ Ann. Geophys., 27, 3165-3178, 2009



3170 R. L. McPherron et alV B;-AL coupling during CIRs and solar cycle

Unfortunately we were not able to use this data set for ouris a convolution.) The set of equations obtained by allowing
analysis because of the high density of flags in the outputthe indexn to take on many successive values can be repre-
These data have been propagated with very conservative cosented as illustrated in Eq. (2).
straints on acceptable output. In addition to the eigenvalues
and normal direction flags the data are flagged whenever any?n+0 = b1ln+0 + b2lp—1+ b3ln—2+ - - + bnpIn-Np+1
parcel overtakes another parcel. Because of these constraint®,,, 1 = b1l,,11 + bal, 0+ b3al,—1+ - - + byplur1-Np+1
itis rare to have a flag free interval longer than the duration ¢ > — b1, > + byl i1 + b3l,_o + -
of anE, to AL filter. We note, however, this characteristic of
the NSSDC dataset is not a problem in the generation of the
dynamic cumulative distribution functions discussed below. ¢\ — p, 7, y+b,

-+ bnplnr2-Nbt1

InyN—1+b3l N2+ -

+bnpInyN-Nb+1 2

3 Analysis technique . . . .
The left hand side of this set of equations is a column vector

3.1 Linear prediction filters of length N+1 corresponding to the segment of the output
time series beginning with sampteand ending with sample
In this work we utilize linear prediction filters (Weiner, 1942) n+N. The right hand side is the result of a matrix multi-
to study the relation between the solar wind electric field andplication between a rectangular matriX)(with N+1 rows
the AL index. Prediction filters represent the most generaland N, columns and a column vector of, unknown filter
linear relation between two time series. In an ordinary linearcoefficients. This set of equations has a simple matrix repre-
regression the output of a system at a given time is representation shown in Eq. (3).
sented as the sum of a constant and a fixed multiple of the
input at that time. A finite impulse filter differs only in the O =[X] b (3)
assumption that the output at one time is given by the su
of multiples of the input at that time and earlier times. Since
a specific previous output depends on previous inputs it is
also possible to represent the system by a sum of multiple
of previous output and previous inputs. This latter represen-
tation is generally more compact having fewer multiplicative
coefficients. In the first case the filter is called either a mov-
ing average (MA) or finite impulse response (FIR) filter. In
the latter case it is called an autoregressive moving averag
(ARMA) or infinite impulse response filter (IIR). For sim-
plicity we use moving average filters in this work.

The phrase “impulse response” means that a plot of t
filter versus time lag is the output that would be generate
when the system is stimulated by a single pulse of unit am-
plitude. For example, we will show that the impulse re-
sponse relating the rectified solar wind electric field to theb = (X X) x"o (4)

AL index is a miniature negative bay with peak amplitude

~1.5nT/(mV/m) and duration of2.5h. (In our figures It can be shown that the product matti¥” X) has rows and
we have inverted this response to have positive area.) Th&olumns that represent the autocorrelation function of the in-
Fourier transform of the impulse response is the systenput at various lags. Similarly the produkt’ O is the cross
transfer function or frequency response. For the lower au<Correlation between input and output as a function of lag.
roral electrojet index (AL) the transfer function is a low pass Often this solution vector is too noisy to be useful and a dif-

mI'he first column of the matrixX) is the input time series cor-
responding to the output series on the left hand side. The sec-
nd column is the same series shifted down by one sample,
e third column is the input shifted down two samples, and
so on until the last column which is the input shifted down
by N,+1 samples. This matrix is often called the “design
matrix”. To determine allv,, coefficients the design matrix

ust have at leasV, rows. Usually there are many more
rows than coefficientsN> N,) and the coefficients are over
determined by the data. The least square solution for the co-
he efficient vectom is obtained by multiplying both sides by the
dtranspose of the design matrix and then inverting the result-
Ing square matrix as shown in Eq. (4).

