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1. Data Assimilation

• consists in steering the evolution of a model through comparison with 
observations [Welch & Bishop, 2001; Kalman, 1960]

• is commonplace in domains where observations are available at multiple 
locations in the system, i.e. ionosphere [Schunk et al., 2003], electrons 

dynamics in the radiation belts [Kondrashov et al., 2007; Rigler et al., 2004], 
atmospheric and oceanic studies [Ghil and Malanotte-Rizzoli, 1991], …

• is rarely applied to the heliosphere for relative lack of observations; [Schrijver 
& DeRosa, 2003] is an exception



1. Kalman filter algorithms for system identification 
purposes

the state x:

xk 2 <n
xk = xk�1 + wk�1 p(w) ⇡ N(0, Q)

system identification: time evolution matrix A=I

state noise state noise covariance

state noise distribution

the observations z:

observations

time index

zk 2 <m zk = Hxk + ⌫k

relation between observations z and state x

p(⌫) ⇡ N(0, R)

measurement noise

measurement noise distribution

measurement noise covariance

state value, unknown



1. Kalman filter algorithms for system identification 
purposes

prediction phase correction phase
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“innovation”: difference between observations 
and ‘pseudo-observations’ generated with the a

priori estimate

if A!=I (the method is not used for system identification, the state evolve in time) the prediction phase 
includes time evolution; the correction phase is unaltered



2. Application of Kalman filtering to a solar wind 
forecasting model 

We applied Kalman filtering techniques to a baseline empirical model for the 
forecast of solar wind parameters (proton density n, magnetic field magnitude B, 

proton temperature T, proton velocity v)

The aim is to understand if Data Assimilation can be of benefit to solar wind 
forecasting models; we started with an extremely simple one and tried to push 

its limits

[Innocenti et al, 2011]



2.1.The baseline model

H

The baseline model exploits the well-known connection between Coronal Holes, 
High Speed Streams and Solar Wind dynamics 

GOES-12 observations of CH 
area in the meridional slice of 

the sun

1-day resolution nowcast/
forecast of SW parameters at 1 

AU with different lead times
Linear relations with coefficients 
statistically determined from ACE 

measurements (LMS analysis of CH 
coverage and ACE measurements 
from DOYs 25-125, year 2005)

CH observations and SW 
forecasts are related by time lags 
which differ with the quantity to 

forecast

Levine77, Sheeley81, Nolte76, Robbins06, Vrsnak07

An empirical model…



2.1.The baseline model

… with a strong physical background

phase is most prominent in the dusk and midnight sectors.
At this time, the reason for the stronger dB/B amplitude
relative to the strength of the geomagnetic indices during the
strong‐stretching phase of the magnetosphere is not known.

9. Discussion: The Magnetospheric Magnetic
Field and the Solar Wind

[77] To put the dayside compression and nightside
stretching of the geosynchronous magnetic field into per-
spective during the sequence of events of high‐speed
stream‐driven magnetic storms, the timing of the geosyn-
chronous magnetic perturbations relative to the sequence of
events in the solar wind associated with the passage of a
CIR is explored in section 9.1. A related matter, the ease or
difficulty of describing the geosynchronous magnetic field
perturbations in terms of upstream solar wind parameters, is
discussed in section 9.2.

9.1. Timing of the Magnetic Field Perturbations
Relative to Solar Wind Timing and Other
Magnetospheric Phenomena
[78] In Figure 27, a corotating interaction region is

sketched in the ecliptic plane at Earth’s orbit [after Borovsky
and Steinberg, 2006]. In Figure 27, the Earth’s temporal
track through the CIR is denoted as the green dashed arrow,
and the temporal regions wherein the dayside magneto-
sphere is compressed (red), wherein the nightside magneto-
sphere undergoes strong stretching (blue), and wherein the
nightside magnetosphere undergoes weak stretching (purple)

