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1.  Introduction
The changing plasma conditions in the near-Earth space environment is a major component of space weather 
(Lilensten & Belehaki, 2009). It poses a threat to modern life through damaging technology, causing power fail-
ures and posing a risk to the health of humans in space (Cannon, 2013). For accurate space weather forecasting, 
advanced knowledge of the solar wind conditions is required. The solar wind is a continual stream of charged 
particles that flows from the high temperature corona (Parker,  1958). The most severe space weather events 
occur as a result of coronal mass ejections (CMEs), large eruptions of coronal plasma and magnetic field (Webb 
& Howard, 2012). CMEs have to propagate through the ambient solar wind, so it acts to modulate the severity 
of the CME and its impacts on Earth (Cargill, 2004; Case et al., 2008). Stream interaction regions (SIRs) are an 
inherent feature of the ambient solar wind and are caused by fast streams catching up with slower streams and 
creating regions of higher plasma density and stronger magnetic field (Gosling & Pizzo, 1999; Richardson & 
Cane, 2012). SIRs which persist for more than one solar rotation, are also referred to as corotating interaction 
regions and provide a source of recurring space weather.

Solar wind forecasting can be achieved through simple empirical methods, such as corotation (Kohutova 
et al., 2016; Thomas et al., 2018; Turner et al., 2021) and persistence (Owens et al., 2013; Temmer et al., 2018), 
or through more complex, physics-based approaches such as magnetohydrodynamic (MHD) models (Merkin 
et al., 2016; Odstrcil, 2003; Riley et al., 2001; Tóth et al., 2005). We here focus on improving the latter.

Abstract  Accurate space weather forecasting requires advanced knowledge of the solar wind conditions 
in near-Earth space. Data assimilation (DA) combines model output and observations to find an optimum 
estimation of reality and has led to large advances in terrestrial weather forecasting. It is now being applied 
to space weather forecasting. Here, we use solar wind DA with in-situ observations to reconstruct solar wind 
speed in the ecliptic plane between 30 solar radii and Earth's orbit. This is used to provide solar wind speed 
hindcasts. Here, we assimilate observations from the Solar Terrestrial Relations Observatory and the near-Earth 
data set, OMNI. Analysis of two periods of time, one in solar minimum and one in solar maximum, reveals 
that assimilating observations from multiple spacecraft provides a more accurate forecast than using any one 
spacecraft individually. The age of the observations also has a significant impact on forecast error, whereby 
the mean absolute error (MAE) sharply increases by up to 23% when the forecast lead time first exceeds the 
corotation time associated with the longitudinal separation between the observing spacecraft and the forecast 
location. It was also found that removing coronal mass ejections from the DA input and verification time series 
reduces the forecast MAE by up to 10% as it removes false streams from the forecast time series. This work 
highlights the importance of an L5 space weather monitoring mission for near-Earth solar wind forecasting and 
suggests that an additional mission to L4 would further improve future solar wind DA forecasting capabilities.

Plain Language Summary  The effects of space weather can be damaging to technologies on 
Earth, potentially causing power outages and posing a hazard to humans in space. Accurate space weather 
forecasting requires advanced knowledge of the solar wind; a continual outflow of material from the Sun. Data 
assimilation (DA) is one method used in terrestrial weather forecasting, whereby model results are combined 
with observations to create an optimum estimation of reality. Here, we use a solar wind DA scheme to create 
3 years of forecasts. It is found that assimilating observations from multiple spacecraft produces better forecasts 
than assimilating observations from a single spacecraft. It was also found that removing large eruptions, known 
as coronal mass ejections, from the DA input improves forecasts by reducing false alarms.
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Data assimilation (DA) combines prior information about a system (typically, from a numerical model) with 
observations to form an optimal estimation of reality, known as the posterior. It has been used extensively in 
terrestrial weather forecasting, leading to large improvements. It has been attempted in three major areas of space 
weather forecasting; the photosphere (e.g., Hickmann et al., 2015), the ionosphere (e.g., Elvidge & Angling, 2019) 
and the solar wind (e.g., Lang et al., 2017). Initial experiments in solar wind DA have shown potential for signif-
icant improvement in forecast skill (Lang et al., 2017). The BRaVDA (Burger Radius Variational Data Assim-
ilation) methodology developed in Lang and Owens (2019) was subsequently used for producing hindcasts in 
Lang et al. (2021). BRaVDA uses a variational DA scheme (Dimet & Talagrand, 1986; Lorenc, 1986), with the 
simplified solar wind model, HUX (Riley & Lionello, 2011). The output from BRaVDA was used to initialize a 
second reduced-physics solar wind propagation model, HUXt (M. Owens et al., 2020), though it could equally 
be used with MHD models too. Lang et  al.  (2021) showed that whilst the 27-day forecast root mean square 
error was comparable to that of corotation forecasts, it showed improvement over non-DA forecasts. To further 
investigate the performance of the BRaVDA scheme and perform a more rigorous analysis, we have increased 
the hindcast cadence from 27-day to 1-day, as this is how forecasts would be generated if a DA scheme were 
deployed operationally.

