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ABSTRACT

The structure and dynamics of the magnetospheres of the outer planets, particularly Saturn
and Jupiter, have been explored through both remote and in sifu observations. Interpreting
these observations often necessitates simultaneous knowledge of the solar-wind conditions
impinging on the magnetosphere. Without an available upstream monitor, solar-wind context
is typically provided using models initiated with either the output of magnetogram-constrained
coronal models or, more commonly, in situ observations from 1 au. While 1-au observations
provide a direct measure of solar-wind conditions, they are single-point observations and
thus require interpolation to provide inputs to outer-heliosphere solar-wind models. In this
study, we test the different interpolation methods using synthetic 1-au observations of time-
evolving solar-wind structure. The simplest method is ‘corotation’, which assumes solar-wind
structure is a steady state and rotates with the Sun. This method of reconstruction produces
discontinuities in the solar-wind inputs as new observations become available. This can be
reduced by corotating both backwards and forwards in time, but this still introduces large
errors in the magnitude and timing of solar-wind streams. We show how the dynamic time
warping (DTW) algorithm can provide around an order-of-magnitude improvement in solar-
wind inputs to the outer-heliosphere model from in situ observations near 1 au. This is intended
to build the foundation for further work demonstrating and validating methods to improve
inner-boundary conditions of outer-heliosphere solar-wind models, including dealing with
solar-wind transients and quantifying the improvements at Saturn and Jupiter.

Key words: Sun: heliosphere — solar wind — planet—star interactions.

1 INTRODUCTION

The magnetospheres of Saturn (Dougherty, Esposito & Krimigis
2009) and Jupiter (Bagenal et al. 2004) have been explored both
through remote observations and with in situ spacecraft observations
(e.g. Crary etal. 2005; Clarke et al. 2009; Hess, Echer & Zarka 2012;
Connerney et al. 2017). Though the dynamics of the outer planets’
magnetospheres are rotationally dominated, they are strongly mod-
ulated by the solar wind, so, like at the Earth, understanding the
dynamics of these magnetospheric systems requires simultaneous
knowledge of the local solar-wind conditions (Brice & loannidis
1970; Kennel & Coroniti 1975; Nichols, Cowley & McComas 2006;
Badman & Cowley 2007; Delamere & Bagenal 2010; Masters 2015;
Nichols et al. 2017). In the absence of such available observations,
this must instead be provided by solar-wind models.

* E-mail: m.j.owens @reading.ac.uk
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Solar-wind conditions in near-Earth space are routinely forecast
based on photospheric observations, through coupled coronal and
heliospheric models (e.g. Riley, Linker & Mikic 2001; Odstrcil
2003; Toth et al. 2005; Merkin et al. 2016; Pomoell & Poedts 2018).
However, for outer-planet research, genuine forecasting is rarely
required, and the accuracy of the solar-wind structure reconstructed
by magnetogram-based methods may not be sufficient (e.g. Owens
et al. 2008). Thus, the preferred method is to propagate in situ
observations from 1 au to the required planetary target. Over short
radial distances, this can be done ballistically (Vennerstrom et al.
2003). However, the solar-wind undergoes a great deal of dynamic
evolution between 1 and 5-10 au (e.g. Hanlon et al. 2004), which
we here refer to as the outer heliosphere. Thus, the propagation
of available observations is typically done using numerical fluid
models, with magnetohydrodynamic (MHD) models used in both
one-dimensional (1D) (Tao et al. 2005; Zieger & Hansen 2008)
and 2D [e.g. the MSWIM2D models, based on the Toth et al.
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(2005) framework; see also Keebler (2021)]. This general approach
supports a huge volume of planetary science (e.g. Zarka et al. 2007;
Clarke et al. 2009; Nichols et al. 2009; Kimura et al. 2013; Provan
et al. 2015; Kita et al. 2016).