are indicated along the Earth’s track. Also indicated in the
sketch are the stream interface separating the compressed
slow wind from the compressed fast wind within the CIR,
the IMF sector reversal within the compressed slow wind,
and the outer boundaries of the CIR (taken to be the width of
the compression region of the solar wind magnetic field or
the width of the region over which the solar wind speed
changes [Borovsky and Denton, 2009a]). The Earth begins
its track (top to bottom) in slow solar wind (cool ions, lumpy
density, low ion specific entropy), then encounters the onset
of the CIR and enters into the compressed slow wind, then it
crosses the sector reversal within the compressed slow wind,
then encounters the stream interface and enters into com-
pressed fast wind, and finally crosses out of the CIR into
unperturbed fast wind (hot ions, low density, high ion spe-
cific entropy).
9.1.1. Dayside Compression
[79] Examining the dayside magnetosphere magnetic field

compression ∣B∣ in Figure 8 (bottom, black curve) and
comparing that temporal pattern with the patterns of the
solar wind parameters in Figure 1, several details about
the timing of the dayside compression can be obtained. The
dayside magnetic field compression is roughly coincident
with the solar wind density increase prior to and within the
CIR. (This is exemplified more clearly in Figure 8, where
the temporal profile of the dayside field compression is
compared with the temporal profile of the solar wind ram
pressure, which is enhanced owing to an enhanced solar
wind density.) The dayside compression perturbation begins
when the Earth is in the slow solar wind before the onset of
the CIR and the compression perturbation ∣B∣ is about at its
maximum when the Earth encounters the IMF sector
reversal in the compressed slow wind. When the Earth en-
counters the CIR stream interface, the dayside compression
∣B∣ is declining. The dayside compression ends during the
passage of the compressed fast wind before the CIR is ex-
ited. These timing observations are entered into Table 1. As
stated, the peak in the magnetospheric field compression
occurs near the time of passage of the IMF sector reversal; this
peak could be caused by noncompressive density enhance-
ments in the slow solar wind that are often associated with
sector reversals [cf. Gosling et al., 1981; Borrini et al., 1981;
Crooker et al., 1996, 2004a, 2004b; Blanco et al., 2006].
9.1.2. Strong Nightside Stretching
[80] Examining the stretching ! of the nightside magnetic

field in Figure 14 (red curve) and comparing that temporal
pattern with the patterns of the solar wind parameters in
Figure 1, several details about the timing of the nightside
stretching can be obtained. The strong‐stretching perturba-
tion ! commences at about the time the Earth passes the IMF
sector reversal and the stretching ! peaks as the IMF Bz
(GSM) is weakening. The strong‐stretching perturbation ends
at about the time the Earth exits the CIR into the unperturbed
fast wind. These timing observations are entered into Table 1.
The entire strong‐stretching perturbation of the nightside
magnetosphere is approximately coincident with the solar
wind magnetic field compression, which denotes the major
portion of the entire CIR. The strong nightside‐stretching
perturbation commences after the dayside compression per-
turbation commences, and the strong nightside‐stretching
perturbation terminates after the dayside compression per-

Figure 27. A sketch of a CIR (tan shading) and the Earth’s
temporal track (green dashed arrow) through the CIR. The
temporal region on the time track where the dayside com-
pression of the magnetosphere occurs is labeled in red, the
temporal region on the time track where the strong nightside
stretching occurs is labeled in blue, and the temporal region
on the time track where the weak nightside stretching occurs
is labeled in purple.
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2.1.The baseline model

… with a strong physical background

1. the Earth enters the area of compressed slow solar wind 
ahead of the CIR →peak in n

phase is most prominent in the dusk and midnight sectors.
At this time, the reason for the stronger dB/B amplitude
relative to the strength of the geomagnetic indices during the
strong‐stretching phase of the magnetosphere is not known.

9. Discussion: The Magnetospheric Magnetic
Field and the Solar Wind

[77] To put the dayside compression and nightside
stretching of the geosynchronous magnetic field into per-
spective during the sequence of events of high‐speed
stream‐driven magnetic storms, the timing of the geosyn-
chronous magnetic perturbations relative to the sequence of
events in the solar wind associated with the passage of a
CIR is explored in section 9.1. A related matter, the ease or
difficulty of describing the geosynchronous magnetic field
perturbations in terms of upstream solar wind parameters, is
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are indicated along the Earth’s track. Also indicated in the
sketch are the stream interface separating the compressed
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the IMF sector reversal within the compressed slow wind,
and the outer boundaries of the CIR (taken to be the width of
the compression region of the solar wind magnetic field or
the width of the region over which the solar wind speed
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its track (top to bottom) in slow solar wind (cool ions, lumpy
density, low ion specific entropy), then encounters the onset
of the CIR and enters into the compressed slow wind, then it
crosses the sector reversal within the compressed slow wind,
then encounters the stream interface and enters into com-
pressed fast wind, and finally crosses out of the CIR into
unperturbed fast wind (hot ions, low density, high ion spe-
cific entropy).
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[79] Examining the dayside magnetosphere magnetic field

