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Abstract

Knowledge of the ambient solar wind is important for accurate space-weather forecasting. A simple-but-effective method of

forecasting near-Earth solar-wind conditions is “corotation”, wherein solar-wind structure is assumed to be fixed in the reference

frame rotating with the Sun. Under this approximation, observations at a source spacecraft can be rotated to a target location,

such as Earth. Forecast accuracy depends upon the rate of solar-wind evolution, longitudinal and latitudinal separation between

the source and target, and latitudinal structure in the solar wind itself. The time-evolution rate and latitudinal structure of the

solar wind are both strongly influenced by the solar cycle, though in opposing ways. A latitudinal offset is typically present,

introducing an error to corotation forecasts. In this study, we use observations from the STEREO and near-Earth spacecraft to

quantify the latitudinal error. Aliasing between the solar cycle and STEREO orbits means that individual contributions to the

forecast error are difficult to isolate. However, by considering an 18-month interval near the end of solar minimum, we find that

the latitudinal-offset contribution to corotation-forecast error cannot be directly detected for offsets <6º, but is increasingly

important as offsets increase. This result can be used to improve solar-wind data assimilation, allowing representivity errors

in solar-wind observations to be correctly specified. Furthermore, as the maximum latitudinal offset between L5 and Earth is

[?]5o, corotation forecasts from a future L5 spacecraft should not be greatly affected by latitudinal offset.
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Key Points:6

• Solar wind speed corotation forecast error is affected by solar activity and space-7

craft longitudinal and latitudinal separation.8

• Latitudinal separation has little effect when it is below 6◦, but increasing impor-9

tance above this.10

• A period in solar minimum gives a 46% increase in mean absolute error from low11

to high latitudinal offset for STEREO-A and B corotations.12
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Abstract13

Knowledge of the ambient solar wind is important for accurate space-weather forecast-14

ing. A simple-but-effective method of forecasting near-Earth solar-wind conditions is “coro-15

tation”, wherein solar-wind structure is assumed to be fixed in the reference frame ro-16

tating with the Sun. Under this approximation, observations at a source spacecraft can17

be rotated to a target location, such as Earth. Forecast accuracy depends upon the rate18

of solar-wind evolution, longitudinal and latitudinal separation between the source and19

target, and latitudinal structure in the solar wind itself. The time-evolution rate and lat-20

itudinal structure of the solar wind are both strongly influenced by the solar cycle, though21

in opposing ways. A latitudinal offset is typically present, introducing an error to coro-22

tation forecasts. In this study, we use observations from the STEREO and near-Earth23

spacecraft to quantify the latitudinal error. Aliasing between the solar cycle and STEREO24

orbits means that individual contributions to the forecast error are difficult to isolate.25

However, by considering an 18-month interval near the end of solar minimum, we find26

that the latitudinal-offset contribution to corotation-forecast error cannot be directly de-27

tected for offsets < 6◦, but is increasingly important as offsets increase. This result can28

be used to improve solar-wind data assimilation, allowing representivity errors in solar-29

wind observations to be correctly specified. Furthermore, as the maximum latitudinal30

offset between L5 and Earth is ≈ 5◦, corotation forecasts from a future L5 spacecraft31

should not be greatly affected by latitudinal offset.32

Plain Language Summary33

Space weather can damage our technologies, from power lines to satellites, as well as pose34

a hazard to humans in space. Forecasting space weather requires prediction of solar wind,35

a continuous outflow of material from the Sun, conditions in near-Earth space. A sim-36

ple way to achieve this is “corotation”, which assumes the structure of the solar wind37

is unchanging, but simply rotates around with the Sun. Thus solar wind which sweeps38

past one spacecraft will arrive at Earth some time later. This forecast will be less ac-39

curate when the spacecraft is far from Earth, as we need to wait longer for the solar wind40

to rotate around, during which time its structure may have changed. If the spacecraft41

is at a different latitude to Earth, it will also create problems for the forecast. In this42

study, we quantify the contribution of these factors to the forecast error. This knowl-43

edge will improve corotation forecasts, but also aid in other, more sophisticated, fore-44

cast techniques. By defining how close spacecraft need to be to Earth to sample the same45

solar wind, it also helps define where future space weather monitoring spacecraft should46

be positioned.47

1 Introduction48

Space weather has the potential to damage electricity grids, cause satellite failures,49

disrupt communications and threaten the health of humans in space (Cannon, 2013). The50

most severe space weather events are driven by transient coronal mass ejections [CMEs]51

(Gosling, 1993). However, prediction of the ambient solar wind is still important for space52

weather for two reasons. Firstly, the structure of the solar wind impacts the evolution53

of CMEs through interplanetary space and can determine their arrival time and sever-54

ity at Earth (Case et al., 2008). Secondly, steady-state structures in the solar wind can55

also be a driver for space weather events in their own right (e.g. Alves et al. (2006)). High56

speed streams emanating from coronal holes can compress into the slower solar wind and57

form stream interaction regions (SIRs), which become corotating interaction regions (CIRs)58

if they persist for several solar rotations (Reiss et al., 2016). These are regions of higher59

plasma density and magnetic field strength and can cause geomagnetic disturbances at60

Earth (Richardson & Cane, 2012). Thus, for accurate space weather forecasting of both61
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recurrent and non-recurrent events, knowledge of the solar wind conditions near-Earth62

is required.63

The Sun’s magnetic field forms an Archimedean spiral due to the field lines remain-64

ing rooted at the Sun as it rotates; this shape is known as the “Parker Spiral” (Parker,65

1958). The solar wind flows almost radially away from the Sun; however, fast and slow66

structures rotate with the Sun, which has a rotational period of 27-days with respect to67