The BRaVDA scheme makes use of in situ observations of near-Earth solar wind conditions from the OMNI data 
set (Vokhmyanin et al., 2019), and distant observations from the STEREO (Solar Terrestrial Relations Obser-
vatory) mission, which was launched in 2007 (Kaiser et al., 2008). The OMNI data set uses solar wind observa-
tions from a succession of spacecraft located at the L1 Lagrange point on the Sun-Earth line, at approximately 
0.99AU. This is mostly comprised of observations from the Wind (Lepping et al., 1995; Ogilvie et al., 1993) and 
ACE (Advanced Composition Explorer; Stone et al., 1998) spacecraft propagated to the bow shock of Earth. 
The STEREO mission comprised of two spacecraft, STEREO-A and STEREO-B, which were placed into orbit 
around the Sun at approximately 1AU with STEREO-A ahead of Earth and STEREO-B behind. The spacecraft 
separate from Earth at approximately 22° per year and they passed behind the Sun in 2014. It was during this 
time that communication was lost with STEREO-B, and so the data used in this study is limited to STEREO-B's 
operational lifetime between 2007 and 2014.

The Lagrange points are gravitational nulls whereby the gravity of two large bodies balances the centripetal force 
of a smaller body. This means that spacecraft located at these positions will remain there, thus reducing the fuel 
required. There are five Lagrange points, with L4 and L5 positioned 60° ahead and behind Earth in its orbit, 
respectively. A spacecraft located at either point would provide a near side-on view of the Sun-Earth line and 
so could provide remote-sensing observations of Earth-directed CMEs. Extensive studies have also shown the 
potential usefulness of an in situ space weather monitor at L5 (e.g., Akioka et al. (2005); Simunac et al. (2009); 
Temmer et al. (2018)) and a mission is set for launch in 2027 (Davies, 2020). If this is joined by a space weather 
monitor at L4 (Posner et al., 2021), then these missions will provide additional observations that are useful for 
solar wind DA, as will be demonstrated in this study.

In this study, two analysis periods are used to assess the accuracy of hindcasts generated using the BRaVDA 
scheme. The methods used in this study are described in Section 2, with BRaVDA methodology described in 
Section 2.1 and the forecast generation method in Section 2.2. The data assimilation experiments and their results 
are described in Section 3. Finally, we discuss implications and draw conclusions in Section 4.

2.  Methods
2.1.  BRaVDA Scheme

The BRaVDA methodology was developed and extensively described in Lang and Owens (2019). The code is 
available at: https://github.com/University-of-Reading-Space-Science/BRaVDA. Here, we provide only a short 
overview of the methodology. BRaVDA is a variational DA scheme that incorporates in situ spacecraft obser-
vations of solar wind speed into the steady-state “HUX” solar wind model, based on Riley and Lionello (2011). 
Using the adjoint model of HUX, BRaVDA maps information contained within the in situ observations at 1 AU 
(∼215 solar radii (RS)) radially inwards to HUX's inner boundary at 30RS. This information is then merged with 
a prior inner-boundary condition through the minimization of a cost function comprised of the prior and obser-
vation errors weighted by their relative uncertainties. By finding the inner boundary condition that minimizes 
this cost function, we find the solar wind speeds with the lowest errors respective of their relative uncertainties. 
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This produces an updated inner boundary (the posterior state) which can be propagated radially outward by any 
solar wind model. For efficiency, we again use the HUX model, producing an optimal estimate of the true solar 
wind in the whole model domain, given the observations. The solar wind propagation model used in BRaVDA 
maps a 2 dimensional solar wind over the heliocentric domain from 30RS to 236RS. The outer boundary here is 
an arbitrary choice, but it ensures that Earth's orbital radius is well within the boundary. We note that a different 
solar wind propagation model could be used to map the updated solar wind conditions out from 30RS to Earth. 
For example,: Enlil (Odstrcil, 2003); HelioMAS (Riley et al., 2001); EUHFORIA (Pomoell & Poedts, 2018), 
or HUXt (Owens, 2020), could be used. As the solar wind is a highly driven system, we would expect similar 
improvements to the forecast skill from other solar wind models.

The BRaVDA scheme requires that we define our prior state (our current estimate of the inner boundary condi-
tion), the prior error covariance matrix (a measure of the uncertainty present in our prior information) and the 
observation error covariance matrix (that gives a measure of the uncertainty in our observations relative to the 
HUX model).