filter. ferent solution method is required.
The mathematical representation of an ARMA filter is  An alternative solution technique is called singular value
shown in Eqg. (1). decomposition or SVD (Press et al., 1986). It is shown
Nb Na in matrix algebra than any real rectangular matrix can
be represented as the product of three special matrices
O0,=)> bil,_iy1— ; i1V 1 o F :
@10n =D biliisa = ) a;0njs1¥n @) X=(U) (S) (V7). Matrix U is column orthogonal, matri$

i=1 j=2
/ is diagonal sorted descending, and matfiis fully orthog-

To obtain a moving average filter the autoregressive coeffipnal. We use these facts to solve for the coefficient vector
cientsq; are all set to zero except which is setto 1.0. In  gptaining Eq. (5).

this case the output at theth sample point (time) is a sum of
multiples ¢;) of inputsi,_;;1 at earlier time lagsif. (This b=v@/suTo (5)
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The reciprocal of the diagonal matrix §)/is also diagonal given day of data and specific stream interface was con-
with elements in ascending order. Very small elements alongstructed from the appropriate row in the input ensemble ar-
the original diagonal become very large elements in the reray. For day-5 (left end of a row) the time shifting required
ciprocal matrix. These large elements are the source of noisto construct the design matrix introduces flags (missing data)
in the least square solution. The secret of SVD is to set alfrom outside the interval. The remaining days simply shift
elements beyond a certain singular value to zero in the recipdata from the preceding day into the matrix. For acausal fil-
rocal matrix. This eliminates the terms causing noise in theters flags are also shifted into the matrix from the right end
solution. of the arrays. In some cases, even after interpolation, there
This procedure was modified to allow for the possibility are missing data flags at arbitrary locations in the original
of acausal filters. An acausal filter is one in which there isdata. These flags are shifted downward introducing flags in
an output before the input is applied. This situation arises insucceeding rows of the design matrix for that day. At the
our calculations if the solar wind has not been properly prop-same time we construct the vector of system output (AL). As
agated from the upstream measurement point to the magnetfinal step we horizontally concatenate the output vector and
topause. The required modification is to time shift the inputthe design matrix and search each row of this concatenation
data with both positive and negative lags. In our case we typfor missing data flags. Any row containing one or more flags
ically used 60 min before the expected output and 180 minis eliminated from the final output vector and design matrix.

afterwards for a total of 240 lags. In a few cases there were too few rows remaining to calculate
a prediction filter.
3.2 Ensemble matrices At this point the ensemble average prediction filter was

calculated by two different methods. In the first we used the

To determine the impulse response for a particular state ofjata available for a given day relative to a stream interface
the solar wind we must select a number of examples of theand SVD analysis to calculate a daily filter. These filters
particular state and create an average filter for that state. Weere then averaged over all interfaces in a year producing
then systematically vary some parameter such as solar wingn ensemble average filter for the year. Filters calculated in
dynamic pressure and for each new range of values calcuhis manner were highly variable from day to day, but gen-
late a new filter from an ensemble of events satisfying theseerally represent the data from which they are calculated with
conditions. In this work we have used the Earth passage ohigh prediction efficiency. Prediction efficiency is defined as
a corotating interaction region (CIR) to establish a sequencghown in Eq. (6). The operator “Var’ means variance, i.e.
of states and have calculated the filter relating the solar windmean square deviation of the argument from its mean.
electric field to AL as a function of time relative to the stream
interface at the center of the CIR. We then examine this sepgp_ 1 _ v2r(Data— Mode) ©6)
quence of filters and determine whether there is an observ- Var(Data
able change in the properties of the filter with epoch time. |, yhe second method used for this study we vertically con-
The underlying assumption is that all CIRs create similar S0~ 41en4te the design matrix for each day into one long matrix
lar wind states at the same location in a CIR. for an entire year. SVD was then used to invert this ma-

We begin by identifying all interfaces between low-speed yy - Typically this matrix had about 365000 rows and 240
and high-speed solar wind in the years 1995-2006 (MCPhergo|ymns, The filter obtained in this manner is the optimum
ron, etal., 2008, b). For each interface we selected a 10-dajneqr representation of the relation between input and out-
interval centered on the interface and extracted a segment cHut data for CIR events during a given year. Since there are
solar wind or index data from our original database. The IN-many different events in a year the prediction efficiency de-

tervals were placed in the rows of an ensemble matrix. Splingermined for an entire year is lower than the average predic-
interpolation was used to eliminate short gaps (ten minutes ofio efficiency of the daily filter calculated in the first method.

