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ARTICLE INFO ABSTRACT

Keywords: Sixteen variables describing the state of the magnetosphere are examined in the years 1991-2007; the sixteen
Magnetosphere variables include nine geomagnetic indices plus seven measures of electron and ion precipitation into the at-
Solar wind . . mosphere, the rate of substorm occurrence, the pressure and number density of the ion plasma sheet, the flux of
l?lea osr;zgnenc activity substorm-injected electrons, and the radiation-belt electron flux. Eight other variables are used to represent the

properties of the solar wind at Earth. To estimate the time lags between magnetospheric and solar-wind variables
bivariate (two-variable) linear correlations, multivariate linear correlations, and vector-vector correlations are
utilized. Using bivariate correlation the lag time of each magnetospheric variable with respect to each solar-wind
variable is varied to obtain the maximum correlation coefficient. Using multivariate linear correlations, the time
series of each magnetospheric variable is correlated with a linear combination of the eight time series of the eight
solar-wind variables, with eight independent lead times on the eight solar-wind variables optimized to produce
the largest multivariate correlation coefficient. The resulting time lag between each magnetospheric variable and
each solar-wind variable is then catalogued. Additionally, the solar-wind variables that most-strongly affect each
of the 16 magnetospheric variables are noted. A similar process of optimizing lag times on magnetospheric
variables is performed during vector-vector correlations between a 9-dimensional magnetospheric state vector

and an 8-dimensional solar-wind state vector.

1. Introduction

There are multiple time lags in the reaction of the magnetosphere to
changes in the solar wind (Borovsky and Valdivia, 2018), from minutes
(the reaction to changes in the solar-wind dynamic pressure) to a few
days (e.g. the evolution of the outer electron radiation belt during sus-
tained solar-wind driving or the filling of the outer plasmasphere after
solar-wind driving is reduced). It is well known that magnetospheric
activity as measured by geomagnetic indices lags the solar wind by
timescales from minutes to hours (e.g. Arnoldy, 1971; Iyemori et al.,
1979; Smith et al., 1999; Newell et al., 2007). Magnetospheric particle
populations also lag the properties of the solar-wind plasma; these
include the ion plasma sheet and the electron plasma sheet with time
lags of hours (Borovsky et al., 1998; Denton and Borovsky, 2009), the
population of substorm-injected electrons in the dipole with time lags of
hours (Borovsky and Yakymenko, 2017), and the outer electron radia-
tion belt with times lags of hours and days (Balikhin et al., 2011; Wing
et al., 2016; Borovsky, 2017). Most often these time lags are determined
by optimizing correlation coefficients between a single magnetospheric
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variable and a single solar-wind “driver function”.

In this report a brief survey of magnetospheric time lags is performed
using optimization of correlation. The differences here from past cal-
culations are the use of (a) multivariate correlations and (b) vector-
vector correlations. Multivariate correlations between a single magne-
tospheric variable and multiple solar-wind variables produce higher
correlation coefficients than do correlations between a single magne-
tospheric variable and either a single solar-wind variable or a single
solar-wind function (Borovsky and Denton, 2018). Vector-vector cor-
relations produce even higher correlation coefficients (Borovsky and
Osmane, 2019).

This report is organized as follows. In Section 2 the 1-hr resolution
data sets for solar-wind variables and magnetospheric variables in the
years 1991-2007 are described, as are the multivariate-correlation
methods and the vector-vector correlation methods. Section 3 de-
scribes the results (1) of bivariate (two-variable) correlations between a
single magnetospheric variable and a single solar-wind variable and (2)
of multivariate correlations with a single magnetospheric variable and a
set of eight solar-wind variables. In Section 4 the results of correlations
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between a solar-wind state vector and a magnetospheric state vector
with multiple optimized time lags are described. Section 5 summarizes
the results, discusses the interpretation of the time lags, and suggests
future work.

2. Methods and data sets

The set of magnetospheric variables explored are listed in Table 1.
The first nine variables are commonly used geomagnetic indices. A va-
riety of geomagnetic indices have been chosen: the auroral electrojet
indices AE, AL, and AU (Davis and Sugiura, 1966), the polar-cap index
PCI (Troshichev et al., 1988), the magnetospheric convection indices Kp
and am (Thomsen, 2004), and the plasma diamagnetic indices Dst,
SYMH, and ASYM (Katus and Liemohn, 2013). The 10th variable in
Table 1 Spate is the rate of substorm occurrence, which is defined as S;4¢e
= log10(24/At), with At being the time between substorm onsets (the
previous onset in time to the next substorm that occurs in the data set) in
units of hr (Borovsky and Yakymenko, 2017); the substorm occurrence
rate in units of substorms per day is 10 to the power S;ue and Siate is
evaluated at the midpoint of every hour of universal time. The two
variables mP, and mP; are the DMSP-spacecraft estimates of the north-
ern and southern hemispheric power in electron precipitation (mPe) and
ion precipitation (mP;) in units of GW (Emery et al., 2008, 2009). Pipsisa
multispacecraft average of the pressure of the ion plasma sheet around
geosynchronous orbit (Borovsky, 2017) and njys is a multispacecraft
average of the number density of the ion plasma sheet around geosyn-
chronous orbit (Borovsky, 2017). The quantity Fe;30 is the logarithm of
the peak flux of 130-keV substorm-injected electrons at geosynchronous
orbit as measured by multiple spacecraft (Borovsky and Yakymenko,
2017). The variable F¢ 2 is a multispacecraft average of the
outer-radiation-belt electron-flux index at 1.2 MeV (Borovsky and
Yakymenko, 2017). The final column of Table 1 describes the functional
form of each magnetospheric variable that is used in the correlative
studies. Variables that have very non-Gaussian occurrence distributions
are put into logarithms to make their occurrence distributions more
Gaussian like.

The eight variables that are used to represent the solar wind are (1)
the solar-wind speed vow (in the functional form log;o(vow)), (2) the
proton number density ng, (in the functional form log;o(now)), (3) the
10.7-cm radio flux of the Sun F10.7 (in the functional form
log10(F10.7)), (4) the GSM Z-component magnetic field B, (in the form

Table 1

For the 16 magnetospheric variables, the Pearson linear correlation coefficient
for multivariate fits between each magnetospheric variable and eight solar-wind
variables are listed; the first column is the correlation coefficient with no time
lags, the second column is the correlation coefficient with optimized time lags,
and the final column is the functional form of the magnetospheric variable that is
used in the correlations.

