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Abstract Upstream solar wind measurements from near the L1 Lagrangian point are commonly used to
investigate solar wind-magnetosphere coupling. The off-Sun-Earth line distance of such solar wind monitors
can be large, up to 100 R,.. We investigate how the correlation between measurements of the interplanetary
magnetic field and associated ionospheric responses deteriorates as the off-Sun-Earth line distance increases.
Specifically, we use the magnitude and polarity of the dayside region O field-aligned currents (RO FACs) as a
measure of interplanetary magnetic field IMF) B,-associated magnetic tension effects on newly-reconnected
field lines, related to the Svalgaard-Mansurov effect. The RO FACs are derived from Advanced Magnetosphere
and Planetary Electrodynamics Response Experiment measurements by a principal component analysis, for
the years 2010-2016. We perform cross-correlation analyses between time-series of IMF B,, measured by
the Wind spacecraft and propagated to the nose of the bow shock by the OMNI technique, and these RO FAC
measurements. Typically, in the summer hemisphere, cross-correlation coefficients between 0.6 and 0.9 are
found. However, there is a reduction of order 0.1-0.15 in correlation coefficient between periods when Wind
is close to (within 45 R;) and distant from (beyond 70 R;) the Sun-Earth line. We find a time-lag of around
17 min between predictions of the arrival of IMF features at the bow shock and their effect in the ionosphere,
irrespective of the location of Wind.

Plain Language Summary Space weather within the Earth's geospace environment is driven by the
interaction of the solar wind with the magnetosphere. Measurements of the solar wind upstream of the Earth
are crucial for understanding this interaction and for providing some advanced warning of hazardous conditions
about to arrive. Such measurements are typically made by spacecraft located in orbit about the L1 Lagrangian
point, sometimes far from the Sun-Earth line, and it is uncertain how representative these measurements are of
the solar wind that actually hits the Earth. In this study we investigate how predictions degrade as the off-Sun-
Earth line distance increases. We use measurements of the east-west component of the interplanetary magnetic
field measured by the Wind spacecraft and observations of magnetic field-aligned electrical currents within

the magnetosphere, to assess how well these are correlated. We find that the correlation does indeed decrease
somewhat as Wind wanders far from the Sun-Earth line. This study will help provide confidence in using these
upstream monitors, but also allow quantification of what discrepancies can be expected. It also allows the scale-
size of features in the solar wind to be estimated.

1. Introduction

Upstream solar wind monitoring is invaluable for studies of the relationship between conditions within the inter-
planetary medium and dynamics within the Earth's magnetosphere, and for forecasting upcoming geomagnetic
activity. Ideally, spacecraft just ahead of the bowshock, or even within the magnetosheath, can give measurements
of the plasma characteristics and magnetic field that are about to impinge on the magnetopause. However, orbital
dynamics prevent spacecraft station-keeping in such ideal locations, and spacecraft so close to the magnetopause
do not provide much advanced warning of incoming space weather hazards. A compromise is to place spacecraft
in a halo orbit about the L1 Lagrangian point, such that they can be kept in front of the magnetosphere, providing
measurements of the solar wind which will impact the magnetosphere in approximately 1 hour's time (Tsurutani
& Baker, 1979). Such spacecraft have included Wind, the Advanced Composition Explorer, and the Deep Space
Climate Observatory. Goddard Space Flight Center developed the OMNI data set, which assesses the speed and
orientation of features within the solar wind measured by these and other spacecraft, and time-lags the obser-
vations to the point of impact on the bow shock (King & Papitashvili, 2005). This data set has been instrumen-
tal in advancing our understanding of the interaction of the solar wind with the magnetosphere. However, the
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spacecraft providing these observations can wander up to 100 R,; from the Sun-Earth line, such that it is unclear
how representative their measurements are of the solar wind which will actually arrive at the magnetosphere (e.g.,
Case & Wild, 2012; Collier et al., 1998; Crooker et al., 1982). Moreover, the solar wind features can evolve in
transit from the point of observation to the magnetosphere, not least because of Alfvénic fluctuations propagating
within the solar wind plasma, some of which may be planar and some spherical in nature (Belcher & Davis, 1971;
Tsurutani et al., 2018). It is the purpose of this paper to investigate how the predictive capability of solar wind
monitoring deteriorates as the off-Sun-Earth line distance increases.