less) in the original data. For theB;-to-AL filter we con- 1y picq) values of prediction efficiency are about 45% of the

structed matrices of solar wind speed, interplanetary magyariance with an annual average filter. Single day filters typ-

netic field (IMF) B, in gsm coordinates, and AL index. The ically represent 65% of the variance.

matrices for solar wind speed (V) ad were multiplied el-

ement by element to construct a new ensembl® Bf (rec- 3.3 Characterization of filters

tified (V B;)). The matrices/ B; and AL were then used as

the input and output of the magnetospheric system. Note thaih an ordinary linear regression a single number that charac-

southwardB; (B;<0) produces negative; (as defined here) terizes the relation between the input and output is the mul-

so that the impulse response betwégrand AL is a mostly tiplicative constant. In a linear filter the equivalent gquantity

positive curve. is the area under the impulse response function. This can be
To calculate the ensemble average impulse response welearly seen by considering an example of a constant input

utilize 24-h sequences of data centered at 00:00 UT on eachf unit amplitude to the system. After the transient response

day around the stream interface. The design matrix for aime of the filter (the length of the filter) the output stabilizes
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Comparison of Observed and Predicted AL Index IMPULSE RESPONSE FOR ACE VBs TO AL in Jan 1999
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Fig. 2. An illustration of the relation between time series of solar 102 N
wind electric field ¢ Bs) and the AL index for two days in January o ’
1999 is presented. Top trace (red) is the rectified electric field. The g
bottom trace denoted by a thin blue line is the observed AL index G g b S, U S L VG S
for the same two days. The thicker black line is the output of a & |
linear filter representing the relation between these quantities. §
g 10°
o
o
at a value given by the sum of products of the magnitude - o
of the input filter and the coefficients. Because the input is —— 30 sing
constant it can be taken outside the sum in Eq. (1) leaving -==-= Rayfit
the sum of the filter coefficients. In this work we use the 102 i
. . 4 3 2
area under the response function to quantify the response o 10 10 10

the magnetosphere. If the coefficients change in a systematic Flequency (k)

way with the state of the system we conclude that the system

is nonlinear. For stream interfaces we use time relative to &9 3- TheV Bs-AL prediction filter for the month of January 1999
stream interface (epoch time) as the state variable. and its frequency response are plotted in the upper and lower panels
respectively. The heavy dashed lines in the two panels show the fit

. of a Rayleigh function to the filter and its transform (see text for
3.4 Example data and filter details).

An illustration of the relation between rectified solar wind

dawn-dusk electric field and the AL index is presented in  TheV By-AL filter for the month of January 1999 is plot-
Fig. 2 for several hours in January 1999. The electric fieldted in the top panel of Fig. 3. The various traces with similar
in the top red trace is zero when IM#; is positive. During  shape correspond to solutions using different numbers of sin-
these times there is no variation in the output. Note that ingular values in the reciprocal matrix. The heavy red trace is
this analysis we removed mean values for a month prior tathe solution obtained using 30 of the 361 possible values. As
calculation of the prediction filters and then add the meansshown by annotation on the graph the filter accounts for only
back so slight differences in the baseline of the observed and1% of the variance in AL during this month. The sum of the
predicted values may be present on a given day. WBen filter weights is~105 nT/(mV/m).

