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ABSTRACT

A plethora of coronal models, from empirical to more complex magnetohydrodynamic (MHD) ones,

are being used for reconstructing the coronal magnetic field topology and estimating the open magnetic

flux. However, no individual solution fully agrees with coronal hole observations and in situ measure-

ments of open flux at 1 AU, as there is a strong deficit between model and observations contributing

to the known problem of the missing open flux. In this paper we investigate the possible origin of

the discrepancy between modeled and observed magnetic field topology by assessing the effect on the

simulation output by the choice of the input boundary conditions and the simulation set up, including

the choice of numerical schemes and the parameter initialization. In the frame of this work, we con-

sidered four potential field source surface based models and one fully MHD model, different types of

global magnetic field maps and model initiation parameters. After assessing the model outputs using

a variety of metrics, we conclude that they are highly comparable regardless of the differences set at

initiation. When comparing all models to coronal hole boundaries extracted by extreme ultraviolet

(EUV) filtergrams we find that they do not compare well. This miss-match between observed and

modeled regions of open field is a candidate contributing to the open flux problem.

Keywords: Sun: corona — Sun: magnetic fields — Sun: Heliosphere — methods: numerical —

methods: data analysis

1. INTRODUCTION

A well-known conundrum in space physics is the “open flux problem” according to which open flux estimates derived

from in situ spacecraft measurements at 1 au (see for example Lockwood et al. 2009a,b; Owens et al. 2018; Frost et al.
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2022) are systematically larger than estimates from: (1) calculations based on remote sensing observations of coronal

holes (CHs) and the underlying magnetic flux and (2) model reconstructions of open field areas associated to CHs on

the Sun (see for example Linker et al. 2017; Wallace et al. 2019, and referencees therein). The problem rises from the

fact that open flux is considered to originate from magnetic field regions predominantly associated with CHs (Levine

et al. 1977; Wang et al. 1996; Schwadron et al. 2005; Fisk & Zurbuchen 2006; Schwenn 2006a,b; Antiochos et al. 2007;

Cranmer et al. 2017; Hofmeister et al. 2017, 2019; Heinemann et al. 2018). This implies that the aforementioned

systematic discrepancies should not occur. The scientific community has presently reached a consensus that open flux

may also originate from sources other than CHs, resulting in an excess of open flux not accounted for so far in the

calculations. To understand the exact magnitude of the missing open flux one needs to quantify the uncertainties of the

coronal models used for reconstructing open fields, of the methodologies used to estimate open flux from observations,

and of the observations themselves.

In Linker et al. (2021), to which we refer to hereafter as Paper I, we characterized the uncertainties of EUV CH

detection methods that are often used for deriving the open magnetic flux. We derived uncertainties in the open flux

calculation of the order of about 26% due to CH boundary variations when applying the different EUV extraction

methods. By using magnetograms from different sources, ground-based and satellites with various processing levels,

that uncertainty even doubled to about 45%. From an MHD simulation, we also found that some open flux would

be missing due to originating from regions that do not appear dark in EUV. In this paper we focus on determining

model uncertainties in reconstructing open field areas associated to CHs. We also consider the effect on the simulation

output of the ambiguity introduced by certain observational limitations affecting the boundary conditions used to

initiate model simulations.

Current efforts in global coronal magnetic field modeling range from simplified empirical models to advanced mag-

netohydrodynamic (MHD) ones (see for example Altschuler & Newkirk 1969; Mikić et al. 1999; Linker et al. 1999;

Lionello et al. 1998, 2001; Riley et al. 2001; Arge & Pizzo 2000; Groth et al. 2000; Cohen et al. 2007; Wiegelmann

2007; van der Holst et al. 2010, 2014; Antiochos et al. 2011; Evans et al. 2012; Jiang et al. 2012; Guo et al. 2016; Pinto

& Rouillard 2017; Sachdeva et al. 2019, 2021; Feng 2020; Wang et al. 2020; Perri et al. 2022). However, due to its

simplicity and computational inexpensiveness, the Potential Field Source Surface (PFSS) model is the most commonly

employed one. It forms one of the building blocks of the Wang-Sheeley-Arge (WSA; Arge & Pizzo 2000) and of other

similar semi-empirical models currently used in state-of-the-art space weather models, such as Enlil (Odstrcil 2003;

Odstrcil et al. 2005), European Heliospheric FORecasting Information Asset (EUHFORIA; Pomoell & Poedts 2018),

and the multiple flux-tube solar wind model (MULTI–VP; Pinto & Rouillard 2017). All coronal models come with

different layers of complexity and uncertainty, either of which could potentially account for the missing open flux.

Sources of complexity and uncertainty can be grouped into two main categories: (1) those introduced by the choice

of input boundary conditions, more precisely, the selected global magnetic field map, and (2) those related to the

simulation set-up, that includes employed numerical schemes and the choice of parameter initialization.

In order to initiate a coronal model simulation, one needs to know the magnetic flux distribution at the inner

boundary of the modeling domain. Traditionally, line-of-sight or vector magnetograms of the photospheric magnetic

field are used; however, constructing appropriate datasets is challenging due to a number of limitations in current

observational capabilities. Thus far, photospheric magnetic field measurements are routinely collected only from the

Earth’s vantage point and, as a result, at any given time we observe with adequate accuracy only a small sector of

the solar disk that is within our field of view. For the rest of the solar surface, we either do not have observations at

the same time, or they are subjected to strong projection effects towards the limb. Consequently, the reconstructed

magnetograms, representing the radial magnetic field component of the entire photosphere, are in part based on

outdated or on later date observations of the different sectors of the Sun as they progressively enter the Earth’s field

of view. This can lead to a lack of or outdated information on the magnetic field associated with CHs and active

regions (ARs). An additional issue introduced is the consistent lack of accurate polar field observations, due to the

inclination of the solar axis with respect to the ecliptic plane at a given period of the Earth’s orbit and due to projection

effects. Considering the importance of the open magnetic field from polar CHs in the global coronal magnetic field

topology and subsequently the open flux estimates, it is expected that this issue can cause major discrepancies in

our modeling efforts. Attempts in understanding the magnetic field topology of polar CHs are based on validating

models against (1) white light and EUV observations, as well as in situ interplanetary measurements (see for example

Sun et al. 2011; Riley et al. 2019; Schonfeld et al. 2022; Wagner et al. 2022, and references therein), or (2) one-off

past observational missions (see for example the results from the SUNRISE mission in Prabhu et al. 2020). In the
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near future, validation efforts will also consider observations from the Solar Orbiter mission, which will progressively

orbit at a higher inclination and close to the Sun (Solanki et al. 2020; Harra et al. 2021). Nevertheless, at the time of

writing, we are still far from producing magnetograms with accurate polar magnetic field values.

Beyond our observational limitations, full-Sun magnetograms developed based on magnetic field measurements

obtained by different observatories, using different instruments and being constructed following different techniques,

show qualitative differences (Riley et al. 2014; Li et al. 2021; Wang et al. 2022). To overcome this issue, normalization

factors were introduced aiming in better connecting the magnetograms to each other. It has long been debated whether

the differences among the magnetograms indicate uncertainties in the magnetic field measurements, regardless of the

observatory, thus being the source of the known ”open flux problem” (see for example Riley et al. 2014; Linker et al.

2017, and references therein). A recent study by Wang et al. (2022) showed that magnetic field corrections applied to

Mount Wilson Observatory (MWO) or Wilcox Solar Observatory (WSO) data could solve the open flux issue, making

the derived open fluxes consistent with the observed interplanetary magnetic field (IMF) magnitude. However, this

is a temporary solution which does not resolve the problem since it solely adjusts the magnetogram values in order

to obtain a result that is in agreement to in situ measurements. When it comes to using different magnetograms for

coronal magnetic field modeling, it is essential to stress that a different input magnetogram will lead to a different

model output (Hayashi et al. 2016; Linker et al. 2017; Caplan et al. 2021; Li et al. 2021). All the aforementioned

limitations introduce uncertainties to the reconstructed magnetograms. These uncertainties can be propagated to the

simulation output. In our analysis, we focus only on the effect on the modeled topologies due to lack of or outdated

information on ARs and the small variations in the magnetograms due to their generation method.

Apart from the boundary conditions discussed above, solving the mathematical models requires the use of a given

numerical technique, and at the moment different algorithms are being used by the community, each having diverse

characteristics. For example to solve the Laplace equation for magnetic field computations in the PFSS model, there

are different numerical schemes that can be implemented, such as the spherical harmonics (employed for example in

Altschuler & Newkirk 1969; Arge & Pizzo 2000; Pomoell & Poedts 2018) and the finite difference schemes (employed

for example in Caplan et al. 2021). Both schemes require the initialization of different parameters, for example the

number of spherical harmonics or the resolution of the grid, respectively, the selection of which can significantly affect

the model output. Similarly, when focusing on defining the modeled areas of the open field, the field line tracing

method applied will have some influence on the final size of the modeled open field area. In our analysis we compare

the output generated by the different numerical schemes and quantify the degree of agreement/disagreement between

results. This is done by implementing different models as discussed later on.

