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ABSTRACT

Full-disk measurements of the solar magnetic field by the Helioseismic and Magnetic Imager (HMI)
are often used for magnetic field extrapolations, but its limited spatial and spectral resolution can
lead to significant errors. We compare HMI data with observations of NOAA 12104 by the Hinode

Spectropolarimeter (SP) _The SP data in
the Fe1 lines at 630 nm were inverted with the SIR code. We _
of HMI underestimates B and the line-of-sight flux, @, in all granulation surroundings by an average
factor of 4 in plage and 9.2 in the quiet Sun in comparison to the SP. I1{g deviation 8 TAverSEly
s. We derived a correction curve to match
the HMI B with the effective flux B f in the SP data that scaled HMI B up by 1.3 on average.
A comparison of I—ver a larger field of view _
correction s and
Lorentz force (o< B ~ 1.3) and free energy (o< B2 ~ 2). Magnetic field extrapolations of HMI vector
data with large areas of plage and quiet Sun will underestimate the photospheric magnetic field strength

by a factor of 5-10 and the coronal magnetic flux by at least 2. _

Keywords: Sun: photosphere — magnetographs — magnetic field extrapolation

1. INTRODUCTION

Magnetic fields on the Sun are primarily observed
by measuring the Zeeman splitting of spectral lines
in a magnetized medium (Hale 1908). The Stokes
profiles of spectral lines contain the information
about thermodynamic (temperature, density, veloc-

Corresponding author: CB

ity) and magnetic properties (magnetic field vector)
and their gradients along the line of sight (LOS) in
the intensity spectra and the Zeeman-split polariza-
tion components (e.g., del Toro Iniesta & Ruiz Cobo
2016). In the past decades, several attempts with
a varying degree of sophistication have been made
to derive these physical properties of the solar at-
mosphere from observed Stokes profiles by applying
inversion techniques (Ruiz Cobo & del Toro Iniesta


http://arxiv.org/abs/2411.17649v1
http://orcid.org/0000-0001-7706-4158
http://orcid.org/0000-0003-0819-464X
http://orcid.org/0000-0002-7570-2301
http://orcid.org/0000-0002-8496-0353
http://orcid.org/0000-0002-5504-6773
http://orcid.org/0000-0002-9308-3639
songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang



2 BECK ET

1992;  Asensio Ramos et al.  2008;  Borrero et al.
2011; Socas-Navarro et al. 2015; Beck et al. 2019;
de la Cruz Rodriguez et al. 2019; Sainz Dalda et al.
2019; Ruiz Cobo et al. 2022). It was found that the
magnetic vector fields obtained with different spectral
lines and different spatial and spectral resolution are not
the same, especially if the small-scale magnetic fields
on the solar surface (< 1”) are spatially unresolved or
the thermal broadening (3-6 pm) or the Zeeman split-
ting is spectrally unresolved (e.g., Berger & Lites 2003;
Pietarila et al. 2013; Sainz Dalda 2017; Wang et al.
2022).

The magnetic field strengths derived from either
space-based or ground-based observations in different
Fraunhofer lines are not identical as the lines generally
form at different heights in the stratified solar atmo-
sphere (Grossmann-Doerth 1994; Wenzler et al. 2004;
Cabrera Solana et al. 2005). The underlying transitions
also differ in their response to the magnetic field strength
due to their specific Landé coeflicients (e.g., Harvey
1973) and their rest wavelengths, where for spectral
lines in the weak-field limit primarily the polarization
amplitudes change instead of the wavelength separation
of polarization lobes (e.g., Jefferies et al. 1989). Fig-
ure 1 shows these effects in synthetic Stokes V' spec-
tra of Fe1 1564.8 nm and Ferl 630.25 nm. The mag-
netic field strengths and fill factors (e.g., Beck & Rezaei
2009) used here resulted from an inversion of simul-
taneous observations of both lines in the quiet Sun
(Martinez Gonzdlez et al. 2008), where the 630.25nm
spectra were selected to have about the same polariza-
tion amplitude of 1.8% in the Stokes V lobes. While
the spectra at 1564.8 nm show a clear variation in shape,
splitting and amplitude, the 630.25 nm spectra stay sim-
ilar to undistinghuishable. For magnetographs, this be-
havior can lead to significantly different results depend-
ing on which line is observed at which spectral resolu-
tion, or in the other direction, give the same result for
different true magnetic properties because of the similar-
ity of the spectra in the visible (top panel of Figure 1),
especially in the presence of noise (del Toro Iniesta et al.
2010; Del Toro Iniesta & Martinez Pillet 2012).