As 1-au observations are rarely available in perfect radial
alignment with the target planet, observations also have to be
extrapolated in longitude. This is true for 1D models (Tao
et al. 2005; Zieger & Hansen 2008), where either the model
inputs or outputs can be extrapolated between the observation
longitude and the target longitude, or for 2D models (Kee-
bler 2021), where all longitudes must be reconstructed from
the available single-point observations to provide a full set of
inner-boundary conditions at 1au. In both cases, ‘corotation’ is
used, wherein the conditions at a given Carrington longitude
(i.e. in a frame rotating with the Sun) are assumed to be equal
to previous or subsequent observations at the same Carrington
longitude. Thus, the assumption is made of no time evolu-
tion.

The simplest form of corotation uses the previous observation at
a required longitude, i.e. it looks only back in time, which enables
it to also be used for forecasting (e.g. Kohutova et al. 2016; Thomas
et al. 2018; Turner et al. 2021). When the solar-wind structure (in
the rotating frame of the Sun) is evolving with time, this produces
sharp discontinuities in the reconstructed solar wind at longitudes
where new observations are introduced. To mitigate this, corotation
can be ‘smoothed’ in time (and hence Carrington longitude) by
interpolating between the previous and subsequent observations
at a given longitude. This approach is used by the most recent
implementation of the 2D MSWIM2D model (Keebler 2021).

In this study, we produce synthetic in situ observations from a
model of time-evolving solar wind and test how well the corotation
schemes can reconstruct the true state. It is shown that the time-
smoothing form of corotation produces an improvement over simple
corotation, greatly reducing the artificial discontinuities, but that
there are still significant errors in reconstructing a time-evolving
solar-wind structure. Ideally, the strengths of the magnetogram-
constrained solar-wind models would be combined with the infor-
mation from in situ observations using data assimilation (Lang &
Owens 2019; Lang et al. 2021). However, this is currently possible
only with reduced-physics models, and is computationally intensive
for the long runs required for outer-heliosphere simulations. While
these techniques will become more accessible in the future, in
this study, we explore an alternative method for best exploiting in
situ observations as inner-boundary conditions to outer-heliosphere
solar-wind simulations.

To explicitly allow for time evolution, we develop a reconstruc-
tion scheme based on dynamic time warping (DTW). This method is
explained in Section 2 and tested in Section 3. This study is intended
to be the firstin a series examining how best to use 1-au observations
to provide inner-boundary conditions to solar-wind models. Future
papers will use the inner-boundary conditions generated in this
study to drive solar-wind simulations and quantify the effect on
the solar-wind conditions reconstructed at the orbits of Saturn
and Jupiter, outline and test a scheme for dealing with transient
structures from interplanetary coronal mass ejections (ICMEs) in
the in situ observations, and apply the methods to real observations
from near-Earth andSTEREO spacecraft.
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Figure 1. Two models of solar-wind speed evolution. Snapshots of solar-
wind speed as a function of Carrington longitude are shown five times,
approximately one Carrington rotation (CR) apart. Panel (a): Two fast
solar-wind streams evolve linearly in magnitude, width, and position as a
function of time. Panel (b): A single solar-wind stream evolves non-linearly
in magnitude, width, and position as a function of time.

2 METHODS

2.1 Synthetic solar-wind observations

In order to test solar-wind reconstruction methods, we produce
synthetic in situ observations from time-evolving models of solar-
wind speed, V. This enables us to compare with the ‘true’ state from
which synthetic observations are constructed, which is not possible
with real observations.

Fig. 1 shows two models of V at the heliographic equator at 1 au, in
the Carrington frame rotating with the Sun. Fig. 1(a) shows the linear
model in which two fast streams both move in longitude and change
in magnitude linearly with time. The properties of the fast streams
are chosen arbitrarily and can be varied in the analysis code available
through the GitHub link in the acknowledgements. In the example
used here, we choose values typical of the solar wind observed at
1 au (e.g. Owens 2019). Slow wind has a speed of 400 km s~!. The
first fast stream has an initial amplitude of 700 km s~! and begins at
a maximum longitude of 260° with a width of 50°. The fast stream
amplitude decays at arate of 1 km s~! per day and it moves to greater
Carrington longitude at a rate of 1° per day. The second fast stream
has an amplitude of 500kms~', increasing at 2kms~! per day, a
width of 40°, and an initial longitude of 110°, increasing at 0°5 per
day. The maximum and minimum allowed speeds are capped at 800
and 400 kms~!, respectively. Both fast streams have a declining V
back to the slow wind speed at a gradient of S5kms~! per degree
of longitude. As a (quasi-) stationary spacecraft at 1 au moves to
smaller Carrington longitude with time, these profiles produce V
time series of fast streams with a discontinuous rise in solar-wind
speed, followed by a constant peak V, before linearly declining back
to slow wind.