In addition, the source surface is an important structure included in the PFSS model as it is the upper boundary of

the simulation domain and defines whether a modeled field line will be closed or open. More precisely, all modeled field

lines piercing through the source surface are labeled as open while those that bend back to the Sun below it are labeled

as closed. Therefore, in the modeling domain, the height above the photosphere where the source surface is placed

defines the size of the modeled areas of open field, and thus the size of the photospheric area where this open field is

rooted at (see Figure 1 in Asvestari et al. 2019). Considering that open field lines are primarily associated with CHs, this

modeled photospheric area of open field would ideally map areas of CHs, which are observed in Extreme Ultra-Violet

(EUV) filtergrams as dark regions. However, this is often not the case. The expansion of the coronal hole with height

and the uncertainty of the exact depth we observe the structure in EUV may result in observed coronal hole areas that

are not representative of those at the photosphere. This will thus lead to uncertainties when comparing observed to

modeled areas. This hinders an additional potential issue of using photospheric data as boundary conditions to model

the solar coronal structures. Moreover, the source surface height will also define the characteristics of the Heliospheric

Current Sheet (HCS), a thin layer that separates the outward-pointing and inward-pointing open magnetic field lines.

Earlier research established that a typical value for the source surface height is that of 2.5 solar radii (R⊙) (Altschuler

& Newkirk 1969). More recent studies have suggested or employed a much wider range of values (from 1.3R⊙ up to

3.6R⊙) (Lee et al. 2011; Arden et al. 2014; Asvestari et al. 2019, 2020; Wagner et al. 2022). They often show the need

to use lower values in order to capture well the observed CHs in EUV (Asvestari et al. 2019), coronal magnetic field

topologies observed during different solar cycles (Lee et al. 2011; Arden et al. 2014), or HCS crossings identified in

near-Sun in situ measurements by the recent Parker Solar Probe mission (Badman et al. 2020; Panasenco et al. 2020).

Another complexity of the source surface is its shape. While so far the majority of studies have assumed a spherical

shape, non-spherical shapes have also been considered (see for example Levine et al. 1982; Kruse et al. 2020, 2021).

The concept of a non-spherical source surface has already been suggested by the more complex MHD models (Riley
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et al. 2006). In our analysis, all models employed assume a spherical source surface, and the attention is placed on

investigating the impact of the source surface height on the modeled magnetic field topologies.

With this International Space Science Institute (ISSI1) team, we brought together different coronal models, to inves-

tigate how the input boundary conditions and the simulation set up, including model parametrization and numerical

scheme selection, affect the modeled areas of open magnetic field topology, contributing to the “open flux problem”.

In Section 2 we introduce briefly the coronal magnetic field models used in this study (Subsection 2.1), the global

magnetic field maps employed for initiating the simulation runs (Subsection 2.2), the metrics we calculate for assessing

the quality of the modeled open and closed field topology (Subsection 2.3), and the observational period and specific

CH we simulate (Subsection 2.4). More details on the models and the metrics used are given in Appendices A and B

respectively. The results of our analysis are given in Section 3 and we discuss our key conclusions in Section 4.

2. METHODOLOGY AND DATA

2.1. Global coronal models

In order to investigate how coronal magnetic field models compare to each other when they are based on the same

set of physical assumptions but implemented using different methods we consider four PFSS-based models. They

all employ different numerical solvers and initialization set up. The first model we employed is the WSA (Arge &

Pizzo 2000; Arge et al. 2003; Arge et al. 2004; McGregor et al. 2008; Wallace et al. 2019), a combined empirical and

physics-based model of the corona and solar wind. It is an improved version of the original Wang and Sheeley model

(Wang & Sheeley 1992, 1995), coupling the PFSS and Schatten Current Sheet (SCS) model (Schatten 1971). In this

study we consider only the computed magnetic field topology of WSA, and not the solar wind properties. The second

model we used is the coronal model implemented in EUHFORIA. It is an adaptation of the WSA model (Arge & Pizzo

2000), with the McGregor et al. (2008) improvements for the nonphysical field line kinks between the PFSS and SCS

model boundaries. Similar to WSA, from the EUHFORIA output we only considered the open and closed field maps

produced. Both the WSA and EUHFORIA models employ a spherical harmonic method to solve the Laplace equation.

The third model we adopted is the MULTI-VP which combines a method for reconstructing the three-dimensional

open coronal magnetic field with a solar wind model that calculates the radial profiles and amplitudes of slow and fast

solar wind flows. For this paper, MULTI-VP was setup with the PFSS+SCS extrapolations provided by the WSA

model. The fourth and last PFSS model we employed in this study is the Predictive Science Inc. (PSI)-PFSS. Being

built using the finite difference scheme, which is a different numerical scheme to that used in WSA and EUHFORIA,

the PSI-PFSS is considered here in order to assess the extent to which the numerical set-up (for example the spherical

harmonics solver versus the finite difference scheme) can affect the simulation output. Lastly, for validating the output

of the PFSS-based models we consider an MHD model (hereafter referred to as PSI–MHD) that compares well to

white light imaging observations of the corona (Mikić et al. 2018). More details on all these models can be found in

Appendix A.

2.2. Initiation global magnetic maps

To initialize the different coronal models, we employed solar magnetic field measurements by the Helioseismic and

Magnetic Imager (HMI) (Schou et al. 2012) on board the Solar Dynamics Observatory (SDO). A set of these observa-

tions covering a period of a solar rotation were processed by the photospheric flux transport model ADAPT (Air Force

Data Assimilative Photospheric flux Transport – Arge et al. 2010, 2013; Hickmann et al. 2015; Barnes et al. 2023) pro-

ducing two types of line-of-sight HMI ADAPT global photospheric magnetic maps, the first with active regions (ARs)

added retrospectively and the second without (Arge et al. 2013). These maps were generated for three consecutive

date-times, as the CH we study, and which was investigated also in Paper I, was crossing the central meridional zone

of the solar disk as seen from Earth’s vantage point. These dates are 2010–09–18 18:00 UT, 2010–09–19 18:00 UT, and

2010–09–20 18:00 UT. For each date, the ADAPT model generates an ensemble of 12 realizations per magnetogram

type (with or without ARs added retrospectively). The 12 realizations are driven by different supergranulation pat-

terns, where the relative differences are greatest in the polar regions (i.e., above 70 degrees latitude) and the farside,

especially just before the east limb data assimilation boundary. As our interest focuses on the open and closed field

topology at the photosphere, both for the whole solar surface and the specific CH studied in Paper I, we were interested

in an intercomparison of modeled topologies by all 12 realizations per date and per magnetogram type. In section

1 http://www.issibern.ch/teams/magfluxsol/



Coronal models and open field 5

3.1.1 we provide a visual and quantitative assessment to determine the extent to which the generated topologies differ

from each other. For the majority, though, of our later analysis, we initialize all the models using the most optimal

of the 12 realizations for each date and magnetogram type, determined based on generating accurate near-Earth solar

wind conditions.

2.3. Metrics

All model simulations generate maps of the open and closed field topology at the solar surface. The maps are

given in a two-dimensional grid with a resolution of 1◦ per pixel in longitude and latitude. Therefore, assessing their

similarity and differences is easily achieved in a pixel-to-pixel comparison. In our analysis, we present difference maps

that enable visual assessment of how each simulation output map compares to one another. For the CH of interest

and its surrounding area, we also stack the open and closed field maps producing composite images that contribute to

understanding how many of the model outputs compared agree on a specific region. To accompany these visualizations,

we also provide a quantitative analysis based on a series of statistical metrics that indicate how well the modeled open

and closed field areas compare to each other and to the observed EUV CH. The metrics we employ are the Jaccard

similarity coefficient, marked with the symbol J , the overlap coefficient, marked with the symbol O, and the Coverage

parameter introduced in Asvestari et al. (2019) and marked with the symbol cov. All metrics take values between 0

(disagree completely) and 1 (agree completely). We consider the four different comparisons given below:

• Comparison of two maps with regards to their agreement for both the open and closed topology over the entire

solar surface (Carrington map), which we refer to as global comparison (Jg, Og).

• Comparison of two sub-maps of the area of and around the CH of interest with regards to their agreement for

both the open and closed topology (Jg,sub, Og,sub).

• Comparison of two sub-maps of the area of and around the CH of interest with regards to their agreement over

only the open field areas (Jo,sub, Oo,sub).

• Comparison of the observed EUV CH area with the modeled open field area associated with that CH (JCH ,

OCH , cov).

For our model-observation comparisons, we use the CH boundary extracted with CATCH (Collection of Analysis

Tools for Coronal Holes Heinemann et al. 2019) and as described in Paper I. Because the closed field areas compose

the largest part of the solar surface map, they bias the calculations of Jg, Og, Jg,sub, and Og,sub. Contrarily, when

performing our analysis, it was clear that the differences between two maps were more apparent at the open field areas.

Therefore, for the CH of interest we also compare the models to each other by taking into account only the open field

area pixels in each sub-map as explained in the third bullet point above. The definitions and the exact formulae used

for each coefficient are given in Appendix B.

2.4. The CH in brief words

Figure 1 shows an EUV synoptic map covering Carrington Rotation (CR) 2101, which corresponds to the period

considered for modeling. The CH under study is surrounded by a filament channel, indicated by yellow arrows, and

a small AR at the south-west corner of the CH, indicated by a green arrow. Several other ARs are present with

enhanced EUV emissivity indicating that some had short episodes of flare activity. The bottom panel of Figure 1

gives the GOES SXR flux during CR 2101. It shows some flux enhancement towards C-class flares. Several poor and

very poor CME events are reported at CDAW (NASA CME catalogue https://cdaw.gsfc.nasa.gov/CME list/) for that

time range, and three partial halos (Earth view). The automatized HEK (Heliophysics Events Knowledgebase https:

//www.lmsal.com/hek/index.html) reports low energetic flare events but no flux emerging region. In general, we can

conclude that the activity during CR 2101 is on a moderate level, and thus no drastic changes are anticipated to occur

on the CH shape and topology over the 3–day interval we study.

