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Solar activity, ranging from the background solar wind to energetic coronal mass
gjections (CMEs), is the main driver of the conditions in the interplanetary space and
in the terrestrial space environment, known as space weather. A better understanding of
the Sun-Earth connection carries enormous potential to mitigate negative space weather
effects with economic and social benefits. Effective space weather forecasting relies
on data and models. In this paper, we discuss some of the most used space weather
models, and propose suitable locations for data gathering with space weather purposes.
We report on the application of Representer analysis (RA) and Domain of Influence
(DOI) analysis to three models simulating different stages of the Sun-Earth connection:
the OpenGGCM and Tsyganenko models, focusing on solar wind—magnetosphere
interaction, and the PLUTO model, used to simulate CME propagation in interplanetary
space. Our analysis is promising for space weather purposes for several reasons. First,
we obtain quantitative information about the most useful locations of observation points,
such as solar wind monitors. For example, we find that the absolute values of the
DOI are extremely low in the magnetospheric plasma sheet. Since knowledge of that
particular sub-system is crucial for space weather, enhanced monitoring of the region
would be most beneficial. Second, we are able to better characterize the models.
Although the current analysis focuses on spatial rather than temporal correlations, we
find that time-independent models are less useful for Data Assimilation activities than
time-dependent models. Third, we take the first steps toward the ambitious goal of
identifying the most relevant heliospheric parameters for modeling CME propagation in
the heliosphere, their arrival time, and their geoeffectiveness at Earth.

Keywords: solar wind, coronal mass ejections (CMEs), magnetohydrodynamics (MHD), numerical simulations,
statistical tools, domain of influence, observations
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Millas et al. DOI Analysis for Space Weather

FIGURE 6 | Results from the T96 Tsyganenko model. The top row (A,B) shows the reference magnetic field (B, and B, component respectively) at time to + 85 min,
with a negative IMF. The middle row (C,D) shows the ensemble mean of the same magnetic field components at the same time to + 85 min. We clipped the magnetic
field values to [50nT|, in order to make variations in the tail better visible. The last row (E,F) shows the logarithm of the absolute difference between the reference

simulation and the mean of the ensemble.
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(A,B), dayside magnetosphere (C,D) and southern lobe tail (E,F), respectively.

FIGURE 7 | Each row displays the DOI maps for By and B, from an ensemble of Tsyganenko model T96 simulations with observation point in the plasma sheet
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ensemble. The former is due to the fact that the model has
no intrinsic time dependence. Any variations of the solar wind
affect the entire magnetosphere instantly and in proportion to

the variation. Thus, after normalization, only the sign matters,
i.e., whether a given change at the observation point leads to a
positive or negative change at a different point.
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Now we focus on the results of the TA15 model. Figure 8
shows the reference simulation and ensemble mean for the By
and B, fields, with superimposed field lines, at time ¢y 4 85 min,
together with the difference between reference and ensemble
mean. We observe that the reproduced dayside magnetosphere
structure is improved compared to the T96 model, at the expense
of unrealistically high magnetic field values in the inflowing
solar wind, and correspondingly distorted magnetic field lines.
These artificial boundary conditions in the Sunwards boundary
are used to obtain an “open” magnetosphere which blends with
the inflowing solar wind, without seeming to form a nightside
magnetosheath. Notice also the high values at these artificial
boundary conditions in the difference plot, indicating that there
is a high variability in their values.

From the DOI maps in Figure 9 (with observation points at
the same positions as Figure 7), we can confirm that the modeled
IMEF is used to construct the internal magnetospheric solution.
While in the T96 model the solar wind By and B, values were
uncorrelated with the magnetospheric values, here the absolute
value (i.e., ignoring the sign) of the correlation is very high: the
solar wind input strictly determines the inner magnetospheric
solution, making the correlation practically unitary. This could be
because of the deterministic analytical formula used to construct
the magnetic field, where everything is exactly determined on a
global scale.

Note that the correlations reported are spatial and not
temporal, therefore no causality is implied. High correlation
between the IMF and magnetospheric fields point to the fact that,
in an ensemble generated by perturbing the solar wind input,
the model is built in such a way that variations in the magnetic
field are highly correlated through the system, apparently without
highlighting the boundary regions that we were able to spot in the
DOI maps for the OpenGGCM and Tsyganenko T96 simulations.