Magnetospheric Multivariate Multivariate Functional

Quantity Reorr without Time  Reoyr with Time Form Used in
Lags Lags Correlations

AE 0.7806 0.8418 log10(1+AE)

AL 0.7127 0.7679 log1o(1+|AL|)

AU 0.7234 0.7661 log1o(1+|AU|)

PCI 0.7795 0.8071 PCI

Kp 0.8453 0.8637 Kp

am 0.8437 0.8617 logi0(1+am)

Dst 0.6047 0.6679 Dst

SYMH 0.6095 0.6700 SYMH

ASYH 0.6482 0.6893 ASYM

Srate 0.6243 0.6317 Srate

mP, 0.7428 0.8371 1og10(0.01+mP,)

mP; 0.8237 0.8464 10g16(0.01-+mP;)

Pips 0.6843 0.6918 Pips

TNjps 0.6602 0.6774 log1o(nips)

Fe130 0.5087 0.5271 Fe130

Fe12 0.5423 0.6914 Fe1.2
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-B,), (5) a Mach-number function f(Mp) = Mgms a1+ 680M,§3'3o)’1/ 4
(cf. eq. (3b) of Borovsky and Yakymenko, 2017) that represents the
compression ratio of the bow shock and the plasma beta of the magne-
tosheath, where Mp = Vg /Va is the Alfven Mach number of the solar
wind, (6) the GSM clock angle 6¢ock = Arccos(B,/! (B§+B3)1/ 2) of the
magnetic field (in the functional form sinz(eclock/Z)), (7) the angle be-
tween the solar-wind magnetic-field vector and the Earth-Sun line 0g,
(in the functional form 6g,), and (8) the normalized fluctuation ampli-
tude of the magnetic field AB/By,g (in the form 0.1 + AB/Bp,g), where

AB is the rms variance of the vector B during 1 h of data and By, =
(B§+B§+Bf)l/ 2 is the average magnetic-field strength during that hour.
AB/Bp,g is the angular wiggle (in radians) of the solar-wind magnet-
ic-field direction vector.

For the magnetospheric variables and the solar-wind variables,
hourly values are used for the years 1991-2007. The solar-wind vari-
ables come from the OMNI2 hourly data set of measured upstream
values advected to the nose of the magnetosphere (King and Papi-
tashvili, 2005; Weimer and King, 2008). If an hour does not contain a
data value for each of the 16 magnetospheric variables and for each of
the 8 solar-wind variables, that hour is not included in any of the cor-
relations. In the 1991-2007 data set there are 102,674 complete hours.
For N = 102,674 data points random correlations are expected to have a
Pearson linear correlation coefficient |Reorr| < 2/(N+1)!/2 = 0.006 (e.g.
Beyer, 1966; Bendat and Piersol, 1971): because of the strong in-
tercorrelations between solar-wind variables (e.g. Borovsky, 2018),
correlation coefficients between solar-wind variables and magneto-
spheric variables will rarely be this small. The standard error Se; (un-
certainty) in the correlation coefficient Reor for N data points is Serr =
(1-R§m)1/ 2/(N-2)V% whatever the value of the correlation coefficient
Reorr, the standard error for N = 102,674 points is Serr = 0.003 or less.

Note that Kp and am have 3-hr time resolution so their hourly values
repeat three times in a row; in the first of the 3 h geomagnetic infor-
mation from 1 to 2 h into the future appears, in the second hour infor-
mation from 1 h into the future and into the past appears, and in the
third hour information from 1 to 2 h into the past appears. When
examining the causality and time lags of solar-wind/magnetosphere
coupling, this can produce some confusion. Higher-time-resolution
versions of the Kp index are now being developed (cf. Matzka et al.,
2019).

All variables are put into standardized forms where the mean value is
subtracted and then the variable is divided by its standard deviation for
the entire 17-year interval. For example, a variable X in a logarithmic
functional form log;o(X) would be standardized to (logio(X) -
(log10(X)))/0(log10(X)) where (log1o(X)) is the 17-year mean value of
log10(X) for the data set and 6(logi¢(X)) is the standard deviation of the
hourly log;0(X) values for the 17-year entire data set. Note that stan-
dardization removes the units from a variable.

Bivariate linear correlations are performed between single magne-
tospheric variables and single solar-wind variables with a lead time on
the solar-wind variable that is adjusted by 1-hr increments to maximize
the Pearson linear correlation coefficient. With 16 magnetospheric
variables and 8 solar-wind variables the bivariate correlation process is
performed 128 times yielding 128 two-variable lead times.

Multivariate linear correlations are performed between each of the
individual magnetospheric variables and the set of eight solar-wind
variables. Representing a solar-wind variable as sj(t), the multivariate
correlation yields a relation between the single magnetospheric variable
m(t) and a linear combination of the eight solar-wind variables of the
form

m(t) < cisi(t+71) + csa(t+7) + c3sa(t+73) + casa(t+74)
4 csss(t+7s) + Cese(t+76) + Cr87(t+77) + casg(t+7s)
ey

where the c; are the numerical coefficients assigned to the solar-wind
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variables s;, and tj (with 7 < 0) are the lead times of the solar-wind
variables with respect to the magnetospheric variable m(t). The eight
lead times are optimized to produce the highest correlation between the
left-hand side and right-hand side of expression (1). With 16 magneto-
spheric variables, 128 lead times are obtained. Note that with stan-
dardized variables, the size of the coefficients ¢; have straightforward

Table 2
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interpretation.