We also consider a non-linear model in which both the longitude
and magnitude of the fast stream vary sinusoidally, as shown in
Fig. 1(b). In the example shown, there is a slow wind of speed
400 km s~!, with a single fast stream. The fast stream has a width of

220z 1snbny z0o uo Jasn Buipeay Jo Ausisaiun Aq g1 11 2£9/S/52/2/80S/210e/seiuw/woo dnoolwapese//:sdiy woll pepeojumod



Linearly-evolving solar wind

Nonlinearly-evolving solar wind

wl§

600

w
a
=)

(a)

w
o
S)

N
a
o

N
o
=3

-
I
o

ey

Carr longitude [deg]

-
o
S

v
o

0

V [km/s]

@
o
S)

a

=

500

~
a o u
S © o

o
=)

Solar wind speed [km/s]
g U o o N
S 3
8 3

IS
I
o

IS
=)
5]

0 5‘0 160 1_;:0 o 5‘0 160 150
Time [days] Time [days]
Figure 2. Two models of solar-wind speed evolution. Left-hand panels:
linearly evolving V with time. Right-hand panels: non-linearly evolving V
with time. Top panels: colour maps of solar-wind speed as a function of

Carrington longitude and time. The Earth’s position is shown by the black
lines. Bottom panels: the resulting V time series in near-Earth space.

50° and initially has a maximum longitude of 160°. The longitude
varies sinusoidally with an amplitude of 100° and a period of 200 d,
as well as drifting linearlyto greater longitude at a rate of 1° per
day. The amplitude of the fast stream is initially 600 km s~ varying
sinusoidally with an amplitude of 100 km s~! and a period of 200 d.

The V obtained by these two models is shown as a function of
Carrington longitude and time in Figs 2(a) and (b). In this format, a
non-evolving solar wind would show horizontal bands of constant
V. The black lines show the Earth’s position, at which the synthetic V
time series is extracted and shown in Figs 2(c) and (d). We next test
the ability of various techniques to reconstruct V at all Carrington
longitudes from this synthetic near-Earth V time series.

2.2 Corotation reconstruction methods

Cororation is the most commonly used technique to reconstruct
solar-wind conditions at longitudes distant from that where ob-
servations are available. Corotation assumes that the solar-wind
structure in the rotating frame of the Sun does not change with
time. It is illustrated schematically in Fig. 3(a). The thick diagonal
lines track the position of Earth over two subsequent CRs, CR N and
N + 1. The transition from red to blue shows an observed transition
from slow to fast wind in near-Earth space. The slow—fast wind
interface moves to a larger Carrington longitude (¢) with time, and
thus the reconstruction point (7, ¢¢) where the solar wind is to be
reconstructed is in fast wind. Standard corotation looks back into
the previous CR to find the previous V observation at ¢, which
occurred at a time 7_. Therefore, the reconstructed V at (¢, ¢o) by
corotation backwards in time, Vg, is given by

Ves(to, ¢o) = V(i—, ¢o). )]

In the example shown in Fig. 3(a), the time evolution means that
corotation (backwards in time) incorrectly estimates Vg (fo, ¢o) to
be slow wind.