We generate our “prior” estimate of the solar wind speed at the inner boundary by using archived output of the 
HelioMAS model (data available from https://www.predsci.com/portal/home.php) at 30RS. HelioMAS is an MHD 
model that is initiated using radial magnetic field and solar wind speed derived from the coronal magnetic field 
topology (Riley et al., 2015) of the MAS (Magnetohydrodynamics Around a Sphere) model (Linker et al., 1999) 
solutions to the observed photospheric magnetic field. This prior state is then propagated out radially to 236RS 
with the HUX model to generate a prior estimate of the solar wind speed at Earth.

The prior error covariance matrix is estimated from an ensemble of HUX initial conditions (see Lang et al. (2017) 
for more details) generated by perturbing the HelioMAS 30RS solution in the same manner as Owens and 
Riley (2017). The observation error covariance contains not only the measurement error, but also representivity 
errors that arise from the incorrect specification of observations in numerical models (such as errors from assum-
ing the observations are on the model gridpoints, sub-grid processes etc.). An example of such a representivity 
error in the BRaVDA scheme is the fact that the HUX model is 2-dimensional, meaning that observations are 
always assumed to be at the heliographic latitude of Earth, whereas in reality observations away from Earth (such 
as provided by STEREO) may be at other heliographic latitudes. This representivity error is a large unknown at 
present and an area of ongoing research (Lang et al. (2021); M. J. Owens et al. (2020); Turner et al. (2021)). In 
this study, we use the same observation error covariance matrix as in Lang et al. (2021) to maintain consistency 
with previous work.

In this study, BRaVDA is run for two time periods; 01/08/2009 to 01/02/2011 and 01/04/2012 to 01/10/2013. 
These periods are highlighted in Figure 3. The earlier period covers the 18-month up to the separation between 
solar minimum and the rise to solar maximum, as described in Turner et al. (2021), and the later period is around 
solar maximum. This allows for analysis of solar wind forecasts in both phases of the solar cycle.

BRaVDA is run at daily cadence, using in situ observations which would have been available at the time the 
forecast is performed, as in a genuine forecast. This expands on the work in Lang et al. (2021), where BRaVDA 
was run every 27 days. The prior state from HelioMAS, however, is only available as Carrington rotation solu-
tions (i.e., every 27 days). In a true forecasting situation, the prior state would ideally be obtained from daily 
updated coronal solutions. However, the Carrington rotation solutions are adequate for our purposes here, as the 
DA process makes significant changes to the prior state. The likely effect of this is that the accuracy of the prior 
state is overestimated and the forecast improvement from DA reduced from the value expected in an operational 
situation.

The output from each BRaVDA run gives a 27-day solar wind reconstruction from 30RS to 215RS, as shown in 
Figure 1. By taking the output from 215RS, this can be used as a solar wind time series for Earth and the STEREO 
spacecraft, as shown in Figure 2.

2.2.  Forecast Generation

For each (daily) BRaVDA run, observations are assimilated from the previous 27 days up until the time the fore-
cast is made, t0. By assuming steady-state corotation of the posterior solution, each BRaVDA run can be used to 
generate a single forecast with a lead-time tf of 0–27 days with respect to t0. An example is shown in Figure 4. 

 15427390, 2022, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022SW

003109 by U
niversity of R

eading, W
iley O

nline L
ibrary on [02/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.predsci.com/portal/home.php


Space Weather

TURNER ET AL.

10.1029/2022SW003109

4 of 15

The single BRaVDA run produces a single solar wind speed estimate at each forecast lead time from 0 to 27 days. 
As BRaVDA is run on a daily cadence, a forecast time series for a particular lead time, for example, tf = 5 days, 
at a given location can be created by combining forecasts for different t0. While forecasts can be generated for 
the whole model domain, from 30RS out to 215RS and for all longitudes, here we only consider the locations of 
STEREO-A, STEREO-B and OMNI.

Figure 1.  Solar wind solution from the HUX model initialized on 22/04/2010 for Carrington Rotation 2096 (22/04/2010 to 19/05/2010). The prior state (left) is that 
before the in situ data assimilation has taken place and the posterior state (right) is after the data assimilation. Indicated on both panels is the location of STEREO-A 
(A), Earth and STEREO-B (B) on 22/04/2010.

Figure 2.  Time series at Earth's orbital distance of the solar wind solution for Carrington Rotation 2096 (22/04/2010 to 19/05/2010), as depicted in Figure 1. The top 
panel shows the solution at Earth, the middle panel at STEREO-A and the bottom panel at STEREO-B. The prior state is shown with the blue line, the posterior state 
with the red line and the gray line shows the observations taken from the respective spacecraft.
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For the periods of time used in the analysis here, the spacecraft separation, and therefore corotation time between 
observation and Earth, changes over the analysis period (see Table 1).