compression ∣B∣ in Figure 8 (bottom, black curve) and
comparing that temporal pattern with the patterns of the
solar wind parameters in Figure 1, several details about
the timing of the dayside compression can be obtained. The
dayside magnetic field compression is roughly coincident
with the solar wind density increase prior to and within the
CIR. (This is exemplified more clearly in Figure 8, where
the temporal profile of the dayside field compression is
compared with the temporal profile of the solar wind ram
pressure, which is enhanced owing to an enhanced solar
wind density.) The dayside compression perturbation begins
when the Earth is in the slow solar wind before the onset of
the CIR and the compression perturbation ∣B∣ is about at its
maximum when the Earth encounters the IMF sector
reversal in the compressed slow wind. When the Earth en-
counters the CIR stream interface, the dayside compression
∣B∣ is declining. The dayside compression ends during the
passage of the compressed fast wind before the CIR is ex-
ited. These timing observations are entered into Table 1. As
stated, the peak in the magnetospheric field compression
occurs near the time of passage of the IMF sector reversal; this
peak could be caused by noncompressive density enhance-
ments in the slow solar wind that are often associated with
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Figure 27. A sketch of a CIR (tan shading) and the Earth’s
temporal track (green dashed arrow) through the CIR. The
temporal region on the time track where the dayside com-
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temporal region on the time track where the strong nightside
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on the time track where the weak nightside stretching occurs
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2.1.The baseline model

… with a strong physical background

1. the Earth enters the area of compressed slow solar wind 
ahead of the CIR →peak in n

2. magnetospheric field compression around the time of passage 
of the Interplanetary Magnetic Field (IMF) sector reversal 

→peak in B
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9. Discussion: The Magnetospheric Magnetic
Field and the Solar Wind

[77] To put the dayside compression and nightside
stretching of the geosynchronous magnetic field into per-
spective during the sequence of events of high‐speed
stream‐driven magnetic storms, the timing of the geosyn-
chronous magnetic perturbations relative to the sequence of
events in the solar wind associated with the passage of a
CIR is explored in section 9.1. A related matter, the ease or
difficulty of describing the geosynchronous magnetic field
perturbations in terms of upstream solar wind parameters, is
discussed in section 9.2.

9.1. Timing of the Magnetic Field Perturbations
Relative to Solar Wind Timing and Other
Magnetospheric Phenomena
[78] In Figure 27, a corotating interaction region is

sketched in the ecliptic plane at Earth’s orbit [after Borovsky
and Steinberg, 2006]. In Figure 27, the Earth’s temporal
track through the CIR is denoted as the green dashed arrow,
and the temporal regions wherein the dayside magneto-
sphere is compressed (red), wherein the nightside magneto-
sphere undergoes strong stretching (blue), and wherein the
nightside magnetosphere undergoes weak stretching (purple)

are indicated along the Earth’s track. Also indicated in the
sketch are the stream interface separating the compressed
slow wind from the compressed fast wind within the CIR,
the IMF sector reversal within the compressed slow wind,
and the outer boundaries of the CIR (taken to be the width of
the compression region of the solar wind magnetic field or
the width of the region over which the solar wind speed
changes [Borovsky and Denton, 2009a]). The Earth begins
its track (top to bottom) in slow solar wind (cool ions, lumpy
density, low ion specific entropy), then encounters the onset
of the CIR and enters into the compressed slow wind, then it
crosses the sector reversal within the compressed slow wind,
then encounters the stream interface and enters into com-
pressed fast wind, and finally crosses out of the CIR into
unperturbed fast wind (hot ions, low density, high ion spe-
cific entropy).
9.1.1. Dayside Compression
[79] Examining the dayside magnetosphere magnetic field