Vector-vector correlations are performed between a magnetospheric
state vector M(t) and a solar-wind state vector S(t) using canonical
correlation analysis (CCA) (Borovsky, 2014; Borovsky and Denton,
2018; Borovsky and Osmane, 2019). Nine of the magnetospheric vari-
ables from Table 1 are used to construct a 9-dimensional

For the multivariate fits between each magnetospheric variable and the eight solar-wind variables the optimized solar-wind lead times appear as the top numbers and
the magnitude of the coefficient appears as the second numbers; for the bivariate fits the optimized lead times appear as the third numbers and the magnitude of the
bivariate correlation coefficient appears as the bottom numbers. An asterisk next to the lead time denotes a weak fit coefficient as described in the text.

key Vsw Ngw F10.7 -B, f(Ma) Bctock Opn AB/Bmag
AE multi lead Oh Oh 0 h* Oh Oh —-1h —1h* 0 h*
multi coeff 1.00 0.55 0.12 0.43 0.36 0.70 0.13 0.10
bivar lead Oh 0 h* 0 h* -1h —-1h —-1h —1h* —1h*
bivar corr 0.47 0.06 0.14 0.55 0.18 0.57 0.09 0.15
AL multi lead Oh Oh 0 h* -1h Oh Oh —1h* 0 h*
multi coeff 1.00 0.42 0.10 0.72 0.33 0.51 0.12 0.08
bivar lead Oh 0 h* 0 h* -1h —-1h —-1h —1h* —1h*
bivar corr 0.44 0.11 0.12 0.54 0.16 0.55 0.07 0.13
AU multi lead Oh Oh Oh Oh Oh —-1h —1h* 0 h*
multi coeff 1.00 0.71 0.19 0.37 0.39 0.61 0.12 0.14
bivar lead Oh —5h* Oh -1h —2h —-1h —1h* Oh
bivar corr 0.404 0.04 0.17 0.45 0.18 0.48 0.11 0.16
PCIL multi lead Oh Oh Oh Oh Oh —-1h —-1h —1h*
multi coeff 1.00 0.62 0.17 0.77 0.48 0.47 0.20 0.00
bivar lead Oh —1h* Oh Oh —-1h Oh —1h* 0 h*
bivar corr 0.37 0.03 0.16 0.59 0.22 0.51 0.12 0.07
Kp multi lead Oh Oh 0 h* —2h Oh Oh —2 h* 0 h*
multi coeff 1.00 0.68 0.06 0.31 0.42 0.26 0.05 0.11
bivar lead Oh —13 h* 0 h* -1h Oh —-1h —1h* Oh
bivar corr 0.57 0.06 0.15 0.37 0.23 0.34 0.07 0.19
am multi lead Oh Oh 0 h* —-2h Oh Oh —2h* 0 h*
multi coeff 1.00 0.71 0.09 0.27 0.44 0.29 0.05 0.15
bivar lead Oh —14 h* Oh -1h Oh —-1h —1h* Oh
bivar corr 0.56 0.07 0.17 0.34 0.23 0.34 0.07 0.22
Dst multi lead —2h -9h -9 h* —2h Oh Oh -5 h* —-5h
multi coeff 1.00 0.27 0.07 0.72 0.52 0.18 0.12 0.17
bivar lead —-1h Oh -19h —2h —-1h —2h —12 h* 0 h*
bivar corr 0.44 0.26 0.16 0.38 0.31 0.27 0.04 0.05
SYMH multi lead -1h —-10h —11 h* —-2h Oh —-1h —6 h* —4h
multi coeff 1.00 0.23 0.06 0.73 0.51 0.23 0.14 0.19
bivar lead —-1h Oh -7 h* -1h Oh —-1h —9 h* 0 h*
bivar corr 0.43 0.28 0.15 0.40 0.31 0.29 0.04 0.05
ASYH multi lead Oh Oh 0 h* —1h Oh —-1h —1h* —2 h*
multi coeff 1.00 0.79 0.07 0.96 0.58 0.17 0.15 0.06
bivar lead Oh —7 h* 0 h* -1h —-1h —-1h —1h* 0 h*
bivar corr 0.32 0.07 0.14 0.44 0.26 0.31 0.12 0.02
Srate multi lead Oh Oh 0 h* —2h* Oh Oh 0 h* 0 h*
multi coeff 1.00 0.44 0.05 0.15 0.25 0.22 0.05 0.11
bivar lead Oh 0 h* 0 h* Oh —11 h* Oh —6 h* -1h
bivar corr 0.53 0.11 0.03 0.21 0.10 0.22 0.04 0.19
mP, multi lead Oh Oh 0 h* —-3h Oh —-1h —1h* 0 h*
multi coeff 1.00 0.57 0.01 0.40 0.36 0.63 0.13 0.08
bivar lead Oh 0 h* 0 h* -1h —2 h* -1h —1h* 0 h*
bivar corr 0.49 0.04 0.08 0.51 0.01 0.53 0.10 0.15
mP; multi lead Oh Oh —1h* -3h Oh —-1h —2 h* 0 h*
multi coeff 0.75 1.00 0.07 0.18 0.43 0.18 0.11 0.07
bivar lead Oh -1h 0 h* —-2h —-3h —2h -1h 0 h*
bivar corr 0.23 0.43 0.13 0.25 0.18 0.23 0.21 0.14
Pips multi lead Oh —4h —6h —14 h* —4h -7 h* —4 h* —4 h*
multi coeff 0.56 1.00 0.25 0.14 0.54 0.13 0.04 0.14
bivar lead 0 h* —-6h -7h —12 h* -3h —9 h* —4 h* 0 h*
bivar corr 0.14 0.39 0.24 0.12 0.25 0.11 0.13 0.04
Njps multi lead —4h —4h —6h —14 h* —4h —6h —2 h* —4h
multi coeff 0.57 1.00 0.29 0.13 0.57 0.17 0.04 0.17
bivar lead 0 h* —-5h -7h —12 h* —-3h —9 h* —4 h* 0 h*
bivar corr 0.14 0.35 0.28 0.11 0.26 0.13 0.14 0.03
Fe130 multi lead Oh —12 h* —1h* —1h —1h* —-1h —1h* -3 h*
multi coeff 1.00 0.09 0.11 0.28 0.06 0.19 0.06 0.03
bivar lead Oh —-1h —1h* —-1h —15 h* —-1h -3 h* -3 h*
bivar corr 0.48 0.26 0.00 0.21 0.09 0.20 0.06 0.12
Fe12 multi lead —59h —-9h -9h —22h -9h —-38h —22 h* 70 h*
multi coeff 0.74 1.00 0.35 0.16 0.43 0.16 0.08 0.07
bivar lead —32h —11h —11h —36 h* Oh —37 h* —15h —46 h
bivar corr 0.57 0.51 0.16 0.09 0.17 0.09 0.16 0.17
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magnetospheric state vector M(t) and the eight solar-wind quantities
used in multivariate correlations are used to construct an 8-dimensional
solar-wind state vector S(t). The CCA process yields a relation of the
form
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(blue) has its strongest correlation with vgy, -B;, and 6¢ock- The ion
precipitation mP; (green) has its strongest correlation with ng.