3.  Data Assimilation Experiments and Results
Throughout this study we consider the variation of forecast mean absolute error (MAE) with forecast lead 
time. Here we describe a number of individual BRaVDA experiments aimed at diagnosing specific aspects of 
forecast  MAE.

Figure 3.  Evolution of sunspot number from 2007 to 2020. The analysis periods are highlighted in the gray shaded areas. The black vertical line shows the divide 
between solar minimum and solar maximum.

Figure 4.  Using BRaVDA posterior output (blue) as a solar wind speed forecast (red). t0 is the start of the forecast window, which here is 27 days long. It is also the 
end of the assimilation window, wherein observations from the previous 27 days up until t0 are assimilated. The solar wind observations for this period are shown 
in  gray.
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3.1.  Forecast Lead Time

We first look at the effect of forecast lead time on MAE. For this, we assimilate 
observations from all three spacecraft (OMNI, STEREO-A and STEREO-B) 
and the output from BRaVDA is used to create forecasts at the locations of 
Earth, STEREO-A and STEREO-B for lead times of 0–27 days. This is done 
for both solar minimum and solar maximum time intervals. Figure 5 shows 
the MAE between the forecast and observed solar wind speed for a range of 
forecast lead times. As forecast lead time increases, there is a general trend 
for increasing forecast MAE. The left-hand panel shows the solar minimum 
interval, where MAE is generally lower than the solar maximum interval, 
shown in the right-hand panel. This is true for all three forecast locations. 
Note, however, that spacecraft separation (in solar longitude and latitude) 
also increases between these two time periods, so the difference in MAE 
between the solar minimum and maximum intervals cannot necessarily be 
attributed to the solar cycle. During the solar maximum interval, the MAE 

for the forecasts at the STEREO spacecraft is higher than for the forecasts at Earth. During this interval, the 
latitudinal separation between Earth and the STEREO spacecraft reaches a maximum of 14°, compared to 9° for 
the solar minimum interval (see Figure 1 in Turner et al., 2021). The difference between the forecast skill could 
be attributed to this greater latitudinal separation, combined with the generally more variable solar wind during 
solar maximum.

3.2.  Assimilation of Individual Spacecraft and Age of Observations

We now consider the effect of assimilating different combinations of spacecraft. Experiments were carried out 
assimilating observations from all spacecraft together, as above, and assimilating the spacecraft observations 
individually. Figure 6 shows the MAE variation with forecast lead time for these different experiments. Here, the 

Spacecraft corotation time (days)

Date
Earth to 

STA
STA to 
Earth

STB to 
Earth

Earth to 
STB

STB to 
STA

STA to 
STB

01/08/2009 4.3 22.7 3.7 23.3 8.0 18.9

01/02/2011 6.5 20.5 6.9 20.1 13.4 13.6

01/04/2012 8.3 18.7 8.9 18.1 17.2 9.8

01/10/2013 11.0 16.0 10.5 16.5 21.5 5.5

Note. The dates are the starts and ends of the solar minimum and solar 
maximum intervals.

Table 1 
Corotation Time for the Different Spacecraft Pairings, Taking Into Account 
Only the Spacecraft Longitudinal Separation

Figure 5.  Mean absolute error of solar wind forecasts as a function of forecast lead time, for the case where all spacecraft observations are assimilated. The forecast at 
Earth location is shown in black, at STEREO-A in red and at STEREO-B in blue. The solar minimum interval (01/08/2009 to 01/02/2011) is in the left-hand panel and 
the solar maximum interval (01/04/2012 to 01/10/2013) in the right-hand panel.
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forecasts at Earth location are in the top row, at STEREO-A in the second row and at STEREO-B in the bottom 
row. The solar minimum interval is in the left-hand column and solar maximum in the right-hand column.

The most obvious trend is that assimilating all spacecraft produces a forecast with the lower MAE than any one 
spacecraft individually. This is true at all locations and for all non-zero lead times. The exception is for very long 
lead-time forecasts (>20 days) at STEREO-B, where the MAE for assimilating all spacecraft is comparable to 
assimilating only STEREO-B data.

Overall, there is still a general trend of increasing MAE with lead time. When all spacecraft are assimilated, the 
MAE increase with lead time is fairly smooth, if not necessarily linear. When looking at the assimilation of indi-
vidual spacecraft, however, there are clear step changes in MAE with forecast lead time. These can be understood 
in terms of the corotation time.