3. RESULTS

3.1. Assessing the impact of the input global magnetic maps

The choice of the global magnetic map used to initiate the model simulations can lead to significantly different

output when it comes to the open and closed magnetic field topology and field strength. This will subsequently affect

https://cdaw.gsfc.nasa.gov/CME_list/
https://www.lmsal.com/hek/index.html
https://www.lmsal.com/hek/index.html
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Figure 1. Top: EUV synoptic map for CR2101 using AIA 193Å image data giving Carrington longitude and latitude in
degrees (maps by Karna et al. 2014). The CH under study (white arrow) is surrounded by several structures. A filament
channel (marked by yellow arrows) and some evolving active region (green arrow). Bottom: 5-min averaged GOES SXR flux in
the 1–8Å channel over the time range covered by CR 2101.

the computed plasma parameters (density, speed, and temperature) but investigating this falls out of the scope of this

paper. However, we are interested in quantifying to what extend employing a different global magnetic map alters

the resulting open and closed field topology. Although other studies have investigated the impact of global magnetic

maps produced by different instruments/techniques (see for example Riley et al. 2014; Li et al. 2021), we focus on

assessing (1) the difference/similarities between the PFSS modeled open and closed field topology maps initiated by

the 12 different HMI ADAPT realizations and (2) the effect of the ARs when they are added retrospectively in the

HMI ADAPT global magnetic maps.

3.1.1. Assessing the results initiated by different HMI ADAPT realizations

For each of the three dates, we study 12 HMI ADAPT map realizations which are utilizing different supergranulation

patterns (see for example, Hickmann et al. 2015; Barnes et al. 2023). Although for the bulk of our study we employed

the most optimal realization provided by the ADAPT model, where the optimization is based on their assessment of

how accurately the WSA simulation output reproduces in situ solar wind measurements at L1, we quantify how the

PFSS modeled topology will differ if any of the other realizations was selected. We obtained the open and closed field

topology using the WSA model initiated using each of the 12 modeled realizations. This was done both for global

magnetic maps where ARs were added retrospectively and maps without ARs added. Figure 2 shows all the simulation

output maps of the open and closed field topology generated by the WSA model for the 2010-09-19 initiated with

the HMI ADAPT global magnetic maps with ARs added retrospectively. In the figure the realizations are presented

row-wise from realization 1 at the top left to realization 12 at the bottom right panel. The same figures for the rest

of the dates and for the case of using the map without ARs added are given as supplementary material. The magenta

dotted rectangle indicates the open field area that corresponds to the CH that is the focus of this study. One can
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Table 1. Metrics for comparing the model outputs initiated by the 12 realizations

Input global magnetic map with AR added retrospectively

date Jg Og Jg,sub Og,sub Jo,sub Oo,sub

2010-09-18 0.91±0.001 0.95±0.001 0.96±0.001 0.98±0.001 0.92±0.002 0.97±0.001

2010-09-19 0.91±0.001 0.95±0.0004 0.96±0.001 0.98±0.0004 0.92±0.002 0.97±0.001

2010-09-20 0.92±0.001 0.96±0.001 0.96±0.001 0.98±0.0004 0.92±0.002 0.98±0.001

Input global magnetic map without AR added retrospectively

date Jg Og Jg,sub Og,sub Jo,sub Oo,sub

2010-09-18 0.91±0.0008 0.96±0.0004 0.96±0.001 0.98±0.0004 0.91±0.002 0.97±0.001

2010-09-19 0.92±0.001 0.96±0.0004 0.96±0.001 0.98±0.001 0.91±0.0003 0.97±0.001

2010-09-20 0.92±0.001 0.96±0.0004 0.97±0.001 0.98±0.0003 0.92±0.002 0.97±0.001

Note—Mean value and error calculated for the Jaccard similarity and the Overlap coefficients described in Appendix B over
the whole map and the sub-map area for each day and global magnetic map type based on map-to-map comparisons of the

WSA output initiated by the 12 realizations. This assesses how well the model outputs agree with each other on the
reconstructed open and closed field areas.

see that there are differences between the maps, but they are not very strong, in particular around the specific CH of

interest.

To understand how significant these differences are, we make map-to-map comparisons, both for the entire Carrington

map and for a sub-map that focuses on the specific CH we study and the area surrounding it (the area enclosed by

the magenta rectangle in Figure 2). For a given date and a given type of global magnetic map (with or without ARs

added retrospectively) we computed the Jaccard similarity and the Overlap coefficients comparing all 12 realizations

with each other. This comparison produced 76 values for each coefficient per date and type of global magnetic map

considered. The mean value and its standard error obtained are given in Table 1. The resulted coefficients Jg, Og

scored above 0.9 suggesting that all realizations produced maps that agree well with each other. When focusing on

the specific CH area studied here, the Jo,sub, as expected, drops compared to the Jg,sub, Og,sub, and Oo,sub, but still

the values remain above 0.9. From this we can conclude that using any of the 12 realizations for a given date and type

of magnetogram leads to highly comparable open and closed field topologies.

To further visualize how well the maps agree or disagree at the CH area of interest, stacked maps of the WSA

model output produced based on the 12 realizations per day and magnetogram type are given in Figure 3. The

left column shows the stacked maps generated by initializing the WSA model with the global magnetic maps with

ARs added retrospectively, while the right column with those without ARs added. Each row shows the results for a

different date. The color map, varying from light pink to dark purple, shows, increasingly from 1 to 12, the number

of maps agreeing at a given pixel. Throughout all figure panels it is clear that when ARs are added the resulting
WSA maps differ comparing to those from runs without ARs added (left versus right panels of figure – we address

this in detail in the following section). However, when looking at each individual panel one can see that not much

variation is present, suggesting that the output from all 12 realizations agree for the majority of the CH region. This

supports our conclusion that even though for the remaining of the study we used what was considered as the most

optimal realization per date and magnetogram type, using any of the other realizations would have produced highly

comparable results. At this point it is important to mention that modeled open and closed field topology generated

using magnetograms produced by different instruments/techniques may lead to a larger variation among the results.

This has been extensively studied in, for example, Riley et al. (2014); Li et al. (2021). In this section our focus

was solely on understanding whether variation is generated among the runs based on the different realizations of the

ADAPT magnetic maps we considered.

3.1.2. Assessing the results generated by the two global magnetic map types

In this section, we compare the produced magnetic field topology by a given model implementation for a given date

when the model is initiated by the two types of HMI ADAPT maps, with and without ARs added. The analysis

was applied to all four PFSS based models. For a given date and a given model we compared the topology output

when using the two aforementioned global magnetic maps (model intra-comparison). Using equations B2 and B7,

respectively, we calculated the Jaccard similarity and the Overlap coefficients. The results are given in rows 3–6 and
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Figure 2. Open and closed field topology maps for 2010-09-19 produced by the WSA model that was initiated with each of
the HMI ADAPT 12 realizations with ARs added retrospectively. The realizations are presented row-wise from realization 1 at
the top left to realization 12 at the bottom right panel. The magenta dotted rectangle in the top left panel indicates the area
that corresponds to the CH we study here and in Paper I.
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Figure 3. Stacked maps of the WSA model output of opened and closed field topology generated by the different HMI ADAPT
realization at a given date (row) using maps with ARs (left column) and without ARs (right column) added retrospectively.
The colormap indicates the number of modeled realization agreeing at a given pixel on the grid, ranging from 1 (light pink) to
12 maps (dark purple).

columns 2–4 and 5–7 of Table 2, respectively. By combining all model intra-comparisons for a given date we estimated

the mean value and its error, which are given in row 7, columns 2–4 and 5–7 of the same table. Although, it is expected

that ARs can influence the output of global magnetic field models this is only moderately reflected in our simulation

outputs for the considered global magnetic maps. The metrics for each model intra-comparison but also the mean

values for a given date indicate that there are only small differences between the topologies generated by the two maps.

The remaining table rows and columns show the metrics calculated for the sub-map regions, which also support the

above argument.

Figure 4 shows stacked images of the sub-maps produced for a given date by overlaying the model output based on

the two input global magnetic maps. Each column shows the results for a different day and each row for a different

model. Light pink color means that only one map produced open field topology at a given pixel (maps do not have

overlapping open field pixels), while dark purple means that both maps match at a given pixel. Subtle differences

between the two areas are visible predominately at the boundary of the CH. The maps produced for 2010-09-19 and
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Table 2. Intra-comparison of the same model output initiated by the two different type global magnetic maps.

