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horizontal currents in two layers of the SCS con guration
J. Koskela et al. 2019 . These models provide a more realistic

description of the global coronal and heliospheric magnetic
eld X. Ma et al. 2025 .

Other intrinsic limitations of the PFSS model stem from the
source surface hypothesis. All eld lines reaching the source
surface are assumed to be open and extend radially into
interplanetary space. A spherical source surface causes
unrealistic eld line geometries because it forces all eld
lines to become radial beyond the source surface. Moreover,
the source surface height determines the amount of open
magnetic ux and thus in uences the inferred source regions
of the solar wind, particularly for the slow solar wind that is
most likely to originate from open-closed eld boundaries
L. Abbo et al. 2016; C. P. Wilkins et al. 2025 . A canonical
value of 2.5 . is commonly adopted for the source surface
height based on coronal loop observations K. H. Schatten
et al. 1969, which is also compatible with the open solar ux
calculated directly from the photospheric magnetic eld by a
vector sum method 1. Tahtinen et al. 2024, 2026 . In many
cases, however, the source surface height is treated as a free
parameter that is chosen such that the model results match
in situ measurements. O. Panasenco et al. 2020 . Numerous
studies have sought to constrain the optimal source surface
height using observations such as eclipse white-light images
L. F. Benavitz et al. 2024 , coronal hole observations and loop
statistics S. G. Heinemann et al. 2026, in situ interplanetary
magnetic eld IMF measurements C. O. Lee et al. 2010;
W. M. Arden et al. 2014; M. Shoda et al. 2025 , combined data
sources S. T. Badman et al. 2022, and MHD model
performance metrics S. Kumar et al. 2025. These studies
generally suggest that a lower source surface radius of
1.3-2.0 . provides better agreement with observations,
especially at solar maximum. O. Panasenco et al. 2020
determined the optimal source surface heights for each HCS
crossing during Parker Solar Probe’s PSP orbit, showing that
the preferred source surface height varies with longitude.

Magnetic eld models often fail to produce photospheric
open- eld regions matching coronal holes and suf cient open

ux that matches the in situ measurements at the same time
J. A. Linker et al. 2017 . This discrepancy is known as the
open- ux problem. Current explanations for the open- ux
problem include an underestimated polar magnetic eld
J. A. Linker et al. 2017; P. Riley et al. 2019 and ignored
interchange reconnection along open-closed eld boundaries
S. K. Antiochos et al. 2011; D. I. Pontin & P. F. Wyper 2015;
S. T. Badman et al. 2022; M. Lockwood et al. 2022;
C. N. Arge et al. 2024. When using the PFSS model,
lowering the source surface height forces more magnetic loops
to open and is therefore commonly used to address the open-
ux problem. However, simply reducing the source surface
height is physically problematic, as it makes coronal loops
unrealistically small, thus introducing arti cial polarity
reversals and spurious current sheets. To overcome this,
multiple attempts have been made to consider nonspherical
source surfaces NSSS. M. Schulz et al. 1978  rst explored
this idea by employing isogauss surfaces as the source surface
for a dipole eld star, but the eld computations were too
complex to be done with spherical harmonic expansion if
applied to real solar magnetograms. R. H. Levine et al. 1982
further developed this approach by identifying a source surface
that minimizes the tangential magnetic eld using least-
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squares methods. P. Riley et al. 2006 also discussed the
sphericity of the source surface by comparing the PFSS model
to MHD simulations. M. Kruse et al. 2020 generalized the
PFSS model using an ellipsoidal source surface, enabling a
tractable formulation. However, these pioneering studies have
not yet led to a fully practical, purely nonspherical model that
is readily applicable to solar coronal magnetic eld
extrapolation.

In this study, we propose a nonspherical potential eld
NSPF model by employing the nite element method FEM
to solve the Laplace equation with an irregular NSSS. This
approach allows us to achieve more realistic open magnetic

ux and coronal loop structures simultaneously. The model
structure is illustrated in Figure 1, and the model work ow is
illustrated in Figure 2 and described in Section 2. Our model
consists of three layers: the potential eld layer, the current
sheet layer, and the interplanetary layer. The potential eld and
current sheet layers are separated by the NSSS; the current
sheet and interplanetary layers are separated by the exit sphere,
located at 10 . The potential eld layer uses the synoptic
magnetogram as the lower boundary input, and the potential

eld is calculated within. The current sheet layer takes the
potential eld layer solution as its lower boundary input,
introduces current sheets by rst enforcing a uniform positive
polarity and then restoring the original polarities after
computation, as in the SCS model K. H. Schatten 1971 . In
the interplanetary layer, magnetic eld lines follow the Parker
spiral con guration.