Fig. 1d plots the bivariate |Reor| values for the ion-plasma-sheet
pressure Pjps and number density njps, for the substorm-injected elec-
tron flux Fe30, and for the outer-electron-radiation-belt flux Fe; 2. Pips

Clml(t+71)+ Czl’l’lz(t+72) -+ C3m3(t+73)+ C4m4(t+ ’[4) +C5m5(t+75)+ C6Iﬂ6(t+76)

+ C7m7(t + 77) + Cgmg(t + Ts) + Cgmg(t + Tg) < C1S (t) + CQSz(t) + C353(t)

+C4S4(t) + 585 (t) + C(,S(,(t) + C7S7(t) —+ csSg (t)

where m; are the magnetospheric variables, C; are their numerical co-
efficients, and t; > 0 are nine independent time lags of the magneto-
spheric variables from the time of the solar wind at Earth. An
evolutionary algorithm (cf. Borovsky, 2017) is used to randomly vary
the nine 7; values to obtain the highest correlation coefficient between
the left-hand side and right-hand side of expression (2), while the C; and
¢j coefficients at each evolutionary iteration are solved using canonical
correlation analysis.

Bivariate correlations, multivariate correlations, and vector-vector
correlations between the solar wind and the magnetosphere will yield
some differences in the results, chiefly owing to the intercorrelations
between the various solar-wind variables and the intercorrelations be-
tween the various magnetospheric variables. For example, in a bivariate
correlation with a magnetospheric variable the solar-wind variable can
carry information about other solar-wind variables (termed “con-
founding” (Robins, 1989; Frank, 2000)). In a multivariate correlation,
two solar-wind variables can carry some of the same information and
their individual importances in the correlation can therefore be reduced
(related to “suppression” (Conger, 1974; Tzelgov and Henik, 1991)). In
vector-vector correlations two magnetospheric variables can carry some
of the same information and their individual importances in the corre-
lation can therefore be reduced.

3. Single magnetospheric variables and the solar wind

Bivariate linear correlations and multivariate linear correlations are
performed between magnetospheric variables and solar-wind variables.

The bivariate correlations between a single magnetospheric variable
and a single solar-wind variable are performed with a lead time on the
solar wind variable, and the lead time is adjusted in 1-hr increments
until the maximum Pearson linear correlation R.q, is obtained. Those
128 optimized lead times are collected as the third number in each cell
of Table 2 and the magnitude of the two-variable Pearson correlation
coefficient is collected as the bottom number in each cell of Table 2.

In Fig. 1 the magnitude of the bivariate correlation coefficients |Reor|
are plotted. Fig. 1a plots |Reorr| for the high-latitude geomagnetic indices
AE (red), AL (blue), AU (green), and PCI (dark red) in the functional
forms listed in the final column of Table 1. The four high-latitude indices
have very similar |Reor| patterns with the strongest correlations with
Vsws -Bz, and Ocjock-

In Fig. 1b the values of the bivariate correlation coefficients |Reorr|
are plotted for the convective indices Kp (red) and am (blue) and for the
diamagnetic indices Dst (orange), SYMH (green), and ASYH (dark red).
The |Reorr| patterns for these five indices are similar. One noticeable
difference is that Dst and SYMH have higher correlations with ng,, than
the other three indices do. Another difference is that Kp and am are
correlated most strongly with vy, with Dst and SYMH having a weaker
correlation with vy, and ASYH having the weakest correlation with vg.

Fig. 1c plots the bivariate |Reorr| values for the substorm occurrence
rate Srate, and the electron precipitation mP, and ion precipitation mP;
energy fluxes. Srate (red) has strongest correlation with vg, with its
other correlations considerably weaker. The electron precipitation mP,

(2

(red) and njp, (blue) show very similar |Reorr| patterns with the strongest
correlations with ngy. Note also that Pj,s and njps have the highest F10.7
correlations in all of Fig. 1. Fe130 (green) has its strongest correlation
with vg and fairly weak correlations with the other solar-wind vari-
ables. The electron-radiation-belt flux Fe; 2 (dark red) is most-strongly
correlated with vy, with its correlation with ng, also high.

Multivariate linear correlation is performed between single magne-
tospheric variables and the set of 8 solar-wind variables with the 8 co-
efficients cj of the solar-wind variables and the eight lead times t; all
chosen to yield the largest Pearson linear correlation coefficient Reorr
between the two sides of expression (1). For each magnetospheric var-
iable the value of the Pearson linear correlation coefficient R.q,y is listed
in the second column of Table 1, the eight lead times 7; of the solar-wind
variables are listed as the upper values in Table 2, and the eight co-
efficients cj of the solar-wind variables are plotted in Fig. 2 and listed as
the second values in Table 1. Note again that the time-lag values can
only be change by 1-hr increments in the 1991-2007 1-hr-resolution
data set.

The first column of Table 1 lists the Pearson linear correlation co-
efficients for multivariate correlations between each magnetospheric
variable and the set of eight solar-wind variables when all lead times are
set to zero. The correlation coefficients without the lead times are high,
but the correlation coefficients with the optimized lead times are factors
of 1.01-1.27 times higher.

In Fig. 2 the eight coefficients of the eight solar-wind variables are
plotted for each magnetospheric variable. The coefficients are normal-
ized so that the largest of the eight coefficients has a magnitude of unity.
For most of the magnetospheric variables the solar-wind velocity v, has
the largest coefficient; for mP;, njps, Pjps, and Fe; o the solar-wind number
density ng, has the largest coefficient. The largest coefficient represents
the solar-wind quantity that has the strongest influence in the multi-
variate correlation.