Jg Og

2010-09-18 2010-09-19 2010-09-20 2010-09-18 2010-09-19 2010-09-20

EUHFORIA 0.89 0.90 0.89 0.94 0.95 0.94

MULTI-VP 0.88 0.88 0.88 0.93 0.94 0.94

PSI-PFSS 0.89 0.90 0.90 0.94 0.95 0.95

WSA 0.88 0.89 0.89 0.94 0.94 0.94

Mean value 0.88±0.004 0.89±0.004 0.89±0.003 0.94±0.002 0.94±0.002 0.94±0.002

Jg,sub Og,sub

2010-09-18 2010-09-19 2010-09-20 2010-09-18 2010-09-19 2010-09-20

EUHFORIA 0.98 0.96 0.95 0.99 0.98 0.97

MULTI-VP 0.97 0.96 0.96 0.99 0.98 0.98

PSI-PFSS 0.98 0.97 0.95 0.99 0.98 0.97

WSA 0.97 0.95 0.94 0.98 0.97 0.97

Mean value 0.98±0.004 0.96±0.005 0.95±0.004 0.99±0.002 0.98±0.002 0.97±0.002

Jo,sub Oo,sub

2010-09-18 2010-09-19 2010-09-20 2010-09-18 2010-09-19 2010-09-20

EUHFORIA 0.94 0.89 0.84 0.99 0.98 1.00

MULTI-VP 0.93 0.88 0.87 0.97 0.97 0.99

PSI-PFSS 0.95 0.90 0.83 0.99 0.98 1.00

WSA 0.91 0.86 0.82 0.97 0.96 0.98

Mean value 0.93±0.007 0.88±0.008 0.84±0.011 0.98±0.006 0.97±0.004 0.99±0.005

Note—The global magnetic maps considered were the HMI-ADAPT with and without ARs added retrospectively.

2010-09-20 are showing the largest difference between the output of a given model based on the two global magnetic

maps compared to the output from 2010-09-18.

3.2. Assessing the impact of the simulation set up

As discussed in the introduction, coronal models are sensitive to the simulation set-up and the numerical schemes

employed. In this section, we focus on the effect of global magnetic map smoothing and of the selection of the source

surface height. Furthermore, by comparing all models to each other we assess the overall effect of the different numerical

solution schemes implemented.

3.2.1. Assessing the results based on smoothing the global magnetic map

Usually global magnetic maps are smoothed before they are input into a given model. This can affect the modeled

magnetic field topology. In this section, we compare two model outputs produced by the PSI-PFSS model, one

produced by smoothing the input map (Figure 5 – top row, left panel) and one without smoothing (Figure 5 – top row,

right panel). The global magnetic map utilized is the HMI ADAPT with ARs added retrospectively for the date of

2010-09-19. The two maps appear to be visibly similar, but there are clear differences near regions of open field. More

precisely, fine structures located within open field areas or at their boundaries disappear when the input global magnetic

map is smoothed. Small areas of open field are enlarged after the map is smoothed, and some neighboring ones merge.

Despite these areas of discrepancy between the two maps, the global Jaccard similarity and Overlap coefficients are

scoring high when we make map-to-map comparisons of the entire map. Namely Jg = 0.97 and Og = 0.99. The left

panel of the bottom row of Figure 5 shows a difference map between the two model outputs with the dashed magenta

rectangle marking the area for which the stacked map on the right panel of the same row was produced. Both panels

highlight the loss of the open field area fine structures when smoothing is applied to the global magnetic map. For the

sub-map the metrics are estimated to be Jg,sub = 0.95, Og,sub = 0.98, Jo,sub = 0.86, and Oo,sub = 0.99. Despite the

differences between the two maps, the metrics score relatively high, which suggests that the differences are localized

and relatively small. For the sub-maps when focusing the comparisons only on the open field areas the Jo,sub takes a

smaller value, strongly showing how biased the other metrics are to the presence of closed field areas, which occupy

the majority of the maps and sub-maps.
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Figure 4. Stacked model output of open and closed field topology generated by EUHFORIA (first row), Multi-VP (second row),
PSI-PFSS (third row), and WSA (fourth row) for a given date per column by the two types of HMI ADAPT maps considered
in the study, with and without ARs added retrospectively. Light pink color means the maps do not agree, while dark purple
that they do agree for the given pixel.

3.2.2. Assessing the results generated by different source surface heights

When modeling the open and closed field topology with a PFSS-SCS model the selection of the height of the outer

boundary of the PFSS model (the source surface height) and subsequently the height of the inner boundary of the
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PSI-PFSS smoothed input map with AR added, 2010-09-19
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PSI-PFSS, non-smoothed input map with AR added, 2010-09-19
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input map with AR added, 2010-09-19
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Figure 5. Top row: Modeled open (gray) and closed (white) magnetic field topology for the 2010-09-19 using the PSI-PFSS
initiated with a smoothed (left) and non-smoothed (right) HMI ADAPT map for the 2010-09-19. Bottom row: Difference
Carrington map (left) and stacked model output (right) of open and closed field topology of the CH region of the two maps
shown above. The dashed magenta rectangle on the left panel shows the area for which the stacked map is generated.

SCS model can significantly affect the size of the modeled open and closed field areas. More precisely, lowering the

boundary heights will result in increasing the size of areas of open field, while rising the boundary heights will lead

to reducing it. In this subsection, we quantify the similarity of the generated open and closed field maps when the

model is initiated using different boundary heights. For this, we used the EUHFORIA coronal model and generated

simulations using the HMI ADAPT map with ARs added retrospectively for 2010-09-19. The source surface and the

inner SCS boundary height pairs considered in this analysis are [1.49, 1.51]Rs, [1.99, 2.01]Rs, [2.49, 2.51]Rs, [2.99,

3.01]Rs, and [3.49, 3.51]Rs, where the third pair listed is the one that had been used throughout this study by all the

PFSS models and is hereafter referred to as the nominal values. The EUHFORIA simulation output based on these 5

boundary height pairs is given in Figure 6, where the top row shows the model output for boundary heights below the

nominal values, the middle row gives the modeled map for the nominal values of boundary heights, while the bottom

row gives the output maps for boundary heights above the nominal values. As expected our results are in agreement

with Asvestari et al. (2019) and Caplan et al. (2021). Namely, when the boundaries of the simulation domains were

lowered the open field areas, indicated in gray in the figure, grew significantly. In addition, open field areas appeared

in locations where they were not present before. Raising the boundary heights led accordingly to a decrease of the

open field areas, but the decrease is not as strong as the increase in the cases of lowered boundary heights.

To visualize this better, we produce the difference maps between the modeled topology for the nominal boundary

heights, [2.49, 2.51]Rs, and each of the other maps. The difference maps are presented in rows 1–2 of Figure 7.

One can see that by lowering the boundary heights significantly below the nominal values, the areas of disagreement

between the two maps are larger than when the boundary heights were increased above the nominal values. The polar

open field regions show the most dramatic change in the area when changing the boundary heights. One can see

from the same difference maps that the simulation output based on the lowest selected boundary heights show the

strongest difference to the nominal values and subsequently to heights above them. This is reflected in the calculated

global Jaccard similarity and the Overlap coefficients over the whole map comparisons and the coefficients for the

sub-maps given in Table 3. The metrics shown in this table are calculated for map-to-map comparisons between the
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map produced with the nominal boundary heights and each of the other maps. As can be seen, all the metrics score

above 0.9 suggesting a good map agreement, apart from the comparison with the output initialized with the lowest

boundary heights as suggested already from the visual comparisons.

A stacked image of all simulated maps from the runs with different boundary heights is given at the bottom row of

Figure 7. From this image and the four panels in the images above, one can conclude that decreasing the boundary

heights shows an increase in the open area associated with the CH we study at its southern edge and towards the

solar west. The region towards which the open field area grows lies below an active region. We note that the southern

hemisphere is characterized by ARs 11106 and 11108 at this time. A key output is that the selection of the two

boundary heights has the greatest impact on the modeled topologies, in contrast to the comparisons made in the

previous sections.
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EUHFORIA, input map with AR - 2010-09-19
source surface height at 1.51Rs
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EUHFORIA, input map with AR - 2010-09-19
source surface height at 2.01Rs
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EUHFORIA, input map with AR - 2010-09-19
source surface height at 2.51Rs
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EUHFORIA, input map with AR - 2010-09-19
source surface height at 3.01Rs
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EUHFORIA, input map with AR - 2010-09-19
source surface height at 3.51Rs

Figure 6. Open and closed field topology generated by EUHFORIA for the 2010–09–19 when the model was initiated with
different source surface and inner SCS model boundary heights each time (top-left: [1.49, 1.51]Rs, top-right: [1.99, 2.01]Rs,
middle: [2.49, 2.51]Rs, bottom-left: [2.99, 3.01]Rs, and bottom-right: [3.49, 3.51]Rs). The input map used here is the HMI
ADAPT with ARs added retrospectively.
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Figure 7. Top and middle row: Difference maps of EUHFORIA simulation output initiated with the nominal values for the
boundary heights [2.49, 2.51]Rs and the simulation output initiated with the other three pairs (top-left: [1.49, 1.51]Rs, top-right:
[1.99, 2.01]Rs, middle-left: [2.99, 3.01]Rs, and middle-right: [3.49, 3.51]Rs). Bottom row: Stacked model output of opened and
closed field topology generated by EUHFORIA when the model was initiated the different pair of boundary heights. The input
global magnetic map used here is the HMI ADAPT with ARs added retrospectively for the 2010-09-19. The colourmap indicates
the number of modeled outputs agreeing at a given pixel on the grid.