To assess the accuracy of the upstream measurements, some ground-truth is necessary: an observable that is
thought to accurately reflect conditions within the solar wind that is interacting with the magnetopause. In this
study we use the Svalgaard-Mansurov effect, in which field-aligned and ionospheric currents within the cusp
region react to the B, component of the interplanetary magnetic field (IMF), and produce Disturbance Polar Y
magnetic perturbations on the ground (Cowley et al., 1991; Friis-Christensen et al., 1972; Jgrgensen et al., 1972;
Mansurov, 1969; Svalgaard, 1973). Milan et al. (2015) and Milan et al. (2017) showed that principal component
analysis (PCA) could be used to automatically extract the polarity and magnitude of the field-aligned currents
(FACs) associated with this effect from observations of the global FAC pattern by the Advanced Magneto-
sphere and Planetary Electrodynamics Response Experiment or AMPERE (Anderson et al., 2000, 2002; Waters
et al., 2001, 2020). We refer to this as the region 0 (R0) FAC to distinguish it from the region 1 and region 2
(R1/R2) FAC:s first identified by lijima and Potemra (1976). Milan et al. (2018) refined the procedure by apply-
ing PCA separately to just the dayside portion of the FAC patterns. They demonstrated that the polarity of the
currents switched promptly when there were sharp reversals in IMF B, at the nose of the bow shock as predicted
by OMNI, with a time-lag of between 10 and 20 min. This time-lag is interpreted as the propagation delay asso-
ciated with traversal of the magnetosheath by the shocked solar wind and one or two Alfvén travel-times from the
magnetopause to the ionosphere. Moreover, the association between RO FAC polarity and IMF B, held irrespec-
tive of whether IMF B, was directed southwards or northwards. Hence, we consider the magnitude and polarity
of the RO FAC, extracted using the PCA technique of Milan et al. (2018), to be a good indicator of the sense of
IMF B, at the magnetopause.

We perform a cross-correlation analysis between IMF B, observed by the Wind spacecraft and the RO FAC
extracted from AMPERE data for the period 2010-2016. The Wind spacecraft orbited the L1 point in an elliptical

orbit varying periodically in off-Sun-Earth line distance, Ry z = (Y2 +Z 2) Y 2, between 30 R and 100 R, where
Y and Z are Geocentric Solar Ecliptic (GSE) coordinates. We determine how the cross-correlation deteriorates
as R, increases.

2. Methodology and Observations

AMPERE inverts magnetic perturbations observed by the 66 spacecraft of the Iridium constellation to determine
the global distribution of FACs across the northern and southern hemispheres on a geomagnetic grid with 24
magnetic local time (MLT) sectors and 50 one-degree magnetic colatitude bins, with a cadence of 2 min (Ander-
son et al., 2000, 2002; Coxon et al., 2018; Waters et al., 2001). The morphology of the FACs responds to changes
in upstream solar wind and IMF conditions, to changes in magnetotail processes, and to changes in the magnetic
open flux content of the magnetosphere (Clausen et al., 2012; Milan et al., 2018). Analyzing this feature-rich
data set can be difficult. As an exercise in dimensionality-reduction, Milan et al. (2015) applied PCA to the FAC
patterns to find the set of basis-vectors (“eigenFACs”) that best represent the variability within the data. It was
found that the most significant eigenFAC represented the R1/R2 current system (lijima & Potemra, 1976) and the
second-most the RO system. The analysis was improved by Milan et al. (2018) in that FACs sunwards and antis-
unwards of the dawn-dusk meridian were analyzed separately, and two sets of eigenFACs computed, recognizing
that dayside and nightside processes are largely decoupled. It is this second method that we employ in this study,
concentrating solely on the dayside FACs.