compression ∣B∣ in Figure 8 (bottom, black curve) and
comparing that temporal pattern with the patterns of the
solar wind parameters in Figure 1, several details about
the timing of the dayside compression can be obtained. The
dayside magnetic field compression is roughly coincident
with the solar wind density increase prior to and within the
CIR. (This is exemplified more clearly in Figure 8, where
the temporal profile of the dayside field compression is
compared with the temporal profile of the solar wind ram
pressure, which is enhanced owing to an enhanced solar
wind density.) The dayside compression perturbation begins
when the Earth is in the slow solar wind before the onset of
the CIR and the compression perturbation ∣B∣ is about at its
maximum when the Earth encounters the IMF sector
reversal in the compressed slow wind. When the Earth en-
counters the CIR stream interface, the dayside compression
∣B∣ is declining. The dayside compression ends during the
passage of the compressed fast wind before the CIR is ex-
ited. These timing observations are entered into Table 1. As
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at about the time the Earth exits the CIR into the unperturbed
fast wind. These timing observations are entered into Table 1.
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Figure 27. A sketch of a CIR (tan shading) and the Earth’s
temporal track (green dashed arrow) through the CIR. The
temporal region on the time track where the dayside com-
pression of the magnetosphere occurs is labeled in red, the
temporal region on the time track where the strong nightside
stretching occurs is labeled in blue, and the temporal region
on the time track where the weak nightside stretching occurs
is labeled in purple.
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2.1.The baseline model

… with a strong physical background

1. the Earth enters the area of compressed slow solar wind 
ahead of the CIR →peak in n

3. crossing of the stream interface →peak in T

2. magnetospheric field compression around the time of passage 
of the Interplanetary Magnetic Field (IMF) sector reversal 

→peak in B
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2.1.The baseline model

… with a strong physical background

1. the Earth enters the area of compressed slow solar wind 
ahead of the CIR →peak in n

3. crossing of the stream interface →peak in T

2. magnetospheric field compression around the time of passage 
of the Interplanetary Magnetic Field (IMF) sector reversal 

→peak in B

4. the Earth emerges into the fast wind region behind the CIR 
→peak in v
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At this time, the reason for the stronger dB/B amplitude
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unperturbed fast wind (hot ions, low density, high ion spe-
cific entropy).
9.1.1. Dayside Compression
[79] Examining the dayside magnetosphere magnetic field
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with the solar wind density increase prior to and within the
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compared with the temporal profile of the solar wind ram
pressure, which is enhanced owing to an enhanced solar
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maximum when the Earth encounters the IMF sector
reversal in the compressed slow wind. When the Earth en-
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∣B∣ is declining. The dayside compression ends during the
passage of the compressed fast wind before the CIR is ex-
ited. These timing observations are entered into Table 1. As
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peak could be caused by noncompressive density enhance-
ments in the slow solar wind that are often associated with
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[80] Examining the stretching ! of the nightside magnetic
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sector reversal and the stretching ! peaks as the IMF Bz
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at about the time the Earth exits the CIR into the unperturbed
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wind magnetic field compression, which denotes the major
portion of the entire CIR. The strong nightside‐stretching
perturbation commences after the dayside compression per-
turbation commences, and the strong nightside‐stretching
perturbation terminates after the dayside compression per-

Figure 27. A sketch of a CIR (tan shading) and the Earth’s
temporal track (green dashed arrow) through the CIR. The
temporal region on the time track where the dayside com-
pression of the magnetosphere occurs is labeled in red, the
temporal region on the time track where the strong nightside
stretching occurs is labeled in blue, and the temporal region
on the time track where the weak nightside stretching occurs
is labeled in purple.
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velocity peak to the center of the CH (peak in the CH area)



2.1.The baseline model

… with a strong physical background

1. the Earth enters the area of compressed slow solar wind 
ahead of the CIR →peak in n

3. crossing of the stream interface →peak in T

2. magnetospheric field compression around the time of passage 
of the Interplanetary Magnetic Field (IMF) sector reversal 

→peak in B

4. the Earth emerges into the fast wind region behind the CIR 
→peak in v

phase is most prominent in the dusk and midnight sectors.
At this time, the reason for the stronger dB/B amplitude
relative to the strength of the geomagnetic indices during the
strong‐stretching phase of the magnetosphere is not known.