A last remark on the DOI analysis applied to the Tsyganenko
models is the following. The analysis helps us understand and
visualize how the different models are built, with regards to the
relationship between the solar input and the magnetospheric
solution. DA analysis then proves useful here as a model
investigation tool.

It also highlights that caution should be used when deciding
to apply DA techniques to a particular model, depending on
the objectives of the investigation. The Tsyganenko models were
built to provide time-independent, empirical-based insights into
the structure of the magnetosphere at a particular instant in
time. They do not aim at representing the state of the pristine
solar wind, which is used only to better the magnetospheric
solution (hence the somehow unrealistic solar wind patterns
identified in Figures 8, 9). Also, they do not intend to reproduce
temporal dynamics in the magnetosphere. These factors result in
DOI maps where the absolute value of the correlation is always
either 1 or —1. When using DOI techniques with the purposes
of identifying useful locations for satellite placement, these are
not useful results: we are interested in the value of the DOI,
not in the sign. Hence, caution should be used before using
empirical, time-independent models for this particular purpose:
more significant information will possibly be acquired from their
physics-based, time-dependent counterparts. This consideration

does not intend to diminish the importance of empirical, time-
independent models for other scientific objectives such us, most
importantly, quick forecasting.

3.3. Heliospheric Application: PLUTO

In this section, we study the propagation of a Coronal Mass
Ejection in a solar meridional plane, which is defined by the
rotation axis of the Sun and a radial vector in the equatorial
plane. In all the runs of the ensemble, the computational domain
is IR < r < 2l6Ry and 0 < O < m in spherical
coordinates, where R, is the solar radius and 6 is the polar angle
(or colatitude), corotating with the Sun. Assuming axisymmetry
around the solar rotation axis, we may limit our analysis to
2.5D (pseudo 3D) simulations. The grid resolution is uniform in
both directions, 384 x 384 cells, which is sufficient to capture
the structure of the background solar wind while keeping the
computational cost and output size manageable.

We simulate the background solar wind using a simple
adiabatic model with effective polytropic index I' 1.13
(Keppens and Goedbloed, 2000). We also assume a time-
independent dipole background magnetic field:

(13)
(14)

B, = —2B, cos@/r3,
By = —B, sin9/r3,

where B,, By are the r,6 components of the magnetic field in
spherical coordinates and B, a constant used to scale the field
to B 1.1G on the solar equator. We impose the density
distribution p as a function of the latitude 6 at the inner boundary
to achieve a “dead zone” of low velocity near the equator and
a fast solar wind near the poles simultaneously (see Keppens
and Goedbloed, 2000 and Chané et al., 2008). The differential
rotation of the Sun is also taken into account, following Chané
et al. (2005); this is achieved by imposing a varying azimuthal
velocity vy = v4(0) at the inflow boundary.

Once the simulation reaches a steady state, roughly after ~
2.5 days or t 10 in normalized units, the radial velocity
at 1 AU is ~ 300 km/s near the equator and ~ 850 km/s
near the poles. This is consistent with the large-scale bimodal
solar wind structure that is typically observed during solar
minimum (McComas et al., 1998).

We create two ensembles of 100 simulations each. In the first
ensemble, the velocity of the CME in each case is randomly
selected from a Gaussian distribution with mean © = 900 km/s
and standard deviation o = 25 km/s. The resulting values are
typical of strong CME events. In the second ensemble, the spatial
extent of the boundary conditions that launch the CME varies
as well, along with the velocity of the CME as described above.
The half-width of this region is also randomly selected from a
Gaussian distribution with © = 10° and ¢ = 0.5°. All other
parameters remain the same in every run.

The values of the CME widths that are used here are
comparable to observed events. The choice of parameters in the
second ensemble is less constrained by observations and leads
to the appearance of very small values of variance. We thus
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FIGURE 8 | The reference and mean magnetic field (By: (A,C) and B;: (B,D) respectively) at time to + 85 min from the Tsyganenko TA15 model are displayed in the
top two rows of figures. Notice the non-realistic high magnetic field values in the inflowing solar wind (at x/Rg > 10). We assume these unrealistic values are necessary
for the model to construct the day-side magnetosphere. The values of the magnetic field have been cut off in the top two rows of figures at |50nT]|, to make sure the
variations in the tail are visible. The last row (E,F) of figures shows the logarithm of the absolute error between the reference simulation and the mean of the ensemble.
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FIGURE 9 | DOI maps for By (A,C,E) And B, (B,D,F), computed from an ensemble of Tsyganenko TA15 simulations at to + 85 min with observation points at the
same position as Figure 7.

