
Noise and solar-wind/
magnetosphere coupling
studies: Data

Joseph E. Borovsky*

Center for Space Plasma Physics, Space Science Institute, Boulder, CO, United States

Using artificial data sets it was earlier demonstrated that noise in solar-wind

variables alters the functional form of best-fit solar-wind driver functions

(coupling functions) of geomagnetic activity. Using real solar-wind data that

noise effect is further explored here with an aim at obtaining better best-fit

formulas by removing noise in the real solar-wind data. Trends in the changes to

best-fit solar-wind formulas are examined when Gaussian random noise is

added to the solar-wind variables in a controlled fashion. Extrapolating those

trends backward toward lower noise makes predictions for improved solar-

wind driver formulas. Some of the error (noise) in solar-wind data comes from

using distant L1 monitors for measuring the solar wind at Earth. An attempt is

made to confirm the improvements in the solar-wind driver formulas by

comparing results of best-fit formulas using L1 spacecraft measurements

with best-fit formulas obtained from near-Earth spacecraft measurements

from the IMP-8 spacecraft. However, testing this methodology fails owing to

observed large variations in the best-fit-formula parameters from year-to-year

and spacecraft-to-spacecraft, with these variations probably overwhelming the

noise-correction variations. As an alternative to adding Gaussian random noise

to the solar-wind variables, replacing a fraction of the values of the variables

with other values was explored, yielding essentially the same noise trends as

adding Gaussian noise.
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1 Introduction

Correlative-type data studies comparing the behavior of the magnetosphere-

ionosphere system to the behavior of the solar wind are performed 1) to determine

the solar-wind variables that control magnetospheric activity and 2) to determine or

confirm the physics of solar-wind/magnetosphere coupling. Often a goal is to find the

most accurate solar-wind driver function (coupling function) to describe magnetospheric

activity in terms of solar-wind parameters [e.g., Newell et al., 2007; 2008; Borovsky, 2014;

McPherron et al., 2015; Lockwood and McWilliams, 2021]. There is hope that this best

driver function describes the physics of solar-wind/magnetosphere coupling, but see the
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discussion in Borovsky (2021). It is known that noise in the data

reduces the quality of a fit of one data set to another data set

(Spearman, 1904; Bock and Petersen, 1975; Liu, 1988; Hutcheon

et al., 2010). This is true for the magnetospheric and solar-wind

data sets (Sivadas and Sibeck, 2022). Using artificial data sets

Borovsky (2022a) demonstrated that noise (error) in the solar-

wind measurements can also change the functional form of best-

fit solar-wind driver functions when fitting solar-wind data to

geomagnetic indices. Note that Borovsky (2022a) found that

adding noise to geomagnetic indices does not change the best-fit

formula for the solar-wind driving of that index, the added noise

just reduces the solar-wind/magnetosphere correlation

coefficient.

We know that the real solar-wind data used for such coupling

studies has noise (errors), mostly owed to the use of solar-wind

monitors located far from the Earth at L1 (Sandahl et al., 1996;

Ashour-Abdalla et al., 2008; Walsh et al., 2019; Burkholder et al.,

2020; Borovsky, 2020a, 2022b; Lockwood, 2022; Sivadas and

Sibeck, 2022). The basic error is incorrect values caused by

the fact that the solar wind that hits an L1 monitor is

typically not the solar wind that hits the Earth (Walsh et al.,

2019; Burkholder et al., 2020; Borovsky, 2020a, 2022b). The error

this causes is incorrect values, not propagation-time errors. If

that measurement noise could be removed, more-valuable best-

fit driver functions, in the sense that they may better describe the

physics of coupling, could be obtained.

In this report the effects of noise in the real solar-wind data

will be explored. Controlled noise will be added to the solar-wind

data and the effect of that noise on best-fit solar-wind drivers will

be analyzed. To explore the effects of noise, noise will be added to

the solar-wind data in two simple, controlled fashions: 1) random

values extracted from Gaussian distributions will b added to all

values in the solar-wind time series or 2) a fraction of the time-

series values will be completely replace with other values.

Arguments extrapolating backward to remove noise in the

solar-wind data will be made and data from the years in

which the near-Earth solar-wind monitor IMP-8 operated will

be explored.