9. Discussion: The Magnetospheric Magnetic
Field and the Solar Wind

[77] To put the dayside compression and nightside
stretching of the geosynchronous magnetic field into per-
spective during the sequence of events of high‐speed
stream‐driven magnetic storms, the timing of the geosyn-
chronous magnetic perturbations relative to the sequence of
events in the solar wind associated with the passage of a
CIR is explored in section 9.1. A related matter, the ease or
difficulty of describing the geosynchronous magnetic field
perturbations in terms of upstream solar wind parameters, is
discussed in section 9.2.

9.1. Timing of the Magnetic Field Perturbations
Relative to Solar Wind Timing and Other
Magnetospheric Phenomena
[78] In Figure 27, a corotating interaction region is

sketched in the ecliptic plane at Earth’s orbit [after Borovsky
and Steinberg, 2006]. In Figure 27, the Earth’s temporal
track through the CIR is denoted as the green dashed arrow,
and the temporal regions wherein the dayside magneto-
sphere is compressed (red), wherein the nightside magneto-
sphere undergoes strong stretching (blue), and wherein the
nightside magnetosphere undergoes weak stretching (purple)

are indicated along the Earth’s track. Also indicated in the
sketch are the stream interface separating the compressed
slow wind from the compressed fast wind within the CIR,
the IMF sector reversal within the compressed slow wind,
and the outer boundaries of the CIR (taken to be the width of
the compression region of the solar wind magnetic field or
the width of the region over which the solar wind speed
changes [Borovsky and Denton, 2009a]). The Earth begins
its track (top to bottom) in slow solar wind (cool ions, lumpy
density, low ion specific entropy), then encounters the onset
of the CIR and enters into the compressed slow wind, then it
crosses the sector reversal within the compressed slow wind,
then encounters the stream interface and enters into com-
pressed fast wind, and finally crosses out of the CIR into
unperturbed fast wind (hot ions, low density, high ion spe-
cific entropy).
9.1.1. Dayside Compression
[79] Examining the dayside magnetosphere magnetic field

compression ∣B∣ in Figure 8 (bottom, black curve) and
comparing that temporal pattern with the patterns of the
solar wind parameters in Figure 1, several details about
the timing of the dayside compression can be obtained. The
dayside magnetic field compression is roughly coincident
with the solar wind density increase prior to and within the
CIR. (This is exemplified more clearly in Figure 8, where
the temporal profile of the dayside field compression is
compared with the temporal profile of the solar wind ram
pressure, which is enhanced owing to an enhanced solar
wind density.) The dayside compression perturbation begins
when the Earth is in the slow solar wind before the onset of
the CIR and the compression perturbation ∣B∣ is about at its
maximum when the Earth encounters the IMF sector
reversal in the compressed slow wind. When the Earth en-
counters the CIR stream interface, the dayside compression
∣B∣ is declining. The dayside compression ends during the
passage of the compressed fast wind before the CIR is ex-
ited. These timing observations are entered into Table 1. As
stated, the peak in the magnetospheric field compression
occurs near the time of passage of the IMF sector reversal; this
peak could be caused by noncompressive density enhance-
ments in the slow solar wind that are often associated with
sector reversals [cf. Gosling et al., 1981; Borrini et al., 1981;
Crooker et al., 1996, 2004a, 2004b; Blanco et al., 2006].
9.1.2. Strong Nightside Stretching
[80] Examining the stretching ! of the nightside magnetic

field in Figure 14 (red curve) and comparing that temporal
pattern with the patterns of the solar wind parameters in
Figure 1, several details about the timing of the nightside
stretching can be obtained. The strong‐stretching perturba-
tion ! commences at about the time the Earth passes the IMF
sector reversal and the stretching ! peaks as the IMF Bz
(GSM) is weakening. The strong‐stretching perturbation ends
at about the time the Earth exits the CIR into the unperturbed
fast wind. These timing observations are entered into Table 1.
The entire strong‐stretching perturbation of the nightside
magnetosphere is approximately coincident with the solar
wind magnetic field compression, which denotes the major
portion of the entire CIR. The strong nightside‐stretching
perturbation commences after the dayside compression per-
turbation commences, and the strong nightside‐stretching
perturbation terminates after the dayside compression per-