Magnetographs and instruments with a lower spa-
tial or spectral resolution usually give systematically
lower field strengths than those with a higher resolu-
tion because of the effect of the magnetic fill factor
inside the resolution element for unresolved magnetic
fields (Plowman & Berger 2020). Fouhey et al. (2023)
found that even mismatches in spatial scaling can lead
to different results from comparing measurements by the
Helioseismic and Magnetic Imager (HMI; Scherrer et al.
2012) and the Hinode/Solar Optical Telescope Spec-

—600 —400 —200 0 200 400 600

Figure 1. Synthetic Fel 1564.8 nm (bottom panel) and
Fer 630.25 nm (top panel) Stokes V spectra for different
field strengths (given at the right-hand side) and a varying
magnetic fill factor.

tropolarimeter (SP; Kosugi et al. 2007; Ichimoto et al.
2008; Tsuneta et al. 2008).

The determination of the magnetic field strength of
different solar structures in the photosphere and at other
heights in the solar atmosphere is a focus of contempo-
rary solar physics due to its various applications. For
example, the derivation of the magnetic field at different
heights by various magnetic extrapolation schemes uses
primarily photospheric magnetograms as bottom bound-
ary conditions (Wiegelmann 2008; Miyawaki et al. 2016;
Wiegelmann & Sakurai 2021; Vissers et al. 2022). Ex-
trapolated magnetic fields are the primary ingredients to
estimate the energy contained in flares or coronal mass
ejections (Yalim et al. 2020; Yu et al. 2023, and refer-
ences therein). The magnetic field strength values at
the boundaries will then naturally change the vertical
structure and the energy content that is derived with
these extrapolation techniques.

Marchenko et al. (2022) found that variations in the
total solar irradiance of the Sun at times of solar ac-
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tivity minima seem to follow the trend in total mag-
netic flux from sources with |B| > 80 G, which couples a
global solar property to photospheric magnetic fields.
The derivation of electric currents (Puschmann et al.
2010; Borrero & Pastor Yabar 2023) in the solar atmo-
sphere above the photosphere that are relevant for heat-
ing processes (Louis et al. 2021; da Silva Santos et al.
2022; Yalim et al. 2023, 2024) is often based on magnetic
field extrapolations. Hence, a reliable determination of
field strengths or methods for consoling magnetograms
obtained using different instruments with each other are
very useful.

The LOS magnetic flux inferred from calibrated
Michelson Doppler Interferometer (MDI; Scherrer et al.
1995) data was found to be larger than the one derived
from HMI data by a factor of 1.40 with an additional
change depending on the heliocentric angle (Liu et al.
2012). Riley et al. (2014) determined similar scaling
factors for the LOS magnetic flux from a comparison
of different ground-based and space-based observations
with different spatial and spectral resolution. Sun et al.
(2022) used deep-learning models to improve the sta-
bility of HMI magnetograms by coupling them to im-
ages from the Atmospheric Imaging Assembly (AIA;
Lemen et al. 2012). Virtanen & Mursula (2017) used a
scaling of the coefficients of a harmonic expansion of the
magnetic field to match different data sources, where
only the first few terms were relevant for coronal model-
ing. Opposite to other scaling methods, their approach
can be easily applied to data sets of different spatial
resolution.

In a more direct pixel-to-pixel comparison of Hinode
SP and MDI data Moon et al. (2007) found that the
MDI magnetic flux density could be underestimated by
a factor of about two with additional deviations from
the SP in the umbra because of Zeeman saturation.
Kontogiannis et al. (2011) found deviations by up to a
factor of five between the same instruments in quiet Sun
(QS) regions. Instead of determining a relative scal-
ing, Higgins et al. (2022) combined data from HMI and
SP using multiple convolutional neural networks to de-
rive photospheric magnetic fields in a unified inversion
scheme based on both data sources. The introduction of
a magnetic fill factor into the HMI inversion produced
significant differences in derived magnetic properties in
plage regions, where spatially unresolved — at both HMI
and SP resolution — magnetic elements are expected.

The purpose of the current investigation is twofold.
On the one hand, we want to determine a scaling curve
to improve the magnetic field strength derived from HMI
observations from a comparison to simultaneous obser-
vations with the Hinode SP that can afterwards be ap-

plied to any HMI data set, and on the other hand we
want to estimate the differences in the magnetic field
properties at different heights derived using scaled and
non-scaled photospheric magnetograms in a subsequent
magnetic field extrapolation, similar to the effort in
Kontogiannis et al. (2011). The primary motivation for
the latter is a possible application to attribute formation
heights to magnetic field strength values derived from
an inversion of the chromospheric He1 line at 1083 nm,
while the scaling curve could potentially be of benefit to
any study based on HMI field strengths. In difference
to Sainz Dalda (2017) we do not want to trace in detail
where the eventual differences between HMI and the SP
arise from but primarily aim for a possible improvement
of the standard HMI vector field data product.