For reconstruction (i.e. in non-forecast situations), corotation can
be applied both forwards and backwards in time to find the prior and
subsequent V at the same Carrington longitude. A weighted average
(based on timing proximity) of the two V values is taken. We refer
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Figure 3. Schematics of the three reconstruction methods assessed in this
study. Two CRs of in situ observations are shown as a function of Carrington
longitude, ¢, and time, 7, with the slow/fast wind in blue/red. Slow—fast-wind
interface (blue dashed line) moves to greater ¢ between CR N to CR N +
1. The reconstruction point, (ty, ¢o), shown as a black dot, is in fast wind.
Panel (a): In the standard corotation method, V(#, ¢) is equal to the value
at the same Carrington longitude at the time of the previous observation. In
this example, it gives slow wind. Panel (b): Corotation smoothed in time
uses a weighted average of the prior and subsequent values of V at ¢g, which
results in intermediate-speed wind. Panel (c): DTW aligns features in the
CR N and CR N + 1 time series and takes a weighted average along the
determined warp path. This results in fast wind at V, as required.

to this as ‘corotation time smoothing’. It is schematically shown in
Fig. 3(b). The estimated speed by this method, Vcr, is given by

v g, @)

Ver(to, ¢o) = =l Vi(t_, ¢o) +

ty —1t ty

where 7, is the time of the V observation at Carrington longitude
¢o during the subsequent CR.

In the example shown in Fig. 3(b), the corotation time smoothing
would produce intermediate-speed solar wind at the reconstruction
point.

MNRAS 508, 2575-2582 (2021)
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2.3 Reconstruction by the DTW

As will be shown in Section 3, corotation time smoothing provides
improved reconstruction over simple back-in-time corotation, but it
still does not explicitly account for the time evolution of solar-wind
structures. Here, we match solar-wind structures in consecutive
time series bounding the required reconstruction time/position
to explicitly allow for time evolution. The principle is shown
schematically in Fig. 3(c). If features, such as the slow/fast solar-
wind transition, can be connected between subsequent time series,
then the time smoothing can be performed along ‘connection lines’
rather than along constant Carrington longitude lines. In the example
shown, this would correctly identify fast wind at the reconstruction
point.

In order to systematically determine the connections between
solar-wind streams in two time series, we use an algorithm called
‘dynamic time warping’ (Sakoe & Chiba 1978; Keogh & Ratanama-
hatana 2005). DTW is used to measure similarity between temporal
profiles, and is commonly used in automatic speech recognition
to look for similar waveforms when people have different speech
cadences. In geophysics, it can also be used as a metric of the
agreement of two time series (Laperre, Amaya & Lapenta 2020),
without overpenalizing for small timing errors (Owens 2018). It
has also been proposed as a way to project solar-wind stream fronts
from observing spacecraft at the L1 point to the nose of the Earth’s
magnetosphere (Prchlik & Stevens 2018). Here, DTW will be used
to assess the connection lines (or ‘warp paths’) that connect similar
features in two time series. For this purpose, we use the Meert,
Hendrickx & Craenendonck (2020) implementation in PYTHON.

In brief, DTW can be summarized as follows: For two data
sequences, A (a;, az, as, ..., ay) and B (by, by, b3, ..., by), we
seek to match every index in A with one or more indices in B in
a way that minimizes the difference between the two sequences.
This matching is subject to a number of rules (here written only for
sequence A, though they also apply to B):

(i) Every index in A must be matched with one or more indices
in B.

(i1) a; must map to by, though it may also map to larger indices
in B.

(iil) ap; must map to by, though it may also map to smaller indices
in B.

(iv) Mapping must be monotonically increasing; that is, if a;
maps to b;, then a; . must map to either b; and/or b; | (and
possibly also higher B indices).

A cost function, based on the difference between the mapped
indices, is then minimized to give the optimal match. Additional
constraints can also be used. It is common to impose a locality
constraint, such that mappings between ¢; and b; must meet the
criterion |i — j| < w, where w is the maximum window length over
which mapping is permitted.

An example of DTW applied to two V time series is shown in
Fig. 4. Panels (a) and (b) show V at Earth produced by the linearly
evolving solar-wind model for two consecutive CRs, N and N +
1, respectively. Fig. 4(c) shows the cumulative Euclidean distance
between the V values when different sections of the time series are
aligned. This alignment is not a fixed time offset, but a variable
‘warping’ of the time series. If there was no time evolution, the
optimum path (shown in black) would lie along the y = x line
(shown in white). During long intervals of slow wind, such as days
20-25, there are no features for the algorithm to match and a low
cumulative distance can be achieved for a large range of different