The PCA technique is described in detail by Milan et al. (2015) and Milan et al. (2018), but we reprise it here
briefly for completeness. Each 2-min AMPERE map comprises 1,200 FAC density values on a 25 X 50 grid.
First, each map is normalized to remove the influence of changing polar cap size (Clausen et al., 2012): the center
of the FAC pattern is found, a circle is fitted to the boundary between the R1 and R2 FACs, and then each map is
rescaled to a common size. Each pre-processed map (of which there are nearly two million for each hemisphere)
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is represented as a vector of data values and all the individual vectors are stacked together to form a matrix. This
matrix is multiplied by its transpose to find the covariance matrix of the data set. The eigenvectors of this covar-
iance matrix are the dominant patterns of variability within the data (the eigenFACs) and their corresponding
eigenvalues indicate their significance in explaining this variability. To find the contribution of a particular eigen-
FAC to an individual map, the inner product or “overlap” between the two is computed: in the case of the second
eigenFAC, which corresponds to the RO FAC system, this overlap is referred to as a, (which has arbitrary units).
This then formed our primary magnetospheric observable. Measurements from both the northern and southern
hemispheres (NH and SH) were available.

The OMNI data set (King & Papitashvili, 2005; Papitashvili & King, 2020) employs observations from a range
of upstream solar wind monitors to predict the solar wind and IMF conditions at the nose of the bow shock
by computing an expected propagation delay from the spacecraft location and time-lagging the data. A long
time-series of standard OMNI data may come from several different spacecraft located at different distances
from the magnetosphere. However, the OMNI data-portal also provides access to data from an individual space-
craft (https://omniweb.gsfc.nasa.gov/ow_min.html): to simplify analysis, in this study we use data from Wind
alone. The primary parameter we used is the Geocentric Solar Magnetospheric B, component of the IMF. This is
provided at 1-min cadence, but we down-sampled this to 2-min to match the AMPERE observations.

Figure 1 shows the dependence of NH a, on IMF B, for the period 2010-2016, subdivided by month. A clear
positive linear correlation between the two is found, indicating that the polarity and magnitude of the RO FACs
is controlled by B,-related tension forces on newly-reconnected field lines. The slope of the fit is greatest in
summer months and becomes almost zero in January and December. This seasonal dependence is thought to be
mainly controlled by the ionospheric conductance at the footprint of the RO FACs, produced by solar illumination
(e.g., Fujii & lijima, 1987; Milan et al., 2017). As the conductance increases in summer there is greater frictional
coupling between the ionosphere and neutral atmosphere, and hence more intense FACs are required to transmit
stress from the magnetopause to the ionosphere. However, as noted by Milan et al. (2001), East-West variations
in the dayside ionospheric convection throat are less pronounced in winter than in summer, so the RO seasonal
variation may also reflect hemispheric differences in dayside solar wind-magnetosphere-ionosphere coupling.
We use a,, especially in summer months as an indicator of IMF B, at the magnetopause. Similar results are found
for the SH (not shown), except that the slope is negative as the polarity of the SH RO FACs is opposite to the sense
of B,. In this case, the slope of the relationship maximizes in SH summer, that is, December and January, though
the slope is weaker in the SH than in the NH. It is known that the SH FACs are in general weaker than in the NH
(Coxon et al., 2016; Milan et al., 2017), and this is borne out in these results.

The distributions of Figure 1 suggest that the IMF B, control of the RO FAC polarity and magnitude is similar
for both IMF B, < 0 and B, > 0 nT conditions. This is confirmed in Figure 2 in which the NH data from June
and July are pooled together but subdivided by the polarity of B,. Almost identical distributions are found for
northwards- and southwards-directed IMF.

Any small gaps in the a, and B, time-series were linearly interpolated over. We divided the a, and B, time-series
into separate windows, each N data-points in length, and calculated the cross-correlation between the two, noting
the peak correlation coefficient value and the lag at which this peak occurred. The analysis was then repeated,
with the window stepped on by N/2 data-points each time, for the 7-year period (2010-2016) for which AMPERE
data is currently available. We selected the optimum value of N by trying a range of different values. Values of N
between approximately 500 and 900 maximized the cross-correlation, with a broad peak. We selected N = 720
(1 day) because this meant that dipole angle (controlling solar insolation of the cusp region ionosphere) aver-
aged out over the window. Smaller values of N would have lead to diurnal variations in the cross-correlation
coefficient. With N = 720, there were 5,114 possible cross-correlation windows; once data gaps from Wind or
AMPERE were factored in, 4,587 remained. We note that the exact choice of N does not alter the subsequent
findings of this study.