Figure 6.  Mean absolute error of solar wind forecasts as a function of forecast lead time, for different combinations of 
assimilated spacecraft (colored lines, as indicated by the legend) and different forecast locations (rows of panels). The left 
hand column is the solar minimum interval, from 01/08/2009 to 01/02/2011, and the right hand column is the solar maximum 
interval, 01/04/2012 to 01/10/2013. The shaded regions show the corotation time from the spacecraft indicated by color (blue 
for Earth, yellow for STEREO-A and red for STEREO-B) to the forecast location.
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When only individual spacecraft are assimilated, the lowest MAE at short, non-zero forecast lead times (e.g., <5 days) 
is obtained when assimilating the spacecraft “ahead” (in terms of solar rotation, meaning at lower Carrington longi-
tude) of the forecast location. This can be seen in Figure 6; for example, the forecast MAE at STEREO-A's location 
(middle row) when assimilating only near-Earth observations (blue line) is initially below that obtained when 
assimilating only STEREO-A (orange line) or STEREO-B (red line). This remains the case for forecast lead times 
out to 5 days during the solar minimum period, and 10 days for the solar maximum period. Between these two time 
periods, STEREO-A separates from Earth, increasing from 57 to 87° ahead. Thus, observations at Earth provide 
recent information at STEREO-A for up to 5 and 10 days. The other panels show similar transitions are associated 
with the forecast lead time exceeding the corotation time. This effect can be seen schematically in Figure 7.

Table 2 shows the average MAE separated into intervals before and after when 
the lead time is less than or greater than the minimum corotation time between 
assimilated spacecraft and forecast location. For all assimilated spacecraft and 
forecast locations, there is an increase in MAE of between 8.5% and 23.2%, 
with an average value of 16.6%. Of course, increased lead time is expected to 
result in increased MAE, regardless of corotation time. But Figure 6 shows 
that this trend is much smaller, typically of the order a few percent.

The large jumps in MAE are due to the age of the observations, whereby once 
the forecast lead time (tf) exceeds the corotation time (tC), observations from 
the previous Carrington rotation are being used. This means that the effective 
age of observations (τ) for tf > tC is tf + 27 days. For example, when assimilat-
ing only STEREO-B and forecasting at Earth, as Table 1 shows, the corotation 
time increases from 3.7 to 6.9 days over the 01/08/2009 to 01/02/2011 period. 
Therefore, as lead times exceed ∼5 days, we expect an increase in MAE as τ 
jumps from τ < 6.9 to τ > 30.7. This can be seen in Figure 6, where the red 
shaded region in the top left plot shows the corotation time for STEREO-B to 
Earth for that period. This effect can be seen in a number of other situations 
where single spacecraft are assimilated. When assimilating multiple space-
craft, the abrupt change in age of observation  effect is lessened; although 
there is an increase in the forecast error over the shaded regions of Figure 6, 
the curve is not as steep as when assimilating only the spacecraft associated 
with that corotation time. Therefore, assimilating multiple spacecraft reduces 
the effect of the age of observations impacting the forecast MAE.

Figure 8 shows experiments where pairs of spacecraft observations are assim-
ilated together (colored lines) for the different forecast locations compared 

Figure 7.  Schematics of the ecliptic plane to illustrate the effect of age of observations on solar wind data assimilation. The left-hand panel shows the time (in days) 
it takes the solar wind to corotate to Earth, which is the potential forecast lead time using observations from that location. The middle panel shows the number of days 
since solar wind at that position was last observed at STEREO-B. In this example, STEREO-B is approximately 65° behind Earth in Carrington longitude, as occurred 
in December 2009. The right-hand panel shows the effective age of STEREO-B observations for Earth forecasting, which is the sum of the forecast lead time and the 
number of days since the observation was observed.

MAE [km/s]

Assimilated 
spacecraft

Forecast 
location

2009–2011 2012–2013

Before After
% 

Diff Before After
% 

Diff

OMNI Earth - - - - - -

STEREO-A 57.8 71.2 23.2 68.7 82.0 19.4

STEREO-B 66.1 74.5 12.7 74.5 91.7 23.1

STEREO-A Earth 58.8 71.2 21.1 68.8 78.7 14.4

STEREO-A - - - - - -

STEREO-B 67.6 73.7 9.0 67.3 79.8 18.6

STEREO-B Earth 57.0 69.6 22.1 63.4 74.2 17.0

STEREO-A 67.3 73.0 8.5 73.6 81.1 10.2

STEREO-B - - - - - -

Note. Before and After indicate forecasts where the lead time is less than or 
greater than the minimum corotation time between assimilated spacecraft and 
forecast location, respectively. Where it is left blank, this is because the lead 
time never exceeds the corotation time.

Table 2 
Forecast Mean Absolute Error for Different Time Intervals, Different 
Locations and Different Assimilated Spacecraft
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to when all three spacecraft observations are assimilated (black line). In general, it is preferable to assimilate all 
three observation sources than any two, though the difference is not as marked as that between three spacecraft 
and one, as shown in Figure 6. This is useful for future mission planning; for example, a pairing between the Vigil 
mission (ESA, 2022) and a near-Earth monitor. The jump in MAE due to the age of observations seen for single 
spacecraft in Figure 6 is reduced when including another observation source, but not completely removed. For 
example, the rise in MAE seen when assimilating only STEREO-B for a forecast at Earth (red line) in the top left 
panel in Figure 6 is still largely present when assimilating STEREO-B together with observations for near-Earth 
(red line) in the top left in Figure 8. Comparing that to when all three sources are assimilated (black line in top 
left in both Figures 6 and 8), that jump is less severe.