Earth. Assuming a steady-state solar-wind structure in the rotating solar frame, this means68

that the same solar wind conditions will reoccur every 27-days at Earth. M. J. Owens69

et al. (2013) quantified the potential benefit of such 27-day “recurrence” (also called “27-70

day persistence”) forecasts. They can provide useful long-lead time forecasts and a bench-71

mark for more sophisticated models. The same principle can be used with observations72

from spacecraft distant from Earth, but at the same heliographic latitude, for example,73

on the ecliptic plane. Applying a time shift to observations at one spacecraft allows them74

to be used as a forecast for another, further on in the Sun’s rotation. These are known75

as corotation forecasts and the reduction in forecast lead time limits (but does not elim-76

inate) the assumption of a completely steady-state solar-wind structure. They have been77

shown to be a useful forecasting tool, often outperforming the 27-day recurrence model78

(Simunac et al., 2009; Kohutova et al., 2016; Thomas et al., 2018; Bailey et al., 2020).79

For observations at the same heliocentric distance, the required time shift [∆t] is given80

solely by corotation time [tC ], the time it takes the Sun to rotate by the angle φ between81

the longitudes of the observation (referred to as the source) and the location to be fore-82

cast (referred to as the target). For φ = 1◦, tC = 1.8 hours. However, spacecraft (and83

the Earth) orbiting the Sun typically have elliptical orbits, resulting in radial distance84

variations, as shown in panel 1 in Figure 1. This must also be accounted for in the cal-85

culation of ∆t.86

Due for launch in 2027, the European Space Agency (ESA) propose to place a space87

weather monitor at the L5 Lagrangian point, a gravitational null located 60◦ behind Earth88

(Davies, 2020). This point would provide a view of the Sun-Earth line, and so could give89

a side-on view of Earth directed CMEs (Akioka et al., 2005). It would also present the90

opportunity to use corotation forecasts from L5 to predict the solar wind conditions near-91

Earth with a lead time of approximately 4.5 days. The accuracy of corotation forecasts92

from L5 has been investigated using data from the Solar Terrestrial Relations Observa-93

tory [STEREO] (Kaiser et al., 2008) mission during specific phases of the operational94

lifetime (Simunac et al., 2009; Kohutova et al., 2016; Thomas et al., 2018; Bailey et al.,95

2020). The STEREO mission consisted of two spacecraft, STEREO-A ahead of Earth’s96

orbit and STEREO-B behind, moving away from Earth at a rate of ∼ 22.5◦ per year97

(Kaiser et al., 2008). Combining these observations with near-Earth data from the Ad-98

vanced Composition Explorer [ACE] (Stone et al., 1998) or the OMNI data set (Vokhmyanin99

et al., 2019) provides a number of periods where there are two spacecraft 60◦ apart in100

longitude. Simunac et al. (2009) demonstrated that the profiles of solar wind speed are101

similar when using STEREO-B as a forecast for STEREO-A at φ ≈ 60◦ in July 2008.102

Further to this, Kohutova et al. (2016) found that using corotation from STEREO-B to103

ACE improved the forecast of the Bz component of the interplanetary magnetic field when104

compared to a 27-day recurrence forecast. Thomas et al. (2018) used different combi-105

nations of STEREO and ACE to show the effectiveness of an L5 monitor. It was found106

that a number of solar wind parameters, including speed, density and temperature, were107

well predicted using four combinations of spacecraft, with φ ≈ 60◦, to produce coro-108

tation forecasts. The geomagnetic storm time index (Dst) has also been effectively fore-109

casted through corotation from STEREO-B to OMNI, when φ ≈ 60◦ (Bailey et al., 2020).110

In both cases, corotation provides an improvement from 27-day recurrence.111

Although extensive research has been conducted on the effectiveness of corotation112

from L5, previous studies have been limited to short periods of time when the spacecraft113

are separated by 60◦. The majority of previous analysis has been around periods of low114
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solar activity (solar minimum). The corotation forecasting method assumes a steady state115

solar wind; however, in reality the solar wind varies with time and the rate of evolution116

is linked to the 11-year solar cycle. At solar minimum, the steady state assumption is117

more valid as solar-wind structure slowly evolves with time. Conversely, at solar max-118

imum the higher activity levels and rapid evolution of solar-wind structure lead to the119

steady Sun assumption breaking down more readily (M. J. Owens et al., 2013). This means120

that longer corotation times, and therefore longer forecast lead times, are generally ex-121

pected to be more accurate at solar minimum than at solar maximum.122

As the Sun progresses through the solar cycle, the latitudinal structure of the so-123

lar wind changes. At solar minimum, there is a slow solar-wind band centred on the he-124

liographic equator, with faster winds emanating from coronal holes at higher latitudes125

(McComas et al., 2003). This latitudinal ordering breaks down at solar maximum, due126

to the weaker dipole component of the Sun’s magnetic field (Wang & Sheeley, N. R., 1991).127

The variation in latitudinal structure is important for corotation forecasts, as spacecraft128

in the ecliptic plane vary in heliographic latitude [θ] owing to the 7.25◦ tilt between the129

ecliptic plane and the rotational plane of the Sun, as shown in panel 3 of Figure 1. This130

results in a ‘latitudinal offset’ [∆θ] between the point of observation (the source) and the131

location where the forecast is required (the target). This can introduce a representation132

error into corotation forecasts that needs to be accounted for in solar-wind data assim-133

ilation (M. J. Owens et al., 2020).134

As will be demonstrated below, the available observations from the STEREO mis-135

sion make the effect of ∆θ on corotation forecast accuracy difficult to disentangle from136

solar activity and ∆t. In particular, the contribution of latitudinal offset errors to the137

total corotation forecast error is expected to be significantly higher at solar minimum138

than solar maximum. Conversely, the contribution from ∆t will increase as the corona139

becomes more dynamic, which is at solar maximum. Finally, as all spacecraft are in the140

ecliptic plane, large latitudinal spacecraft separation can only occur when there is also141

large longitudinal separation (and hence large ∆t). Thus all contributions to corotation142

forecast error are interdependent.143

Previous study into the error introduced by ∆θ in corotation forecasts has been144

investigated using steady-state model output. M. J. Owens et al. (2019) and M. J. Owens145