Table 3. Similarity metrics for the EUHFORIA simulation output based on different boundary heights

Source surface heights Jg Og Jg,sub Og,sub Jo,sub Oo,sub

2.51Rs vs. 1.51Rs 0.82 0.90 0.85 0.92 0.76 1.0

2.51Rs vs. 2.01Rs 0.93 0.96 0.91 0.95 0.93 1.0

2.51Rs vs. 3.01Rs 0.95 0.97 0.92 0.96 0.95 1.0

2.51Rs vs. 3.51Rs 0.91 0.96 0.91 0.95 0.92 1.0

3.2.3. Assessing the result from the different PFSS models

To assess to what extent the numerical schemes employed by the different implementations of the models lead to

different open and closed field topologies, in this section, we compare all PFSS-based models to each other. At this



Coronal models and open field 15

point it is worth reminding the reader that EUHFORIA and WSA use a spherical harmonic solver, MULTI-VP employs

the WSA solution but then processes the data further (for details see Pinto & Rouillard 2017), and PSI-PFSS uses

a finite difference scheme. Another added difference among the models is the method used for field line tracing. All

Carrington maps of open and closed field topology for 2010-09-19 are presented in Figure 8. The left column presents

maps produced by global magnetic maps with ARs added retrospectively and the right column those produced by

maps without ARs. Each row shows the result from a given model, and the models are listed alphabetically row-wise.

Visual comparison of the maps does not indicate significant differences among the models. A subtle difference can

be identified which is better seen in the difference maps shown in Figure 9, for maps generated by global magnetic

maps with ARs added retrospectively, and Figure 10 by maps without ARs added. These figures show the results

for 2010-09-19, for the other two dates the same images are provided as supplementary material. We can see in both

figures that the maps produced by MULTI-VP are consistently different from those produced by EUHFORIA and

PSI models but agree better with the WSA one. This is expected considering that the solution of the latter was used

to initiate it. Overall, one can distinguish thin bands at the boundaries both of open field regions at the poles and

at different latitudes, which indicate that the MULTI-VP produces larger areas of open field compared to all other

models. EUHFORIA and PSI outputs show the best agreement with each other, while both also compare relatively

well to the WSA output.

The metrics for the map comparisons for all three dates are given in Tables 4 and 5. The estimated values are

relatively high, above 0.9, when comparing the entire solar surface maps (columns 2 and 3 of both tables) both for

open and closed fields, which is in accordance with the visual agreements of all the maps in Figures 9 and 10. In the

case of sub-map comparisons around the CH of interest the Jg,sub and Og,sub metrics given in columns 4 and 5 of the

two tables show a slight drop but they still remain above 0.9. When comparing only the open field areas, the metric

Jo,sub given in column 6 of the same tables drops even more, with some values being below 0.8, showing that the maps

agree less with each other for that CH. The metric Oo,sub, however, scores high, namely above 0.9. Essentially, when

comparing the open field areas only with this metric, one assesses if the smallest area of open field simulated by one

of the two models being compared is one-to-one captured by the other model, if this condition is fully met then the

metric obtains the value 1.00. However, if a portion of the smallest area is not captured by the other model then the

metric drops below 1.00.

3.2.4. PFSS vs MHD modeled topology inter–comparison

Considering the good agreement obtained between the open-closed field maps generated by the PFSS-based models,

it is interesting to compare them to the one produced by the MHD model developed at PSI and described in Ap-

pendix A.0.4. This is done for the date 2010–09–19. The modeled open and closed field topology produced by the

MHD model was initiated with a smoothed HMI ADAPT global magnetic map for 2010–09–19 as an inner boundary

condition, the same one also used for the PSI-PFSS runs analyzed in Section 3.2.1. The resulting open and closed

field topology generated by the PSI-MHD model is shown in Figure 11. As discussed in Section 3.2.1, smoothing of

the used global magnetic map leads to the loss of fine structures inside and around CHs. It can also lead to larger

open field areas and the appearance of open field in more regions compared to a map generated by a simulation run

initiated with a non-smoothed global magnetic map. It is thus, understandable that discrepancies between the MHD

output maps and the ones by the PFSS models are expected.

Difference images between maps produced by each of the four PFSS models considered and the PSI-MHD one are

given in Figure 12. All PFSS model outputs show differences to the PSI-MHD output throughout the entire Carrington

map, and in particular at the south polar open field region. More precisely, in those regions, the PSI–MHD produces

larger open field areas. This could not be fully attributed to the use of a smoothed global magnetic map for the PSI–

MHD versus a non-smoothed for the others, because, as we showed in Section 3.2.1, smoothing does not significantly

affect the modeled areas. The open field is determined by the intrinsic thermodynamics of the MHD model.

The calculated metrics for these comparisons are given in Table 6. The obtained values suggest a relatively fair

agreement between the PFSS and MHD model outputs. For the case of Jg and Og metrics this is due to the good

agreement over closed field areas which as explained in earlier sections bias the metrics. When comparing the open field

areas of the sub-maps the calculated Jo,sub scores low, between 0.7–0.8, which implies that the open field area associated

with the CH shows significant differences between a given PFSS and the PSI–MHD generated maps. By assessing the

difference maps in Figure 12 one can see that the differences at the open field area of interest are concentrated on

fine structures within the modeled CH area and at its boundary, similar to those shown in the bottom-left panel of
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EUHFORIA, input map without AR added, 2010-09-19
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MULTI-VP, input map with AR added, 2010-09-19
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MULTI-VP, input map without AR added, 2010-09-19
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Figure 8. Modeled open (gray) and closed (white) magnetic field topology for the 2010-09-19 using EUHFORIA (top row),
MULTI-VP (second row) , PSI-PFSS (third row), and WSA (last row) models described in Appendix A. Each model was
initiated with the optimal realizations for the HMI ADAPT map with (left column) and without (right column) AR added
retrospectively.

Figure 5. We are therefore inclined to assume that the global magnetic map smoothing could be the source of some

but not all of the discrepancies between MHD and PFSS model outputs.

3.3. Comparison between modeled and observed CH area
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Figure 9. Difference maps between the four PFSS models considered in this study in the case of being initiated with the HMI
ADAPT maps with ARs added retrospectively for the 2010–09–19.

To validate the model outputs, we compare the simulated open field area that corresponds to the CH under study

with the observed CH boundaries extracted in Paper I with CATCH. The models are here assessed by how well they

capture the area associated with this CH using the metrics given in Equations B5, B10, and B11. Figure 13 shows

the simulated open and closed field topology of the CH and its surrounding by the EUHFORIA (top-left), the WSA

(top-right), the PSI–PFSS (middle-left), the MULTI–VP (middle-right), and PSI-MHD (bottom-left) models initiated

by the HMI ADAPT global magnetic maps with ARs added retrospectively for 2010–09–19. The same figure for

the case of topologies initiated for the same date with the HMI ADAPT maps without ARs added retrospectively

but without the PSI-MHD model output (which was not initiated) is given as supplementary material. This is the

date when the CH was approximately centered at the central meridional zone seen from the Earth’s field of view.

Over-plotted in each panel are two CH boundaries from Paper I representing the union boundary (magenta outline)

and the intersection boundary (cyan outline). We refer the reader to Paper I for more details on the boundaries. It

is clear that for all models the simulated open field area does not cover the entire area enclosed by the magenta CH

boundary. Namely, there is an abundance of closed field where observations indicate the field is likely to be open.

Moreover, part of the modeled open field area extends beyond the CH boundary towards the northwest. When the

cyan boundaries are considered, the modeled area greatly exceeds the CH boundary in the same direction. One can

see that observed and modeled areas look quite different. With respect to observations this might be partly due to

the global synchronic magnetic field dependence of CH structure, while the magnetic maps used in the model contain

a lot of old and/or flux-evolved data. Another reason may be projection errors. For example when reprojecting a CH

from one coordinate system to another the height of the CH in the respective line must be assumed. This may vary
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Figure 10. Difference maps between the four PFSS models considered in this study in the case of being initiated with the HMI
ADAPT maps without ARs added retrospectively for the 2010–09–19.
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Figure 11. Modeled open (gray) and closed (white) magnetic field topology for the 2010–09–19 using the PSI MHD model
described in Appendix A initiated with smoothed HMI ADAPT maps with ARs added retrospectively.

between 1% -8% above the solar surface. The difference between assumed and actual height of the CH location on the

solar disk can have a significant effect due to the view angle.

To quantify this we calculate all the relevant metrics introduced in Section 2.3, JCH , OCH , and cov. These values

are given in Table 7. The top section of the table is for the models initiated with the global magnetic map with ARs
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Table 4. Similarity metrics from mode-to-model comparisons of the open and closed field topologies simulated using the HMI
ADAPT maps with ARs added retrospectively.