The results of the analysis for the NH are presented in Figure 3. The top panel shows the maximum correlation
coefficient from the cross-correlation analysis in gray; a 10-day (20-point) running mean is shown in black. The
middle panel shows the lag with the maximum correlation, with the marginal distribution shown to the right. The
bottom panel shows the location of the Wind spacecraft in GSE coordinates. The spacecraft was in an elliptical
orbit about L1, varying in X between approximately 200 and 260 R, in Z between +20 R, and in Y between +100
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Figure 1. The occurrence distributions showing the relationship between the northern hemisphere a, coefficient and
interplanetary magnetic field (IMF) B, in bins 1 nT wide and 0.5 (arbitrary units) high, for the months January to December
2010-2016. The occurrence is shown on a logarithmic scale, contours indicating 10, 100, and 1,000 occurrences per bin.

R,. As a consequence, the distance off the Sun-Earth line, Ryz = (Y2 +Z 2)]/2, varied between approximately
25 and 100 R, about 4 times a year.

The peak correlation between a, and B, varied between 0.9 and —0.2 (the running mean between 0.8 and 0.2),
maximizing in summer months due to the RO current magnitudes being greatest at these times. The running
mean was close to 0.7 in summer. The lag of peak correlation showed a broad peak between 10 and 30 min,
with a maximum near 17 min; the range increased in winter months when the correlation coefficient was small
and clustered near 17 min in summer months (with a few exceptions, see below). In the top panel, vertical, red
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IMF BZ < 0 nT IMF BZ > 0 nT dashed lines show the times when R,, maximized, and there appears to be,
6 T T T = = T T T on average, a reduction in the running-mean of the correlation coefficient by
4 ] 1L [ ‘ | about 0.1 at these times.
oL | A Fourier analysis of the correlation time-series indicates peaks in the spec-
11 trum at 365 days (1 year), 183 days (half a year), 150 days, and 88 days
S 0F 1L - (the period of variation of R,,). A reconstruction of the time-series using the
first three frequency peaks is shown in green (offset for clarity) and includ-
-2 T o ing the 88 days component in blue. Although the effect is small, there is
4l i L i 100 | clearly a reduction in the correlation around the maxima in R,,,. The 365 days
| 1000 period reflects the seasonal variation in the correlation and the 183 days
—CHEST | | | I period appears as the summer maxima are wider than the winter minima. It
-10 0 10 is unclear what gives rise to the 150 days period.
IMF By (nT)

Ten representative intervals, along with their peak correlation and peak lag,

Figure 2. The occurrence distributions showing the relationship between the have been highlighted by red dots. The associated IMF B, (red) and a, (black)
northern hemisphere a, coefficient and interplanetary magnetic field (IMF) time-series are presented in Figure 4. In the majority of cases there is a close

By in bins 1 nT wide and 0.5 (arbitrary units) high, for the combined months
June and July 2010-2016, for IMF B, < 0 and B, > 0 nT to the left and
right, respectively. The occurrence is shown on a logarithmic scale, contours

correspondence between B, and the polarity and magnitude of the RO FAC.
However, each panel highlights some typical features within the correlations

indicating 10, 100, and 1,000 occurrences per bin. which we now discuss.