is negativeE;=—V B; takes on positive values and AL re-  The heavy dashed line (black) in the upper panel is the
sponds after a short time. The predicted response followsesult of fitting an offset Rayleigh function to the impulse
the general pattern of the observations but is much smoothergsponse. This function is given by the equation

does not contain the extreme variations in AL, and often

shows timing differences relative to the observations. Thesd (t) = co + cif eXp(—fz/Zfz)

differences cause the prediction efficiency to be significantly

less than 1.0.
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In this example the three model parameters have the value: Ensemble of OMNI All-gsmEy for 1995-2008
[—0.0699, 0.0629, 41.9291]. The amplitude constants have 4
units of nT/(mV/m) while the time constant is in minutes. For 3 Bz north

a Rayleigh function the peak response occurs at a time equa
to the time constant. After the peak the response dies slowly
passing through zero at a lag of 120 min. The response be-~
yond this lag is not usually present in monthly filters and S 1 S EEPRRECiE =Y. 1"
is probably an artifact of detrending by only subtracting the £ e
mean. This filter was characterized by the area under them 0 it
filter between zero and 180 min. We also tried to fit this re- 5 2
sponse function with the Weimer (1994) function discussed T -1 i
in the introduction. We found that this function fits the slope
of the rise of the filter somewhat better, but it overshoots the
peak value by almost a factor of 2. During the decay this _3
model compensates for the overshoot by being less than re Bz south
quired to fit the prediction filter. -4
The transfer function (frequency response) is defined as 5 4 3 2 1 0 1 2 3 4
the Fourier transform of the impulse response. We have cal- Epoch Time (Days)
culated this for each of the filters s_hown in the top panel eX'Fig. 4. A dynamic cumulative distribution function (cdf) for the
Cept we havg not _plotteq the function for the least Square SOgsm IMF dawn-dusk electric field(B;) for “All” nine years of
lution which is quite noisy. The heavy dashed black line is j4ta measured at the ACE spacecraft. Heavy lines are quartiles of
the transform of the fitted Rayleigh function. The heavy redtne distribution and thin lines are deciles. The vertical dashed line
line is the solution retaining the largest number of singularat zero epoch time is the time a stream interface at the center of a
values (30). Other traces shown by thin blue lines correspondorotating interaction region (CIR) passed the spacecraft. We have
to the use of fewer singular values in the matrix inversion. Itreversed the sign dfy to correspond ta;.
is evident how the use of singular value decomposition sup-
presses noise (and high frequency components) in the im-
pulse response function. the dawn-dusk component of the gsm interplanetary electric
The transfer function for th& B;-AL impulse response field Ey=V B; is shown in Fig. 4. During quiet times sev-
function is a low pass filter. Two arrows in the figure repre- eral days before the interface roughly half of all electric field
sent important cutoffs. The first at low frequency is physi- values have magnitude less than 1 mV/m. About 12 h before
cally meaningful and represents the behavior of the magnethe interface the electric field strength begins to increase. It
tosphere. Electric field fluctuations with periods shorter thanreaches a value twice as high at the interface. Subsequently
~4 h are attenuated while those with longer periods are notit decays slowly reaching typical background strength after
The second cutoff at higher frequency depends on the numthree days.
ber of singular values retained in the solution. The cutoff at The AL index mimics its driverE, as can be seen in
~0.4 h corresponds to 30 singular values. Solutions usindgrig. 5. AL begins to decrease 12—24 h before the interface
fewer singular values have lower frequency cutoffs. and reaches a minimum value about 8 h after. The minimum
We also examined the phase response of this filter (notnedian value of AL is only-150 nT. It is more negative than
plotted). From zero to 0.2 mHz the response is linear and—300 nT less than 25% of the time. Note that activity is ele-
given by the functionp=af wherea=—1.6148<10* radi- vated for more than five days after the interface even though
ans/Hz. This translates to a uniform time delay of 42 min for E, reaches background values in only three days.
these low frequency signals.

4.2 E-AL filters as function of CIR epoch

4 Results Prediction filters relating rectified solar wind electric field to
the AL index are plotted in Fig. 6. Each trace in this figure
4.1 Properties of interplanetary electric field and AL in- represents an ensemble average for a particular 24-h period
dex relative to CIR stream interfaces around the CIR stream interface. Each filter is computed as

an average of that 24-h period preceding or succeeding the
Our emphasis in this work is an investigation of whether zero epoch time at the stream interface averaged over events
prediction filters for magnetic indices change systematicallyobserved during years 1995-2007. However, the 13-year in-
relative to a CIR stream interface. In work reported else-terval does not include 1996 because no AE indices are avail-
where (McPherron et al., 2008a) we have determined 394ble this year. Ensemble average filters were determined first
stream interfaces in the interval 1995-2007. The behavior ofor a given 24-h epoch and all data for events observed during

www.ann-geophys.net/27/3165/2009/ Ann. Geophys., 27, 3165-3178, 2009



3174 R. L. McPherron et alV B;-AL coupling during CIRs and solar cycle

Ensemble of Ground All-AL for 1998-2007 Annual Average All-VBs to All-AL Filters for Daily CIR Epochs 1995-2007
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P (Days) Fig. 7. Results for 13 annual ensemble average filters are plotted