Note in the panels of Fig. 2 that the areas under the curves are not
indications of the strength of coupling of the magnetospheric variable to
the solar wind: the proper measure of the coupling strength is the Reorr
value in Table 1.

Fig. 2a plots the solar-wind-variable coefficients for the high-latitude
geomagnetic indices AE (=AU-AL), AL, AU, and PCI. Two strong dif-
ferences can be noted between AL (blue) and AU (green): the multi-
variate fit to AU depends more strongly on the solar-wind number
density ng,, than does AL and AL depends more strongly on -B, than does
AU. The multivariate fit to the polar cap index PCI (dark red) also has a
strong dependence on -B,. Note that the F10.7 coefficients for the high-
latitude indices are larger than they are for most other magnetospheric
quantities in Fig. 2; the high-latitude indices have modest dependencies
on F10.7 whereas most other magnetospheric quantities do not.

Fig. 2b plots the solar-wind-variable coefficients for the convection
indices Kp and am and the diamagnetic indices Dst, SYMH, and ASYH. In
Fig. 2b ASYH (dark red) behaves similar to SYMH and Dst (green and
orange) with the exception that the multivariate fit to ASYH is more
strongly dependent on ngy and has a reversed dependence on Ojock. The
multivariate fit to the convection indices Kp (red) and am (blue) have
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strong dependences on Vg, -B;, and f(Mp).

Fig. 2c plots the solar-wind-variable coefficients for the substorm
occurrence rate S, (red) and the hemispheric power of electron pre-
cipitation mP, (blue) and ion precipitation mP; (green). Comparing the
ion and electron precipitation coefficients, the multivariate fit to mP;
depends much more strongly on ng,, than does mP, and the multivariate
fit to mP, depends much more strongly on 6jock than does mP;. Note in
Fig. 2c that the substorm occurrence rate Sue is dominated almost
entirely by the solar-wind velocity vy, with the magnitude of all other
solar-wind coefficients being modest.

Fig. 2d plots the multivariate fit coefficients for the particle indices
njps (blue) and Pjps (red) for the ion plasma sheet, Fe13o (green) for the
substorm-injected electrons, and Fe; o (dark red) for the outer electron
radiation belt. Note the strong dependences of njps and Pjps on the solar-
wind density ng,, with secondary dependences on the solar-wind ve-
locity vgw and on f(Mp). The Mach-number function f(M,) describes, in
part, the number density of the magnetosheath (Borovsky, 2008; Bor-
ovsky and Birn, 2014), as does ngy. The multivariate fits to the ion
plasma sheet density njps and pressure Pjps have weak dependencies on
-B, and O¢jock- Note that unlike most magnetospheric quantities in Fig. 2,
Njps, Pips, and Fep 2 have modest dependencies on F10.7. In Fig. 2d the
multivariate fit to the substorm-injected electron population Fej39
(green) depends almost exclusively on the solar-wind velocity vy,; this is
similar to the substorm occurrence rate Sya¢ (red) in Fig. 2c, which has a
singular dependency on vg,. The multivariate fit to the outer electron
radiation belt flux index Fe » (dark red) has a strong negative connec-
tion to ng and a strong positive connection to vg,; these two simulta-
neous connections are well known (Balikhin et al., 2011; Boynton et al.,
2013; Wing et al., 2016). In the multivariate fit to Fe; 5 the connection is
stronger to ng, than it is to vgy, but the situation is more complicated:
Borovsky (2017) pointed out that time-integrals of solar-wind variables
have higher correlations with Fe; s than do time-lagged solar-wind
variables and when time integration is accounted for the solar-wind
velocity has a stronger influence on F.; 5 than does the solar wind
density. In Fig. 1d the bivariate correlation coefficient |Reore| Of Fep 2 is
higher with vg, than it is with ng,. The negative connection of F¢; 2 to
ng, represents loss of radiation belt electrons connected with increases
in the solar wind number density and the positive connection of Fe; 5 to
Vsw represents energization of the radiation-belt electrons when the
solar-wind velocity is high.

The optimized lead times for the eight solar-wind variables (col-
umns) are listed in Table 2 for each of the magnetospheric variables
(rows). The upper number is the lead time obtained with the multivar-
iate fits, the second number is the multivariate normalized coefficient (i.
e. those plotted in Fig. 2), the third number is the lead time obtained
from the bivariate correlations, and the bottom number is the bivariate
correlation coefficient. The multivariate lead times on solar-wind vari-
ables that have weak coefficients are marked with an asterisk, where
“weak” means the magnitude of the coefficient is 15% or less of the
magnitude of the largest coefficient; bivariate lead times are marked
with an asterisk if the bivariate correlation coefficient |Reor| is < 0.15.

The first four rows of Table 2 are the high-latitude geomagnetic
indices AE, AL, AU, and PCI; in the 1-hr resolution data sets these high-
latitude indices show little lag from the solar wind variables. The
multivariate time lags of 1 h from the solar wind 0ok value for AE, AU,
and PCl is probably significant as is the 1-hr lag of AL with respect to the
value of -By; the significance of the multivariate lag for each solar-wind
variable is gauged by the magnitude of the solar-wind-variable coeffi-
cient (second value in Table 2). The lags of AE, AU, and PCI with 6p, and
AB/Bpag are not significant since the coefficients of the high-latitude
indices with O, and AB/Bp,g are quite small (cf. Fig. 2a). The time
lags obtained with the two methods (bivariate and multivariate) are
more-or-less in agreement for these high-latitude indices.

In the 5th and 6th rows of Table 2 the multivariate correlations for
the convective indices Kp and am show 2-hr lags with respect to both -B,
and Op;, neither of which has strong significance since the coefficients of
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Fig. 1. For bivariate linear correlations between single magnetospheric vari-
able and single solar-wind variable with an optimized lead time, the magnitude
of the correlation coefficient |Reor| is plotted. The sixteen curves for 16
magnetospheric variables are grouped into (a) high-latitude geomagnetic
indices, (b) convection and diamagnetic indices, (c) electron and ion precipi-
tation and the substorm occurrence rate, and (d) the properties of the ion
plasma sheet, substorm-injected electrons, and the electron radiation belt. As
noted in Section 2 the standard errors on the correlation coefficients are 0.003
or less.