Section 2 describes the data sets used. Section 3 ex-
plains the analysis methods employed. Our results are
given in Section 4 and summarized in Section 5. We dis-
cuss the findings in Section 6, while Section 7 provides
our conclusions.

2. OBSERVATIONS
2.1. Hinode SP Data

We used observations of the active region (AR) NOAA
12104 on 2014 July 3 when it was at a heliocentric angle
of about 16 degrees. The Hinode SP scanned both po-
larities of the AR from UT 19:11-19:46 on 560 steps
of 0”3 step width for a total field of view (FOV) of
about 168” x 115”. The integration time was 3.8s per
step. The spectral window covered a range from 630.0
to 630.3nm with a spectral sampling of 2.15 pm pix~!,
while the spatial sampling along the slit was about
073 pix~!.

2.2. HMI Data

To obtain co-aligned SP and HMI data, we used HMI
full-disk intensity observations at 45s cadence and vec-
tor magnetic field data at 12 min cadence taken between
UT 19 and UT 20 and cut out the SP FOV. The HMI
spatial sampling is about 0”5 pix ! with a spectral sam-
pling of 7 pm on 6 different wavelength positions for the
full vector mode (Schou et al. 2012). These data were
used to derive the scaling curve between HMI and SP.

For the application of the HMI scaling curve, we down-
loaded a Space-Weather HMI Active Region Patches
(SHARP; Bobra et al. 2014) cut-out of the HMI vector
magnetic field data at UT 19:24 of a larger 665" x 426"
FOV that included most to all of NOAA 12104 and
NOAA 12107 to the South-East of the former. These
HMI data were cylindrical equal area (CEA) projected
to square pixels on the solar surface. The SP FOV is
fully included in this HMI cut-out.
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We also obtained the same HMI SHARP CEA data af-
ter a correction for scattered light. This correction was
done by the HMI team and employs a deconvolution
with a point spread function (PSF). This PSF has the
form of a Lorenztian convolved with an Airy function
and was determined from pre-launch calibration obser-
vations and post-launch Venus transit and lunar eclipse
data. The deconvolution uses a Richardson-Lucy algo-
rithm and takes less than one second per full-disk image
(Norton et al, in prep). In March 2018, the HMI team
began providing these data to the public on a daily basis.

2.3. Spatial Alignment

To co-align the SP and HMI data, we constructed
a ”pseudo-scan” of HMI data that mimics stepping a
virtual slit across a static two-dimensional HMI FOV
(Beck et al. 2007, their Appendix B. 2). We first forced
the HMI intensity images at 45s cadence from UT 19—
20 to a common fixed FOV centered on NOAA 12104,
which corresponds to the conditions during the SP data
acquistion with active tip-tilt image stabilization. We
set the assumed start positions of the SP slit zg and yq
inside the HMI FOV and increased its position in x by
07291 with each step. For each SP step, a slice with
the length of the SP slit in y was then cut out from the
HMI image closest in time. We adjusted the initial po-
sitions xp and yo to achieve a good match of the two
large sunspots and the several pores inside the SP FOV
(lower left two panels of Figure 2).

We then repeated the same procedure with the HMI
vector field data at 12min cadence using the magnetic
field strength of the HMI and SP to verify the match
(e.g., upper left and lower right panel of Figure 2). The
pseudo-scans used a few dozens intensity images at 45s
cadence, but only the four 12 min HMI vector data sets
taken between UT 19:12 and UT 19:48. The alignment
quality of the latter is still fully sufficient given that in
the end all SP quantities were downsampled to the HMI
spatial sampling of 0’5 for the comparison.

3. DATA ANALYSIS
3.1. Derivation of B for Hinode SP data

To retrieve the magnetic field in the solar photosphere
from the SP data, three different inversion approaches
were considered. We first ran the Very Fast Inversion
of the Stokes Vector (VFISV; Borrero et al. 2011) over
the SP spectra. The VFSIV code assumes the sim-
plifying Milne-Eddington (ME) approximation for the
radiative transfer that is included as a source func-
tion that changes linearly with optical depth. A mag-
netic fill factor of 1 was used in this inversion and only
the Ferl line at 630.25nm was analyzed, which corre-

sponds to the standard HMI approach. We then down-
loaded the ME results for SP data from the Commu-
nity Spectro-polarimetric Analysis Center of the High
Altitude Observatory'. Their code employs a stray
light factor and a scaling between the two Ferl lines
at 630.15 and 630.25nm. Its results will be labeled
"ME” inversion in the following. Finally, we used the
Stokes Inversion based on Response functions code (SIR;
Ruiz Cobo & del Toro Iniesta 1992) that includes the
full radiative transfer equation assuming local thermo-
dynamic equilibrium (LTE) (”SP SIR B” in the follow-
ing). The SIR code can recover stratifications of physical
parameters with optical depth. However, for simplicity
and to be comparable to the ME inversions, we used
only one node for the LOS velocity and all physical pa-
rameters of the magnetic field, i.e., the magnetic field
vector is constant in optical depth and reflects the av-
erage value inside the formation height of the spectral
lines (Westendorp Plaza et al. 1998). In this inversion,
both spectral lines were analyzed and a stray light factor
a was used but no complex model with multiple atmo-
spheric components inside a single pixel with a relative
fill factor (e.g., Beck et al. 2008; Beck & Rezaei 2009).