3.3.  Removal of ICMEs

The interplanetary manifestations of CMEs (ICMEs) provide a potential source of error for forecasts using the 
DA output. For example, if a fast ICME encounters one of the assimilated spacecraft during the assimilation 

Figure 8.  Mean absolute error of solar wind forecasts as a function of forecast lead time, for different pairs of assimilated 
spacecraft observations (colored lines, as indicated by the legend) and different forecast locations (rows of panels). The left 
hand column is the solar minimum interval, from 01/08/2009 to 01/02/2011, and the right hand column is the solar maximum 
interval, 01/04/2012 to 01/10/2013.
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window, the ICME will be reconstructed in the output as if it were a time-stationary fast solar wind stream. When 
this output is subsequently used for forecasting, it would produce a false fast stream in the forecast time series. 
Therefore, by removing ICMEs from the input time series of all spacecraft, the production of the false streams in 
the forecast time series can potentially be prevented.

Conversely, if a fast ICME encounters the forecast location during the forecast window, the forecast will miss 
the transient fast stream, as there will have been no corresponding fast stream in the assimilation window. Thus 
removing ICMEs from the verification time series allows us to better assess how well BRaVDA is reproducing the 
ambient solar wind structure, without penalizing for missing transient ICME structures, which it is not expected 
to capture. However, note that accurate reconstruction of the ambient solar wind is required to produce accu-
rate ICME arrival time forecasts (e.g., Case et al., 2008). Thus we present results of removing ICMEs from the 
DA-input time series, the verification time series, and both. Times associated with ICMEs are identified using the 
HELCATS ICME list (Möstl et al., 2022). To ensure all of the disturbance associated with the ICME is removed, 
we eliminate 24 hr either side of the ICME leading disturbance and ICME trailing edge times. For the purposes 
of assimilated data, the data gap produced by removing an ICME is then linearly interpolated over to make a 
complete time series. Qualitatively similar results are obtained by simply removing times identified as ICMEs.

An example of the effect of removing ICMEs is shown in Figure 9. A fast ICME (maximum of 720 km s −1) was 
identified at STEREO-B, seen as an isolated velocity spike between 22/09/2012 to 29/09/2012. This ICME was 
removed from the STEREO-B input and linearly interpolated to give the green line in the top panel of Figure 9. 
The bottom three panels show 5-day forecasts at Earth, STEREO-A and STEREO-B with (solid lines) and with-
out (dashed lines) the ICME present in the assimilated STEREO-B time series. Red lines show assimilation of 
STEREO-B data only, while blues lines show assimilation of all three spacecraft data.

It can be seen that removing the ICME causes an improvement in the forecast, by removing a false fast stream, 
a certain time later. The time delay from ICME removal to forecast improvement relates to the corotation time 
between the spacecraft, which is determined by their longitudinal separation and can be seen in the gray shaded 
regions in Figure 9. At this time, the corotation time from STEREO-B to Earth is approximately 9 days, STEREO-B 

Figure 9.  Time series of; top panel, the STEREO-B observations with the interplanetary manifestations of CME (ICME) included (gray) and with it removed (green); 
second panel, forecast with 5-day lead time for Earth; third panel, forecast with 5-day lead time for STEREO-A; bottom panel, forecast with 5-day lead time for 
STEREO-B. The blue lines show when all spacecraft observations are assimilated and the red lines show only STEREO-B observations assimilated. The solid line 
shows when the ICME is included in the STEREO-B input series and the dashed line when the ICME is removed. The red shaded region in the top panel shows the 
time span of the ICME plus 24 hr either side. The gray shaded regions in panels 2, 3 and 4 show the time span where the forecast time series has been influenced by the 
removal of the ICME.
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to STEREO-A is approximately 18 days and the full Carrington rotation to STEREO-B is 27 days. It is after these 
respective times from the ICME that the improvement is seen in the forecast for that spacecraft. Furthermore, 
Figure 9 shows even without removal of ICMEs from the assimilation data (which may be difficult in real-time 
operational forecasting), assimilating multiple spacecraft observations reduces the magnitude of the false fast 
stream that is present in the forecasts following. Comparing the red and blue solid lines, when all spacecraft 
observations are assimilated, the false stream magnitude is reduced by approximately 150 km s −1 in the forecasts.