-B, and Og, are modest for these convective indices (cf. Fig. 2b). The
bivariate correlations show 13-14 h lags between these indices and ngy,
but the correlation is extremely weak and those lag values are not
significant.
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In the 7th and 8th rows of Table 2 the multivariate correlations for
the two diamagnetic indices Dst and SYMH show similar lags with
respect to the solar wind with lags of 1-2 h from the value of vg, (sig-
nificant), 9-10 h from ng,, (modestly significant), 9-11 h from F10.7 (not
significant), 2 h from -B, (significant), 0-1 h from 6jocx (modestly sig-
nificant), 5-6 h from 0p, (modestly significant), and 4-5 h from the
value of AB/B,g (modestly significant), where significance here is
judged by the magnitude of the solar-wind-variable coefficients plotted
in Fig. 2b. A noticeable disagreement between the bivariate and multi-
variate results is the time lag between ng,, and the indices Dst and SYMH:
the bivariate method yields a time lag of 0 h and the multivariate
method yields lags of 9-10 h. The bivariate correlation coefficient has a
distinct peak at O-hr lag, but in the evolutionary scheme with multi-
variate fits if the lead time on ngy is zeroed it repeatedly evolves away
from zero. Almost certainly the difference between the answers from the
two methods is caused by the intercorrelations of solar-wind variables in
the multivariate fitting, most likely the strong, lagged intercorrelation
between vy, and ngy (cf. Wing et al., 2016; Borovsky, 2018).

In the 9th row the multivariate time lags of ASYH are 1 h with respect
to -B; (significant), 1 h from Oock (less significant) and from 0g, (less
significant), and 2 h from AB/Bya,g (not significant). Where the lag
values are significant (no asterisks), the bivariate method agrees with
the multivariate method. The disagreement between the lags of ASYM
with respect to ng, has a very low correlation coefficient and is not
significant.

In the 10th row of Table 2 the substorm occurrence rate S;,;. shows a
2 h lag with respect to -B, in the multivariate lags, which is not really
significant since the coefficient from the value of -B, is only 0.153 in
Fig. 2c. There is no disagreement from the bivariate time lags for Siae
where there is significance (no asterisk).

In the 11th and 12th rows the hemispheric power of particle pre-
cipitation mP, and mP; show multivariate lags of 0-1 h with respect to
F10.7 (not significant), 3 h from -B, (more significant for mP, than for
mP;), 1 h from 6jock (more significant for mP, than for mP;), and 1-2 h
from the value of 0g, (very modest significance), as judged by the co-
efficient magnitudes. Where significant, the time lags from the bivariate
method are similar to the multivariate lags: the mP; to f(M,) lag of 3h is
close to insignificant with a correlation coefficient of only 0.18.

The 13th and 14th rows of Table 2 display the solar-wind multi-
variate lead times with respect to the ion-plasma-sheet properties: Pjps
and njps show 4 h lags from ng,, (significant), 0-4 h lags from vg,, (sig-
nificant), 4 h lags from f(M,) (significant), 6 h lags from F10.7 (modestly
significant), and lags with respect to Bciock, O8n, and AB/Bpag that are of
low significance. Where significant, the bivariate time lags agree within
1 h of the multivariate time lags.

Row 15 of Table 1 displays the solar-wind multivariate lead times for
the substorm-injected electron flux Fej30, which shows a 12-hr lag time
with respect to the value of ng, (not significant), 1-hr time lags from
F10.7, f(My), and 6g, (all of which are not significant), a 3-hr time lag
from AB/Bp,g (not significant), and 1-hr time lags from -B, and from
Oclock (both of which are modestly significant), judged by the magnitudes
of the multivariate coefficients. Where they are significant, the bivariate
time lags for Fe130 agree with the multivariate time lags to within 1 h.

The final row of Table 2 displays the optimized solar-wind lead times
for the electron radiation belt 1.2-MeV flux Fej.2, which shows multi-
variate lags of —59 h with respect to vg, (significant), 9 h from ng,
(significant), 9 h from F10.7 (modestly significant), 22 h from -B, (not
significant), and 9 h from f(M,) (modestly significant), 38 h from 6ok
(not significant), 22 h from 8, (not significant), and 70 h from AB/Byag,
with significance judged by the magnitude of the multivariate co-
efficients. The lag time of 32 h between Fel.2 and v, found by the
bivariate method is about half of the large lag of 59 h time found by the
multivariate method. The bivariate lag times from ng, and F10.7 are 11
h instead of 9 h. The bivariate lag time is 0 h for f(M,) while the
multivariate method finds 9 h, however the bivariate value has a very
weak correlation coefficient (0.17). Other F.; 5 lags are not significant.
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Fig. 2. For multivariate linear correlations between a single magnetospheric
variable and eight solar-wind variables with eight optimized lead times, the fit
coefficients of the solar-wind variables are plotted. The sixteen curves for 16
magnetospheric variables are grouped into (a) high-latitude geomagnetic
indices, (b) convection and diamagnetic indices, (c) electron and ion precipi-

tation and the substorm occurrence rate, and (d) the properties of the ion
plasma sheet, substorm-injected electrons, and the electron radiation belt.

4. State-vector correlations

The correlation between the time-dependent solar-wind state vector
S(t) and the time-dependent magnetospheric state vector M(t) will
describe a global mode of reaction of the magnetosphere to the solar
wind. To produce the solar-wind state vector S(t), the eight solar-wind
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Table 3

In the vector-vector correlations between
the solar-wind state vector and the
magnetospheric state vector, the nine
optimized time lags of the magneto-
spheric variables are listed.