We extract the NSSS as an isosurface of the total magnetic

eld strength from a magnetic eld distribution computed
using an initial spherical model. This approach is justi ed
because we expect an ideal NSSS to improve the self-
consistency compared with a spherical source surface by
capturing two key effects at coronal loop tops: i plasma is
released when its ram pressure exceeds the magnetic tension
that con nes it, and ii the magnetic potential distribution is
modi ed by the presence of external current sheets. As a
result, the NSSS should form concave shapes at the base of
helmet streamers, where the magnetic eld is weaker. This
geometry bends eld lines originating from coronal holes
toward the current sheets while simultaneously allowing more
open eld lines near the open-closed eld boundary. Conse-
quently, the NSSS approach can produce more realistic open-

ux budgets and eld line topologies.

We further compare our NSPF model with conventional
PFSS and PFSS+PFCS models, and evaluate their perfor-
mance based on multi-instrument observations. Compared to
these models, the NSPF model reproduces complex open- eld
regions and magnetic topologies that are more consistent with
EUV observations. It provides predictions of the IMF
magnitude and polarity that match PSP measurements, and
yields more compact and physically plausible solar wind
source regions simultaneously.

2. Data and Method
$S%N& % (

The FEM potential eld solver PFS is the core component
of our algorithm, used to solve the Laplace equation in each
layer at every iteration. Here, we introduce the problem and
implementation for FEM-PFS.
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Figure 1. The structure of the NSPF model. The model comprises three concentric layers: 1 a potential eld layer; 2 a current sheet layer; 3 an interplanetary
layer. The interface between the potential eld and current sheet layers is the NSSS, while the interface between the current sheet and interplanetary layers is the exit

sphere located at 10 . . Magnetic eld lines and layer boundaries are labeled.

$83" ! )

Let 2 C R" be a domain bounded by a lower boundary G,
and an upper boundary Gy, such that fW= G, E Gy The
Laplace equation for the potential eld, subject to a Neumann
boundary condition on the lower boundary and a Dirichlet
boundary condition on the upper boundary, is formulated as

Vy=0 inQ
u=0 on Iy
Vu-n=b, onlj, (1

where is the magnetic scalar potential, is the prescribed
normal component of the magnetic eld on the lower
boundary, and is the outward-pointing unit normal vector
perpendicular to TW.

The equation is computed using I. A. Baratta
et al. 2023, the Python extension of the FEnIiCS Project,
which is an open-source package for solving partial differential
equations via the FEM. With , the equation is recast
as a variational problem: nd & * such that

aw,v)=L(¥) VveV ()

where * is an appropriate function space that satis es the
Dirichlet boundary conditions on Gy, and the bilinear and
linear forms are de ned as

a(u, v) = J;) Vu - Vv dx
L(v) :=fr_ b,v ds. (3)

With the calculated magnetic scalar potential, the magnetic
eld is obtained as = N , computed with
B. Sullivan & A. Kaszynski 2019 .

$$8 + : -

The potential eld layer has the photosphere as its lower
boundary and the source surface as its upper boundary. The
current sheet layer has the source surface as its lower boundary
and the exit sphere as its upper boundary. For each layer, after
specifying the lower and upper boundaries, 3D volumetric
meshes composed of ~800,000 tetrahedra are generated between
the boundaries by Gmsh C. Geuzaine & J.-F. Remacle 2009 .
The surface meshes are re ned to the third level, with an
approximate angular resolution of 1.8° and a radial resolution of
about 003 o atl o and03 . at10 ».
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Figure 2. lllustration of the work ow of the NSPF model. a extraction of the NSSS from a potential eld layer magnetic eld computed with a spherical source
surface; b recalculation of the potential eld layer magnetic eld under the NSSS; ¢ computation of the magnetic eld in the current sheet layer and the IMF; and

d optional iteration of the NSSS to match the observed open magnetic ux.