2 Data sets

A commonly used solar-wind driver function that was

obtained as a best fit to geomagnetic data is the “Newell

function” vsw
4/3B⊥

2/3sin8/3(θclock/2) (Newell et al., 2007), where

vsw is the solar-wind speed, B⊥ is the magnitude of the

component of the solar-wind magnetic field that is

perpendicular to the Sun-Earth line, and θclock = Arccos(Bz/

(By
2+Bz

2)1/2) is the (GSM) clock angle of the solar-wind magnetic

field relative to the Earth’s magnetic dipole. Here we will form

best-fit driver functions D = vsw
aBsw

bsinc(θclock/2) where the

exponents a, b, and c are optimized so that D has the largest

Pearson linear correlation coefficient with various time-lagged

geomagnetic indices. For the solar-wind data 1-h averages in the

OMNI2 data set (King and Papitashvili, 2005) for the years

1995–2018 are used. In making hourly averaged values of

sin(θclock/2), hourly averaged values of By and Bz from

OMNI2 are used: Lockwood and McWilliams (2021) and

Lockwood (2022) point out that creating high-time-resolution

values of sin(θclock/2) and thenmaking an hourly average of those

sin(θclock/2) values (combine-then-average) would be a superior

method. Statistically comparing the results of the two methods

finds that the distribution of θclock values obtained have very

similar mean values, but the calculate from high-resolution and

then average yields a distribution with many fewer occurrences

near 0o clock angle and many fewer occurrences near 180o clock

angle. Thus for a given functional form of a driver function, the

combine-then-average method yields far fewer cases of extremely

weak driving and far fewer cases of extremely strong driving (as

measured by the magnitude of the driver function) than does the

calculating from averaged values of By and Bz (average-then-

combine).

In the data analysis each of the three solar-wind variables vsw,

Bsw, and sin(θclock/2) is “standardized” by first subtracting the

mean value from every value and then by dividing every value by

the standard deviation of the distribution of values. Each

standardized solar-wind variable has a mean value of zero and

a standard deviation of unity. Then Gaussian noise (Gaussianly

distributed random numbers) is added to the standardized solar-

wind variables in a number of ways: adding noise to only one

solar-wind variable or adding noise to all three solar-wind

variables. The amplitude of the noise is varied. When the

amplitude of the noise is “1” the noise has the same standard

deviation as the variable.

The years 1995–2018 are chosen for two reasons. First, we

will be using at times the Hp60 index, which is only available

since 1995. Hp60 is a 60-min-resolution version of the 3-hr-

resolution Kp index, available at ftp://ftp.gfz-potsdam.de/pub/

home/obs/Hpo. Second, as part of this project we want to

compare the results from using solar-wind data at L1 with

solar wind measurements closer to the Earth from the IMP-8

spacecraft (Feldman et al., 1978; Butler, 1980): the OMNI2 data

beginning in 1995 is almost exclusively from L1 with the WIND

spacecraft launched in 1995 and the ACE spacecraft launched

in 1998.

The geomagnetic indices that will be used are the following,

all at 1-h time resolution. The time lags given to each index comes

from optimal lags found in prior solar-wind-coupling studies.

The auroral-electrojet indices AE, AL, and AU (and their

SuperMag equivalents SME, SML, and SMU) measure the

peak intensity of high-latitude ionospheric current in the

auroral electrojet: they are considered to be an indicator of

the intensity of auroral activity (Goertz et al., 1993) and total

Joule dissipation in the ionosphere (Baumjohann, 1986). They

are utilized with a 1-h time lag from the OMNI solar wind data.

The polar-cap index PC is a measure of the intensity of
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ionospheric current flowing across the northern polar cap: it is

related to the intensity of polar-cap anti-Sunward convection

(Stauning, 2013) and the cross-polar-cap potential (Ridley and

Kihn, 2004). It is utilized with a 0-h time lag from the OMNI

solar wind data. The Kp, Hp60, and Ap60 indices measure the

strength of mid-latitude ionospheric currents around the Earth:

they are a measure of the strength of magnetospheric convection

(Thomsen, 2004). They are utilized with a 1-h time lag from the

OMNI solar wind data. The Dst current measures an equatorial

magnetic-field perturbation: that perturbation is related to the

plasma pressure in the dipolar portions of the magnetosphere

(Dessler and Parker, 1959; Sckopke, 1966; Liemohn et al., 2001),

but it is also perturbed by the Chapman-Ferraro current at the

dayside magnetosphere (Su and Konradi, 1975; Siscoe et al.,

2005) and by the cross-tail current in the magnetotail (Ohtani

et al., 2001; Borovsky and Denton, 2010). It is utilized with a 2-h

time lag from the OMNI solar wind data.