3.2. Derived Quantities

From a direct analysis of the data, we obtained the
continuum intensity I, for HMI and SP and the maximal
polarization degree p(x,y) for the SP as

p(x,y) = max /Q? + U2+ V2/I(x,y,\)|ax (1)

in a small wavelength interval A\ around the core of the
Fel line at 630.25 mn, where [ is the intensity and Q, U,
and V are the Stokes parameters that represent linear
and circular polarization, respectively.

The inversion results then provide the magnetic field
vector B, the magnetic field strength B in Gauss (G)
and the stray light factor o where applicable. From
the latter, we defined the magnetic fill factor that de-
scribes the area fraction inside a pixel that is filled with
magnetic field as f = 1 — « since the stray light con-
tribution mimics a field-free component inside the pixel.
The LOS magnetic flux is given by the standard defi-
nition ®,0s = Bcosy A with v the inclination of the
magnetic field vector to the LOS and A the area of a
pixel, where B is replaced by B f for all results with a
fill factor f. We defined the ”effective total magnetic
flux” as ®.¢s = B f. This quantity will be labeled in G
like B in the following, but one should imagine it to be
always implicitly multiplied by the area of a HMI or SP
pixel.

I https://www2.hao.ucar.edu/csac
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Figure 2. Overview of NOAA 12104 on 2014 Jul 03 at about UT 19:30. Bottom row, left to right: continuum intensity I.
from HMI pseudo-scan, I. and polarization degree p from SP data. Top row, left to right: LOS magnetic flux ®r05 from HMI,
locations with p > pim in SP data, and mask of surface structures (QS to umbra from white to dark grey). Red rectangles at
the corners indicate QS and plage regions, other contour lines indicate pores, penumbral and umbral regions.

3.3. Masking of Solar Surface Structures

We determined the locations of different solar struc-
tures through a combination of thresholds in different
quantities and manual identification. The locations of
umbrae, penumbrae and pores inside the FOV were de-
termined using thresholds in the continuum intensity
with an additional constraint of having some minimal
area (upper right panel in Figure 2). Plage and QS
areas were marked manually by using rectangles inside
the FOV. Those regions were then filtered by setting
a threshold in the SP polarization degree to only retain
pixels with p > piim (top middle panel of Figure 2). The
distinction between plage and QS was set by the pres-
ence or absence of extended connected areas with polar-
ization signals. Because of the threshold in polarization
degree, only locations with significant polarization sig-
nals in the SP data remain for the five types of separate
surface structures (umbra, penumbra, pores, plage, and
QS). The statistics for the whole FOV were derived from
all pixels inside the FOV with p > pim.-

3.4. Magnetic Field Extrapolation

To test the effect of the upscaling of the HMI mag-
netic field strength on magnetic field extrapolations,
we ran a potential field extrapolation and the non-
force free (NFFF) extrapolation technique developed by

Hu & Dasgupta (2008) and Hu et al. (2008, 2010) over
the large SHARP cut-outs. In this method, the mag-
netic field B is constructed as follows:

B=B;1+Bs;+B3; V xB;j=qB; (2)

with ¢ = 1,2,3. The sub-fields B; are linear force-free
fields (LFFFs) with their respective constants «;. One
can set a1 # s and ap = 0 without loss of generality,
which reduces Bs to a potential field. To find opti-
mal values for the still undetermined pair a = {1, a3},
an iterative method is used that minimizes the aver-
age deviation between the observed (B;) and the calcu-
lated (b;) transverse field on the photospheric bound-
ary. The deviation can be quantified by the metric E,
(Prasad et al. 2018) as

M M
E, = <Z Bt — byi| x |Bt,z'|> / (Z |Bm-|2> (3)
i=1 i=1
where the sum runs over all M grid points on the trans-
verse plane. Weaker magnetic fields are suppressed by
weighting the contribution of each grid point with its
observed transverse field strength (for more details see
Hu & Dasgupta 2008; Hu et al. 2010).