. . . . ) versus time relative to CIR stream interfaces in the years 1995-
Fig. 5 A dynam|(; caf O,f the AL '”‘,’ex relative to stream. interface 5647 Bjue lines show the annual averages at each daily epoch while
(vertical dashed line) within a CIR is presented. Heavy lines are they,;cy req |ines are the means of all annual averages. Error bars are
guartll_es asa functl_on of epoch time. Noteothat the minimum AL the standard error of the mean at each time. Note that the day-long
index is more negative than300 nT about 25% of the ime. intervals used in analysis were centered on the beginning of days.

13-year Average Filter All-VBs to All-AL in CIRs 1995-2007 o .
3 standard error of the mean over 12 years. This filter differs

from the others by much more than the height of the error
bars indicating that solar wind coupling is weaker on the day
centered on the interface.

Two properties of these filters are summarized in Fig. 7.
The top panel displays the prediction efficiency of the filters
versus epoch time relative to a stream interface. The bottom
panel shows the area underneath the filter. Thin blue lines in
each panel show the results obtained with ensemble average
filters determined from one day of epoch time and one year
of data. The heavy red line shows the average of these annual
filters versus epoch time within a CIR. The error bars at each
epoch time are the standard error of the mean over the 12

! : : successive years.
60 0 0 20 180 240 The top panel shows that the 3-day interval beginning two
Lag (minutes) days before and including the interface exhibits the highest
predictability of about 45%. The day after the interface dur-
Fig. 6. Ensemble average linear prediction filters relating; to ing the high-speed stream this value drops to its lowest value
AL index during the interval 1995-2007. Each trace shows a differ-of 35% and then rises slowly to a value of 42%, somewhat
ent day relative to a stream interface. The heavy red line shows thgess than the values before the interface. The bottom panel
grror of the megn of all filters nn the filter spanning the CIR streamghows that the area under the interface filter (102) is signifi-
interface. The filter has been inverted for display purposes. cantly less than the values in the days before and after (125
and 112). The values of the filter area adjacent to the inter-
face are slightly lower than those two days and more before
a given year, and then filters from successive years were avor after. Even though the data are more predictable on the day
eraged. All filters have essentially the same shape startingf the interface than any other day, the area under the filter is
from zero at zero lag, rising to a peak-a20min, decay-  smaller. This suggests that the solar wind coupling becomes
ing slowly to zero at 150 min, and then slightly overshooting |ess efficient as a CIR passes the Earth. Note that the bottom
with negative values. The filters are virtually identical except panel indicates that the filters after the interface have a more
for the filter highlighted with red error bars, which shows the yariable area that they do before, a result consistent with the

filter for the zero epOCh time during the day of the stream in'decreased prediction efﬁciency after the interface_
terface crossing. The error bars on the interface filter are the

Interval = 1995-2007
25 A PEFS-=-43:5+-7:
/ \ <Areg> = 124.8+32.8

@

Response

Ann. Geophys., 27, 3165-3178, 2009 www.ann-geophys.net/27/3165/2009/



R. L. McPherron et al.V B;-AL coupling during CIRs and solar cycle 3175

Annual Average Filters for All-VBs to All-AL 1995-2007 Annual Average Prediction Efficiency and Filter Area for All-VBs to All-AL 1995-2007
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Fig. 9. The prediction efficiency and filter area of annual average
filters for each day-long epoch relative to CIR stream interface are