et al. (2020) showed that ∆θ can have a significant effect on corotation forecast error,146

especially at solar minimum. It was found that during solar minimum, the solar wind147

could be considered broadly similar up to |∆θ| = 3◦, whereas at solar maximum, this148

increases to |∆θ| = 10◦ (M. J. Owens et al., 2020). Corotation forecast error from L5149

to Earth was shown to be up to 80 km s−1 at solar minimum purely due to ∆θ (M. J. Owens150

et al., 2019), though the peak value occurs around the Winter and Summer solstices. Av-151

eraged over the year, this reduces to around 50 km s−1. Although models have shown152

that a strong effect of ∆θ on corotation forecast error is expected, Allen et al. (2020) found153

little effect when predicting repeat occurrences of SIRs/CIRs from L5, though this may154

be the result of compensating errors, as shown below.155

The M. J. Owens et al. (2019) and M. J. Owens et al. (2020) work was motivated156

by improving solar-wind data assimilation (DA) capabilities (Lang et al., 2017). DA com-157

bines model output and observational data to find an optimal estimation of reality and158

is beginning to be used in solar-wind forecasting (Lang & Owens, 2019). Quantifying the159

error from ∆θ allows observations to be fully utilised through the specification of more160

accurate observation error covariances and the removal of any potential biases. DA is161

a step forward in the use of observations for solar wind forecasting as it allows for the162

observations to be mapped to all longitudes and radial distances, whereas corotation only163

gives a forecast for a single point. Current DA schemes developed for solar-wind fore-164

casting make use of solar wind speed observations (Lang et al., 2017; Lang & Owens, 2019).165

Therefore, although corotation can be used for forecasting parameters such as plasma166
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density and magnetic polarity, only solar wind speed is used here due to its application167

to DA.168

Due to the previous reliance on model output for analysis of the effect of ∆θ on169

corotation forecast error, it is necessary to investigate whether this is present in obser-170

vational solar wind data. Magnetohydrodynamic (MHD) models produce a solar wind171

that is ‘smoother’ than what is observed. This means that an error introduced from ∆θ172

could be more easily detected as there are no transient events or any small-scale turbu-173

lence. Furthermore, analysis of the model output was steady-state, and so no time vari-174

ation of the solar wind was captured. This study uses solar wind data from the STEREO175

mission and near-Earth to investigate the error introduced from ∆θ.176

Sections 2 and 3 will detail the data and methods used to produce our analysis,177

followed by the results in Section 4. Finally, we will discuss and draw conclusions in Sec-178

tion 5.179

2 Data180

Corotation forecasts require spacecraft at approximately the same heliocentric dis-181

tance [R] and heliographic latitude [θ] as the intended forecast position (typically Earth),182

but separated in heliographic longitude [φ]. Greater φ implies longer forecast lead-times,183

but also decreases the forecast reliability, as will be demonstrated.184

The twin STEREO (Kaiser et al., 2008) spacecraft, in conjunction with near-Earth185

observations from the OMNI dataset (Vokhmyanin et al., 2019), provide a unique dataset186

to test corotation forecasting and to better understand the factors that contribute to er-187

rors. Here, we use 1-hour STEREO plasma data obtained from the PLASTIC instru-188

ment (Galvin et al., 2008) and downloaded from CDAWeb (cdaweb.gsfc.nasa.gov).189

One-hour OMNI data are obtained from OMNIWeb (omniweb.gsfc.nasa.gov). The he-190

liographic locations of STEREO spacecraft and Earth were obtained from OMNIWeb191

(omniweb.gsfc.nasa.gov/coho/helios/heli.html). We additionally use daily sunspot192

number from SILSO (Sunspot Index and Long-term Solar Observations) as a proxy for193

solar activity, downloaded from sidc.be/silso.194

The STEREO spacecraft separate from Earth at a rate of ≈ 22.5◦ per year. Thus195

from launch in late 2006, they passed behind the Sun in 2014 leading to a data gap in196

the STEREO-A data from August 2014 to November 2015 and the loss of communica-197

tion with STEREO-B from August 2014. While both spacecraft orbit the Sun at a dis-198

tance close to 1 AU, R varies by up to 0.11 AU and must be accounted for when com-199

puting corotation forecasts. For completeness, we also take account of Earth’s orbital200

eccentricity, though the associated change in R is small (∼ 0.01 AU).201

Here, OMNI data are used for near-Earth solar wind observations. Solar wind data202

from a succession of spacecraft (including WIND and ACE) located at the L1 Lagrange203

point is propagated to Earth, providing another source of data for use in corotation fore-204

casts alongside the STEREO spacecraft (Vokhmyanin et al., 2019).205

A single spacecraft can be used to provide a corotation forecast for one whole Car-206

rington rotation (approximately 27 days) ahead. Such 27-day recurrence forecasts have207

already been considered in detail (M. J. Owens et al., 2013). The maximum latitude dif-208

ference for a single in-ecliptic spacecraft over a 27-day period occurs at the equinoxes209

and reaches a magnitude of approximately 3.5◦. As will be demonstrated later (see Fig-210

ure 6), this is insufficient to quantify the latitudinal-offset contribution to corotation fore-211

cast error. Thus we focus on pairs of spacecraft. By combining the STEREO-A, B and212

OMNI spacecraft, there are 6 potential pairs of source (at the position where the solar213

wind observations are made) and target (at the position of the forecast) spacecraft. These214

can be seen in Table 1.215
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Source spacecraft Target spacecraft Time period

STEREO-A OMNI Feb 2007 - Aug 2019
STEREO-A STEREO-B Feb 2007 - Aug 2014
STEREO-B OMNI Feb 2007 - Aug 2014
STEREO-B STEREO-A Feb 2007 - Aug 2014

OMNI STEREO-A Feb 2007 - Aug 2019
OMNI STEREO-B Feb 2007 - Aug 2014

Table 1. The possible corotation forecast configurations using STEREO-A, STEREO-B and