The extrapolated field B is a solution to an auxiliary
higher-curl equation:

VXVXxVxB4+auVxVxB+bVxB=0. (4)
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This equation includes a second-order derivative (V x
V x B), = —V2B, at z = 0, requiring vector magne-
tograms at two heights for calculating B. To work with
the available single-layer vector magnetograms, an al-
gorithm developed by Hu et al. (2010) was used. This
algorithm introduces additional steps to iteratively cor-
rect the potential sub-field B2. Beginning with an initial
guess B = 0, the problem reduces to second order, al-
lowing boundary conditions for By and Bjs to be deter-
mined using the trial-and-error process described above.
If the minimum FE,, value is unsatisfactory, a corrector
potential field for Bg is derived from the difference in
transverse fields, i.e., By — b, and added to the previous
B, to improve the match, as measured by FE,.

From the extrapolation results that provide the mag-
netic field vector B(z,y, z) in a 3D volume we derived
continuous open and closed magnetic field lines that
trace the connectivity using the VAPOR visualisation
package (Li et al. 2019), the magnetic field strength B
and its gradient with height, the (free) magnetic energy,
electric currents and the Lorentz force using their stan-
dard definitions (see, e.g., Gary & Demoulin 1995; Gary
2009).

4. RESULTS
4.1. Inversion of SP Data

We ran three different inversion approaches over the
same SP data set, two of which included a fill factor f
(SIR, ME). Figure 3 shows scatterplots of the magnetic
field strength B, inclination v, stray light factor o and
effective magnetic flux ® = B f over the full SP FOV
between the inversion approaches. The SIR and ME
results show a high correlation (> 0.85) in all quanti-
ties. The largest differences are seen in «, which could
result from a trade-off between o and the different ap-
proaches to treat the radiative transfer in the inversion
(ME vs. LTE), which affects the intensity spectrum more
than polarization. The results of the VFISV inversion
with a fill factor of 1 are only overplotted for the field
strength (lower right panel in Figure 3). They deviate
prominently at low field strengths where the VFSIV B
stays at almost constant values of about 200-300G for
the whole range of 200-1500G in the SP SIR B.

In the following, we will use the SIR inversion of the
SP data as the best estimate for the true magnetic field
properties since it represents the most realistic inver-
sion setup (stray light factor = fill factor for unresolved
magnetic fields, LTE radiative transfer, usage of both
Fer lines).

4.2. Field Strength SP SIR B vs. HMI B

Inclination
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Figure 3. Scatterplots of quantities in the ME and SIR
inversion of the SP data. Clockwise, starting left top: stray
light factor «, inclination -, field strength B, and effective
total flux B f. The red lines indicate a unity slope. The
linear correlation coefficients are given in the bottom right
corner of each panel. The red dots in the lower right panel
correspond to the VFISV ME inversion and were overplotted
as second layer to enhance their visibility.

Figure 4 compares the field strength B in the SP SIR
results and the HMI data for the different type of struc-
tures inside the FOV defined above through scatterplots
(left two columns) and histograms (right two columns).
The values match for locations in the umbra and penum-
bra with a high correlation (> 0.8). The corresponding
histograms of SP and HMI (top right panels of Figure
4) have a similar shape with some global offset with
a higher B in the SP data. For pores (middle row),
the correlation drops to about 0.57 with an increasingly
larger offset in the histograms. For plage locations, the
scatterplot shows no clear visual correlation anymore,
with the HMI results clustered at a nearly constant value
of B < 500 G below the SP values, similar to the behav-
ior of the VFSIV SP results without f in Figure 3. The
shape of the histograms of B for the two approaches does
not match for plage regions with a dominant Gaussian
at about 1.3kG for the SP SIR while HMI B peaks near
0.2kG with a weak tail towards higher field strengths.
The mismatch gets even worse for QS regions, where
the HMI data exhibits a constant value of B < 200G
(lower left panel of Figure 4), while SP SIR B reaches
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Figure 4. Scatterplots and histograms of field strength B in different structures. First column, bottom to top: scatterplots
between SP SIR B and HMI B for quiet Sun, pores, and umbra. Second column: for full FOV, plage and penumbra. The red
lines indicate a unity slope. The linear correlation coefficients are given in the top left corner of each panel. Third column:
histograms for quiet Sun, pores, and umbra for HMI B (black lines) and SP SIR B (red lines). Fourth column: histograms for
the difference AB across the full FOV, and B in plage and penumbra.