Fig. 8. Ensemble average linear prediction filters relating; to ) . .
AL index during the interval 1995-2007. Each trace is an averageShown by blue circles. The heavy red lines with error bars show the

over all CIR epochs for a full year. The heavy red line at the top average over all epochs and the standard error of the mean. No AE

is for the declining phase of the solar cycle for the year 1995. TheIndex data are available for 1996.
heavy black line at the bottom is from solar maximum in 2001.

the linear prediction filters the lowest. Clearly the relation
4.3 E,-AL filters as function of solar cycle between the two quantities is not linear. Two types of local
linear filters have been utilized to approximate the nonlinear
Since we have determined filters for each epoch of the CIRbehavior. The most general defines the state of the magneto-
and for each year in the solar cycle we can also display averspheric system by a state vector constructed from the input
age filters versus phase of the solar cycle. Figure 8 display@nd output time series. Filters are created from an ensem-
prediction filters averaged over all CIR epoch times in eachble of similar previous states at each time in the series being
year. Each trace in the figure shows the average filter for depresented by the filter. In this case the prediction filter is
given year. Two traces have been highlighted and annotated:ontinuously varying and adapts to represent the nonlinear
The red trace with the largest area (163) is for the year 1995ystem. A second type of filter uses the data immediately
late in the declining phase of solar cycle #22. The black traceprior to the prediction point to define a filter to advance the
with the smallest area (88) is for the year 2001 close to theprediction. Our work uses a variant of these methods. We
maximum of the solar cycle. assume that the solar wind establishes the state of the solar
The variations of the filter properties, prediction efficiency Wind and that a linear filter can represent the input-output
and area, with solar cycle are presented in Fig. 9. As showrelation for each state. In our case we assumed that a coro-
in the top panel the annual filters typically predict about 45%tating interaction region (CIR) establishes different magne-
of the variance, butin 2001 this dropped to a low of 35%. Thetospheric states as a function of time relative to the stream
data Suggest a solar Cyc'e variation in prediction eﬂiciencyinterface. We then determined an aVerage filter for each day
with the highest efficiency in the declining phase of the solarfor @ 10-day period centered at the stream interface. The fil-
cycle and the lowest near solar maximum. The bottom panefers were determined using an ensemble of CIRs recorded
shows the area of the impulse response function versus pha$!fing a given year. The collection of filters allows us to in-
of the solar Cyc|e_ The traces Suggest a solar Cyc|e effect Witwestigate whether there is solar CyCle variation in solar wind
the strongest coupling in the declining phase (1995 and 2007§oupling or a variation with time in a CIR.
and the lowest around solar maximum in 2001. Our results show that there are significant differences in
the E-AL coupling function both with epoch within the CIR
and with solar cycle. First the prediction efficiency is reduced
5 Discussion and conclusions in the high-speed stream after the interface as compared with
the value before and at the interface. Second the area un-
Previous studies of the relation between the solar wind eleceer the impulse response is lowest at the stream interface,
tric field and AL index have used linear prediction filters, slightly stronger the day before and after, and strongest on
local linear filters, and neural networks. In general the non-other epoch days. We find that there is little change in pre-
linear models obtain the highest prediction efficiency, anddiction efficiency with the solar cycle averaging around 45%
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except for the years 2001-2002. The area under the responseWe also found apparent variations ,-AL coupling
function is lowest during the rising phase of the solar cyclewith solar cycle. The strongest coupling seems to occur
and again just after maximum. The largest areas are founéh the declining phase in association with recurrent high-
near the end of the declining phases in 1995 and 2007. speed streams. The weakest coupling appears to be around
The physical interpretation of these results is not obvious.solar maximum. One possible explanation is that coronal
As shown in Fig. 1 we know that the state of the solar wind mass ejections (CME) at solar maximum contain solar wind
changes during a CIR. Two days before a stream interface thplasma with properties quite different than found in CIRs and
density begins to increase as the solar wind speed reachestlaese properties affect the size of the magnetosphere and the
minimum value. Twelve hours before the interface the so-reconnection process. Magnetic field strength in CMEs is of-
lar wind speed begins to increase reaching a maximum abouen higher, density and temperatures lower than in CIRs. An-