Figure 27. A sketch of a CIR (tan shading) and the Earth’s
temporal track (green dashed arrow) through the CIR. The
temporal region on the time track where the dayside com-
pression of the magnetosphere occurs is labeled in red, the
temporal region on the time track where the strong nightside
stretching occurs is labeled in blue, and the temporal region
on the time track where the weak nightside stretching occurs
is labeled in purple.
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the baseline model is physically more relevant during the declining phase of the 
solar cycle, when HSS/CIR dynamics are the main drivers of geomagnetic 

activity at Earth
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Δt2

Δt1

todaytoday – Δt1 today + Δt2 – Δt1 

Kalman filtering

forecast

for the sake of results. In fact, more conventional approa-
ches, in which the a posteriori state estimate from the
previous time step was used in the generation of the new a
priori state estimate, have been tried. These attempts,
however, have produced lower quality forecasts when
compared with the ones here presented and have therefore
been abandoned.
[29] The a priori error covariance is calculated as stated

in equation (11), consistently with the hypothesis of a
constant A. The process noise covariance Q is the measure
of the uncertainty connected with the generation of the a
priori state estimate; since, in this case, the a priori state
estimate is actually observed, not calculated, Q is related
to the uncertainty of the observation. In particular, Q =
(sCHareaE[~x])2, where E[~x] is the average of the solar
observations for the period under investigation and sCHarea
is a free or tunable parameter for the filter. Since different
values of sCHarea produce quite different forecasts, the
forecasting procedure is repeated with values of sCHarea
spanning from sCHarea = 0.05 to sCHarea = 0.5, meaning that
the solar observations are considered to be reliable with a
standard deviation of 5% in the first case and 50% in the
second. The value sCHarea which gives the better forecast is
then selected. Notice that the average E[~x] of the solar
observations for the period, which is obviously not avail-
able during an operational forecast, is used as a reference
value. The use of any other reference value would just
slightly modify the choice of the optimal tunable param-
eter sCHarea. Finally, note that, since both Q and R are fixed
in time, Pk and Pk− rapidly stabilize and then remain con-
stant [Welch and Bishop, 2001].
[30] A step of the Kalman filtering procedure with the

inputs previously described produces the a posteriori state
estimate x̂k for the CH coverage relative to the day k. The
linear relations of equation (1), with the appropriate

coefficients from Table 1, are used both as matrix H in the
filtering procedure (equations (12)–(13)) and to forecast the
later solar wind parameter from the corrected CH cover-
age value (prediction block P in Figure 2). The measure-
ment noise covariance R (equation (12)) is obtained
attributing to the ACE measurements of the solar wind
density, temperature, velocity and of the magnetic field
magnitude a standard deviation of 20%, 10%, 2% and
22.2%, respectively. The first three values are specifica-
tions of the ACE SWEPAM instrument ( J. Gosling, private
communication, 2010), while the fourth is obtained from

Figure 1. Sketch of the forecasting procedure used in this paper: the ACE observation taken
“today,” relative to a solar wind parameter exhibiting a time lag Dt1 with respect to the CH obser-
vation, is used to correct the solar observation of “today −Dt1 ” through Kalman filtering. The cor-
rect value is then used to forecast, via the method described in Vršnak et al. [2007], another solar
wind parameter with a time lag of Dt2 > Dt1, therefore granting a lead time of Dt2 − Dt1 days over
“today.”