find large areas where the DOI ~ 1, since the simulations in  that the boundary conditions on the solar surface are modified
the ensemble do not differ significantly. This was confirmed  to represent a change of mass flux. In our case, we modify the
by creating and analyzing a third ensemble, where the width  boundary conditions at R=1Rg, in a given region around 6 =
of the CME is chosen from a Gaussian with © = 20° and  80°. A tracer (a passive scalar only present as an advected quantity
o =2.0° within the flow, without effect on the plasma) is also injected with

Figure 10 shows the evolution of the radial velocity average  the CME, to facilitate monitoring its propagation. In the middle
over the whole ensemble. Up to t = 11, i.e., before the CME is  and right panel of Figure 10 we show the ejection of the CME
launched, all runs are identical. The CME is initialized similar to  and its propagation. The CME front can be clearly distinguished
the simplified approach of Keppens and Goedbloed (2000), such  att=12.
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FIGURE 10 | Injection and propagation of a CME via the average radial velocity in the ensembile (in km/s). From (A=C): relaxed solar wind (t = 10), injection and
propagation of the CME (t = 11, t = 12). The leading edge (front shock) is prominent in the last panel, marked by a black arrow.

To apply the RA technique, as explained in section 2, we select
a point of interest and perform the analysis based on (a) the
plasma density, or (b) the radial velocity. We present results at
t=14, when the CME has reached a distance of ~ 150Rp, for two
detection points (at R = 90 and R = 150Rp, 6 = 80°). At times
earlier than + = 10 (when the solar wind reaches a steady state
and the CME is injected), the DOI is zero, since the observation
point is disconnected from the rest of the domain before the CME
reaches it.

The propagation of the CME can be monitored in the MHD
simulations easily via, e.g., a tracer (or the radial velocity).
The DOI map, when the tracer is used as a criterion, follows
closely the CME propagation pattern observed in the MHD runs.
However, this is of limited use, besides testing, as the tracer (in
our case) does not represent a real physical quantity.

The DOI map for the first ensemble, where we perturb only
the radial velocity of the CME, is shown in Figure 11. The
regions where information from the CME front has not yet
arrived have DOI = 0, as shown in the radial velocity DOI
map (Figure 11). When only one parameter is modified (first
ensemble), the density DOI map shows a very large area of
the domain saturated with correlation ~1. This is probably due
to variations in density of the background solar wind induced
by the propagation of the CME. The regions with absolute
value of the DOI >~ 1 that are located far from the CME
propagation front (at small or large angles 6) are the areas
of high radial velocity in Figure 10, where the information
on the perturbation introduced when triggering the CME has
already propagated. The density and radial velocity of all
ensemble members are modified in a similar way, hence the large
|DOI| values.

In the second ensemble, where the width of the CME is also
modified, the DOI map of the density shows smaller correlation
values (compare especially panels B,D in the two figures)
compared to the previous ensemble, because the differences

between the runs of the ensemble are now larger (see Figure 12).
This results in smaller regions where the DOI is close to unity
compared to the first case.

The last ensemble, where the CME width and its perturbation
are larger compared to the second case, is shown in Figure 13.
The DOI pattern is qualitatively similar to Figure 12, but due to
the larger values in the size of the CME and its perturbation, the
regions with high DOI values (meaning the regions affected by
CME propagation in at least one member of the ensemble) are
slightly larger as well.

Additional analysis, not shown here, was carried out on
subsets of the ensembles to ensure the ensemble size is sufficient.
We found that in this case convergence was achieved if at least
25 ensemble members were used (as described in section 2);
however, this number may differ in other cases, depending on the
specifics of the ensemble.

The DOI analysis applied to the simulations performed with
PLUTO are indicative of the versatility of the method. In all
PLUTO ensembles, we can monitor the influence of the CME
during its propagation and the response of the system via the
DOI. Moreover, we can identify certain CME components, such
as the leading edge, from the DOI maps. Differences in the
response of the system due to the choice of the perturbation
or parameters are captured as well. The resolution used here
was sufficient to capture the CME injection and propagation
within reasonable computational cost; the typical run time for
simulating a member of the ensemble was of the order of ~ 10’
min on 28 cores.