For the lower boundary photosphere of the potential eld
layer, the magnetogram is directly interpolated onto each mesh
node. For the lower boundary spherical source surface or
NSSS of the current sheet layer, the magnetic eld
distribution is reconstructed using 30th-order spherical har-
monics and then interpolated onto each mesh node.

$$

In this section, we introduce the work ow to construct the
NSPF model from a known magnetogram, as illustrated in
Figure 2. The code is available at https: github.com wzg215
Non-Spherical_Potential Field Model Z. Wu 2026 .

$83. ( / ( ( (0

As shown in Figure 2a, we rst construct a spherical shell
with the lower boundary located at the photosphere and the
upper boundary at an initial source surface radius, ssni- The
normal magnetic eld at the lower boundary is prescribed from
a measured magnetogram, and the potential eld within this
layer is calculated using the FEM-PFS. At this stage, the
results are equivalent to those obtained from the standard
PFSS model with the source surface located at s jni.

$$$&1 0 2((

As shown in Figure 2 b, within the calculated magnetic
eld distribution, we extract the NSSS as an isosurface of the
magnitude of the magnetic eld,

By de nition, the source surface is supposed to be a surface
with zero magnetic potential, where the magnetic eld has
only normal components. Thus, all the eld lines that penetrate
this surface will not return to the Sun, i.e., they are open. From
the particles’ point of view, “open” means that the plasma can
escape—becoming a part of the radially expanding solar wind
—either when they are not stopped by magnetic pressure i.e.,
they are moving along open magnetic ux tubes or when their
ram pressure is higher than the magnetic pressure, while under
closed con gurations the magnetic tension of coronal loops
con nes the plasma. Above the cusp of coronal loops, the
magnetic eld is low, and the ratio between plasma thermal
pressure and magnetic pressure b is high. Therefore, the
plasma can escape and drag the eld lines, forming a current
sheet. We propose a better NSSS to describe this scenario by
forming a concave shape at the base of helmet streamers,
where the plasma is easier to escape, and the magnetic
potential is distorted by external current sheets. To this end,
the isosurface of serves as a good approximation since it
naturally forms a concave shape at the streamer base where the
magnetic eld is weak, allowing eld lines to converge
smoothly toward the current sheets as in observations. This
concept was rst proposed by M. Schulz et al. 1978 and
extended by R. H. Levine et al. 1982 . We have also explored
another possible isovalue, such as , , Which is intended to
identify a surface where eld lines are quasi-radial. P. Riley
etal. 2006 explored this isosurface in MHD solutions, which
would produce a nonspherical surface with an average radius


https://github.com/wzq215/Non-Spherical_Potential_Field_Model
https://github.com/wzq215/Non-Spherical_Potential_Field_Model

1007:191 12pp, 2026 August 20

around 10 .. However, this choice does not always lead to
closed surfaces in a PFSS solution where plasma ows are
ignored. By de nition, , equals 1 at the spherical source
surface, but this value drops abruptly near the helmet streamer
loops, sometimes leading to source surfaces intersecting the
solar surface, especially for dipole-like magnetograms.

We rst identify the largest possible NSSS within the
potential eld layer by taking the maximum value of ~ on the
initial spherical source surface as the isovalue for the
isosurface. Alternatively, a speci ¢ isovalue may be chosen.
The isosurface extraction is performed using . Due
to the irregular nature of the unstructured tetrahedral mesh, the
interpolation of isosurfaces can introduce geometric artifacts.
In particular, small disconnected tetrahedral fragments and
highly distorted intersecting triangular facets appear near the
boundaries. These artifacts lead to nonphysical and nonmani-
fold surface representations, making the extracted isosurface
unsuitable for further quantitative analysis. Therefore, we Iter
out disconnected tetrahedra by only keeping the isosurface
with the largest volume. The extracted surface is further
smoothed via a 30th-order spherical harmonics reconstruction
that preserves the angular resolution of the initial spherical
source surface.

$$$( I 2(((

We then generate the 3D mesh between the photosphere and
the extracted NSSS. The magnetic eld inside this domain is
recalculated using FEM-PFS. The distribution of the normal
magnetic eld component, , , on the NSSS is also extracted
and reconstructed using 30th-order spherical harmonics for
subsequent use.