Figure 2. Forecast procedure for the “later” quantity fk
+Dt2 at day k + Dt2 using as inputs the CH coverage ~xk of
day k and the measure zk+Dt1 of day k + Dt1 of a earlier
quantity: the measure zk+Dt1 is used to correct the CH
coverage value ~xk derived from GOES‐12 observations
through one step of the Kalman filter (KF) procedure;
then, the a posteriori state estimate x̂k thus obtained
is used to forecast (prediction block P) the solar wind
parameter under investigation.
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the different time lags between GOES12 
observations and the forecasts allow to correct the 

fractional CH area with “earlier” quantities and 
than forecast “later” quantities with the improved 

state

OUT: improved solar observation xk̂, used 
for forecasting the “later” quantity

IN: solar observation xk and time-lagged 
ACE observation z k+Δt1

PAR: tunable filter parameter: process noise 
covariance (a measure of the model to 

measurements confidence ratio)

IN OUT

PAR

2. The assimilation method

Kalkan filtering techniques have been applied in a rather unconventional way to exploit a very 
convenient characteristic of the baseline model, i.e. the time delayed correlation between the 

observables



The model with DA outperforms both the baseline and the persistence method for years 2005 and 2006, 
with the baseline model coefficients being calculated for a fraction of year 2005 (performances are evaluated 

with the Mean Absolute Error - MAE)

2. Comparison of forecast quality with alternative 
forecasting methods

Mean Absolute Error (MAE) for the year 2005 (panel a) and 2006 (panel b) for the forecast of the 
proton velocity with assimilation of the proton temperature.

The MAEs are as a function of the tunable filter parameter, the process noise covariance σCH area

(a) (b)

CH observations are 
considered reliable

CH observations are NOT 
considered reliable

CH observations are 
considered reliable

CH observations are NOT 
considered reliable

forecast with the baseline method
forecast with Data Assimilation

forecast with persistence method; i.e., use the current value as forecast; it often outperforms more “refined” 
models and is often used as benchmark for new forecasting models, see the CISM website 



2. Performance during periods of geomagnetic activity 

Du08, Foullon07

The model with DA improves the quality of the forecast during the period of moderate geomagnetic activity 
on January 7-27 (successive flares, several halo CME emitted, fast halo CME emitted on January 20) 

year 2005
ACE measurement of proton velocity

forecast of the proton velocity with the baseline model (-4 days)
forecast of the proton velocity with assimilation of proton temperature (-1 day)

On paper, one of the advantages of DA is to include in a system processes not included in the baseline model 
through assimilation of observation; we tested this with CME activity (the baseline model covers HSS, not CMEs)
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MAE for the forecast of the solar wind speed for the year 2005 with corrupted CH inputs, 
classified according to the mean and standard deviation of the normally distributed noise 

superimposed to the input (with respect to original values)

O: the current method with corrupted inputs outperforms the persistence method (PM) with 
uncorrupted inputs (MAE= 0.1342)

X: the current method with corrupted inputs performs less than the PM
→ the assimilation of T measurements grants a high tolerance of the forecast to input corruption

2. Robustness towards corrupted inputs

non-corrupted input non-corrupted input

forecast with DA of T forecast with baseline method

We tested the robustness of the model with DA by feeding it with “corrupted inputs”, i.e. superposing a normally 
distributed noise (with prescript mean and standard deviation) to the observed CH covarage
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2. Performance outside of the period of applicability

1998

2002 2005

The forecasts with DA 
always outperform (lower 
MAEs) the forecasts with 

the baseline model.
They outperform the 

persistence model also in 
the period (declining phase 

of the cycle) where the 
baseline model is more 

physically significant

The baseline model is more 
physically grounded during 
the declining phase of the 
cycle (y. 2005), where HSS/
CIRs are the major driver 
of solar wind variability

We tested the performance of the method in periods of the cycle where the baseline model does not capture
the major sources of solar wind variability 
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We have applied Kalman filtering techniques to a very simple empirical model for the 
forecast of solar wind parameters. The aim is to understand if solar wind models can benefit 
from Data Assimilation. We have relied chiefly on the very strong (and time-delayed) 
connection between ion T and v in the solar wind. Less strong correlation have been 
explored and can be exploited. We have obtained that

• the model with DA always outperforms the baseline model; it outperforms the persistence 
model as well when the baseline model is more physically grounded (declining phase of the 
cycle) → DA is not effective per se, a good baseline model is needed

• processes not included in the baseline model (i.e., CMEs) are included in the forecast with 
DA thanks to the assimilation; this is the main result of the test

• DA improves the robustness of the baseline model to corrupted inputs (e.g., instrument 
noise)

Caveats: the baseline model used is very simple and very prone to improvements. Also, the 
assimilation technique used relies on a particular characteristics of the model (the time-
delayed correlation between observables) which may not be available for other models

Conclusions of part 2



3. Preliminary study of DA benefits for an MHD model 
for the simulation of the heliosphere

Heliospheric models usually rely on boundary conditions at the source surface, 
which constitutes a major source of model errors.  We used the ensemble 

method [Evensen09] to
1. understand how sensitive the model is to input variation through the analysis 

of ensemble variances.
In practice: how far from reality will my model go if there is an error (i.e., 

instrumental noise) in the boundary conditions at the source surface?