3 The data studies

In Figure 1 the 1-hr-lagged (from the solar wind)

SuperMAG auroral electrojet index SME1 is studied. SME

measures high-latitude auroral-zone ionospheric currents

using 80-or-more ground-based magnetometers [the

SuperMAG network (Bergin et al., 2020)], wheras the older

AE index makes the same measurement using

~12 magnetometers. In the top three panels the values of

the three exponents a, b, and c of D = vsw
aBsw

bsinc(θclock/2) are
plotted vertically as a function of the amplitude of the added

noise horizontally: a (vsw) is plotted in red, b (Bsw) is plotted in

blue, and c [sin(θclock/2)] is plotted in green. For the solid

curves with round points noise is added only to vsw, for the

solid curves with triangle points noise is added only to Bsw, for

the thick solid curves with square points noise is added only to

sin(θclock/2), and for the dashed curves noise is added to all

three of the solar-wind variables. In the bottom panel of

Figure 1 the Pearson linear correlation coefficient between

FIGURE 1
For best fits to the 1-hr-lagged SME1 index the three
exponents (A) (red, top panel), (B) (blue, second panel), and (C)
(green, third panel) are plotted as functions of the amplitude of the
Gaussian noise added to the three solar-wind variables. In the
bottom panel the Pearson linear correlation coefficient between
D = vsw

aBsw
bsinc(θclock/2) and SME1 is plotted as a function of the

amplitude of the added noise.

FIGURE 2
For best fits to the 1-hr-lagged Hp601 index the three
exponents (A) (red), (B) (blue), and (C) (green) are plotted as
functions of the amplitude of the Gaussian noise added to the
three solar-wind variables.
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D and SME1 is plotted as a function of the amplitude of the

added noise.

Note that Newell et al., 2007 used B⊥ = (By
2+Bz

2)1/2 and used

multiple hours of solar-wind data in the fitting: here we are using

Bsw = (Bx
2+By

2+Bz
2)1/2 and using only a single hour of solar-wind

data in the fitting.

SME is a “high-latitude” index measuring the strength of

high-latitude magnetosphere-ionosphere currents. In creating

plots similar to Figure 1 for other high-latitude indices (AE,

AU, AL, and PCI, and the SuperMAG versions of the AL and AU

indices called SML and SMU) one finds very similar trends on the

plots, with the exponent c on sin(θclock/2) being the largest of the
three exponents.

Figure 2 plots the best-fit exponents a, b, and c for

D = vsw
aBsw

bsinc(θclock/2) for the 1-hr-lagged Hp601 index.

Hp60 is a convection-strength index (as is Kp, Ap, and MBI)

(Thomsen, 2004) reacting to the strength of magnetospheric

convection. These convection indices do not focus on the rapidly

changing clock angle of the solar wind sin(θclock/2) and so the c

exponent for sin(θclock/2) is small for these convective indices.

Figure 3 plots the best fit exponents a, b, and c for

D = vswaBswbsinc(θclock/2) for the 2-hr-lagged Dst index. Dst

measures mostly the pressure (diamagnetic currents) of plasma

in the inner magnetosphere. The 2-h lag was chosen because that

was found to be optimal in prior solar-wind/magnetosphere

coupling studies using 1-h averaged data [e.g. Borovsky,

FIGURE 3
For best fits to the 2-hr-lagged Dst2 index the three
exponents (A) (red), (B) (blue), and (C) (green) are plotted as
functions of the amplitude of the Gaussian noise added to the
three solar-wind variables.

TABLE 1 An increase (↑) or a decrease (↓) to the three exponents a, b,
and c of D = vsw

aBsw
bsinc(θclock/2) are noted as Gaussian random

noise is added to the OMNI2 solar-wind variables for the years
1995–2018.