Table 1. Average fill factor f and field strength in different structures and all inversion approaches. All values apart from f

are in Gauss.

| f | SP SIR B SP ME B SP VFISV B HMI B | SP SIR Bf HMI B scaled

region
umbra 1.00 2405 2300 2122 2124 2403 2431
penumbra | 0.99 1623 1351 1246 1253 1609 1689
pores 0.99 1847 1679 1373 1303 1839 1741
plage 0.61 1329 1143 510 394 818 646
QS 0.46 1247 1034 282 145 540 147

up to 1.5kG. The scatterplot for the full FOV (bottom
panel in second column) summarizes the findings: a rea-
sonable match of SP SIR and HMI for B > 1.5kG and
a clear mismatch otherwise, where all HMI values are
significantly lower than the SP results at a nearly con-
stant value. The same is seen in the histogram of the
field strength difference (lower right panel of Figure 4)
across the full FOV that shows a bi-modal distribution
with one roughly Gaussian peak at +300 G from umbra,
penumbra and pores, and a second peak at +1kG that
reflects the plage and QS areas.

The average values of B and f in the different struc-
tures and all inversion approaches are listed in the first
five columns of Table 1. They confirm the clear dis-
tinction: wherever the fill factor f drops from unity
(plage, QS), the inversion approaches without f (VF-
SIV, HMI) give significantly lower values of B. The
factor for plage is 2-3 and increases to 5—10 in the QS.
For umbra, penumbra and pores, the values for HMI

and VFISV are 200-500G lower than for the SP SIR
and ME, but stay above 1.2kG.

4.3. Effective Total Fluz SP SIR B f vs. HMI B

The absence of a fill factor in the inversion of spatially
unresolved magnetic fields showed a strong effect on the
field strength B in the previous section. We thus decided
to compare the effective total magnetic flux B f in the
SP SIR inversion with the field strength B in HMI as the
next step. Figure 5 shows scatterplots and histograms of
those two quantities in the same layout as Figure 4. As
expected, locations with a large fill factor close to unity
(umbra, penumbra and pores) show only minor changes
in both scatterplots and histograms. The correlation
for pores increases slightly to about 0.6. For both plage
and QS areas, the correlation, however, nearly doubles
to 0.587 and 0.429, respectively. The shape of the plage
histogram for the SP SIR B f significantly differs from
SP SIR B alone and now resembles the one of HMI
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Figure 5. Scatterplots and histograms of field strength B in HMI and total effective flux B f in SP data in different structures.

Same layout as Figure 4.

B with a maximum at low field strengths much better
apart from a scaling factor in the modulus. The his-
togram for SP SIR B f in QS is now more compact at
lower B f values of about 500 G. In the histograms of the
difference between SP SIR B f and HMI B (lower right
panel) the second peak at about 1kG has disappeared
leaving a single Gaussian at 4300 G. The comparison of
the scatterplots for the plage regions and the full FOV
(second column) in Figures 4 and 5 clearly demonstrates
that this is caused by the better match of plage areas.
To first order, SP SIR B f and HMI B show visually
a clear correlation over the full range of field strength
or total flux values with a correlation coefficient of 0.91
(bottom panel in the second column of Figure 5).

To better understand this behavior, we looked in more
detail at the differences in the results for plage areas.
Figure 6 shows 2D maps of B for SP and HMI and B f
for the SP. The map of SP SIR B shows clear ”bloom-
ing” around network and plage elements, i.e., the value
of B stays nearly constant at > 1kG over a distance of
a few arcsec from the location of each magnetic element
(bottom panel of Figure 6). The locations in the QS
(upper right corner of the FOV at = ~ 150",y ~ 85")
have kG fields in the SIR inversion, while they are nearly
invisible in the HMI B map (top panel of Figure 6).
The spatial pattern around plage and network elements
changes drastically for SP SIR B f (middle panel of Fig-
ure 6). The ”blooming” disappears and the value of the
total effective flux reduces smoothly with the distance
from plage and network elements, which makes the spa-
tial patterns in SP SIR B f much more similar to those
in HMB B. All areas with a high fill factor (umbra,

|
1Umbral cut

arcsec

arcsec

arcsec

100
arcsec

50 150

Figure 6. 2D maps of field strength SIR B (bottom panel)
and total effective flux SIR B f in SP data (middle panel),
and field strength B in HMI data (top panel). The two
vertical white dashed lines indicate the locations of spatial
cuts across an umbra and a plage region shown in Figure 7.
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Figure 7. Different quantities along the spatial cuts across
an umbra (left column) and a plage region (right column)
marked in Fig. 6. Top to bottom: fill factor f (black lines)
and polarization degree p (red lines), field strength B (black
lines) and effective total flux B f (red lines) in SP data, field
strength in SP (black lines) and HMI data (red lines), and
B f in SP data (black lines) and B in HMI data (red lines).

penumbra, pores) are rather similar in all three panels
and quantities.