MNRAS 508, 2575-2582 (2021)
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Figure 4. An example of DTW applied to two near-Earth V time series
produced by the linearly evolving model. Panel (a) shows the time series of
Vtor CR N, while panel (b) shows the time series of Vfor CR N + 1. Fast/slow
wind is further highlighted by yellow/blue. Panel (c) shows a colour map of
the total distance between time points for all possible connections. The black
line traces the optimal path (i.e. minimum cumulative distance). For this
example, most warp paths connect to earlier times in CR N + 1, suggesting
solar-wind features are moving earlier in the CR. The optimal path is best
constrained at the leading edge of fast streams.

warpings. At the slow—fast-wind interface, however, such as around
days 2 and 14, there is a very clear optimum warping. In both cases,
the structure in CR N is encountered earlier than in CR N + 1.
Thus, the sharp gradients in V act as ‘anchor points’ for the DTW
scheme. As discussed further in Section 4, at times when there is
little structure in V, it may be necessary to use additional solar-
wind parameters to provide the required anchor points and produce
accurate warp paths between the two time series.

The same example time series are shown in Fig. 5 as a function of
Carrington longitude and time, with V as the colour scale. The black
lines show identified optimal warp paths between the V time series.
As the fast solar-wind streams are moving to increasing Carrington
longitude between the two CRs, most of these connection lines have
a positive gradient. At the point of interest, shown as a red dot, the
closest connector is shaded red. It connects fast solar wind at both
ends and thus (correctly) predicts fast wind at the reconstruction
point. However, the exact magnitudes of V at the start and end of
the best warp path are different, so we take a weighted average:

t — 1y
Vorw(fo, ) = — -V (1_w, $-w)
Lhw — 1w
o —I-w
+—V(tw, d1w), 3)
Lyw —I-w

where 7_w and 7, are the times of the start and end of the optimal
warp paths, respectively, and ¢_w and ¢,w are the associated
Carrington longitudes.

For each time and longitude at which V'is to be reconstructed, we
produce two 27-d time series at 1-h resolution from the synthetic
near-Earth V, centred on 7, and 7_. We apply DTW to these two
time series, allowing 5d at the start and end of the time series to be
ignored if it produces a lower average distance, so as to minimize
edge effects. We also set a maximum warp window of 5 d, to avoid

220z 1snbny g0 uo Jasn Buipeay Jo AusieAiun Aq g1 11 /£9/S/52/Z/80G/8101e/Seluw/woo dno olwepeoe//:sdiy woly pepeojumoq



700
350
650
300
600
250
550
'5\ —
£ 2001 é
S 500 £
£ i
8 150 >
450
100 -
400
501 350
01~ . : . : - 300
60 70 80 90 100 110
Time [days]

Figure5. Anexample of DTW reconstruction applied to subsequent CRs of
near-Earth V observations obtained from the linearly evolving V model. The
red dot shows the position/time where V is to be reconstructed. Corotation
uses previous/subsequent observed values in near-Earth space at the same
Carrington longitude, shown by the dashed red line. The black lines show
the DTW warp paths that best connect the V time series at subsequent CRs.
The DTW estimate of solar wind uses observed values along the closest
warp path, shown by the solid red line.

connecting different solar-wind streams. This means that DTW will
not be able to recognize very rapid solar-wind evolution. The results
presented here are insensitive to the choice of these parameters.
Optimal smoothing of the input time series and choice of the edge-
and warp-windows for use with real in situ data will be invested in
a future paper in this series.

3 RESULTS

Figs 6 and 7 show solar-wind speed as a function of Carrington
longitude and time obtained by applying the three reconstruction
techniques to the synthetic near-Earth observations. Reconstruc-
tions are made at daily cadence and for 128-longitude bins,
though results are unchanged at hourly resolution and 720-longitude
bins.

Figs 6(b) and 7(b) clearly show that in the presence of time-
evolving solar-wind structures, corotation (backwards in time)
produces discontinuities in the reconstructed solar wind as new
observations are introduced. When performing 2D solar-wind
modelling, this produces unphysical solar-wind solutions, as will
be demonstrated and quantified in a later paper in this series. By
comparing the two fast streams in the linear case (Fig. 6b), it is also
apparent that the issues with corotation are greater for features that
are evolving faster in time.