(a) The correlation is high, but at times the variation in the RO FAC appears

to precede those in By, and a peak lag of —12 min is found. (b) Variations in
B, are rapid and some short-duration features are not well-captured by a,; this may indicate a smoothing effect in
the magnetospheric response to rapid B, changes. A time-lag of 18 min is found. (c) In this example, short-dura-
tion negative excursions in By are also present in a,, with a consistent time-lag near 16 min. (d) Although there are
significant variations in B, a, is near-zero throughout; this interval comes from near the winter solstice, when the
RO FAC is almost absent from the dayside currents. (e) There are relatively long duration changes in B,; although
some of these excursions are present also in a,, some features are absent, for example, around data points 200
and 360, and as a consequence a relatively long time lag of 24 min is found. (f) Overall, the correlation is high
but although there is a clear lag between B, and a, at the start of the interval, no lag is apparent at the end, and an
overall lag of 4 min is found. (g) The overall correlation is high, but some discrepancy is seen after data point 540.
(h) Only slow variations in B, are seen at Wind and these are reflected in a,. (a) Some rapid fluctuations in B, are
not present in a, and towards the end of the interval some fluctuations are seen in a, but not B,. (j) Long-duration
variations in B, are also seen in a,, but the timings are quite variable, and a relatively long lag is calculated.

Figure 5 shows the correlation data, peak correlation in the top panels and peak lag in the bottom panels, for both
the northern and southern hemispheres as a function of time of year (year-fraction from winter solstice to winter
solstice). The shading shows the occurrence distribution of the full data set. The data are then subdivided by the
distance of Wind from the Sun-Earth line, R, in ranges of less than 45 R, (red), between 45 and 70 R;; (blue),
and greater than 75 R, (green). These ranges were selected such that similar numbers of correlations fell in 10
equal-width year-fraction bins (the occurrences are shown in the lower portions of the top panels); these ranges
are shown as horizontal gray lines in the lower panel of Figure 3. The median and upper and lower quartiles of
peak correlation and peak lag are then calculated in each bin, and shown as the colored curves and vertical bars.
The peak correlations in the NH and SH are positive and negative, respectively, due to the polarity of the RO
FACs in the two hemispheres.

The correlations are a minimum in winter and a maximum in summer, due to the weakness of the RO FACs when
there is little ionospheric insolation. The median peak correlation in summer is 0.7 in the NH and 0.6 in the SH;
the summer NH peak is higher and broader than that in the SH. We attribute the discrepancy between the two
hemispheres to two factors: (a) it is known that the FACs measured by AMPERE are overall weaker in the SH
than the NH (Coxon et al., 2016; Milan et al., 2017), though the reasons for this are still unknown; (b) the orbital
configuration of the Iridium spacecraft is sub-optimal in the SH (Waters et al., 2020), such that small-scale FACs
(including R0) may be poorly sampled. The peak lag distribution maximizes near 17-18 min at all times of year,
though it broadens around winter solstice when the correlations are poor.
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Figure 3. (top) The peak cross-correlation coefficient between NH a, and interplanetary magnetic field B, every 12 hr
(gray), and a 10-day running mean (black). The green and blue curves are reconstructions of the correlation time series
using a Fourier expansion in 3 and 4 terms, respectively (see text for details), displaced vertically for clarity. Vertical red,
dashed lines indicate times that the Wind spacecraft was furthest from the Sun-Earth line. (middle) The lag associated with
the peak in the cross-correlation. The marginal distribution is shown to the right; the bottom bar indicates the proportion of
correlations in which the lag of peak correlation was outside the —20 to 40 min range. (bottom) The position of the Wind
spacecraft in Geocentric Solar Ecliptic X (blue), Y (red), and Z (green). The distance from the Sun-Earth line, R, is shown in
black. Red dots in the figure correspond to panels in Figure 3.

Our main finding is that the peak correlation depends on R, such that as Wind moves further from the Sun-Earth
line the correlation decreases, especially in the NH. We focus on year-fractions between 0.3 and 0.7, the broad
summer maximum. The difference in the median correlation coefficient between the R, < 45R,. and R, > 70R,
bins is of order 0.1, as seen in Figure 6. The difference between the upper and lower quartiles also increases
marginally with greater R,,. A linear fit to the data suggests that if measurements were available at R,, = 0, then
the decrease in correlation coefficient at Ry, = 100R, would be of order 0.15. On the other hand, there is little
discernible difference in the peak lags in the different R, ranges.