However, some limitations of the model must be considered.
The axisymmetric assumption simplifies the problem and allows
to reduce computation costs, but with the drawback of not
accounting for the three-dimensional CME structure. The
limited angular resolution imposes a weak constraint on both the
perturbed and unperturbed size of the CME that we can simulate.
Runs with a higher resolution can remove this constraint at
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FIGURE 11 | DOI maps for the density (A,B) and the radial velocity (C,D), from an ensemble of PLUTO simulations. The first column has the observation point at
R = 90R and the second column at R = 150R, (marked by the black dot). In this set we only perturb the radial velocity of the CME. The structure of the CME can be

Dol, rho, t= 14
A
200 4
0.75
0.50
100 A
0.25
i
€ 07 0.00
>
-0.25
—100 +
-0.50
~200 1§ —Hih
0 100 200
x(Re)
(o] Dol, Vr, t= 14
200 4
0.75
0.50
100 A
0.25
~
©
>4 0+ 0.00
>
-0.25
—100 +
—-0.50
- -0.75
—200 4
0 100 200
x(Re)
seen quite clearly in (A,B), where the leading edge is evident and marked by a black arrow in all panels.

Dol, rho, t= 14
B
200
0.75
0.50
100 -
0.25
s
o 0
< 0.00
-0.25
—100 -
-0.50
—200 -0.75
0 100 200
x(Re)
D Dol, Vr, t= 14
200 -
0.75
0.50
100 -
0.25
o)
€ 01 0.00
>
—-0.25
-100
—-0.50
-200 —0.75
0 100 200
x(Ro)

additional computational cost. Simulations in 3D will be part
of future work in order to capture the full system, where also
differences in the polar direction can be examined. Finally, a
more realistic model for the background magnetic field should
be used, rather than a simple static dipole. We focused mainly on
calculating the DOI at different times and locations, but a similar
approach can be used to estimate the arrival time of the CME, as
described in Owens et al. (2020).

4. SUMMARY AND CONCLUSIONS

In this paper, we apply the Representer analysis and the Domain
of Influence analysis to two fundamental components of the Sun-
Earth connection: the interaction between the solar wind and

the terrestrial magnetosphere, simulated with the OpenGGCM
MHD code and with the empirical Tsyganenko models, and the
propagation of CMEs in the background solar wind, simulated
with the MHD PLUTO model.

In each case an ensemble is generated by appropriately
perturbing initial/boundary conditions. Subsequently, the DOI
analysis is applied over the ensemble. Localization methods,
which can be used to reduce spurious correlations in the
estimated prior covariance matrix (Anderson, 2007; Bishop and
Hodyss, 2007; Sakov and Bertino, 2011), are not used at this stage.

Primarily, the DOI analysis is a first step in the
application of Data Assimilation techniques to a model,
and can be applied before assimilation itself to gain
insight on the system and on the model. However,
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the DOI analysis can also be wused to gain physical
insight, and to devise optimized observation systems, as
discussed below.

Our main results are as follows.

First, we have demonstrated that DOI analysis can provide
useful information on the most appropriate locations for future
observation points, such as solar wind and magnetospheric
monitors. Large absolute values of the DOI, calculated with
respect to an observation point, means that observations at
that location would provide significant information of that field
in the specific, large |DOI| area, but less so in areas with
lower |DOI|. This can be used in two different ways. On one
hand, DOI analysis can help to find observations points that
are connected to large |[DOI| areas, in order to increase the
amount of information brought in by a single new observation.
On the other hand, the same information can be used for a
different objective. Given a particular location, one can ask

where observations need to be obtained to improve knowledge
of that area. A useful example here is the plasma sheet in the
OpenGGCM analysis, section 3.1. Figures 3, 4 show that [DOI|
values in the plasma sheet are consistently low, notwithstanding
the field which is examined (v, or By) and the location of
the observation point. |DOI| values in the plasma sheet are
low even if the observation point is in the plasma sheet itself:
|DOI| values, which are of course 1 at the observation point
itself, quickly become smaller even a small distance away. Since
the plasma sheet is a location of particular importance for
space weather forecasting, or basic research for that matter,
single s/c in the plasma sheet are of limited use, and rather
a constellation of satellites, such as proposed in Angelopoulos
et al. (1998) and Raeder and Angelopoulos (1998) would
be necessary.