Figs 6 and 7 show that time-smoothing corotation does indeed
reduce discontinuities in V relative to corotation back in time when
new observations are introduced. However, there are still visible
artefacts, particularly for the fast-evolving solar-wind streams.

The result of the DTW reconstruction method applied to the
linearly evolving solar wind is shown in Fig. 6(d). The agreement
with the true state (Fig. 6a) appears, by eye, to be very good.
In particular, there are no apparent artefacts at the observation
locations, which are obvious for both the simple corotation back
in time and the time-smoothing corotation methods.
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Figure 6. Solar-wind speed as a function of longitude and time. Panel (a):
the model of linearly evolving solar-wind structure from which synthetic
V time series are produced in the Earth’s orbit (black lines). The bottom
three panels show Vreconstructed from synthetic near-Earth observations by
three methods. Panel (b): corotation backwards in time, panel (c): corotation
smoothed backwards and forwards in time, and panel (d): DTW.

For the non-linear solar-wind evolution, shown in Fig. 9, DTW
again provides a better visual match than either of the corotation
methods. However, unlike the linear case, the location of observa-
tions can be seen in the DTW reconstruction as a change in gradient
in the longitude of the fast stream with time.

In order to visualize these differences more clearly, we also
compute dV, the difference between the true state and the recon-
struction. The linearly evolving solar wind is shown in Fig. 8.
The large positive and negative dV values for the two coro-
tation methods (Figs 8a and b, respectively) are almost com-
pletely removed by DTW (Fig. 8c). The average values over
the whole domain, between times of 27 and 157d, are sum-
marized in Table 1. The time-smoothing corotation produces
average errors about a factor of 2.5 lower than backward-in-
time corotation. DTW provides nearly an order-of-magnitude
further reduction in average errors from time-smoothing corota-
tion.

Fig. 9 shows dV for the non-linearly evolving solar wind. For
DTW, the errors are largely confined close to the high-speed stream
front, whereas they are spread over a greater longitude range for
the corotation methods. Table 1 shows that the time-smoothing
corotation produces average errors about a factor of 2 lower than
backward-in-time corotation, with DTW providing a further factor
of 2 reduction from time-smoothing corotation.

It is instructive to look in more detail at the reconstructed V
time series at locations distant from observations. Fig. 10 shows the
time series reconstructed 180° ahead of the Earth in its orbit (i.e.
at the longitude farthest from available observations). For both the
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Figure 7. Solar-wind speed as a function of longitude and time. Panel
(a): the model of non-linearly evolving solar-wind structure from which
synthetic V' time series are produced in the Earth’s orbit (black lines).
The bottom three panels show V reconstructed from synthetic near-Earth
observations by three methods. Panel (b): corotation backwards in time,
panel (c): corotation smoothed backwards and forwards in time, and panel
(d): the DTW.
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Figure 8. The V error between the reconstruction methods and the true state
of the linearly evolving solar wind, as a function of Carrington longitude
and time. Panel (a): corotation backwards in time. Panel (b): corotation
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Table 1. The mean absolute error (MAE) in V between the true state and
the reconstructed state from synthetic near-Earth time series. Values are
computed between days 27 and 157, when all methods are valid.

(|AV]) (linear) (|AV]) (non-linear)

Corotation (backwards in 7) 28.5kms~! 35.0kms™!
Corotation (smoothed in 7) 11.0kms™! 17.1kms~!
DTW 1.8kms™! 8.3kms™!

AV, Corotation: Backward in t - True (nonlinearly evolving)

300
300 @ R
kel o, !
= 200
c
S ‘ ‘ 200
8 100
0
AV, Corotation: Smoothing in t - True (nonlinearly evolving)| 100
(b)
300 —
g - ™ T
w
gzoo Al o £
- - 3
= <
8 100
0 : : : . . -
. . -100
AV, DTW - True (nonlinearly evolving)
300 (C) . ‘
e i
g =
'3 200 T - -200
s
& 100
0 r : ; : , : - -300
0 25 50 75 100 125 150 175
Time [days]

Figure 9. The V error between the reconstruction methods and the true
state of the non-linearly evolving solar wind, as a function of Carrington
longitude and time. Panel (a): corotation backwards in time. Panel (b):
corotation smoothed backwards and forwards in time. Panel (c): DTW.

linear and non-linear cases, corotation back in time (green lines)
reproduces the correct general form of the solar-wind structure, but
with systematic timing and/or magnitude offsets in the high-speed
streams.