Figure 10 shows the variation of forecast MAE with forecast lead times for combinations of ICME removal from 
the DA input time series and the verification time series. There are four combinations; ICMEs remaining in both 

Figure 10.  Variation of forecast mean absolute error with forecast lead time for different combinations of interplanetary 
manifestations of CME (ICME) removal from the input and verification time series. The black line shows the case when the 
ICMEs remain in both data assimilation (DA) input and verification time series. The red line shows the case when ICMEs are 
removed from the verification time series only. The orange line shows the case when ICMEs are removed from the DA input 
series only. The blue line shows the case when ICMEs are removed from both the DA input and verification time series. All 
spacecraft are assimilated in all cases.
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time series, ICMEs removed from the input time series but remaining in 
the verification time series, ICMEs remaining in the input time series but 
removed from the verification time series and ICMEs removed from both 
time series. It can be seen from Figure 10 and from the average MAE values 
in Table 3 that, generally, removing ICMEs leads to forecast improvement. 
For example, for the forecast at Earth, the average MAE across all lead times 
is 56.1 and 60.7 km s −1 for the solar minimum and solar maximum intervals 
respectively. By removing ICMEs from both the input and verification time 
series, these are reduced to 55.1 km s −1 for solar minimum and 59.5 km s −1 
for solar maximum, which is a percentage difference of −1.8% and −2.0% 
respectively, as shown in Table 4. There is greater improvement in the solar 
maximum period, particularly at STEREO-A and STEREO-B. This is due 
to a larger number of ICMEs at this time, with a total number of 72 ICMEs 
observed during the solar minimum period compared to 138 during the solar 
maximum period. We further classify fast ICMEs as those with an average 
proton speed of more than 500 km s −1, as taken from the HELCATS ICME 
catalog. 20 fast ICMEs were observed during the solar maximum period and 
6 during the solar minimum period. Out of the 20 fast ICMEs during the 
solar maximum period, five of these were at Earth, 7 at STEREO-A and 8 at 
STEREO-B. Although only a small difference between the spacecraft, this 
could account for the −2.0% difference at Earth compared with the −9.1% 

at STEREO-A and −10.7% at STEREO-B. On average, we would not expect such a large difference between the 
forecasts at the STEREO spacecraft and at Earth. However, here we have a small sample size and so the properties 
of the individual ICMEs have a greater impact.

4.  Discussion and Conclusions
In this study we have performed a number of solar wind data assimilation experiments to determine how forecast 
error is expected to vary with a number of different factors. Here, MAE was used as the metric to analyze the 
forecast accuracy. Although MAE is a single metric and it can sometimes mislead (Owens, 2018), it is useful here 
as the individual changes to the DA process that we are testing produce time series that are, for the most part, 
qualitatively similar. Future work will focus on a more complete analysis of forecast performance.

We have shown that assimilating observations from multiple spacecraft produces a forecast with lower MAE than 
when assimilating observations from any one single spacecraft. This is despite the fact that observations may not 

be ideally placed, due to the inclination of the ecliptic plane to the solar equa-
tor (Owens et al., 2019; M. J. Owens et al., 2020). Assimilating two sources 
of well separated observations is preferable to one source, and three sources 
is preferable to two. However, the difference between one and two sources 
of observations is greater than two and three. Assimilation of the STEREO 
spacecraft observations, along with OMNI, has shown to improve forecasts 
and so the addition of space weather monitors at both L4 and L5 can only 
aid future development of solar wind DA. This stresses the value of multiple, 
well separated, space weather monitoring missions, such as at the L5 point 
(Lagrange mission, Davies, 2020), but also the importance of a mission to 
the L4 point (see Posner et al., 2021).

The “age” of the observations, in terms of the time since a Carrington longi-
tude was last observed by a particular spacecraft, also has a large effect on 
forecast error. When assimilating data from a single spacecraft, there is a 
large increase in MAE once the forecast lead time is greater than the coro-
tation time from that spacecraft to the forecast location. This is due to the 
assumption of steady state conditions becoming increasingly less valid. 
Although assimilating multiple spacecraft does not completely remove this 

ICMEs in 
input?

ICMEs in 
verification?

Solar minimum Solar maximum

Earth STA STB Earth STA STB

Yes Yes 56.1 60.3 58.7 60.7 68.1 70.7

No 55.2 59.8 57.8 60.8 63.1 65.6

No Yes 55.9 60.4 58.4 60.0 66.9 68.4

No 55.1 59.6 57.5 59.5 61.9 63.1

Note. The average MAE is shown for both the solar minimum (01/08/2009 to 
01/02/2011) and solar maximum (01/04/2012 to 01/10/2013) intervals. Top 
row: ICMEs are included in both the DA input and verification time series. 
Second row: ICMEs are included in the DA input time series and removed 
from the verification time series. Third row: ICMEs are removed from the 
DA input time series and remain in the verification time series. Bottom row: 
ICMEs are removed from both the DA input and verification time series.