Quantity Lag
AL 1h
AU 2h
PCIL Oh
am 0Oh
ASYH 1h
mP, Oh
mP; 1h
Pips Oh
Fe130 Oh

quantities used in the multivariate correlations of Section 3 are used. To
produce the magnetospheric state vector M(t), nine magnetospheric
quantities from Table 1 are chosen. Where variables carry much the
same information (e.g. (a) Kp and am, (b) Pjys and njps, (c) SYMH and
Dst, and (d) AE = AU-AL and AU and AL) one variable is not used. The
nine variables listed in Table 3 are the ones used.

In the vector-vector correlations, the nine magnetospheric variables
are time lagged from the solar wind at Earth, with the nine independent
time lags optimized to produce the highest Pearson linear correlation
coefficient between the solar-wind state vector and the magnetospheric
state vector. The result is the relation

0.25104 log,,(1+|AL|) + 0.28197 log,,(1+|AU|) + 0.64556 PCI
+ 1.0000 log,,(am)+ 0.23408 ASYH

0.26899 log,,(0.01 + mP,) + 89827 log,(0.01

0.33487 Py, — 0.03221 Fyj3< 1.0000 log(Vey)

0.95333 log,y(nw) + 0.13446 log, (F10.7) + 0.35924 (—B,)

053072 f(M,) + 0.21455 sin®(fclock/2) + 0.087224 Op,

+ mPi)

+ o+ o+ o+

0.092932 (0.1 + AB/Bmag)
3

The reader is reminded that all variables in expression (3) are in
standardized form with a mean value of zero and a standard deviation of
unity. The vector-vector time lags on the magnetospheric variables are
optimized to maximize the correlation between the global reaction
mode of the magnetosphere and the solar wind. The optimized time time
lags on the nine magnetospheric variables of expression (3) are entered
into Table 3 and the coefficients of expression (3) are plotted in Fig. 3.
The Pearson linear correlation coefficient between the left-hand side and
right-hand side of expression (3) is Reorr = 0.9031. If the vector-vector
correlation is performed without allowing for time lags, the correla-
tion coefficient is Reorr = 0.8946. An increase in Reor from 0.8964 to
0.9031 represents a decrease of the unaccounted for variance 1-R%:
from 0.1998 to 0.1844, which is a decrease by 7.7%.

The coefficients of the solar-wind variables driving the global
magnetospheric mode are plotted in Fig. 3a for the case of no time lags
(red curve with hollow points) and for the case of optimized time lags
(blue curve with solid points). The global mode is strongly driven by the
solar-wind velocity vy, and density ngy, and somewhat by the Mach
number function f(M,). Other solar-wind quantities are not as impor-
tant. Comparing the two curves in Fig. 3a, when the time lags are
allowed the roles of -B, and 0jock increase and the role of ng, decreases.

The coefficients of the magnetospheric variables describing the
global reaction mode are plotted in Fig. 3b, red-hollow for no time lags
and blue-solid for optimized time lags. The mode is dominantly
described by am, PCI, and mP; with Fe;3¢ playing almost no role. (Fe130
plays roles in secondary modes of reaction.) Comparing the two curves
in Fig. 3b, it is seen that the coefficients describing the global mode do
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Fig. 3. For vector-vector correlations between a 9-dimensional magnetospheric
state vector M(t) and an 8-dimensional solar-wind state vector S(t) the nu-
merical coefficients for the 8 variables of the solar-wind vector are plotted in
panel (a) and the numerical coefficients for the 9 variables of the magneto-
sphere are plotted in panel (b). The red curves with hollow points are for the
case of no time lags and the blue curves with solid points are for the case of 9
optimized time lags on the 9 magnetospheric variables.

not change strongly when time lags are allowed: the roles of almost all
variables increase slightly while the role of mP, decreases.

The optimized time lags of the magnetospheric variables from the
solar wind are listed in Table 3. 1-hr lags are found for AL, ASYH, and
mP; and a 2-hr lag is found for AU. The lag for mP; is probably significant
since the coefficient for mP; is large in Fig. 3b and the other lags have
weaker significance since the coefficients are weaker. Comparing the
magnetospheric lag times of Table 3 to the solar-wind lead times of
Table 2 shows no obvious connection.

If lead times on the eight solar-wind variables are allowed in addition
to the lag times on the nine magnetospheric variables, the same pattern
of magnetospheric lag times is found: 1-hr lags are found for AL, ASYH,
and mP; and a 2-hr lag is found for AU. There is almost no increase in the
correlation, and the optimized lead times on the solar-wind variables are
—2 h on O¢pek and —1 h on f(Mp).

5. Overview, discussion, and the future

The time lags between magnetospheric variables and solar-wind
variables found in the multivariate correlations and bivariate correla-
tions of Section 3 are collected in Table 2. Lags on weak variables are
marked with an asterisk in Table 2. It is reasonable to consider time lags
with asterisks in Table 2 as not significant. In Table 2 some general
patterns of the time lags can be seen. The high-latitude and convection
geomagnetic indices AE, AL, AU, PCI, Kp, and am exhibit 1-2 h time lags
with respect to a few solar-wind variables, typically -B,, Ocjock, and gy,
which are three solar-wind variables with short autocorrelation times.
The diamagnetic index ASYH has similar time lags. The diamagnetic
indices SYMH and Dst show different lags: 1-2 h with respect to the
solar-wind velocity vg, and 9-10 h with respect to the solar-wind
number density ngy and they show shorter time lags with respect to
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-B, and 6jock- The substorm occurrence rate Sia¢e has lags similar to those
of the convection indices: 2 h with respect to B,. The particle precipi-
tation rates mP, and mP; have lags of 3 h on B, and 1 h with respect to
Bclock. The geosynchronous-orbit ion plasma sheet pressure Pjs and
density njps show 0-4 h lags with respect to vy, 4 h lags with respect to
Ngy, 7-hr lags with respect to F10.7 and 4-hr lags with respect to O¢jock;
F10.7 is a 24-hr resolution index with a very long autocorrelation time
and so its lag of a fraction of a day is probably not meaningful. The
substorm-injected electron flux Fe;309 depends almost exclusively on vg,
which shows no time lag; Fe130 does have lags with respect to -B, and
Oclock but they are weaker variables. The electron radiation belt flux Fe;
shows the familiar long lag (32-59 h) with respect to the solar-wind
velocity vgy (with a positive correlation) and a much shorter lag
(9-11 h) with respect to the solar-wind number density ng, (with an
anticorrelation). Fep 2 also shows a multivariate 9-hr lag on f(M,), which
describes in part the number density of the magnetosheath with respect
to the number density of the solar wind (Borovsky, 2008; Borovsky and
Birn, 2014).