OMNI solar wind data, where the data from the source spacecraft is used as a forecast for the

target spacecraft. A gap in the STEREO-A data exists between August 2014 and November

2015, affecting the STEREO-A to OMNI and OMNI to STEREO-A corotations.
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3 Methods216

Solar-wind speed corotation forecasts are calculated and tested from combinations217

of the STEREO and OMNI spacecraft observations of solar wind speed [V ]. (Simunac218

et al., 2009) and (Thomas et al., 2018) describe this process in terms of mapping between219

Carrington longitudes at pairs of spacecraft. We here use an equivalent description in220

terms of time, to make explicit a number of assumptions.221

Each hourly V observation at the source spacecraft [VS ] is used to produce a fore-222

cast [VF ] at the target spacecraft location at a time ∆t in the future:223

VF (t+ ∆t) = VS(t) (1)

where VS(t) is the observed solar wind speed at the source spacecraft at time t. ∆t is224

the required time delay for the same solar wind observed at the source location to reach225

the target location. Consequently, it is also the forecast lead time. ∆t consists of two226

elements: tR, the time for solar wind to propagate between the source and target radial227

distances [RS and RT respectively] and tC , the time for solar wind sources to rotate be-228

tween the source and target longitudes, accounting for spacecraft motion in the inertial229

frame. This is shown schematically in Figure 2.230

Figure 2a shows a time t = t0, when the target spacecraft has a longitude of φT0231

and a radial distance of RT . Similarly, the source spacecraft has a longitude of φS0 and232

a radial distance of RS . The first step is to ballistically map the source observations to233

a radial distance of RT :234

tR =
RT −RS

VS(t0)
(2)

where tR is the radial propagation time. As the propagation in radial distance is purely235

ballistic, it ignores any stream interaction effects or solar wind acceleration. Thus this236

approach is only valid for |RT−RS | << RT . Given the radial variations of the space-237

craft are slow, we assume RS and RT are constant over the interval ∆t.238

Figure 2b shows that during the interval tR, the target spacecraft continues to move239

ahead in longitude at an orbital angular speed in the inertial frame of ΩI,T . Note that240

if RS > RT , tR will be negative and spacecraft will move to smaller φ during radial prop-241

agation. STEREO-A, B and OMNI spacecraft have different average values of ΩI , which242

allows the spacecraft to separate over time. For all three spacecraft these values also vary243

slowly over the year, owing to the slightly elliptical orbits. This is shown in panel 4 of244

Figure 1. We account for this effect by computing ΩI from the change in φ over a 5-day245

window centred on time t0. (This window is short enough to allow for the change in ΩI,F246

over the year, but large enough to remove numerical noise from taking the time gradi-247

ent of φV .) Over the interval ∆t, which is typically a few days, it is reasonable to assume248

a constant value of ΩI,S , which allows us to express the longitude of the target space-249

craft as:250

φT (t0) = ΩI,T · t0 + φT0 (3)

After a time tR, the solar wind structure observed by the source spacecraft at t0 =251

0 will corotate with the solar wind, meaning its longitude varies as:252

φ(t0) = ΩSID · [t0 − tR] + φS0 (4)

where ΩSID is the sidereal rotation speed of the Sun (i.e., 2.86×10−6 rad s−1). Thus253

it will encounter the target spacecraft at a time ∆t, where:254

∆t =
1

ΩSY N,T
[φT0 − φS0 + ΩSID · tR] (5)

where ΩSY N,T is the synodic orbital angular speed of the target spacecraft, given by ΩSY N,T =255

ΩSID − ΩI,T .256
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(c) Time t = t0 + tR + tC(b) Time t = t0 + tR

T0

(a) Time t = t0

RS

RT

fS0
f

f

t

t = t0 t = t0 + tR

fS (t) = WI,S ·  [t - t0] + fSO 

fS0

fT (t) = WI,T · [t - t0] + fTO 

fT0

t = tF = t0 + tR + tC

fV (tF)

f(t) = WSID·[t - t0 - tR] + fSO

(a) (b) (c)

Figure 2. A schematic of the corotation forecast in the inertial frame. The grey circle tracks

the position of a solar wind structure observed by the source spacecraft at time t = t0. Top: (a)

At time t = t0, the target spacecraft (red dot) has a longitude of φT0 and radial distance of RT ,

while the source spacecraft (blue dot) is at φS0 and RS . (b) Radial propagation from RS to RT

takes a time tR (c) Corotation from φS0 to the target spacecraft takes time tC . Bottom: The

same steps shown as a time series of φ. ΩI,S and ΩI,T denotes the orbital angular speed of the

source and target spacecraft, respectively, while ΩSID denotes the sidereal rotation speed of the

Sun.
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Figure 3. Time series at daily resolution for the STEREO-B to A corotation forecast, cov-

ering the duration of the STEREO-B lifetime. Here, STEREO-B is the source spacecraft and

STEREO-A is the target spacecraft. (a) Sunspot number. (b) |∆θ|, the absolute latitude differ-

ence between the source and target location. The grey horizontal line indicates 7◦, the separation

between high and low |∆θ| used in this study. (c) ∆t, the forecast lead time. (d) 27-day rolling

average of the daily mean absolute error (MAE) for the corotation forecast. In all panels, the

vertical black line separates the definitions of solar minimum and solar maximum used in this

study (see main text). The grey-shaded region highlights an interval during solar minimum used

for further investigation.

For the STEREO-B corotation forecast of V at STEREO-A’s position, ∆t is shown257

as the orange line in Figure 3c.258

The observed radial solar wind speeds at the target and source spacecraft (VT and259

VS , respectively) are taken from 1-hour resolution data. While the forecast speed, VF ,260

is computed from hourly VS data, the tR term means that the computed forecast speed,261

VF , is no longer on a regular 1-hour time step. Thus, VF is linearly interpolated back262

to a standard hourly time base for direct comparison with the VT .263

Figure 4 shows a stack plot of V at STEREO-A’s location. This uses a forecasted264

solar wind from STEREO-B, VF in blue, with observations by STEREO-A, VT in red.265

VF is produced from time shifting the STEREO-B observations and VT is used to ver-266

ify the forecast. Data have been further averaged to 1-day resolution for clarity. It can267

be seen that the agreement is extremely good for 2007 and 2008, and becomes gradu-268
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shifting the STEREO-B observations. Thus, STEREO-A is the target spacecraft providing the

observations to verify the forecast, and STEREO-B is the source spacecraft used to produce VF .