Guarnieri et al. (2018) showed that Alfvén waves propagating within the solar wind will inevitably lead to
discrepancies between features observed upstream of the Earth and features that eventually impact the magneto-
sphere; they suggested that filtering the data could remove some of the contributions from such fluctuations. We
assessed this by smoothing the IMF B, and a, time-series using a boxcar function before computing the cross-cor-
relations. As the boxcar length was increased from 2 to 30 min the correlations improved, but with little further
improvement beyond 30 min. The effect of 30 min smoothing on the data presented in Figure 4 is to increase the
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Figure 4. Ten selected correlations, highlighted by red dots in Figure 2. Each panel corresponds to 24 hr of data (720

data points). Interplanetary magnetic field (IMF) B, Geocentric Solar Magnetospheric observed at Wind is shown in red,
the a, parameter in black; a, is shown on an arbitrary scale, though it is the same in each panel. The top-left in each panel
indicates the date of the observations, the bottom-left the peak correlation coefficient and peak lag, and the bottom-right the
approximate (X, Y, Z) Geocentric Solar Ecliptic coordinates of Wind.

overall correlations by about 0.15, such that the peak correlations approach 0.9, but without otherwise changing
the difference between the red, green, and blue curves. Clearly Alfvénic fluctuations do affect the observed corre-
lations, but do not lead to the deterioration in correlation when Wind is far from the Sun-Earth line.

Similar analyses were attempted, expect binning the data by Wind X or Y. Unfortunately, the period of the Wind
orbit, being close to 6 months, precluded a uniform sampling across the different seasons. What results were
obtained suggested that the upstream distance, X, makes little difference to the correlations, and that the Y loca-
tion, either ahead of Earth in its orbit or behind, did not change the results found in Figure 5.

3. Discussion and Conclusions

There has been debate regarding the validity of L1 observations of the solar wind for understanding solar
wind-magnetosphere coupling, especially when monitors are a long distance from the Sun-Earth line. We have
used the magnitude and polarity of the RO field-aligned currents derived from AMPERE observations as ground-
truth for the predictions by OMNI (specifically from the Wind spacecraft) of the B, component of the IMF that
impacts the magnetosphere. The measured parameter we have used is the a, component derived from a principal
component analysis of the FACs (Milan et al., 2015, 2017, 2018). This ground-truth is only applicable in summer
months as the RO FACs are weak around winter solstice due to a lack of ionospheric insolation and a possible
seasonal dependence in the East-West asymmetry of the dayside convection throat (Milan et al., 2001). We
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Figure 5. Combined seasonal dependence of peak cross-correlation (top panels) and peak lag (bottom panels) between interplanetary magnetic field B, and a,, for the
years 2010-2016 in the northern hemisphere (left panels) and southern hemisphere (right panels). Shading shows the overall occurrence distribution. The median and
quartiles of the distributions for off-Sun-Earth line distances R,, < 45R, 45 < R,, < 7T0R,, and R,,, < 70R,, are shown in red, blue, and green. The number of points in

each year-fraction bin is indicated in the lower portion of the top panels.

have shown that the cross-correlation between IMF B, and a, decreases as the off-Sun-Earth line distance, Ry,

increases. The reduction in peak cross-correlation coefficient is around 0.1-0.15. There are several reasons why

such a decrease might be expected, including structure in the solar wind on spatial scales similar to the transverse
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Figure 6. The reduction in median peak correlation with off-Sun-Earth line
distance, R,,. Vertical and horizontal bars show the quartiles within the bins
Ry, <45R., 45 <R,, < T0R;, and R, < 70R,. Only correlations between
year-fractions of 0.3 and 0.7 are included in the analysis. Two sets of results
are shown, the original unsmoothed data, and the data smoothed over 30 min
to suppress the influence of Alfvénic fluctuations.

separation of Wind and the magnetosphere, and temporal evolution of struc-
tures in the solar wind due to Alfvénic fluctuations.