The fact that the fill factor is the controlling parame-
ter is visualized by the cuts through one of the umbrae
and a plage region that are shown in Figure 7. For all
locations with f ~ 1 (left column, x ~ 50” — 80"), SP
SIR B, SP SIR B f and HMI B are very similar. The
cut through the plage region in the right column shows
that the true field strength B in the SIR inversion is a
rather constant 1.5kG in the plage region (middle two
panels in the right column, x ~ 10” —27”). In the value
of SP SIR B f, one can detect instead four clearly sep-
arate structures over the same spatial range, each one

representing a magnetic element and its immediate sur-
roundings which can also be identified in the 2D maps
of Figure 6 along the cut through the plage. In the SP
SIR B f, these separate features are just the result of
the variation of the value of f (top right panel of Fig-
ure 6), which itself can be traced back to the variation
of the polarization degree p. The bottom panel of the
right column of Figure 7 shows that the ”field strength”
of HMI in plage is in reality sampling the total effective
flux B f in the SIR inversion rather than the constant
field strength SP SIR B.

The different behavior will be discussed in more detail
below, but to first order it is not too surprising. In the
SP data, pixels around magnetic elements have about
the same polarization signal in the spectral dimension
as at its center with just a reduced amplitude because
of the spatial PSF that dilutes the signal into the imme-
diate surroundings. The SIR inversion can successfully
determine the field strength B in all cases and uses the
fill factor to match the polarization amplitude, which
causes the "blooming” effect in SP SIR B. For HMI
(or VFSIV B), the analysis approach is instead forced
to reduce the field strength with increasing distance to
network elements to reproduce the observed decreasing
polarization amplitudes.

Since there is no way to match HMI and SP SIR B
without using a fill factor or similar parameter and the
magnetic field extrapolation code would be unable to
deal with that, we thus decided to match HMI B and
SP SIR B f as the best possible compromise.

4.4. Determination of Scaling of HMI B to SP SIR
Bf

We used a scatterplot between HMI B and SP SIR B f
to determine a scaling curve for the HMI field strength
(Figure 8). Only pixels with a significant polarization
signal in the SP data were considered (p > pjim, see Fig-
ure 2). We determined the average values of SP SIR B f
for bins in HMI B (red pluses in the top panel of Figure
8) and fitted a 5th-order polynomial to the binned val-
ues. As there are little to no pixels with HMI B < 220G
above the threshold py, in SP or with B > 2400G,
we replaced the polynomial curve with unity for HMI
B < 220G, i.e., the original values of HMI B in that
range are not modified, and extended the polynomial
by a straight line for HMI B > 2400 G (bottom panel of
Figure 8). The slope to be used at the upper end of the
scaling curve was taken from the corresponding value
of the polynomial around 2400 G. It might be slightly
too large, but only very few umbral pixels are affected
that generally lead to open field lines leaving through
the upper boundary of the extrapolation box. At the



10

BECK ET AL.

Table 2. Average ratio and correlation coefficient C' between different quantities.

region | B(SP SIR)/B(HMI)  C | Bf (SP SIR)/B(HMI)  C | Bf (SP SIR)/B(HMI) scaled  C
umbra 1.14 0.896 1.14 0.896 0.99 0.882
penumbra 1.33 0.841 1.31 0.851 0.95 0.851
pores 1.45 0.570 1.44 0.622 1.06 0.621
plage 4.48 0.308 2.43 0.587 1.82 0.587
quiet Sun 9.19 0.241 3.83 0.429 3.81 0.413
full FOV 2.53 0.809 1.73 0.910 0.94 0.903
50 G 2000
40005

3000 F

2000

SIR B+f [G]

0 500 1000 1500 2000 2500 3000
HMI B [G]

scaling factor

0 1000 2000 3000 4000
HMI B [G]

Figure 8. Scatterplot of HMI B and SP SIR B f (top
panel) and scaling curve for HMI data derived from it (bot-
tom panel). The red pluses in the top panel are binned data
points, the blue line a polynomial fit and the red solid line
is at unity slope.

lower end, the rms noise of HMI B on locations without
significant polarization signal in the SP data is about
100 G, which we initially used as the limit for changing
the scaling to unity to avoid noise amplification. In the
end, we switched to a more conservative threshold of
220 G because otherwise the application of the scaling
curve led to a clear ”salt’n’pepper” noise pattern in the
upscaled HMI data, especially for the large FOV of the
extrapolation. As discussed below in Section 6.5, one
would need a measure of the polarization degree in the
HMI data instead to better distinghuish between gen-
uine and spurious values as the modulus of the HMI
field strength alone does not work reliably. The scaling
value of unity was selected to ensure that any signals
that might be genuine in the HMI data stay at their
original values. The scaling curve thus leaves HMI B
values below 220 G untouched, rises to an upscaling of
about 2 for HMI B ~ 400 — 500 G and decreases slowly
to slightly above 1 again at 2kG.
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Figure 9. 2D maps of clockwise, starting left bottom: con-
tinuum intensity I. and total effective flux B f from SP, and
upscaled and original field strength B from HMI.