Data have been averaged to 1-day resolution for clarity.

ally worse as time progresses. To quantify the degree of agreement we use the mean ab-269

solute error (MAE) between the observed and forecast V :270

MAE =
1

N

N∑
n=1

|VT (tn)− VF (tn)| (6)

where N is the total number of time steps considered. MAE is a point-by-point anal-271

ysis and thus small timing errors in the forecast can be heavily penalised (M. J. Owens,272

2018). In the case of a corotation forecast, where the solar wind structure is assumed273

to be merely time lagged between two positions, the general solar-wind structure should274

be well reproduced. Therefore MAE is an appropriate metric to use as timing errors in-275

dicate a time evolution of the solar wind, for which corotation forecasts should be pe-276

nalised.277

The green line in Figure 3d shows 27-day averages of MAE for STEREO-B obser-278

vations used to forecast the solar wind conditions at STEREO-A. The increase in MAE279

in 2007 through 2009 is consistent with the divergence in the time series seen in Figure280

4. In Section 4 we consider the different contributions to this MAE, with a focus on quan-281

tifying the role of latitudinal difference between the forecast and verification spacecraft.282

This is measured as:283

∆θ(t) = θT (t)− θS(t−∆t) (7)

where θT and θS are the heliographic latitudes of the target and source spacecraft/positions,284

respectively. The absolute value of ∆θ(t) is shown in Figure 3b.285
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Figure 5. Forecast MAE as a function of forecast lead time, ∆t, for solar minimum and maxi-

mum periods. Lines show the mean values, while error bars span one standard error on the mean.

All STEREO/OMNI spacecraft pairings are used. Only periods with |∆θ| < 2◦ are included.

Combining the data from the 6 corotation configurations listed in Table 1 allows286

for the most robust analysis of the variables affecting the forecast error. There are, how-287

ever, a number of biases in the sampling of this dataset that make it complex to isolate288

individual factors in corotation forecast error. In particular, the motion of the STEREO289

spacecraft results in strong aliasing of the |∆θ| and ∆t with both each other and the so-290

lar cycle, and mean that confounding variables and compensating errors are an ever-present291

problem.292

In order to coarsely isolate the influence of solar activity, the data are split into pe-293

riods of solar minimum and maximum. Given only a single solar maximum is covered294

by the STEREO data set and the loss of communication with STEREO-B reducing it295

further, a simple sunspot number threshold is appropriate. We choose a value of 75 sunspots296

in the total daily sunspot number time series, as this selects the transition from solar min-297

imum to solar maximum in February 2011, when there is a clear step-change in daily sunspot298

number. Using the same threshold puts the transition from solar maximum to minimum299

in March 2016.300

We further split the data into periods of high and low |∆θ|. Given the maximum301

|∆θ| available with the STEREO/ OMNI dataset is approximately 14.5◦, we use a cut302

off of 7◦, though this will be further investigated in the remainder of the study.303
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Figure 6. Variation of mean absolute error (MAE) with |∆θ|. Unless otherwise stated, all

spacecraft pairings are included. Lines show the mean values, while error bars span one standard

error on the mean. Left: The entire dataset (black), further split into solar maximum (red) and

minimum (blue). While there appears to be a correlation between MAE and |∆θ| at solar mini-

mum, this could be a result of aliasing of |∆θ| with ∆t. Thus we also show (right) a combination

of STEREO-A to B and STEREO-B to A corotations (magenta) and using all corotations (black)

for a limited period from August 2009 to February 2011. Both panels show the equivalent mod-

elled MAE at different |∆θ| for steady-state solar wind model solutions (grey). See body text for

further description.

4 Results and discussion304

We first consider the effect of forecast lead time, ∆t, on forecast accuracy. To min-305

imise the influence of |∆θ|, we limit analysis to periods when |∆θ| < 2◦. Figure 5 shows306

forecast MAE as a function of ∆t, for all spacecraft pairings. In general, MAE at solar307

maximum is higher than at solar minimum for the same ∆t, as expected. At solar min-308

imum, there is a trend for increasing MAE with increasing ∆t out to around 7 days. How-309

ever, past 20 days, MAE decreases. ∆t > 20 days is confined exclusively to STEREO-310

A to STEREO-B forecasts very early in the mission, when the spacecraft were still near311

Earth. Thus the reduced MAE may actually be the result of particularly quiet solar ac-312

tivity levels at this time. Despite 2007-2010 being classified as solar minimum on the ba-313

sis of a sunspot number threshold, Figure 4 shows a clear difference in the character of314

the solar wind speed structures between 2007 and 2009, with recurrent fast streams giv-315

ing way to more persistent slow wind.316

Next we consider the effect of |∆θ|. Figure 6 shows the differing latitudinal depen-317

dencies between solar minimum and solar maximum. At solar maximum, the MAE re-318

mains relatively constant at ∼ 80 km s−1. At solar minimum, there is a clear correla-319

tion between |∆θ| and MAE. This is the expected behaviour from previous modelling320

studies (M. J. Owens et al., 2020). However, it is here likely the result of aliasing of |∆θ|321

with ∆t and/or sunspot number. This is shown by Figure 7. During the solar minimum322

interval, splitting the data into high and low |∆θ| does not give equal sampling of either323

sunspot number or forecast lead time. Thus while MAE is lower for low |∆θ|, we can-324

not rule out the lower mean sunspot number or the existence of lower ∆t values as be-325

ing the causal effect.326
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Figure 7. Probability density of (top) the MAE between the observed and forecast V , (mid-

dle) sunspot number and (bottom) ∆t. Data have been split into solar minimum (left) and

solar maximum (right), and into high (black) and low (red) |∆θ| using a threshold of 7◦. All

STEREO/OMNI spacecraft pairings are included.
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Figure 8. Probability density for STEREO-A to B (left) and STEREO-B to A (middle) coro-

tation forecasts limited to the interval August 2009 to February 2011. The right column shows

the combined dataset. Rows show (top) the MAE between the observed and forecast V , (middle)

sunspot number and (bottom) ∆t.