1.5 days after the interface. Thereafter the speed falls slowlyother possibility is that the solar wind propagation algorithm
The IMF magnitude begins to increase one day before thevorks better during the moderate conditions associated with
interface, peaks at the interface, and then decreases over@Rs and the decreased filter area and prediction efficiency
period of about three days. Temperature of the solar wind imear solar maximum is caused by a poor representation of
very low 12 h before the interface, a maximum at the inter-the solar wind arriving at the magnetopause. A third possi-
face, and then decays slowly for at least five days after thebility is that the AL index is of lower quality around the last
interface. solar maximum (1997-2002). This is a time when magne-
These properties of the solar wind affect various derivedtometer data acquisition from the Siberian sector was very
quantities important to magnetic reconnection. The dawn-poor. Stations missing from the AE network will reduce the
dusk electric field is very asymmetric about the interface asarea of the impulse response. Data spikes associated with
illustrated in Fig. 4. The combination of increased speed andyoor transmission and recording will decrease the prediction
strong magnetic field cauge, to maximize at the interface efficiency.
and to decay slowly as the field strength and speed decrease Unfortunately, no continuous high quality solar wind data
in the high-speed stream. The density increase before the irare available before 1995 and insufficient good AE index
terface and the speed increase after cause the dynamic pregata are available until the last few years. Thus we can not
sure to peak at the interface. Plasma beta decreases rapidjgt reach a definitive conclusion on whether the solar cycle
from 2.5 beginning 12 h before the interface to 1.5 for manychanges we observe are real effects of the solar cycle, or ar-
days after the interface. Albn Mach number of the solar tifacts of the propagation algorithm, or artifacts of the index
wind behaves in a somewhat similar manner dropping fromgeneration. In future work we intend to apply this procedure
a value of 10 to about 7 at the interface. It recovers moreto the Thule Polar Cap (PC) index which is based on one
quickly returning to normal values in about two days. station and has been continuously calculated since 1975 with
Our analysis procedure does not allow us to separate varihigh quality data and a consistent procedure. If similar trends
ous possible causes of a change in coupling. Is the observeate apparent in these data we will be more confident that our
decrease in coupling around the CIR stream interface a reAL results are physically meaningful.
sult of a smaller magnetosphere due to the enhanced dy- The application of prediction filters or neural networks to
namic pressure? Alternatively does the reduced&ifWlach  the study of solar wind coupling is based on the assumption
number in the solar wind alter the efficiency of reconnec-that there is a deterministic relation between the input and
tion? The superposed epoch analysis reported by Pulkkinenutput variables, in our cagéB; and AL index. There is no
et al. (2007) indicates that either high dynamic pressure oreason to expect that all of the AL variance is directly con-
strong driving byE, can reduce the coupling efficiency. To trolled by V B;. Some of the variance is likely to be caused
answer these questions we would need to use a different prday the viscous interaction which presumably does not depend
tocol. In particular we would need to create an ensemble ofn electric field. Some may be caused by changes in dynamic
events in which each row is characterized by reasonably conpressure. Also internal dynamics of the magnetosphere such
stant values of some parameter. We could then calculate imas substorms in the tail and electron precipitation into the
pulse response functions for rows selected for a given rangauroral oval will cause changes in the westward electrojet
of the possible control parameter. Conceivably we could binthat may have only a probabilistic relation to the solar wind
according to two different parameters and still have enougtelectric field. As explained in the description of the analysis
data to define the impulse response. To do this we must creprocedure, linear filters depend on the existence of a fixed
ate ensembles with rows somewhat longer than the responsmrrelation between the input and output variables. Only that
functions, i.e. longer than four hours. This procedure will be portion of AL that is correlated witly B; is predictable with
difficult and time consuming. The fact that we find signifi- our analysis. It is likely that multi channel prediction filters
cant differences in coupling near the stream interface givesvould predict somewhat more of the AL variance than a sin-
us confidence that the binning procedure would produce ingle channel filter. The main result obtained in this work is
teresting results. that the coupling function relating B; and AL changes sig-
nificantly with the state of the solar wind as defined by time
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