Increasing
Noise on Variable

a b c

AE1: Noise on vsw ↓ ↑ ↑
AE1: Noise on Bsw ↑ ↑↓ ↑
AE1: Noise on sin(θ/2) ↓ ↓ ↓
AE1: Noise on all 3 ↓ ↑ ↓
SME1: Noise on vsw ↑↓ ↑ ↑
SME1: Noise on Bsw ↑ ↑↓ ↑
SME1: Noise on sin(θ/2) ↓ ↓ ↓
SME1: Noise on all 3 ↓ ↑ ↓
AL1: Noise on vsw ↓ ↑ ↑
AL1: Noise on Bsw ↑ ↑↓ —

AL1: Noise on sin(θ/2) ↓ ↓ ↓
AL1: Noise on all 3 ↓ ↑ ↓
SML1: Noise on vsw ↑↓ ↑ ↑
SML1: Noise on Bsw ↑ ↑↓ ↑
SML1: Noise on sin(θ/2) ↓ ↓ ↓
SML1: Noise on all 3 ↑↓ ↑ ↓
AU1: Noise on vsw ↓ ↑ ↑
AU1: Noise on Bsw ↑ ↑↓ ↑
AU1: Noise on sin(θ/2) ↓ ↓ ↓
AU1: Noise on all 3 ↓ ↑ ↓
SMU1: Noise on vsw ↑↓ ↑ ↑
SMU1: Noise on Bsw ↑ ↑↓ ↓↑
SMU1: Noise on sin(θ/2) — ↓ ↓
SMU1: Noise on all 3 ↑↓ ↑ ↓
PCN0: Noise on vsw ↑ ↑ ↑
PCN0: Noise on Bsw ↑ ↑↓ —

PCN0: Noise on sin(θ/2) — ↓ ↓
PCN0: Noise on all 3 ↓ ↑ ↓
Kp1: Noise on vsw ↑↓ ↑ ↑
Kp1: Noise on Bsw ↑ ↑↓ ↑
Kp1: Noise on sin(θ/2) ↓ ↓ ↓
Kp1: Noise on all 3 ↓ ↑ ↑
Hp601: Noise on vsw ↑↓ ↑ ↑
Hp601: Noise on Bsw ↑ ↑↓ ↑
Hp601: Noise on sin(θ/2) ↓ ↓ ↓
Hp601: Noise on all 3 ↓ ↑ ↑
Ap601: Noise on vsw ↑↓ ↑ ↑
Ap601: Noise on Bsw ↑ ↑↓ ↓↑
Ap601: Noise on sin(θ/2) — ↓ ↓
Ap601: Noise on all 3 ↓ ↑ ↓
Dst2: Noise on vsw ↑↓ ↑ ↑
Dst2: Noise on Bsw ↑ ↑↓ ↑
Dst2: Noise on sin(θ/2) — ↓ ↓
Dst2: Noise on all 3 ↑↓ ↑ ↓
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2020b]. Like the convection indices, the exponent c of sin(θclock/
2) is weak.

Examining a number of these plots for various geomagnetic

indices some trends can be seen. 1) Increasing the noise on vsw
reduces the magnitude of the exponent a on vsw. 2) Increasing the

noise on sin(θclock/2) reduces the magnitude of the exponent c on

sin(θclock/2). 3) Increasing the noise on Bsw at first increases the

magnitude of the exponent b on Bsw and then as the noise

amplitude becomes large it decreases the magnitude of the

exponent b. 4) Increasing the noise on vsw tends to raise the

magnitudes of the exponents b and c on Bsw and sin(θclock/2). 5)
Increasing the noise on Bsw tends to raise the magnitudes of the

exponents a and c on vsw and sin(θclock/2). 6) Increasing the noise
on sin(θclock/2) tends to lower the magnitude of all three

exponents a, b, and c. Note that there are exceptions to these

trends.

Examining plots similar to those of Figures 1–3 for a number

of geomagnetic indices, the trend in each of the exponents a, b,

and c are noted in Table 1 as noise is added to the OMNI2 solar-

wind variables vsw, Bsw, and sin(θclock/2). An upward arrow in

Table 1 indicates that the value of the exponent increases with

increasing noise amplitude and a downward arrow indicates that

the value of the exponent decreases with increasing noise

amplitude.