In order to better isolate the effect of |∆θ| it is necessary to further subdivide the327

dataset. However, a competing requirement is to retain enough data for meaningful sta-328

tistical analysis. A compromise of these factors is shown as the grey-shaded region in Fig-329

ure 3, which spans August 2009 to February 2011. This provides a period of time where330

|∆θ| rises to a large enough value (maximum of 14.9◦) but it is still relatively close to331

solar minimum, when the latitudinal effect is expected. High and low |∆θ| periods are332

approximately evenly spaced through this period, meaning both contain similar levels333

of solar activity. Finally, by comparing the STEREO-A-to-B forecasts with STEREO-334

B-to-A forecasts, we can effectively eliminate ∆t as contributing factor, as the two com-335

binations have opposing ∆t trends.336

As can be seen in Figure 8, the interval from August 2009 to February 2011 pro-337

vides approximately equal sunspot number distributions for high and low |∆θ| periods338

(see also Table 2). ∆t distributions are also in approximate agreement, particularly when339

STEREO-A to B and STEREO-B to A forecasts are combined. Furthermore, the dif-340

ference in the MAE histograms is consistent when the source/target spacecraft, and hence341

bias in ∆t, are switched. Thus we can reasonably conclude that the observed difference342

in MAE between high and low |∆θ| periods shown here is not the result of aliasing with343

other effects.344

It is apparent from Table 2 that there is a distinct difference in the average coro-345

tation forecast MAE for high and low |∆θ| times. The average values for MAE are sta-346

tistically distinct (i.e., differ by far more than one standard error on the mean). Low |∆θ|347
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MAE (km s−1) Sunspot number ∆t (hours)

STEREO-A to B High |∆θ| 78.8 ± 3.5 20.1 ± 0.8 395.5 ± 1.8
Low |∆θ| 54.0 ± 3.2 19.7 ± 1.3 418.6 ± 2.4

STEREO-B to A High |∆θ| 76.7 ± 3.1 20.3 ± 0.8 259.7 ± 1.7
Low |∆θ| 52.6 ± 3.7 20.2 ± 1.3 235.2 ± 2.4

Both corotations High |∆θ| 77.7 ± 2.4 20.2 ± 0.6 327.8 ± 2.8
Low |∆θ| 53.3 ± 2.4 19.9 ± 0.9 327.1 ± 5.0

All corotations High |∆θ| 74.0 ± 1.6 21.8 ± 0.4 325.4 ± 3.9
Low |∆θ| 56.4 ± 1.1 18.7 ± 0.4 330.2 ± 4.5

Table 2. Averages, with associated standard errors, of the corotation forecast MAE, sunspot

number and forecast lead time for the STEREO-A to B and STEREO-B to A corotations, for

both combined, and for all possible corotations combined (i.e., including OMNI), for the period

August 2009 to February 2011.

MAE (%) Sunspot number (%) ∆t (%)

STEREO-A to B 46.0 2.0 -5.5
STEREO-B to A 45.9 0.3 10.4
Both corotations 45.9 1.2 0.2
All corotations 31.4 16.7 -1.5

Table 3. Percentage increase (calculated using Equation 8) from low to high |∆θ| for average

MAE, sunspot number and ∆t from Table 2. This covers the period August 2009 to February

2011.
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Correlation coefficient p-value

|∆θ| < 6 0.40 0.44
|∆θ| ≥ 6 0.75 0.02

Table 4. Linear correlation coefficients and corresponding p-values for MAE and |∆θ|, split

into |∆θ| < 6 and |∆θ| ≥ 6. This uses all corotations and covers the period from August 2009 to

February 2011.

periods produce a significantly lower average corotation forecast MAE for both STEREO-348

B-to-A and A-to-B corotations, thus ∆t is unlikely to be a factor. This is further seen349

by mean ∆t for the combined dataset being the same for high and low |∆θ| times within350

uncertainties. The same result is found for sunspot number,351

Further to this, Table 3 shows the percentage increase in MAE, sunspot number352

and ∆t from low to high |∆θ| averages in Table 2. Percentage difference is calculated353

using Equation 8.354

% difference =
xhigh − xlow

xlow
× 100 (8)

where xhigh and xlow is the data at high and low |∆θ| respectively.355

The percentage increase in MAE is consistent at around 46% for the two corota-356

tions and when both datasets are combined. It is slightly lower when including the OMNI357

data, as this skews the data set in favour of low |∆θ| occurrence. For sunspot number,358

we can see that there is very little increase from low to high |∆θ|, with the percentage359

increases below 2% for the STEREO-A and B corotations. Although there is a positive360

and negative percentage increase between ∆t from low to high |∆θ|, this seems to have361

little impact on the difference for MAE. As Figure 5 shows, for solar minimum, the ef-362

fect of corotation time on MAE increases to ∆t = ∼ 7 days (168 hours), where it re-363

mains approximately constant thereafter. This could explain the minimal effect that dif-364

fering ∆t has for high and low |∆θ|, as both for both cases, ∆t > 8 days.365

Comparing these results with the right-hand panel of Figure 6, we can see that the366

MAE contribution from |∆θ| < 6 remains approximately constant, before increasing.367

To assess this, correlation coefficients of MAE and |∆θ| were calculated for |∆θ| < 6368

and |∆θ| ≥ 6. These are shown in Table 4. We can see the transition between the two369

classes of |∆θ|, as there is a marked increase in the correlation. The low p-value for |∆θ| ≥370