Second, we have used the DOI analysis to improve our
knowledge of the models we use, and in particular to investigate
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FIGURE 13 | DOI maps from ensembles of PLUTO simulations for the density (A,B) and the radial velocity (C,D). The first column has a detection point at R = 90R,,
and the second column at R = 150R. In this set we perturb two parameters, the radial velocity and the size of the CME, with a larger perturbation in the size with
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whether these models are appropriate for the implementation of
Data Assimilation. The DOI analysis for the Tsyganenko models
in section 3.2 powerfully highlights the model evolution from
version T96 to version TA15. In version T96, the magnetosphere
is a closed system, and solar wind conditions are not correlated
(DOI ~ 0 in Figure 7) with the magnetospheric region. In version
TA15, the magnetosphere opens up to solar wind driving, and the
correlation between the solar wind region and the magnetosphere
becomes very high (Figure 9). One should remember that the
Tsyganenko models are supposed to be used to investigate
the magnetospheric system, and the solar wind configuration
is artfully modified as to give the best representation of the
magnetosphere under the specified conditions.

One common aspect of the two versions of the Tsyganenko
models is that (with the exception of the solar wind region in

T96) the DOI values are always either 1 or —1, for all fields
and regions examined. These results appear less realistic than
the OpenGGCM results obtained in section 3.1, where DOI
values have larger variability. The Tsyganenko models differ with
respect to OpenGGCM in two fundamental aspects, in that
they (a) empirically reconstruct the magnetospheric magnetic
field from an array of observations and (b) that they are not
time-dependent. Either of these two aspects can contribute to
the unrealistically high correlations we observe. Investigations
on other models, and specifically on empirical, time-dependent
models, will possibly help disentangle the role of these two
aspects. At this stage of the investigation, we advance the
hypothesis that time-dependent models may be better suited
than time-independent models as background models for Data
Assimilation techniques.
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Third, with this analysis we have highlighted a possible path
for future, targeted improvements of global heliospheric models
used, among other things, for simulations of CME propagation
in the heliosphere. It has long been known that one of the critical
aspects of the simulation of CME arrival time is the estimation
of the physical parameters to use as initial conditions in the
simulations. While some parameters can be easily estimated
from remote sensing, others are more difficult to determine
properly and their variability affects the accuracy of the forecast
(Falkenberg et al,, 2010). In this paper, we have shown that
DOI analysis could constitute an important stage of a model
analysis effort aimed at clarifying which aspects of a model should
be prioritized in order to obtain more accurate simulations of
CME propagation.

In this study, as a first step, we show DOI maps obtained
from the correlations of a single variable calculated between the
variable at the observation point and the same variable in the
domain under investigation. As demonstrated in Skandrani et al.
(2014), cross-correlations can be used to find the influence of one
variable upon another.

The results of a DOI cross-correlation analysis can then be
used to determine which quantities and areas in a simulation
are most relevant in determining a certain observational quantity
(such as the radial velocity of a CME in the case of CME
propagation simulations). This analysis can then guide modelers
on deciding which aspects of a model could be improved
for more realistic results. It could help understanding, for
example, if CME propagation in a model is mainly controlled
by the background magnetic field configuration or by the
properties of the CME itself at launch. In the first case,
modeling efforts could be directed into accurate high resolution
representation of the magnetic field configuration in the lower
corona. In the second case, instead, modeling improvements
could be focused on extracting better estimates of CME launch
parameters (e.g., CME density, velocity, internal magnetic field
configuration with respect to the background wind) from
available observations.

The spatial correlations provided by DOI can also be of
particular interest in evaluating the effect of actual measurements
done at positions different from the traditional L1, such as, for
example, missions planned for L5 or missions closer to the Sun.

Future work will extend this study to include temporal and
cross correlations between different field components. This will
further increase our knowledge of the models used to simulate
such critical space weather processes.

The DOT analysis presented here can also be combined with an
Observing System Simulation Experiment (OSSE), an approach
already used in ionospheric and solar dynamo studies (Hsu et al.,
2018; Dikpati, 2017) to help provide a cost-effective approach to
the evaluation of the potential impact of new observations. OSSE
requires that DA is already implemented and uses independently
simulated “data” that are ingested into a different model or a
different instance of the same model. The effect of DA can
then be investigated, albeit with caveats, since the “data” are
not real. DOI analysis would obviate the need to have DA
implemented, which can be very costly. Instead, only ensemble
runs with an unmodified model are required, and can provide a

measure of the usefulness of a model and the available data for a
specific situation.
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