4 Extrapolating backward to remove
or reduce the solar-wind noise

Looking at the trends in the changes of the a, b, and c

exponents of D = vsw
aBsw

bsinc(θclock/2) with increasing added

noise, one might guess that extrapolating the curves in the plots

of Figures 1–3 back to values of noise < 0 might represent the

better values of the exponents a, b, and c in the presence of less

solar-wind noise (less error). Figure 4 plots the temporal

autocorrelation functions of the three variables vsw (red

curve), Bsw (blue curve), and sin(θclock/2) (green curve)

obtained from 64-s-resolution data from ACE SWEPAM

(McComas et al., 1998) and ACE MAG (Smith et al., 1998)

for the year 2006. (The year 2006 is in the late declining phase

with mild high-speed streams and with a nice mix of solar-wind

plasma types [cf. Xu and Borovsky, 2015].) The autocorrelation

times (using the 1/e method) in Figure 4 are about 43.9 h for vsw,

15.3 h for Bsw, and 53 min for sin(θclock/2). The temporal

autocorrelation function represents the spatial structure of the

solar-wind plasma and magnetic field advected past the

measuring spacecraft. The spatial structure of the variable

sin(θclock/2) in the solar wind is much smaller than the spatial

structure of the variables Bsw and vsw, hence the much shorter

autocorrelation time for sin(θclock/2) [See also Lockwood and

McWilliams (2021)]. One problem with a solar-wind monitor for

Earth at L1 is that the solar wind that hits the L1 monitor is not

the same solar wind that hits the Earth (Sandahl et al., 1996;

Ashour-Abdalla et al., 2008; Walsh et al., 2019; Burkholder et al.,

2020; Borovsky, 2020a): the monitored solar-wind streamline

often misses the Earth by 10s of RE typically passing on the

duskward side of the magnetosphere (Borovsky, 2022b).

Contributing factors for this miss are 1) the solar-wind flow is

not radial [the direction fluctuates by about ±5° plus there is a

systematic dawn-dusk offset to the average flow vector (Nemecek

et a., 2020a)] 2) there is a duskward aberration to the flow caused

by the Earth’s motion around the Sun (Fairfield, 1993), and 3) the

solar-wind structure moves away from the Sun faster than the

plasma wind with a velocity vector relative to the plasma that is in

the Parker-spiral direction (Borovsky, 2020c; Nemecek et al.,

2020b). This L1 error is much more critical for the smaller-

structured sin(θclock/2) than it is for vsw or Bsw. Hence the thick

solid curves with the square points in Figures 1–3 that add noise

only to sin(θclock/2) are the most important to think about and

extrapolate backward.

For the high-latitude-current indices AE, AU, AL, SME,

SMU, SML, and PCI the exponent c on sin(θclock/2) is the

largest of the three exponents and also undergoes the most-

significant change (reduction) as noise is added to the sin(θclock/
2) values in the data set (cf. Figure 1). Extrapolating to negative

values of noise in the thick solid curves of Figures 1–3 would

increase the magnitude of the c exponent: the extrapolation

would not change a (for vsw) or b (for Bsw) significantly. For

FIGURE 4
Autocorrelation functions for the three solar-wind variables
vsw (red), Bsw (blue), and sin(θclock/2) (green) calculated using 64-s
measurements from ACE for the year 2006.
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the magnetospheric convection index Hp601 extrapolating

backward to noise values less than zero on sin(θclock/2) in

Figure 2 (thick curve with square points) would increase the a

exponent (on vsw) the most and also increase the b (on Bsw) and c

[on sin(θclock/2)] exponents.
One might guess that by using the times when the nearer-to-

Earth solar-wind monitor IMP-8 (Feldman et al., 1978; Butler,

1980) was used in the OMNI2 data set, these extrapolations to

lower noise could be confirmed. Unfortunately, it will be seen

that this is not the case. In Table 2 the best-fit values for the

exponents a, b, and c for five geomagnetic indices are listed for

the hours when IMP-8 solar-wind measurements were

incorporated into OMNI2 (with most of the IMP-8 data

incorporated in the years 1975–1994). The best-fit values of a,

b, and c are also listed in Table 2 for the 1995–2018 OMNI2 data.