Table 3 
Average Forecast Mean Absolute Error (Over All Lead Times) for 
Combinations of Removing Interplanetary Manifestations of CMEs (ICMEs) 
From the Data Assimilation Input Time Series and the Verification Time 
Series

ICMEs in 
input?

ICMEs in 
verification?

Solar minimum Solar maximum

Earth STA STB Earth STA STB

Yes No −1.6 −0.8 −1.5 0.2 −7.3 −7.2

No Yes −0.4 0.2 −0.5 −1.2 −1.8 −3.3

No −1.8 −1.2 −2.0 −2.0 −9.1 −10.7

Note. Where the difference is negative, this indicates the average MAE 
without ICMEs is smaller than with ICMEs included. Top row: ICMEs 
remain in the DA input time series and are removed from the verification 
time series. Middle row: ICMEs are removed from the DA time series and 
remain in the verification time series. Bottom row: ICMEs are removed from 
both the DA input and verification time series.

Table 4 
Percentage Difference of the Average Mean Absolute Error for Forecasts 
(Over All Lead Times) With Combinations of Interplanetary Manifestations 
of CMEs (ICMEs) Removed From the Data Assimilation Input Time Series 
and Verification Time Series Compared With the Forecasts Where ICMEs 
Remain
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effect, it is greatly reduced and the discontinuous increases in MAE with forecast lead time are reduced. But 
further forecast improvement may be obtained by weighting observations by their age. Simple experiments test-
ing this idea with BRaVDA (not shown) have been inconclusive. However, as BRaVDA is based upon HUX 
(Riley & Lionello, 2011), which is not time dependent, it is not easy to explicitly implement this. Future experi-
ments using the time-dependent version of HUX (HUXt, M. Owens et al., 2020) are planned.

ICMEs have the potential to introduce false streams into the BRaVDA output, leading to false alarms in the fore-
casts. As ICMEs are transient events rather than corotating solar wind streams, they are not correctly captured in 
BRaVDA. If a fast ICME encounters one of the assimilating spacecraft, it will be treated as a fast ambient solar 
wind stream and assumed to persist at the observed Carrington longitude. Thus a fast stream is subsequently 
incorrectly forecast. This was demonstrated when considering a single fast ICME encountered by STEREO-B 
in late September 2012. This ICME was removed from the input observations at STEREO-B and the resulting 
BRaVDA output was used for forecasting at Earth, STEREO-A and STEREO-B. There was a marked improve-
ment in the 5-day lead time forecast time series at Earth, STEREO-A and STEREO-B, through reduction of a 
region of forecast high solar wind. This was seen for the cases where only STEREO-B observations were assimi-
lated and when all three spacecraft observations were assimilated. When only the STEREO-B observations were 
assimilated, the false fast stream appeared larger in the forecast time series than when all spacecraft observations 
were assimilated, as the ICME was only observed at one spacecraft. Although assimilation of multiple obser-
vations caused this false alarm to be of a lower magnitude than the fast ICME in the observations, it did not 
completely remove it.

More generally, applying the ICME removal to the solar minimum and solar maximum time periods showed a 
general improvement in the forecast accuracy. However, improvements were modest, as all three spacecraft were 
assimilated, which already reduces the effect of transient ICMEs.

The largest improvement was in the solar maximum period at STEREO-A and STEREO-B, due to the larger 
number of fast ICMEs observed at these spacecraft. It was found that removing ICMEs from the verification time 
series caused a larger improvement in the forecast MAE than removing them from the DA input time series. This 
is due to BRaVDA missing fast streams having a larger effect than creating fast streams through misinterpreting 
an ICME. As an ICME would be observed at only one spacecraft, assimilating multiple observations limits the 
reconstruction of the ICME as a steady-state solar wind structure, thus reducing the production of a false alarm 
in the forecast. For BRaVDA to be deployed operationally, an algorithm to automatically detect and remove 
ICMEs from the real time solar wind data would be required. Some methods based on proton temperature (Cane 
& Richardson, 2003) and iron charge state have been tested with corotation forecasts (Kohutova et al., 2016). 
Removing ICMEs using these indicators led to an improvement in forecast skill score, so this technique could be 
applied for operational DA. Developing BRaVDA for operational solar wind forecasting will additionally require 
the use of real-time spacecraft observations, analysis of which is left for future work.

Data Availability Statement
OMNI data were downloaded from the OMNIWeb portal at https://omniweb.gsfc.nasa.gov/ow.html. STEREO-A 
and STEREO-B data were downloaded from the CDAWeb Data Explorer portal at https://cdaweb.gsfc.nasa.gov/. 
Spacecraft location data were downloaded from https://omniweb.gsfc.nasa.gov/coho/helios/heli.html. HelioMAS 
model output is available from the Predictive Science Inc (website: http://www.predsci.com/mhdweb/home.php).
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