In this secondary solution, the source surface is de ned as
the zero-potential surface and therefore is no longer the exact
isosurface of the total magnetic eld. In principle, one could
iterate the procedure to determine a subsequent NSSS.
However, we are currently unable to demonstrate that such
an iterative approach would converge to a fully self-consistent
NSSS—namely, a surface that is simultaneously an isosurface
of both the total magnetic eld strength and the magnetic
potential. In our numerical experiments, the NSSS tends to
shrink during the iterative process. The shrinkage occurs
because a closed surface can only be extracted from a volume
that is smaller than the original computational domain. As a
practical alternative, one may constrain the optimal NSSS by
requiring that the modeled open magnetic ux match the
observed value. Accordingly, in this study, we perform the
source surface extraction only once for each case, varying the
initial spherical source surface radius, and then use observa-
tional constraints to select the optimal NSSS con guration.
While this approach is not formally rigorous, it is both
practical and effective for our purposes.

$ 381 . (

Next, we compute the magnetic eld distributions within the
current sheet layer and interplanetary space. The 3D mesh of
the current sheet layer is generated between the NSSS and the
exit sphere. The lower boundary NSSS is assigned the
normal magnetic eld extracted from the magnetic eld
distribution in the potential eld layer, converted to its
absolute value. The magnetic eld distribution within the
current sheet layer is then calculated using FEM-PFS. After
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the calculation, we restore the correct polarity for each eld
line in the current sheet layer. The current sheet layer provides
a smooth transition between the eld lines in the NSPF layer
and the Parker spiral in interplanetary space. Without this
layer, eld lines extending perpendicularly from concave
regions of the NSSS would intersect with one another. In
previous attempts, this issue was avoided by bending the NSSS
into a convex shape M. Schulz et al. 1978; R. H. Levine et al.
1982 . Here, instead of modifying the NSSS geometry, we
resolve this issue by introducing a current sheet layer, which
maintains the original NSSS con guration while ensuring a
smooth transition to the Parker spiral.

Beyond the exit sphere, magnetic eld lines follow the
Parker spiral, and the magnetic eld's radial component
decreases as 2. The Parker spiral is calculated with the
same method as the two-step ballistic backmapping method
described by S. D. Bale et al. 2019 and C. Hou et al. 2024 .
The resulted mapping from spacecraft spherical Carrington
coordinates psp, Opsp, fpsp 10 coordinates on the source
surface , q,f is as follows:

r Rss
[9] = Opsp ) 4)
¢ ¢psp + ?_RS(VPSP — Regs)

where W is the solar sidereal rotation rate,  is the measured
solar wind speed, and g is the height of the footpoint on the
exit sphere.

$9%)

We use photospheric magnetograms from the Global
Oscillation Network Group GONG; J. W. Harvey et al.
1996 as input for the magnetic eld extrapolations. To provide
observational constraints for the model, we incorporate EUV
images from the Atmospheric Imaging Assembly AIA on
board the Solar Dynamics Observatory SDO; J. R. Lemen
et al. 2012 and white-light coronagraph images from the Large
Angle and Spectrometric Coronagraph LASCO C2 on
board the Solar and Heliospheric Observatory SOHO;
G. E. Brueckner et al. 1995. We also use the SDO AIA
Carrington Map from the dataset provided by A. Thernisien
et al. 2024 . In situ measurements of the magnetic eld from
FIELDS S. D. Bale et al. 2016 and solar wind velocity from
SWEAP J. C. Kasper et al. 2016 on board PSP N. J. Fox
et al. 2016 are employed to compare with the extrapolated
magnetic eld and to perform a two-step ballistic backmapping
from the spacecraft to the solar source region.

3. Results

We perform coronal magnetic eld extrapolation for the
Carrington Rotation 2282 CR 2282; 2024 March 28-31 . This
period during solar maximum coincides with PSP’s 19th
encounter, allowing direct comparison between the model-
derived results and in situ observations. Moreover, during this
period, PSP is radially aligned with the Earth, making the
magnetograms from Earth-based observation more suitable for
establishing magnetic connectivity between PSP and the Sun.