The systematic timing errors are also generally removed by time
smoothing the corotation reconstruction (blue lines). However, the
time profile of the high-speed stream has been altered. For the non-
linearly evolving solar wind shown in Fig. 10(b), the true state (black
line) shows a single rise in V at day 92.5, whereas time smoothing
produces both a jump to the left (at day 90) and a step to the right
(at day 96). This results from different V values obtained from
averaging the backwards and forwards in time corotations to give
intermediate-speed wind, matching neither observation. This results
in the two-step V time series profile for the high-speed streams. In
a later paper, the effect of this on the reconstructed solar wind on
the outer planets will be quantified.

The timing, magnitude, and waveform of the DTW reconstructed
fast streams (red dashed lines) are in better agreement with the true
state than the corotation methods. For the non-linearly evolving
solar wind (Fig. 10b), it can be seen that the dV at the leading edge
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Figure 10. Example of V time series from a point 180° ahead of the Earth
in its orbit (i.e. the farthest point from an available observation). Panel
(a): linearly evolving solar-wind model. Panel (b) the non-linearly evolving
solar-wind model. Black lines show the true state. Coloured lines show
the reconstructed values using the near-Earth V time series using (green)
corotation back in time, (blue) corotation smoothed backwards and forwards
in time, and (red dashed line) DTW.

of the fast stream is actually a small magnitude error, rather than
the timing errors present for the corotation methods.

Fig. 10 considers only a single location relative to the Earth.
In order to look more generally at the performance of the recon-
struction methods, we produce time series for the true state and
reconstructions at a range of longitudes relative to the Earth, A¢.
These are summarized in Fig. 11.

For each time series, we compute the MAE in V, shown in
Figs 11(a) and (b) for the linearly and non-linearly evolving solar
winds, respectively. For corotation back in time (green lines), the
MAE increases almost linearly with A¢, and produces a large
discontinuity at the A¢ = 0°/360° position. Corotation smoothed
in time removes this discontinuity, with MAE = 0 at A¢ = 0° and
A¢ = 360°. MAE is maximized at A¢p = 180°. MAE for DTW
(red lines) exhibits the same basic behaviour, but with reduced
amplitude.

We also apply high-speed enhancement (HSE) analysis to each
time series (Owens et al. 2005; MacNeice 2009; MacNeice et al.
2018). This event-based analysis identifies an HSE using a mini-
mum speed gradient, then associates HSEs between the observed
and reconstructed time series. This allows us to determine the timing
and magnitude errors in individual high-speed streams. Figs 11(c)
and (d) show that corotation back in time introduces timing errors,
AT, which grow linearly with A¢. For the non-linearly evolving
solar wind, corotation smoothed in time shows similar behaviour to
MAE. For the linear case, however, AT peaks at low A¢ at a value
larger than corotation back in time, then declines with A¢. This is
due to the two-step V profile, with an HSE analysis jumping between
defining the event start between the first and second increases inV .
For DTW, AT is effectively zero for the linear case, but peaks at A¢
= 180° in the non-linear case, though again at lower values than
either of the corotation methods. The HSE magnitude errors, AV,
are shown in Figs 11(e) and (f). Of note is the AV for corotation
smoothed in time in the non-linearly evolving solar wind case (i.e.
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Figure 11. Metrics for the three reconstruction methods at different
longitudes relative to Earth, A¢. Left- and right-hand panels show the
linearly and non-linearly evolving solar winds, respectively. Panels (a) and
(b): the mean-absolute error in V. Panels (c) and (d): timing error, AT, in
the high-speed streams. Panels (e) and (f): magnitude error, AV, in the high-
speed streams. Green lines show corotation back in time, blue lines show
corotation smoothed in time, and red lines show DTW.

the blue line in Fig. 11f). There is a sharp peak in AV around A¢
= 180°. This is due to time smoothing introducing an artifical two-
step waveform at solar wind speed gradients (as seen in Fig. 10b).
The HSE is consequently identified as only the first step up in speed,
producing a low maximum speed.