In Table 4 the influences of the eight solar-wind variables in the
multivariate and bivariate fits of Section 3 are compared. The first col-
umn of Table 4 is the average magnitude of the normalized coefficients
for the 16 multivariate correlations plotted in Fig. 2. For each of the 16
magnetospheric variables the magnitudes of the eight coefficients are
ranked from 1 to 8: in the second column of Table 4 the average of the 16
rankings is listed. In the third column of Table 4 the average of the
bivariate correlation coefficients from Table 2 are listed for the eight
variables. The second number in each column of Table 4 is the ranking of
the number in that column. By these three measures the solar-wind
velocity vgy is the dominant solar-wind variable in the solar-wind/
magnetosphere correlations having the largest average magnitude of
its coefficients, having the highest average rank of its coefficients, and
having the highest average bivariate correlation coefficient. The second
most dominant solar-wind variable in the multivariate correlations (first
and second columns) is the number density ngy, but in the bivariate
correlations -B, (third column) comes in second while ng,, comes in fifth.
The multivariate fitting may be giving ng, large coefficients because of
unique information that it carries relative to other solar-wind variables.
Note in the bivariate correlations the correlation coefficients of -B, and
Oclock rank 2 and 3 while in the multivariate rankings (first and second
columns) they rank 3 and 5; since these two variables carry similar in-
formation about the orientation of the solar-wind magnetic field, the
multivariate fits simultaneously use both variables and give them each
lower coefficients. According to all three columns of Table 4, the vari-
ables F10.7, AB/Byag, and Opj, are the least influential in the solar-wind
correlations with the magnetosphere. Of course, for individual magne-
tospheric variables the ranking of the influence of the eight solar-wind
variables differs from the average ranking seen in Table 4.

In the multivariate correlations, the variable AB/By,; has a weak
influence. However, previous studies have demonstrated that AB/Bpag
has an effect on geomagnetic activity (Borovsky and Funsten, 2003;
Borovsky, 2006; D’Amicis et al., 2007, 2010; Osmane et al., 2015). If
solar-wind/magnetosphere data is sorted in a fashion to keep the rate of
dayside reconnection within a fixed range of values, then AB/By,g is
clearly seen to have a positive correlation with geomagnetic activity
(Borovsky and Steinberg, 2006), but the effect is small, and not
understood.

Using vector-vector correlations in Section 4, the allowance for
multiple magnetospheric time lags with respect to the solar wind (and
also allowance for multiple solar-wind lead times with respect to the
magnetosphere) yields larger correlation coefficients over non-lag and
non-lead vector-vector correlations. However, the physical meaning of
the optimized time lags is difficult to determine and those vector-vector
lags are not obviously related to the more-interpretable bivariate and
multivariate time lags.

It is not straightforward to interpret the physical meaning of these
time lags that are optimized to yield the highest correlation coefficients
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Table 4

For the 16 multivariate correlations for the 16 magnetospheric variables, the
average of the 16 coefficients of each of eight solar-wind variables is listed in the
first column and the average rank of the magnitude of the 16 coefficients is listed
in the second column. The average of the 16 bivariate correlation coefficients for
each of the eight solar-wind variables is listed in the final column. The second
number in each column is the rank of that row in that column.

Mean Mean Mean
Multivariate Mutivariate Bivariate
Coefficient Rank Correlation
Magnitude Coefficient
Vsw 0.914 1st 1.3 Ist 0.412 1st
Ngw 0.629 2nd 2.6 2nd 0.192 5th
F10.7 0.129 6th 6.5 6th 0.142 6th
-B, 0.420 3rd 3.9 4th 0.347 2nd
f(Ma) 0.416 4th 3.8 3rd 0.196 4th
Octock 0.320 5th 4.2 5th 0.323 3rd
Opn 0.101 8th 6.9 7th,8th 0.098 8th
AB/Brag 0.104 7th 6.9 7th,8th 0.118 7th

between the solar wind and the magnetosphere. One complication is
that differences are found between lag values optimizing single solar-
wind variables in bivariate correlations (where the interpretation is
more clear) versus optimizing the set of lags in the set of solar-wind
variables in multivariate fits (where the correlation is much higher). It
is unambiguous to say that these optimized lags are the time lags in the
correlations in the data sets: attributing the lags to physical cause, to
timescales of physical processes, or to transport times is another matter.
The ubiquitous intercorrelations between solar-wind variables with
various lag-lead times (Wing et al., 2016; Borovsky, 2018) is perhaps the
biggest hindrance to determining the importance of a correlation and
the physical interpretation of its lag. A secondary complication is that
the calculated lag times can be uncertain. When correlations are strong
the correlation lag times are clear to obtain: when correlations are weak
variations the value of a lag time do not strongly affect correlation co-
efficients and the values of the optimized lags tend to drift. Similarly, for
solar-wind quantities with long autocorrelation times (such as vg, and
F10.7) the values of the calculated lags can drift without strong impact
on correlation coefficients.

Expanding this work in the future with additional (and new)
magnetospheric and ionospheric measures could provide more infor-
mation. Possible measurements to utilize are the polar-cap size, the in-
tensity of auroral kilometric radiation, the total radiation belt electron
content, ULF amplitudes (e.g. Kozyreva et al., 2007; Romanova et al.,
2007; Borovsky and Denton, 2014), Plasma-wave intensities, various
ionospheric total electron content measures, the Schumann resonance
intensity (e.g. Fullekrug et al., 2002; Toledo-Redondo et al., 2016), and
ionospheric ion-outflow rates (e.g. Welling et al., 2015). Investigating
the optimization of time lags using information theory (e.g. Johnson
et al., 2018; Wing and Johnson, 2019) rather than correlation might
provide new interpretation of the causal lags between solar-wind
properties and magnetospheric reactions.
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