As input for the lower boundary, six GONG magnetograms
are selected, each centered at a meridian longitude separated
by 10°. For each magnetogram, we run three NSPF models
with initial source surface radii ;,; of 2.2, 2.5,and 3.0 ., and
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Figure 3. Model results compared with coronagraph observations. Panels a—c show NSPF models with initial source surface radii of 3.0, 2.5, and 2.2 o,
respectively. Panels d —f show PFSS+PFCS models with source surface radii of 2.5, 2.0, and 1.5 . Panels g and h show zoomed-in views of panels ¢ and
f, respectively, with coronal loops identi ed visually and overplotted, allowing a more detailed inspection of the coronal magnetic topology. In each panel,

background images are from SDO AIA 171

and SOHO LASCO C2, taken on 2024 March 28 at 02:04 UT. The colors of magnetic eld lines indicate their

polarities. The silver curves represent the boundary of the source surface projected on the image plane. Panel i shows the background images; the yellow arc and
arrows highlight the face-on HCS and separated streamers, respectively. The yellow arrows in panels a—f also refer to the separated streamers.

three PFSS models with source surface radii g5 of 1.5, 2.0,
and 2.5 .. For NSPF models, different NSSSs are extracted
from the PFSS solution with different ;.. To compare the
extrapolated IMF, we further extend the PFSS solutions into
interplanetary space using two approaches: the PFSS+PFCS
model and the PFSS+Parker spiral model. Model perfor-
mances are evaluated by comparing the predicted eld
topology with 171 and 193 extreme ultraviolet EUV
images from AIA on board SDO and white-light

coronagraph observations from LASCO C2 on board SOHO,
as well as by comparing the predicted IMF with in situ
magnetic eld measurements from PSP.

$$-! I &* 4 5 -

We compare the model-derived magnetic eld topology
with coronagraph observations, as shown in Figure 3. For
visualization, eld lines are traced from seed points distributed
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Figure 6. Source regions of the observed solar wind. The inner sphere shows the photospheric radial magnetic eld distribution; the outer surface is the source
surface. The solid curve on the source surface marks solar wind footpoints, colored by observed magnetic polarity pink: positive; green: negative . Lines connecting
the source surface and the photosphere indicate the modeled magnetic eld lines red: positive; blue: negative . The axes widget indicates the orientation, with the 7-

axis aligned with the solar rotation axis and the 85axis corresponding to zero Carrington longitude. a,
d: equatorial and polar view of the PFSS+PFCS model with a source surface radius of 1.5 .

initial source surface radius of 2.2 .. c,
1 N bobs ibmodel i
P=1- > |1 2nimdal | (10)
2N i=1 |bobs,i | |bmodel,i|
2L (1o il = Imodetilr?)?
RMSE = , (11)

1N 2
5 2i=1lDobs.il i

where 2 is the number of sampled time points, and
represents the heliocentric distance of PSP at the th sampling
point. To incorporate the radial scaling of the magnetic eld,
we use |bmode1,,»|r,»2 to calculate the error. These three metrics
evaluate the model performance in reproducing the open

magnetic ux, eld polarity, and magnitude variations,
respectively. An ideal model should yield =1, = 1, and
RMSE = 0.

Figure 5 shows that both the NSPF and PFSS+PFCS
models are capable of reproducing the sharp polarity reversals
associated with HCS crossings, whereas the PFSS models only
yield gradually varying polarities. This difference arises

10

b : equatorial and polar view of the NSPF model with an

because the current sheet layer in the NSPF and PFSS+PFCS
models contains thin current sheets where polarity changes
abruptly, as expected in the inner heliosphere. In contrast, in
the PFSS models, magnetic eld lines are forced to be radial,
causing the HCS to diverge beyond the source surface.
Although the PFSS+PFCS model with ss = 1.5 . and the
NSPF model with ;i = 2.2 . have similar scores, the NSPF
model can better predict the position of polarity reversals,
especially for the second HCS crossing around 13:00 on
March 30 Figure 5a . Constrained by PSP’s measurements,
along with previous comparisons with coronal images, we
conclude that the NSPF model with ;,; = 2.2 . is the best
extrapolation.

$3%( o( 4

We further investigate the source regions of the solar wind
observed by PSP and compare the results between the NSPF
model with 5 = 2.2 . and the PFSS+PFCS model with

ss = 1.5 ¢ Figure 6. These two models achieve the top
two best performances in reproducing the IMF Figure 5 and



1007:191 12pp, 2026 August 20

exhibit similar total volumes and open magnetic
Table 1.