The changes in a, b, and c predicted by extrapolation of the

1995–2018 data (cf. Table 1) are noted, and the observed changes

in a, b, and c from the 1995–2018 data to the IMP-8 data are

noted in Table 2. (Note that these expected changes are opposite

to the arrows in Table 1: the arrows are the direction when noise

is added and the “expected” change is the expectation for

reduction of noise.) As can be seen in Table 2, the changes

observed by using IMP-8 are in poor agreement with the

extrapolation-predicted changes from the 1995–2018 added-

noise calculations: eight times there is agreement and seven

times there is disagreement. Note that the change in the

exponent b on Bsw is wrong for all five cases.

The bottom panel of Figure 5 plots the best-fit a, b, and c

exponents to AE1 in four-year blocks of OMNI2 solar-wind

data from 1995–2018. As can be seen, the values of these best-

fit exponents change from data subset to data subset. In the

top panel of Figure 5 the 27-days-averaged sunspot number R

is plotted. The temporal changes in the exponents seen in the

bottom panel might be owed to solar-cycle-type variations in

the solar-wind properties and/or to solar-wind spacecraft

differences from year to year. As a comparison for

Figure 5, Figure 6 looks at the best-fit a, b, and c exponents

for AE1 when the 1995–2018 OMNI2 data is randomized in

time and binned into 10 subsets, each containing data from

the full years 1995–2018. When the data is mixed in time

(Figure 6) it results in much smaller variations in the best-fit

exponents a, b, and c from data subset to data subset,

supporting the idea that there are variances caused by

spacecraft differences and by year-by-year solar-cycle

differences in the wind. The variances in a, b, and c in

TABLE 2 For five different geomagnetic indices the best-fit exponents
a, b, and c of the solar-wind driver D = vsw

aBsw
bsinc(θclock/2) are

listed for the 1995–2018 OMNI2 solar-wind data and for the
OMNI2 data that utilized measurements from IMP-8. The expected
change in the a, b, and c exponents if there were a reduction of
noise on sin(θclock/2) and the observed change in the exponents a,
b, and c (from Table 1) are listed.

a b c rcorr

AE1 1995–2018 1.071 0.711 2.025 0.772

AE1 IMP8 1.227 0.596 2.159 0.762

AE1 Expected increase increase increase

AE1 Observed increase decrease increase

AL1 1995–2018 1.206 0.703 2.406 0.749

AL1 IMP8 1.390 0.572 2.434 0.737

AL1 Expected increase increase increase

AL1 Observed increase decrease increase

AU1 1995–2018 0.779 0.706 1.310 0.678

AU1 IMP8 0.859 0.640 1.599 0.649

AU1 Expected increase increase increase

AU1 Observed increase decrease increase

Kp1 1995–2018 1.148 0.437 0.337 0.728

Kp1 IMP8 1.198 0.441 0.368 0.714

Kp1 Expected increase increase decrease

Kp1 Observed increase none increase

PC0 1995–2018 1.054 0.735 1.908 0.730

PC0 IMP8 1.228 0.613 1.886 0.716

PC0 Expected none increase increase

PC0 Observed increase decrease decrease

FIGURE 5
(top panel) For the years 1995–2008 the 27-days-averaged
sunspot number is plotted. (bottom panel) The best-fit (A) (red), (B)
(blue), and (C) (green) exponents for AE1 are calculated in four-year
blocks of OMNI2 solar-wind data from 1995–2018. For each
four-year data block the Pearson linear correlation coefficient
between D and AE1 is plotted in orange.
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Figure 5 are large, and so the choosing of IMP-8 data in a finite

set of years could result in variations of a, b, and c that are

more-significant than the noise-reduction changes. Hence the

hope that using IMP-8 to reduce the noise and improve the a,

b, and c values is not so straightforward: moving to IMP-8

from the 1995–2018 data set does not always move the a, b,

and c values in the expected direction and changing eras

(years) and spacecraft results in changes to the behavior of

the a, b, and c values. A question is which of these year-to-year

changes in a, b, and c (e.g. Figure 5) are better and which are

worse in terms of finding a driver function that describes the

physics of the solar wind coupling to the Earth; as discussed in

Borovsky (2021) there are math-versus-physics reasons why a

driver function has a good correlation with the Earth.