We find a relatively consistent time-lag between variations in IMF B, and a,
of between 15 and 20 min on average. This lag is interpreted as the commu-
nication-time between solar wind changes at the bow shock (the predicted
timing given by the OMNI technique) and the ionosphere, comprising the
propagation delay across the magnetosheath and some Alfvén travel-time
from the magnetopause and the ionosphere. Significantly longer or shorter
time lags, or even negative time lags (Figure 4a), indicate that an incorrect
propagation delay was calculated by the OMNI technique. Such discrepan-
cies could be produced by the assumption that solar wind features have planar
boundaries, especially if R, is large. However, we do not see a significant
change in timing with R,.

Khan and Cowley (1999) estimated that the delay between solar wind features
arriving at the bow shock nose and the associated response in the ionosphere
should be of order 5-15 min, possibly with some systematic offset. Our
finding of a delay of 15-20 min could indicate that this systematic offset is
approximately 10 min. It may also reflect the time that the RO FACs take to
respond to changes in IMF B,, occupying as they do an area in the ionosphere
of up to 10° of latitude by 3—4 hr of MLT (Milan et al., 2015). Alternatively,
the systematic delay could be due to the AMPERE technique itself, in which
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the Iridium spacecraft take approximately 10 mins to traverse their ~30° latitudinal separation around each orbital
plane.

While many studies have focussed on the timing of solar wind features (Case & Wild, 2012; Collier et al., 1998;
Crooker et al., 1982), here we have mainly studied the fidelity between solar wind measurements from far upstream
and the response within the magnetosphere; in other words, these correlations have been filtered through the solar
wind-magnetosphere coupling process. Despite this, the correlations can be high (of order 0.9) even when rapid
and short duration fluctuations appear in IMF B,, indicating that the magnetospheric response can be prompt and
linear, during both northwards and southwards IMF conditions. In general, the median correlation is about 0.7 in
summer months, indicating that the response is not always so exact. The results reported are clearer in the north-
ern hemisphere than in the southern hemisphere, though we anticipate that this is due to stronger FACs being
observed in the NH and a less optimal orbital configuration of AMPERE in the SH. This does suggest, however,
that the correlation coefficients will be limited by the spatial and temporal resolution of the AMPERE technique
and our method of extracting the RO FACs from a complicated data set.

Putting limitations of the technique to one side, lower correlation coefficients can arise for several reasons,
including a lack of fidelity between measurements at L1 and in the ionosphere, that is, short-duration features that
are seen in B, but not in a, and vice versa (e.g., Figures 4e and 41), or changes in the lag between the two within
a 24 hr window (e.g., Figures 4a and 4f). However, individual cases of these discrepancies are not necessarily
due to large R,,: high correlations can be found when Wind is far from the Sun-Earth line (Figures 4a and 4g)
and poorer correlations when Wind is near the Sun-Earth line (Figure 4e). In part this can be due to Alfvénic
fluctuations in the solar wind, which will modify structures between when they are measured and when they
impact on the magnetosphere (Guarnieri et al., 2018). We find that smoothing the IMF and RO time-series by up
to 30 min to reduce the effect of high frequency fluctuations can improve the correlation by 0.1-0.15. However,
visual inspection of Figure 2 does seem to suggest that there are dips in correlation correlation of about 0.1-0.2
when Wind is at it's maximum distance from the Sun-Earth line, though the temporal width of these dips is quite
variable. This corroborates the changes in median correlation with increasing R, shown in Figures 5 and 6. We
note that the improvement in correlation with smoothing over 30 min may also be due to the magnetosphere being
unable to respond readily to very short timescale fluctuations in the solar wind.

Collier et al. (1998) studied the solar wind propagation delay from a spacecraft far upstream of the Earth and one
just outside the bow shock. By comparing their timings with similar ones made by Crooker et al. (1982), they
suggested that there might be a solar cycle dependence of the orientation of features in the solar wind and hence
the accuracy of predicted propagation delay. However, although our observations span over half a solar cycle
(albeit a relatively weak cycle), from examination of Figure 3 we see no evidence for such a dependence in our
correlations.