2. identify optimal locations for DA through the representer analysis
In practice: where should my spacecraft be to get the best out of the 
assimilation of an observable? Which observable should I assimilate?

[Skandrani et al, 2014]



3. The baseline model
FLIP-MHD [Brackbill 1991] is used as baseline model for the simulation of 

the background solar wind from the source surface to 1 AU

red numbers: 
diagnosis locations

boundary conditions at the Source Surface:

• velocity is constant and equal to Alfven speed vA

• magnetic field:

x c
en

tr
e

the boundary is driven at t < tα = 0.4 tfinal

the ensemble is obtained by perturbing these 
initial conditions with a time dependent coefficient 

generated from a Gaussian distribution with 
mean= 0, s.d.=0.05 (small perturbation); ensemble-

wide statistic is then collected

thickness of the inversion layer



3. Analysis of the ensemble variance

t/tA=140 t/tA=160 t/tA=180

t/tA=200 t/tA=236 t/tA=260

t/tA=280 t/tA=320 t/tA=400

Ensemble variance of
bz at differences times 

(tA is one Alfven transit 
time);

blobs of higher variance
(red) appear when the 

instances in the 
ensemble behave very 

differently
e.g.: some reconnect, 

some not

Conclusion: a quite 
small perturbation of 

the boundary 
conditions result in 

rather different 
system evolution

→ it is crucial to have 
accurate boundary 

conditions



3. Analysis of the domain of influence
The representer analysis allows to calculate the “domain of influence” of an observation: meaning the areas in the 
system where assimilation of an observation at a particular location gives a result closer (doi>0) or further away 

(doi <0) from ‘reality’, where ‘reality’ is calculated from the ensemble
The math behind the doi is heavy, refer to [Skandrani 2014]

Effect of the assimilation of bz 
observations at different locations 

(black dots) on the bz field at a fixed 
time (t/tA=200)

The red areas benefit from the 
assimilation; the blue areas are 

damaged → a perimeter around the 
assimilation location should be 

established for bz

Reconnection magnetically isolates 
certain areas of the domain and 
prevent benefits from the DA to 

spread



3. Analysis of the domain of influence

Effect of the assimilation of vz 
observations at different locations 
(red dots) on the vz field at a fixed 

time (t/tA=200)

The red areas benefit from the 
assimilation; no “damaged” areas → 
velocity observations are a better 
choice for assimilation than the 

magnetic field

The representer analysis allows to calculate the “domain of influence” of an observation: meaning the areas in the 
system where assimilation of an observation at a particular location gives a result closer (doi>0) or further away 

(doi <0) from ‘reality’, where ‘reality’ is calculated from the ensemble
The math behind the doi is heavy, refer to [Skandrani 2014]



We have applied ensemble techniques to an MHD model for the propagation of background 
solar wind from the source surface to 1 AU.  The aim is again to understand if solar wind 
models can benefit from Data Assimilation. Very slight variation of the boundary conditions 
at the source surface are used to produce the instances of the ensemble. 

• from the analysis of the ensemble variance, we have understood that quite small variations 
of the source surface input produce large variations in the behaviour of the ensemble 
members. For example, reconnection happen at very different locations. Accurate inputs 
are then needed

• from the analysis of the domain of influence, we have understood that velocity 
observations are better candidate for assimilation than magnetic field. For assimilation of 
velocity observations, benefits in the state can be expected quite far from the assimilation 
location, not so for assimilation of magnetic field observations

Conclusions of part 2



We have tried to assess the impact of Data Assimilation on solar wind 
forecasting models using two rather different approaches.

Both advocate for more extensive use of Data Assimilation in heliospheric 
modelling

 

General conclusions
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