2010–09–18

Jg Og Jg,sub Og,sub Jo,sub Oo,sub

EUHFORIA vs. MULTI–VP 0.96 0.98 0.94 0.97 0.83 0.93

EUHFORIA vs. PSI–PFSS 0.99 1.00 0.98 0.99 0.94 0.98

EUHFORIA vs. WSA 0.97 0.99 0.96 0.98 0.88 0.99

MULTI–VP vs. PSI–PFSS 0.95 0.98 0.93 0.97 0.81 0.93

MULTI–VP vs. WSA 0.97 0.98 0.96 0.98 0.88 0.96

PSI–PFSS vs. WSA 0.97 0.98 0.95 0.97 0.86 0.99

2010–09–19

Jg Og Jg,sub Og,sub Jo,sub Oo,sub

EUHFORIA vs. MULTI–VP 0.95 0.98 0.93 0.97 0.81 0.93

EUHFORIA vs. PSI–PFSS 0.98 0.99 0.98 0.99 0.94 0.99

EUHFORIA vs. WSA 0.97 0.98 0.95 0.98 0.86 1.00

MULTI–VP vs. PSI–PFSS 0.95 0.97 0.93 0.96 0.79 0.94

MULTI–VP vs. WSA 0.96 0.98 0.95 0.98 0.87 0.96

PSI–PFSS vs. WSA 0.96 0.98 0.94 0.97 0.82 0.99

2010–09–20

Jg Og Jg,sub Og,sub Jo,sub Oo,sub

EUHFORIA vs. MULTI–VP 0.96 0.98 0.94 0.97 0.82 0.94

EUHFORIA vs. PSI–PFSS 0.99 1.00 0.98 0.99 0.94 0.98

EUHFORIA vs. WSA 0.97 0.99 0.96 0.98 0.87 0.99

MULTI–VP vs. PSI–PFSS 0.96 0.98 0.94 0.97 0.81 0.95

MULTI–VP vs. WSA 0.97 0.99 0.96 0.98 0.87 0.94

PSI–PFSS vs. WSA 0.97 0.98 0.95 0.97 0.84 0.98

added retrospectively and the bottom section with the map without ARs. By definition, and more precisely due to

their denominator, in some cases, the OCH , and cov are equal to each other. Overall when the modeled areas are

compared to the union CATCH boundary the JCH obtains values below 0.5 with some cases scoring as low as 0.3

(see column 2 of the table). The main reason for the low score is due to the area marked by the union being larger

than the modeled area. The opposite is true for the area marked with the intersection CATCH CH boundary, which

is seemingly smaller than the modeled ones; however, this reversed area balance is still leading to low values of JCH

which are listed in column 5. As the smallest area marks the denominator of OCH this leads to larger values for this

metric as listed in columns 3 and 6 of the table. The coverage which indicates the portion of the area enclosed by the

CATCH CH boundary and which was successfully modeled as open as expected scores moderately for comparisons

to the largest CH boundary area marked by the CATCH union boundary ( see column 4–obtaining values between

0.4 and 0.6) versus comparisons to the smallest CH boundary area marked by the CATCH intersection boundary (see

column 7). Simulation runs generated by the global magnetic map without ARs added retrospectively show similar

patterns for the metrics given in the last four rows of the same table.

4. DISCUSSION AND CONCLUSIONS

In this study, we assess whether the selection of initiation data, the simulation set-up, and the employment of different

numerical schemes resulted in comparable areas of open and closed magnetic field generated by implementations based

on the same MHD approximation, namely the PFSS model. These models are the EUHFORIA coronal model, the

MULTI-VP, the PSI-PFSS, and the WSA models. We focused our modeling efforts on three consecutive dates centered

around 2010–09–19, the date during which the CH we studied in Paper I was located in the central meridional zone

of the Sun as viewed from Earth. Our date selection was motivated by the decision to use the specific CH, and more

precisely, the CH boundaries determined in Paper I, in order to validate the simulated open and closed field topology

maps at the solar surface generated by the PFSS models. Further validation of these models was done using the output
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Table 5. Similarity metrics from mode-to-model comparisons of the open and closed field topologies simulated using the HMI
ADAPT maps without ARs added retrospectively.

2010–09–18

Jg Og Jg,sub Og,sub Jo,sub Oo,sub

EUHFORIA vs. MULTI–VP 0.96 0.98 0.94 0.97 0.82 0.94

EUHFORIA vs. PSI–PFSS 0.99 1.00 0.98 0.99 0.95 0.99

EUHFORIA vs. WSA 0.97 0.99 0.95 0.98 0.87 0.99

MULTI–VP vs. PSI–PFSS 0.95 0.98 0.93 0.96 0.80 0.94

MULTI–VP vs. WSA 0.97 0.98 0.96 0.98 0.89 0.96

PSI–PFSS vs. WSA 0.97 0.98 0.95 0.97 0.84 0.99

2010–09–19

Jg Og Jg,sub Og,sub Jo,sub Oo,sub

EUHFORIA vs. MULTI–VP 0.96 0.98 0.93 0.96 0.79 0.93

EUHFORIA vs. PSI–PFSS 0.99 0.99 0.99 0.99 0.95 0.99

EUHFORIA vs. WSA 0.97 0.99 0.95 0.98 0.85 0.99

MULTI–VP vs. PSI–PFSS 0.96 0.98 0.93 0.96 0.78 0.94

MULTI–VP vs. WSA 0.97 0.98 0.95 0.98 0.85 0.94

PSI–PFSS vs. WSA 0.97 0.98 0.95 0.97 0.84 1.00

2010–09–20

Jg Og Jg,sub Og,sub Jo,sub Oo,sub

EUHFORIA vs. MULTI–VP 0.95 0.98 0.93 0.97 0.77 0.94

EUHFORIA vs. PSI–PFSS 0.99 1.00 0.99 0.99 0.95 0.99

EUHFORIA vs. WSA 0.97 0.99 0.95 0.98 0.83 0.98

MULTI–VP vs. PSI–PFSS 0.95 0.98 0.93 0.96 0.76 0.95

MULTI–VP vs. WSA 0.96 0.98 0.96 0.98 0.88 0.94

PSI–PFSS vs. WSA 0.97 0.98 0.95 0.97 0.81 0.98

Table 6. Calculated metrics for the similarity between the PFSS and the PSI–MHD simulation outputs generated with ADAPT
maps with ARs added retrospectively.

Jg Og Jg,sub Og,sub Jo,sub Oo,sub

EUHFORIA vs. PSI–MHD 0.89 0.94 0.92 0.96 0.79 0.95

MULTI–VP vs. PSI–MHD 0.90 0.95 0.90 0.95 0.73 0.87

PSI–PFSS vs. PSI–MHD 0.89 0.94 0.93 0.96 0.79 0.97

WSA vs. PSI–MHD 0.90 0.95 0.92 0.96 0.80 0.89

of the state-of-the-art PSI–MHD model. Our analysis focused both on comparing the entire Carrington map but also

the specific CH area studied in Paper I.

We first considered the input global magnetic map and how that may affect the output magnetic field topology maps.

We used two types of HMI ADAPT global magnetic maps; one with and one without ARs added retrospectively.

Although the team which develops the ADAPT maps provided the most optimal out of the 12 realizations they

generated, we also investigated the extent to which the topology maps initiated by each of the realizations differ

from each other. This was done using only the WSA model to reduce the computational costs and simplify the

analysis. From model intra-comparisons we deduced that all realizations produce highly comparable open and closed

field topologies. Therefore, continuing the rest of our analysis with one realization only was justified.

Our next step was to compare whether adding ARs to the HMI ADAPT global magnetic maps retrospectively affects

the modeled topologies. This is expected, since ARs, and more precisely their flux content, can influence both open

field areas in their vicinity, but can also contribute to the global magnetic field topology of the solar corona. Due to our

current observational limitations, we only have accurate and timely observations of a small sector of the global solar

surface. Thus, information over the entire disc might be based on past or future observations and will not reflect well
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Figure 12. Difference maps between the simulated open and closed field topologies by the PSI-MHD and each of the four PFSS
models considered in this study in the case of being initiated with the HMI ADAPT maps with ARs added retrospectively for
the 2010–09–19.

Table 7. Comparison of the observed CH on the 2010-09-19 with the PFSS modeled open field area associated with it using
CATCH extracted boundaries from Paper I.

Model output based on ADAPT maps with ARs added retrospectively

Comparison with union Comparison with intersection

CATCH boundary CATCH boundary

JCH OCH cov JCH OCH cov

EUHFORIA 0.27 0.60 0.33 0.28 0.73 0.73

MULTI–VP 0.28 0.54 0.37 0.24 0.73 0.73

PSI–PFSS 0.26 0.62 0.31 0.28 0.72 0.72

PSI–PFSS smoothed 0.29 0.59 0.36 0.27 0.77 0.77

PSI–MHD 0.30 0.56 0.40 0.26 0.82 0.82

WSA 0.30 0.56 0.39 0.25 0.77 0.77

Model output based on ADAPT maps without ARs added retrospectively

Comparison with union Comparison with intersection

CATCH boundary CATCH boundary

JCH OCH cov JCH OCH cov

EUHFORIA 0.23 0.54 0.29 0.27 0.69 0.69

MULTI–VP 0.27 0.54 0.35 0.24 0.71 0.71

PSI–PFSS 0.23 0.58 0.28 0.28 0.68 0.68

WSA 0.26 0.53 0.33 0.26 0.75 0.75

the influence of ARs present away from the central meridian as seen from Earth. Despite the anticipated differences

between simulation outputs initiated by the two types of global magnetic maps, this was not reflected in our results.

On the contrary, both types of maps generated comparable open and closed field topologies for all the PFSS models

considered.
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Figure 13. Modeled open and closed field topology at and near the under study CH using different models: EUHFORIA
(top left), WSA (top right), PSI-PFSS (middle left), MULTI-VP (middle right), and PSI-MHD (bottom left). All models were
initiated with the HMI ADAPT maps with ARs added retrospectively. CH boundaries extracted using CATCH on different
input EUV filtergrams are over-plotted on each topology map, with magenta color indicating the union boundaries and cyan
color the intersection boundaries (see Paper I for details on the union and intersection boundaries extraction).