As shown in Figure 6, for the solar wind stream with negative
polarity, corresponding to that observed by PSP between 01:00
and 13:00 on March 30 Figure 5, the footpoints produced by
the NSPF model are more compact and localized, whereas those
from the PFSS+PFCS model tend to spread across different
strong- eld regions. At times, they extend between mid-latitude
coronal holes in the northern and southern hemispheres see the
blue eld lines in Figure 6 ¢ . This behavior arises because
coronal loops beneath streamers in the PFSS+PFCS model are
constrained by a prescribed maximum loop height. In the NSPF
model, however, the loops remain more compact, which is
physically more natural and usually better matches observa-
tions, particularly during solar maximum. Based on the
comparison between the modeled and observed IMF shown in
Figures 5a and b, the NSPF model reproduces the observed
polarity reversal at 13:00 on March 30 more accurately than the
PFSS+PFCS model, suggesting that the source region found by
the NSPF model is more realistic.

This result indicates that, with a given total open magnetic

ux, the NSPF model preferentially opens up eld lines near
the polarity separatrices where the source surface is lower;
while models with a spherical source surface enforce a
uniform maximum loop height, which arti cially increases the
open ux globally and leads to cross-hemisphere drifting of
the footpoints. While it is not easy to determine the real source
regions of the solar wind, our model is more consistent with
the scenario that the missing open ux comes from regions
near the open-closed eld boundaries, possibly dynamically
opened through interchange reconnection S. K. Antiochos
et al. 2011; D. I. Pontin & P. F. Wyper 2015; S. T. Badman
et al. 2022 .

uxes

4. Discussion and Conclusions

In this study, we develop an NSPF model as an improvement
of the conventional PFSS model. The key idea is to replace the
spherical source surface with a nonspherical surface that better
represents the geometry of streamer stalks. This approach is
motivated by two considerations: i allowing a larger fraction of

eld lines near the cusp of streamer loops to open, thereby
releasing more plasma with a high ratio between ram pressure
and magnetic pressure, and ii self-consistently accounting for
modi cations to the magnetic potential induced by external
current sheets associated with streamers. As a rst implementa-
tion, we extract an isosurface of the total magnetic eld to de ne
an NSSS and solve the corresponding potential eld using
the FEM.

To further account for the heliospheric structure, we wrap
the NSPF region with a current sheet layer, following the
approach of the SCS model K. H. Schatten 1971 , and connect
it to interplanetary space with the Parker spiral. As a result,
with the NSPF model, we establish a comprehensive work ow
Figure 2 enabling both IMF prediction and solar wind source
tracing directly from magnetogram input.

Our NSPF model enhances open magnetic ux locally
beneath external current sheets, rather than uniformly lowering
the spherical source surface as in PFSS. This geometry
preferentially opens ux near the existing open-closed
boundary in the PFSS model, especially at the base of helmet
streamers. It therefore yields a more physically plausible

11
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distribution of the open ux. As a result, for this selected time
period, our NSPF model simultaneously achieves i a
magnetic topology more consistent with coronal observations,
ii predicted IMF polarities matching in situ measurements,
and iii more reliable mapping between solar wind streams
and their source regions on the photosphere. While our results
are currently evaluated over a limited time interval using PSP
data, to address the more general open ux problem, the
extension of our study to a longer time interval is required,
covering different solar activity phases and incorporating
in situ measurements from multiple spacecraft.

Other possible strategies for de ning the NSSS include
extracting isosurfaces of the angle between the magnetic eld
and the radial direction, extracting isosurfaces of the magnetic
scalar potential of a known magnetic eld distribution, or
training machine learning models on solar eclipse observations
and MHD simulation outputs. The resulting models could then
be further constrained by observations, such as white-light
coronagraph images and total open ux derived from IMF
observations. In this context, the high-resolution corona-
graphic observations between 1.099 and 3 . provided by
the Proba-3 mission offer a unique opportunity to make
signi cant progress on this topic A. N. Zhukov et al. 2025 .

Overall, our NSPF model represents a valuable attempt to
improve the traditional coronal magnetic eld extrapolation
models. It can be readily applied to solar wind source region
analyses and serves as a proper initial condition for MHD
simulations of the solar corona and heliosphere.
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