5 Discussion

This report explored expectations for solar-wind noise

reduction by looking at the trends that resulted from adding

Gaussian noise to solar-wind data. Extrapolating those added-

noise trends backward yielded predictions for noise-reduction

changes to the exponents a, b, and c of best-fit connections

between the solar-wind driver function D = vsw
aBsw

bsinc(θclock/
2) and various geomagnetic indices. Going from L1 solar-wind

data to near-Earth IMP-8 solar-wind data, the observed

changes in the exponents a, b, and c of the best-fit formula

D = vsw
aBsw

bsinc(θclock/2) did not show good agreement with

the expected noise-reduction changes. Looking at year-to-year

changes in the a, b, and c exponents for the best-fit formula

found that these year-to-year changes were large: hence

different parts of the solar cycle and/or using different

spacecraft to monitor the solar wind results in large changes

that may overwhelm observation of the desired noise-reduction

changes.

One issue with the methodology used here is the addition

of Gaussian noise (random numbers with Gaussian

distributions) to the OMNI2 solar-wind variables. The

main error with solar-wind monitors at L1 is that the solar

wind that hits a monitoring spacecraft at L1 is not the solar

wind that hits the Earth. Hence the real error in the solar-wind

data for Earth is not random noise on all solar-wind values,

rather that some of the values are completely wrong. Adding

noise, for instance, by replacing a fraction of the sin(θclock/2)

FIGURE 6
The best-fit (A) (red), (B) (blue), and (C) (green) exponents for
AE1 are plotted when the 1995–2018 OMNI2 data is randomized in
time and binned into 10 subsets, each of which containing data
from the full years 1995–2018. The Pearson linear correlation
coefficient for each subset is plotted in orange.

FIGURE 7
For best fits to the 1-hr-lagged SME1 index the three
exponents (A) (red), (B) (blue), and (C) (green) are plotted in the top
panel as functions of the fraction of time-series values replaced for
three solar-wind variables. In the bottom panel the Pearson
linear correlation coefficient between D and SME1 is plotted as a
function of the fraction replaced.
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values in the time series with completely different values of

sin(θclock/2) may be a more-realistic way to emulate the

L1 errors in the solar-wind measurements. This is explored

in Figures 7–9 where the best-fit exponents a, b, and c are

plotted as a function of the fraction of the solar-wind time-

series values that are replaced with different values.

Comparing Figure 7 with Figure 1 (fits to SuperMAG

SME1), Figure 8 with Figure 2 (Fits to Hp601), and

Figure 9 with Figure 3 (fits to Dst2), it is seen that the

trends in the changes of the exponents a, b, and c with

increasing noise (either increasing the amplitude of added

Gaussian noise or increasing the fraction of time-series values

replaced) are quite similar. Between these three pairs of plots

there are no contradictions where one method leads to an

increase in an exponent and the other leads to a decrease in

that exponent. There are a few cases where the Gaussian-noise

method leads to an increase or a decrease of an exponent while

the replacement method shows no change in that exponent.

For 1-hour-averaged data, the L1 error most likely does not

result in the whole hour being incorrect, but just part of the hour

being incorrect. A hybrid methodology to add noise might try

adding random noise (for the fraction of the hour being wrong)

to only some of the hourly solar-wind data points. Since the two

methods 1) adding noise to all solar-wind data points and 2)

replacing a fraction of the data points both yielded similar results,

one might guess that adding noise to a fraction of the data points

will also yield similar results.

The analysis of this study using IMP-8 data found

difficulty in demonstrating that near-Earth monitoring

yields more-accurate solar-wind measurements for Earth,

although there have been several studies estimating of the

solar-wind errors between L1 and Earth (Crooker et al., 1982;

Ridley, 2000; Weimer et al., 2002; Mailyan et al., 2008; Case

and Wild, 2012). That is not to say that this study does not

recommend fielding near-Earth solar-wind monitors in

future. It is an intellectual certainty that better solar-wind-

monitor measurements with truer values of what is hitting the

Earth will result in better future data studies of solar-wind/

magnetosphere interactions. A study to optimize monitors for

solar-wind/magnetosphere interaction science is needed. One

possibility is multiple spacecraft in IMP-type circular orbits (r

~ 30 RE) (Feldman et al., 1978; Butler, 1980) where at least one

spacecraft would always be in the near-Earth upstream

solar wind.
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