Quite commonly, pre-processing of the input global magnetic maps is employed, with smoothing being a widely

used method by many coronal models. Smoothing will result in loss of magnetic variability, especially in cases where

a heavy smoothing factor is applied, which will affect the local and global magnetic field topology output. Despite

visible differences in our simulation outputs presented in Section 3.2.1, namely loss of fine structures within or around

areas of open field, the maps compare relatively well to each other, with all the metrics considered scoring relatively

high.

Our investigations surrounding the input global magnetic maps did not follow the path of previous studies focusing

on assessing the effect on the simulation due to different magnetic field observations and techniques (Riley et al.

2014; Li et al. 2021). Our analysis considered predominantly our observational limitation and the effect of outdated

observations on ARs and how these translate to the simulation output. One aspect we did not address, but which is

however interesting for future investigations, is the magnetograph saturation discussed in Wang et al. (2022) for the

MWO and the WSO, and how it affects modeling open field areas.

When it comes to simulation initiation, the source surface height, marking the outer boundary of the PFSS model,

is another debatable parameter (Lee et al. 2011; Arden et al. 2014; Asvestari et al. 2019, 2020; Wagner et al. 2022).
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Coupled with the inner boundary of the SCS model, variations in their values have an immediate effect on the open field

areas modeled. By using EUHFORIA and 5 different pairs of these two boundary heights we obtained the strongest

differences between two modeled maps, which is in accordance with findings from previous works (see for example Lee

et al. 2011; Arden et al. 2014; Asvestari et al. 2019, 2020; Wagner et al. 2022).

All the results listed so far in the conclusions section are based on comparisons of the global topology over the

entire Carrington map (comparisons both for open and closed fields), but they are also supported by comparisons

of sub-maps focused on the area of the CH of interest and its vicinity. The high values scored by the map-to-map

comparisons are due to the agreement between two maps over the closed field areas. More precisely, closed field areas

cover the majority of the maps and thus dominate the results. However, when applying the same analysis but only

to the open field area associated with the specific CH, then all metrics – although they still score adequately high

– give values below those for the global topology comparisons. As open coronal fields form the foundations for the

interplanetary magnetic field and fast solar wind, it is important to specifically assess the models in these areas, in

addition to global topology (open and closed field).

The model-to-model comparisons do not show much difference between all the PFSS models. However, discrepancies

are found primarily at the boundary of the open field areas. The EUHFORIA coronal model and PSI-PFSS show

the best agreement with each other compared to the other two models. The MULTI–VP simulates larger areas of

open field in contrast to the other three models. Despite the dissimilarities between models visible in difference maps

presented, the agreement between the PFSS models is of great interest. It suggests that different implementation

methods generate comparable topologies. Validation of the PFSS models using the PSI-MHD simulation output shows

that the latter generates significantly more open flux, in particular in the south polar region. These differences would

most probably not be enough to account for the missing open flux problem. The fact that all models agree does not

mean they are correct, but it does mean that at least we can have confidence in that the implementation issues can

be ruled out. Validation of all the models using observed CH boundaries extracted with CATCH in Paper I showed

the strong discrepancy between modeled and observed areas of open field. This is in accordance to earlier studies

(Asvestari et al. 2019, 2020; Wagner et al. 2022). The source of discrepancies can lie both with the model and the

extraction methods from observations. To eliminate uncertainties introduced by the latter, we opted in using the

previously studied CH boundaries from Paper I. A visible shift in the modeled open field area with respect to the CH

area determined by the CATCH boundary could be of interest; however, earlier research has shown that shifts are not

systematic (Asvestari et al. 2020). A larger sample could help further investigate the subject. It is noteworthy that

while individual comparisons between observed coronal holes and modeled open field topologies (like the one in this

paper) show big discrepancies, Wallace et al. (2019) showed that when the comparisons were made over 3 Carrington

rotation time scales, the PFSS models and the observed coronal holes agreed well on average.

When comparing the global topology (both open and closed field pixels agreement) for two Carrington maps or two

sub-maps the result is influenced by the closed field areas which occupy the largest portion of the map. Therefore,

changes in the open field area match/miss-match will not have a strong effect on the overall map agreement and

subsequently the metrics. This explains the high values the metrics obtain and highlights why it is important when

focusing on a specific open field area to look at the agreement in open and closed field topologies and to also focus on

how the maps agree in open field areas alone.

5. SUMMARY

Our hypothesis in this study was that intra- and inter-comparisons will indicate differences among the modeled

topologies that may be of significance, and need to be quantified. We anticipated that this will shed some light to

the open flux problem and most certainly on the status of our current computationally inexpensive modeling. From

our analysis it can be concluded that, despite their differences, models agree relatively well with each other in what

they reconstruct as open and closed field. When comparing modeled open field associated with the CH under study,

it could be shown that none of the models reproduced with reasonable accuracy the observed CH boundaries (see also

Paper I). These add insights about missing open flux. Namely, the numerical methods and map processing is not the

predominant source of the missing open flux, and thus new avenues are necessary to be investigated to address this

open question. The discrepancies observed throughout the study, whether small or significant, are likely to be passed

on to heliospheric models, increasing the variability/uncertainty of background solar wind and interplanetary magnetic

field simulations, and subsequently, CME propagation modeling. This may increase the challenge for more accurate

Space Weather forecasts.
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APPENDIX

A. DETAILED DESCRIPTION OF THE EMPLOYED MODELS

A.0.1. WSA model: PFSS + SCS

The WSA model (Arge & Pizzo 2000; Arge et al. 2003; Arge et al. 2004; McGregor et al. 2008; Wallace et al. 2019)

uses ground-based observations of the Sun’s surface magnetic field, in the form of global photospheric magnetic maps,

as its input. These maps are then used in a magnetostatic potential PFSS model (Schatten et al. 1969; Altschuler

& Newkirk 1969; Wang & Sheeley 1992), which solves Laplace’s equation using a spherical harmonic expansion to

determine the coronal field out to the source surface, at 2.51 R⊙. The output of the PFSS model serves as input to

the Schatten Current Sheet (SCS) model (Schatten 1971), which provides a more realistic magnetic field topology of

the upper corona. Only the innermost portion (i.e., from 2.49R⊙ to between 5 and 30 R⊙) of the SCS solution, which

actually extends out to infinity, is used. A small overlap region between the PFSS and SCS is used to interface the

two models, where the radial magnetic field components of the PFSS field solution at 2.49 R⊙ is used as input to the

SCS model. An empirical velocity relationship (e.g. Arge et al. 2003; Arge et al. 2004) is then used to assign solar

wind speed at this outer boundary. It is a function of two coronal parameters the flux tube expansion factor (fs) and

the minimum angular separation (θb) at the photosphere between an open field footpoint and the nearest coronal hole

boundary. The model provides the radial magnetic field and solar wind speed at the outer coronal boundary surface,

which is then fed into a simple, quick running 1-D kinematic solar wind model (Arge & Pizzo 2000; Arge et al. 2004) or

advanced three-dimensional (3D) MHD model solar wind propagation models such as MS-FLUKSS (Kim et al. 2020;

Singh et al. 2020; Manoharan et al. 2015), LFM-helio (Pahud et al. 2012; Merkin et al. 2016), Gamera (Zhang et al.

2019), and Enlil (Odstrcil et al. 2005; Lee et al. 2013, 2015; McGregor et al. 2011). Densities and temperatures, which

are not provided by WSA and required by MHD models, are deduced by assuming, for example, mass flux conservation

and pressure balance (e.g., Kim et al. 2020; Merkin et al. 2016).
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A.0.2. EUHFORIA model: PFSS + SCS

Similar to WSA, EUHFORIA (Pomoell & Poedts 2018) consists of two modeling domains, the low corona that

starts from the solar surface and extends up to the source surface at distance Rss, and the upper corona with the

inner boundary slightly below the source surface, at a height Ri, and its outer boundary at 0.1 AU (21.5 R⊙). In the

low corona, the magnetic field is computed following the PFSS approximation (Altschuler & Newkirk 1969), while in

the upper coronal domain the employed model is the SCS model (Schatten et al. 1969; Schatten 1971). The default

[Ri, Rss] pair of heights is the one proposed by McGregor et al. (2008), namely, [2.3R⊙, 2.6R⊙]. To solve the Laplace

equation for the PFSS and SCS models the selected numerical scheme is that of an expansion in solid harmonics. For

the purpose of this paper the expansion was computed up to degree l = 140. Usually, a Gaussian smoothing can also

be applied to the input global magnetic map with a σ = 0.8. For more details on the model architecture, we refer the

reader to Pomoell & Poedts (2018). For EUHFORIA the field lines are traced both from the bottom up and from the

top down and the results are combined to built one map at the height of the solar surface.