6 indicates that there is a strong and significant correlation, whereas below this, the re-371

lationship is not significant.372

5 Summary and Discussion373

Accurate prediction of near-Earth solar wind conditions over the coming hours to374

days is vital for space weather forecasting and mitigation. By assuming a steady state375

solar wind, longitudinally-separated observations in or near the ecliptic plane can be used376

as a forecast for further on in the Sun’s rotation. This implicitly assumes that the so-377

lar wind structures seen at both locations will be the same. The accuracy of this “coro-378

tation forecast” is affected by time evolution of the solar wind and latitudinal separa-379

tion (|∆θ|). The error due to time evolution is itself a function of how rapidly the so-380

lar wind structure is evolving and the lead time of the forecast, which is due to the lon-381

gitudinal and radial separation of the source and target spacecraft. Increased time evo-382

lution is approximately a function of solar activity, and this leads to the steady state as-383

sumption breaking down more readily, and so longer corotation times being less valid,384
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at solar maximum. |∆θ| can introduce a forecast error through sampling a solar wind385

at the source spacecraft that is not representative of the target spacecraft. This is most386

important at solar minimum, where a narrow band of slow solar wind is located near the387

Sun’s equator.388

Several studies have shown the effectiveness of corotation forecasts from L5 (Simunac389

et al., 2009; Kohutova et al., 2016; Thomas et al., 2018; Bailey et al., 2020). These stud-390

ies used data from periods when combinations of the STEREO and ACE spacecraft were391

60◦ apart in heliographic longitude (φ), and showed that they outperformed the 27-day392

recurrence forecasts. Due to the limitation of periods where there was such a separation393

in φ, previous analysis has mostly been restricted to solar minimum. Here, similar meth-394

ods have been followed; however, the corotation forecasts have not been limited to sep-395

arations of 60◦ and so a wider range of the solar cycle has been sampled in order to fully396

understand the effect of |∆θ|.397

We have produced corotation forecasts using solar wind speed data from the STEREO398

mission and OMNI. This produces 6 corotation configurations, mostly covering 2007 to399

2014. However, a large amount of aliasing exists within this data set. As the STEREO400

spacecraft separate, the forecast lead time (∆t) increases, as does the maximum |∆θ| and401

sunspot number. Therefore, it is difficult to ascribe an increase in forecast error to a sin-402

gle factor. At solar minimum, the solar wind is highly structured in latitude, whereas403

at solar maximum this structure is far more dynamic (e.g. Figure 5 of M. Owens (2020)).404

Thus, the contribution of |∆θ| to corotation forecast error is expected to be a strong func-405

tion of the solar cycle, with largest contributions at solar minimum and smallest at so-406

lar maximum. Conversely, solar-wind structure evolves much more slowly at solar min-407

imum than solar maximum, so the contribution of ∆t to corotation forecast error is ex-408

pected to be largest at solar maximum. Finally, as STEREO and OMNI spacecraft are409

all in the same orbital plane, the largest |∆θ| values are restricted to times of large lon-410

gitudinal separation and hence large ∆t.411

The combined STEREO/OMNI data sets, however, do provide a wide range of ∆t412

values during both solar minimum and solar maximum even when restricted to |∆θ| <413

2◦. In general, for a given |∆θ| value, corotation forecast mean absolute error (MAE)414

is higher at solar maximum than solar minimum. If the elevated MAE at solar maximum415

was the result of increased time-variability of ambient solar-wind structures, we would416

expect a correlation of MAE with ∆t. Instead, MAE is fairly constant across the range417

of ∆t available at solar maximum, suggesting the increased MAE is the result of increased418

frequency of transient solar-wind structures at this time (Gopalswamy et al., 2009). At419

solar minimum, MAE increases steadily with ∆t up to around 7 days.420

To attempt to isolate the |∆θ| contribution, we focused analysis on a period of time421

where sunspot number and the ∆t were fairly constant so that |∆θ| could be isolated.422

This period covered August 2009 to February 2011. Combining STEREO-A-to-B and423

B-to-A corotation forecasts for this period, the MAE in the corotation forecasts was sig-424

nificantly smaller for low |∆θ| periods (taken to be (< 7◦) than for high |∆θ| periods425

(≥ 7◦). The mean sunspot number and ∆t values for low and high |∆θ| periods show426

no significant difference. Thus we can attribute the difference in MAE to latitudinal off-427

set with reasonable confidence.428

Looking in more detail at this 8/2009 to 2/2011 period, there is a strong correla-429

tion between |∆θ| and MAE for |∆θ| > 6◦, but not for |∆θ| ≥ 6◦. At around this same430

latitudinal separation value, the observed forecast MAE becomes comparable to that ex-431

pected from heliospheric modelling, where only the latitudinal effect is present (i.e. there432

is no time evolution and no solar wind transients M. J. Owens et al. (2020)). See the grey433

curve in Figure 6. Thus we suggest that for |∆θ| < 6◦, the latitudinal offset error in434

corotation forecasts is present, but is not detectable due to other factors (such as time435

evolution and CMEs) dominating. For |∆θ| ≥ 6◦, however, the latitudinal offset is the436
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primary source of corotation forecast error and the magnitude is in good agreement with437

that expected from steady-state solar-wind modelling. This explains why a latitudinal438

effect is not detectable in analysis of 27-day recurrence forecasts. The maximum change439

in latitude for a single spacecraft in the ecliptic plane from one Carrington rotation to440

the next is 3.5◦, hence the signal not being present. This also implies that for using ob-441

servations in data assimilation (DA), if |∆θ| < 6, observation errors could be assumed442

constant, where above this, the observational error would be dependent on |∆θ|.443

Typically, observations with |∆θ| < 6 would be preferable for DA and corotation444

forecasting, as at this separation, the latitudinal effect is minimised in comparison with445

other sources of error. This finding has implications on the use of future L5 mission data.446