4 CONCLUSIONS

Observations of planetary magnetospheres benefit from the local
solar-wind context. For the outer planets, this is typically provided
using solar-wind models initiated from in sifu observations around
1 au. This is Paper I in a series, which investigates and validates
methods for reconstructing the solar-wind speed, V, at all longitudes
from single-point in sifu observations. The standard method is
corotation in which V at a given Carrington longitude is equal to the
last available observation at that longitude. Thus, corotation-based
reconstruction assumes no time variation in solar-wind structure.
In order to quantify the effect of this, and explore a technique
that relaxes the time-stationary assumption, we constructed two
models of the solar-wind evolution and produced synthetic in situ
observations from which the global structure is to be reconstructed:
one in which the solar wind structure evolves linearly with time and
the other in which the solar-wind structure evolves non-linearly.
Using these models, time smoothing — in which the reconstructed
speed at a given point is a linear combination of the corotated
speed both forwards and backwards in time — is shown to greatly
improve V reconstruction over the standard corotation back in
time. In particular, the discontinuity in reconstructed V produced
by the introduction of new observations is greatly reduced by the
use of time smoothing. However, there are still issues, particularly
in reconstructing the non-linearly evolving solar wind. In general,
corotation with time smoothing removes systematic offsets in the
timing of fast streams, but changes the waveform of reconstructed
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fast streams, spreading them over a longer time interval and reducing
the peak amplitude.

To address these issues, we adapt a data analysis technique
employed in automatic speech recognition to account for different
speech cadences. DTW computes the agreement between temporal
profiles when connecting different points within the profile. By
finding the ‘warp path’ that maximizes the agreement, we are able to
interpolate between the same solar-wind structures, rather than solar
wind at the same Carrington longitudes. Applying the DTW method
to the linearly evolving solar wind produces an almost perfect
reconstruction, with an order-of-magnitude reduction in V errors
even compared to corotation time smoothing. For the non-linear
case, the improvements were not as large, but still significant over
the corotation methods. The implications for using these boundary
conditions for solar-wind prediction on the outer planets will be
investigated using the HUXt solar-wind model (Owens et al. 2020)
in future work, though the results are expected to be generally
applicable to any model using the same input boundary conditions.

We note that real in situ observations can contain transient
structures in the form of ICMEs. Assuming ICMEs repeat in
subsequent CRs, or are seen by spacecraft that are well separated
in longitude, will create major errors in corotation-based schemes
and will produce incorrect warping paths in the DTW approach.
Methods to deal with transient features will be investigated in a
subsequent paper in the series.

For simplicity, this study has only looked at solar-wind speed
and synthetic observations from a single spacecraft. The same
methodology can be applied to multiple spacecraft observations
near 1lau, as will later be demonstrated using near-Earth and
STEREO observations.

The warping paths determined from V observations can be
applied to other solar-wind parameters, allowing a full set of
input conditions for MHD models (e.g. Tao et al. 2005; Zieger &
Hansen 2008). (Note that it would not be desirable to determine and
apply different warp paths for different solar-wind parameters, as
this would result in unphysical solutions, For example, potentially
moving a period of the southward heliospheric magnetic field from
a fast to slow solar-wind region.) We also note that it is possible to
determine a single set of warp paths from the matching of multiple
time series. Thus, it is possible to find a single set of warp paths
that provide the best match to multiple solar-wind parameters,
such as speed, magnetic field polarity, and density. This will be
beneficial if the DTW method is underconstrained by insufficient
common ‘anchor points’ within a single parameter time series. For
the synthetic time series considered in this study, this was not an
issue. Unambiguous testing of the method with real solar-wind
observations is difficult as the true state is not known. However,
in the final paper in the series, we will determine the robustness
of the warp paths as new information is provided. For real solar-
wind observations, determining the most accurate warping paths
may require pre-processing of the data, such as smoothing high-
frequency ‘noise’. This will also be investigated.
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