A.0.3. MULTI–VP model

The MULTI–VP model provides the radial profiles and amplitudes of slow and fast solar wind flows in a fraction

or in the whole spherical domain. The simulation domain starts from the solar surface and extends typically up to

30 R⊙. Being modular by construction, it offers the opportunity to combine different input global magnetic maps,

coronal field extrapolation techniques, and coronal heating scenarios. For this study, MULTI–VP used the same global

magnetic maps as the other considered models (see Section 2.2 for the details on the input maps), and two different

types of extrapolation strategies were tested. Firstly, MULTI–VP was setup to use its own implementation of the

PFSS technique using a standard source-surface radius of 2.5 R⊙, from which the magnetic field is extended radially

outwards. An additional correction is introduced in order to make the magnetic field in the high corona (above the

source-surface) smoothly acquire an uniform-per-sector amplitude, as expected in the interplanetary medium. This

correction operates within the first 12 R⊙ of the domain and consists of small adjustments to the magnetic field

expansion ratio (that change the PFSS superradial expansion rates by a maximum factor of 2, in the most extreme

cases). Total open flux is not affected by this transformation. Alternatively, MULTI–VP was also setup to use directly

the PFSS+SCS extrapolations provided by the WSA model (Section A.0.1), thus skipping its native extrapolation

stage. This approach was followed for the open closed field maps presented in this paper. The PFSS+SCS field line

tracings are, however, reprocessed in order to eliminate sharp boundaries at the transition between the PFSS and the

SCS parts of the domain and at the lower boundary (if they ever occur). This is a requirement for the subsequent

computation of the solar wind density, speed and temperature. The total open flux is not expected to be modified by

this transformation.

A.0.4. PSI MHD and PFSS models

Two different models developed at PSI are considered in this study, an MHD (PSI–MHD) and a PFSS (PSI–PFSS)

model. For the PSI–MHD model, we employ a thermodynamic MHD simulation of the solar corona for the Carrington

rotation (CR) 2101, performed with the Magnetohydrodynamic Algorithm outside a Sphere (MAS) code, The method

of solution has been described previously (e.g., Mikic & Linker 1994; Linker et al. 1999; Lionello et al. 1998, 2009).

Paper 1 employed a MAS simulation for this CR, with the boundary condition derived from an HMI LOS synoptic

map for CR2101. To more readily compare the MHD results in this paper with the other models, we performed a

new simulation using an ADAPT-HMI realization (see section 3.1 for the boundary condition. This simulation was

performed with one of the standard CORHEL coronal heating models (heating model 2) used for runs on the PSI

website (e.g. bluehttps://www.predsci.com/. This heating model has a different functional form but similar properties

to that described in Lionello et al. (2009). The simulation utilized a 255× 180× 360 nonuniform r, θ, ϕ mesh, with the

smallest radial cells of ∆r = 0.000243RS (≈ 169 km) near the solar surface and ∆r = 0.42RS at the outer boundary

of 21.5RS . For the co-latitude mesh, ∆θ = 0.7◦ near the equator and 1.7◦ near the poles, and for the longitudinal

mesh, ∆ϕ = 1◦ was uniform.

For the PSI–PFSS, the PFSS solutions were performed using POT3D (Caplan et al. 2021). The POT3D solves

Laplace’s equation using finite differences on a non-uniform logically-rectangular spherical grid. It is highly efficient

https://www.predsci.com/


26 Asvestari et al.

and can be deployed on massively parallel and GPU-accelerated computers. It has recently been released as an open

source project on GitHub 2.

B. METRICS DEFINITIONS

B.0.1. Jaccard similarity coefficient

The first metric we employ in this paper is the Jaccard similarity coefficient, also known as the Jaccard index, which

quantifies the similarity and difference between two samples. It is the fraction of the intersection over the union of

two samples A and B and it is given by:

(A,B) =
|A ∩B|
|A ∪B|

, (B1)

where J(A,B) can take values between [0,1] with 1 occurring for perfect agreement between the two samples. In

quantifying the agreement over the whole modeled solar surface, A and B represent the two maps we compare to

each other and the intersection is the total number of matching modeled open and closed field pixels, N(A ≡ B), for

example, areas where both maps are simultaneously open or simultaneously closed. We refer to this as the Jaccard

global, Jg, and it is thus given by the formula:

Jg =
N(A ≡ B)

NA +NB −N(A ≡ B)
, (B2)

where NA and NB are the total sizes of A and B (as in total number of pixels of the grid). Considering that the two

maps are on an identical grid, NA = NB .

Besides comparing the whole solar surface maps we also focus on the specific area that encompasses the CH of

interested and which we also studied in Paper I. In this case we produce the same area sub-maps for each model

output and we quantify the Jaccard global for each pair of sub-maps, Jg,sub, which is given by the formula:

Jg,sub =
N(sub(A) ≡ sub(B))

Nsub(A) +Nsub(B) −N(sub(A) ≡ sub(B))
, (B3)

where N(sub(A) ≡ sub(B)) is the total number of pixels for which the two sub-maps agree (both for closed and open

field), while Nsub(A) and Nsub(A) are the total sizes of the two sub-maps. For our analysis we always select the two

sub-maps to be the identical grid, therefore, Nsub(A) = Nsub(A).

Because the closed field areas compose the largest part of the solar surface map, they greatly influence the calculated

Jg and Jg,sub metrics, with the latter being inclined to obtain values closer to 1. Since the differences between two

maps are more apparent at the open field areas we calculate what we refer to as the sub-map Jaccard open, Jo,sub.

This metric is estimated in addition to the Jg,sub. For Jo,sub we did not to consider matching pixels of closed flux

between the two sub-maps and since the open field area modeled in sub-map A can differ in size from that modeled
in sub-map B the metric will be given by the formula:

Jo,sub =
Nopen(sub(A) ≡ sub(B))

Nopen,sub(A) +Nopen,sub(B) −Nopen(sub(A) ≡ sub(B))
, (B4)

where Nopen(sub(A) ≡ sub(B)) is the number of open pixels that match on both sub-maps, and Nopen,sub(A) and

Nopen,sub(B) are the total number of open flux pixels on each sub-map A and B respectively. Note that the open field

areas of the two sub-maps may not be of identical size, therefore Nopen,sub(A) and Nopen,sub(B) may not be equal, as

the equivalent quantities in Equations B2 and B3 were. This Jaccard open we define here is the PJac also used in

Wagner et al. (2022).

Besides model-model output topology comparisons we also assessed the output of each model by comparing it to

the observed EUV CH topology. In this case, we wanted to evaluate what percentage of the observed CH in EUV

was successfully modeled as an open field by a given global magnetic map-model pair. The modeled open field area

corresponding to the CH of interest, described in Section 2.4, is referred to as modeled CH in the manuscript. In this

case the Jaccard similarity coefficient becomes:

2 github.com/predsci/POT3D

github.com/predsci/POT3D
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JCH =
TP

TP + FP + FN
, (B5)

where TP is the number of open field pixels of the modeled CH area that lay within the CATCH boundary, FP is the

number of open field pixels of the modeled CH that lay outside the CATCH boundary, and FN are the modeled closed

field pixels that lay within the CATCH boundary.

B.0.2. Overlap coefficient

The second metric we consider is the overlap coefficient, also known as Szymkiewicz–Simpson coefficient, which is

defined as the intersection of two samples A and B divided by the smallest size of the two samples, as shown in the

formula below

O(A,B) =
|A ∩B|

min(|A|, |B|)
, (B6)

similar to J(A,B), O(A,B) also take values between [0,1] with 1 occurring for absolute agreement of samples A and

B.

In the case of the two samples A and B being identical then |A| = |B| and thus min(|A|, |B|) = |A| = |B|.
Subsequently, the Overlap coefficient when comparing the full solar surface maps or the sub-maps both for the open

and closed field areas similarity becomes:

Og =
N(A ≡ B)

|A|
, (B7)

and

Og,sub =
N(sub(A) ≡ sub(B))

|sub(A)|
, (B8)

respectively. However, if we do not include the similarity in the closed field for the sub-maps and only take into

consideration the open field area then the overlap coefficient is:

Oo,sub =
Nopen(sub(A) ≡ sub(B))

min(|Nopen,sub(A)|, |Nopen,sub(B)|)
. (B9)

According to its definition, the Oo,sub metric is higher when the smallest of two open field areas compared is a subset

of the larger one, and thus, it will score higher than the equivalent Jo,sub.

In comparing the modeled CH area to the observed EUV boundaries extracted with CATCH, the Overlap coefficient

becomes:

OCH =
TP

min(|NmCH |, |NoCH |)
, (B10)

where NmCH is the total number of pixels of the modeled CH open field pixels and NoCH is the total number of

modeled pixels enclosed by the CATCH boundary, which are modeled either as open (true positives) or closed (false

negative) field pixels.

B.0.3. Coverage

In addition to JCH and OCH , for determining how well the models reproduce the area associated with the CH, we

used the Coverage parameter introduced in Asvestari et al. (2019) and which is given by the following formula:

cov =
Nopen

NoCH
, (B11)

where Nopen is the number of pixels on a simulation output map that are modeled as open field pixels and which

are contained within the observed EUV CH boundaries (successfully modeled pixels – true positives). Since coverage

is unique to the EUV CH boundary, it is only applied to modeled-EUV CH comparisons and not for model-model
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comparisons. It is important to note that this parameter does not consider whether the modeled area is shifted with

respect to the EUV CH boundary or whether the modeled area is larger than the observed EUV CH boundary.
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Linker, J. A., Mikić, Z., Biesecker, D. A., et al. 1999,

J. Geophys. Res., 104, 9809, doi: 10.1029/1998JA900159

Linker, J. A., Caplan, R. M., Downs, C., et al. 2017, ApJ,

848, 70, doi: 10.3847/1538-4357/aa8a70

Linker, J. A., Heinemann, S. G., Temmer, M., et al. 2021,

ApJ, 918, 21, doi: 10.3847/1538-4357/ac090a

Lionello, R., Linker, J. A., & Mikić, Z. 2001, ApJ, 546, 542,
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