L5 reaches a maximum |∆θ| of around 5 degrees with Earth (at times close to the Sum-447

mer and Winter solstices), meaning that the latitudinal variation can be largely disre-448

garded. M. J. Owens et al. (2019) showed that there is a time-of-year variation in the449

modelled impact of |∆θ| on MAE. This is not investigated here due to data limitations.450

The future space weather monitoring mission to the L5 Lagrange point offers a new451

opportunity for corotation forecasts for the solar wind. The investigation into the effect452

of |∆θ| on forecast error here has found that for |∆θ| < 6, there is a minimal impact453

due to other sources of error. However, for |∆θ| ≥ 6, the error contribution increases454

and there is a clear relationship between |∆θ| and forecast MAE. Due to the maximum455

|∆θ| between L5 and Earth being 5 degrees, this result implies that the effect from |∆θ|456

on the forecast error would be minimal.457

Moving forwards, this work can aid the effective use of observations in data assim-458

ilation for forecasting the solar wind. It will enable more accurate observation error co-459

variances to be calculated when there is a |∆θ| between observations and Earth. Fur-460

thermore, this will allow observational errors that result from |∆θ| to be corrected, en-461

suring the DA methodologies perform optimally.462
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Bailey, R. L., Möstl, C., Reiss, M. A., Weiss, A. J., Amerstorfer, U. V., Amerstor-488

fer, T., . . . Leonhardt, R. (2020). Prediction of Dst During Solar Mini-489

mum Using In Situ Measurements at L5. Space Weather , 18 (5), 1–12. doi:490

10.1029/2019SW002424491

Cannon, P. S. (2013). Extreme space weather - A report published by the UK royal492

academy of engineering. Space Weather , 11 (4), 138–139. doi: 10.1002/swe493

.20032494

Case, A. W., Spence, H. E., Owens, M. J., Riley, P., & Odstrcil, D. (2008). Am-495

bient solar winds’ effect on ICME transit times. Geophysical Research Letters,496

35 (15), 1–5. doi: 10.1029/2008GL034493497

Davies, J. (2020). The COR and HI Instruments for the Lagrange L5 Mission. In498

The cor and hi instruments for the lagrange l5 mission.499

Galvin, A. B., Kistler, L. M., Popecki, M. A., Farrugia, C. J., Simunac, K. D., Ellis,500

L., . . . Steinfeld, D. (2008). The plasma and suprathermal ion composition501

(PLASTIC) investigation on the STEREO observatories. Space Science Re-502

views, 136 (1-4), 437–486. doi: 10.1007/s11214-007-9296-x503

Gopalswamy, N., Yashiro, S., Michalek, G., Stenborg, G., Vourlidas, A., Freeland, S.,504

& Howard, R. (2009). The SOHO/LASCO CME catalog. Earth, Moon and505

Planets, 104 (1-4), 295–313. doi: 10.1007/s11038-008-9282-7506

Gosling, J. T. (1993). The solar flare myth. Journal of Geophysical Research: Space507

Physics, 98 (A11), 18937–18949. doi: 10.1029/93ja01896508

Kaiser, M. L., Kucera, T. A., Davila, J. M., Cyr, O. C., Guhathakurta, M., & Chris-509

tian, E. (2008). The STEREO mission: An introduction. Space Science510

Reviews, 136 (1-4), 5–16. doi: 10.1007/s11214-007-9277-0511

Kohutova, P., Bocquet, F. X., Henley, E. M., & Owens, M. J. (2016). Improving512

solar wind persistence forecasts: Removing transient space weather events,513

and using observations away from the Sun-Earth line. Space Weather , 14 (10),514

802–818. doi: 10.1002/2016SW001447515

Lang, M., Browne, P., van Leeuwen, P. J., & Owens, M. (2017). Data Assimila-516

tion in the Solar Wind: Challenges and First Results. Space Weather , 15 (11),517

1490–1510. doi: 10.1002/2017SW001681518

Lang, M., & Owens, M. J. (2019). A Variational Approach to Data Assimilation in519

the Solar Wind. Space Weather , 17 (1), 59–83. doi: 10.1029/2018SW001857520

McComas, D. J., Elliott, H. A., Schwadron, N. A., Gosling, J. T., Skoug, R. M., &521

Goldstein, B. E. (2003). The three-dimensional solar wind around solar maxi-522

mum. Geophysical Research Letters, 30 (10), 1–4. doi: 10.1029/2003gl017136523

Owens, M. (2020). Solar-Wind Structure (No. July). doi: 10.1093/acrefore/524

9780190871994.013.19525

Owens, M. J. (2018). Time-Window Approaches to Space-Weather Forecast Metrics:526

A Solar Wind Case Study. Space Weather , 16 (11), 1847–1861. doi: 10.1029/527

2018SW002059528

Owens, M. J., Challen, R., Methven, J., Henley, E., & Jackson, D. R. (2013). A529

27 day persistence model of near-Earth solar wind conditions: A long lead-530

time forecast and a benchmark for dynamical models. Space Weather , 11 (5),531

225–236. doi: 10.1002/swe.20040532

Owens, M. J., Lang, M., Riley, P., Lockwood, M., & Lawless, A. S. (2020). Quantify-533

ing the latitudinal representivity of in situ solar wind observations. Journal of534

Space Weather and Space Climate, 10 . doi: 10.1051/swsc/2020009535

Owens, M. J., Riley, P., Lang, M., & Lockwood, M. (2019). Near-Earth Solar536

Wind Forecasting Using Corotation From L5: The Error Introduced By Heli-537

ographic Latitude Offset. Space Weather , 17 (7), 1105–1113. Retrieved from538

https://doi.org/10.1029/2019SW002204 doi: 10.1029/2019SW002204539

Parker, E. N. U. o. C. (1958). Dynamics of the Interplanetary Gas and Magnetic540

–19–



manuscript submitted to Space Weather

Fields. Astrophysical Journal , 664 – 676. Retrieved from https://sci-hub541

.tw/10.1002/iroh.19620470121542

Reiss, M. A., Temmer, M., Veronig, A. M., Nikolic, L., Vennerstrom, S.,543
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