R,, varies between about 25 and 100 R;. The reduction in correlation when R, is large suggests that there is
structure within the solar wind transverse to the flow direction on spatial scales of 100 R, that is roughly on
the scale of the magnetosphere itself. Crooker et al. (1982) estimated the coherence scale length of features in
the solar wind to be of order 90 R, which is approximately consistent with our findings. On the other hand, the
structure along the flow direction is known to be as small as 10 R, corresponding to temporal variations in the
OMNI data of a few minutes. Most previous studies have assumed that solar wind features are significantly larger
than the magnetosphere, such that the lateral variation of any interaction can be ignored: it is possibly the case
that this is often too simplistic an assumption.

Many authors have developed coupling functions for the solar wind-magnetosphere interaction (e.g., Newell
et al., 2007; Milan et al., 2012; Lockwood & McWilliams, 2021, and references therein). Accurate characteri-
zation of the upstream solar wind conditions is crucial for such studies. The problems with solar wind monitors
identified in the present study suggests that there is an intrinsic limit to the predictive capability of such coupling
functions.

A similar study could have been undertaken with ground-based magnetometers, looking for magnetic perturba-
tions produced by the horizontal ionospheric closure currents associated with the RO FACs, or ionospheric radars
looking at the east-west sense of the dayside convection throat. Both methods would have suffered from non-con-
tinuous data (neither magnetometers nor radars remain located in the cusp sector), and it would have been much
less straightforward to remove the effect of latitudinal changes in the position of the cusp. We have also been able
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to exploit the fact that the polarity of the RO FACs seems independent of whether the IMF is directed northwards
or southwards, whereas the convection geometry changes markedly under these two conditions.

An interesting question that has not been addressed by our analysis is the role that the orientation of phase-fronts
within the solar wind have on prediction accuracy. For instance, near-radial IMF might suggest that phase-fronts
are aligned nearly along the flow direction, adding uncertainty to the calculated propagation delay from Wind to
the magnetosphere. Unfortunately, our current analysis technique is not suited to such an investigation, not least
because B, will be small at times of radial IMF.

Finally, we remark that our analysis has relied on the fact that the RO FACs, as measured by our PCA technique,
respond to IMF B, in the same way for both northwards and southwards IMF, as shown in Figure 2. It is perhaps
counter-intuitive that this should be the case, as Bj-related magnetic tension forces are exerted on the dayside
magnetosphere through the action of magnetic reconnection, which occurs near the subsolar magnetopause for
IMF B, < 0 and tailward of the cusps for B, > 0 nT. For southwards IMF the RO FAC has a single polar-
ity, which reflects the sense of vorticity within the dayside ionospheric convection throat; for northwards IMF
(northwards-B, or NBZ) the RO FAC splits into a pair of upward and downward FACs which straddle the noon
meridian, due to the clockwise and anticlockwise vorticity of the reverse lobe convection cells. If By, # 0 then
either the upward or downward FAC dominates (e.g., Carter et al., 2018). In this case, the addition of net upward
or downward FAC (in the same sense as for SBZ) to the NBZ FAC pair leads to the expected FAC imbalance.
Further details can be found with reference to Figure 2 of Milan et al. (2018).

We conclude that solar wind measurements up to 100 R, off the Sun-Earth line are valuable for studies of solar
wind-magnetosphere coupling. Discrepancies between IMF variations and their ground signature, and the timing
between these, can be found for all values of R,,. However, a reduction in the overall fidelity of predictions of
IMF features does occur as this distance increases. We have quantified this as a reduction in cross-correlation
coefficient between measurements near L1 and in the ionosphere of between 0.1 and 0.15 in time-series of 24 hr
duration. A further 0.1-0.15 reduction in cross-correlation is due to the presence of Alfvénic fluctuations within
the solar wind.

Data Availability Statement

Advanced Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) data were obtained
from JHU/APL (http://ampere.jhuapl.edu/dataget/index.html) and processed using software provided (http://
ampere.jhuapl.edu/). The high resolution (1-min) OMNI Wind data used in this study were obtained from the
NASA Goddard Space Flight Center Space Physics Data Facility OMNIWeb interface at https://spdf.gsfc.nasa.
gov/pub/data/omni/high_res_omni/sc_specific/.
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