4.5. Upscaling of HMI B

For the application, we read off the field strength value
HMI B(zx,y) for each pixel and multiplied it with the
scaling factor associated to that field strength in the
curve. After the application, the average ratio between
the scaled and original HMI B was about 1.1 in the
umbrae and 1.6 in the plage regions. Figure 9 shows
the 2D maps of HMI B, SP SIR B f, the scaled HMI
B and a continuum intensity image as reference. The
main difference between the original and scaled HMI B
maps is the clear enhancement of the field strength in
the plage and QS regions, while the umbra, penumbra
and pore regions changed only slightly. The upscaled
HMI B matches the spatial patterns and modulus of
the SP SIR B f map well (left and right panel in top
row of Figure 9).

To quantify the improved match, Figure 10 shows the
same scatterplots and histograms as used before for SP
SIR B f and the upscaled HMI B. All correlation values
stayed about the same as for the original HMI B and SP
SIR B f. For the umbra, penumbra and pore regions the
offset in field strength has been successfully removed in
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Figure 11. Effective total flux B f in SP and upscaled HMI
B along the spatial cut through a plage region marked in
Figure 6.
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comparison to Figure 5 (upper right panels of Figure 10),
the histograms now overlap well. The strongest fields in
the umbra with B > 2700G are slightly overamplified
after the scaling, which again indicates that the value
at the upper end of the scaling curve is somewhat too
high. The histograms for the penumbra show a slightly
different shape, but cover the same range in B. The
data points for the plage regions (middle row of 2nd
column of Figure 10) now scatter around the line of unity
correlation, but with a comparable large range of up to
1kG difference between SP SIR B f and the upscaled
HMI B value. The histograms for plage regions now
cover the same range in B opposite to before. The peak
in the upscaled HMI B histogram for plage at < 220G
results from all pixels that were not modified, about 8 %
of the plage area. The scatterplot for the full FOV now
shows a correlation around unity for all field strengths,
while the difference of the upscaled HMI B and SP SIR

same spatial patterns and about the same amplitudes.

The last two columns of Table 1 list the average val-
ues of SP SIR B f and HMI B after the upscaling,
while Table 2 has the average ratios and correlation co-
efficients between different quantities. For the original
HMI B and SP SIR B, HMI B underestimates the field
strength on average by a factor of 4.48 in plage and
9.19 in QS, while for structures with f ~ 1 (umbra,
penumbra, pores) the factor is < 1.5. The correlation
values for plage and QS are < 0.5. Using SP SIR B f in-
stead increases the correlation for plage, QS and the full
FOV and reduces the ratios to 2.43 for plage and 3.83
for QS. The upscaling of HMI B leaves the correlations
untouched, but now brings the ratios for umbra, penum-
bra and pores close to unity and for plage to about 1.82.
Without some additional filtering for locations with sig-
nificant polarization signal in HMI instead of SP and an
improved scaling for genuine HMI B values < 220G it
seems impossible to achieve any better match.

4.6. Magnetic Field Extrapolation
4.6.1. Application of HMI Upscaling to Extrapolation Box

The FOV of the SP scan covers both polarities of
NOAA 12104, but is still comparably small for an ex-
trapolation. The scaling curve does not require to stay
restricted to it since its applictation is only based on the
value of HMI B. We thus applied the scaling curve to a
large cut-out from HMI that covers both NOAA 12104
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Figure 12. 2D maps of the FOV of the extrapolation box. Left column: continnum intensity I. (bottom panel) and scaling
factor (top panel). Right column: original (bottom panel) and upscaled (top panel) vertical magnetic field B, from HMI. The
red rectangles in the lower right panel indicate the locations of seed points of magnetic field lines for checking up on changes of

connectivity in plage and sunspots.

and NOAA 12107 instead. The scaling is only applied
to the magnetic field strength and leaves the field ori-
entation untouched. Figure 12 shows the FOV used for
the extrapolation prior and after the upscaling of HMI.
The primary effects are the same as before for the SP
FOV, a slight enhancement in sunspots and a strong
enhancement in plage areas. The map of the scaling
factor (upper left panel in Figure 12) naturally shows
the same spatial pattern as the initial field strength,
but with a clear difference in modulus inside (~ 1) and
outside (~ 2) of sunspots.

4.6.2. Comparison to Stray-Light Corrected HMI Data

For the FOV used in the extrapolation, we also have
stray-light corrected (SLC) HMI data available (cour-
tesy A. Norton). The major effect of our upscaling is
in QS surroundings, so we only used the plage region
sample for a comparison. Figure 13 shows scatterplots
and histograms of the magnetic field strength B in the
original, scaled and SLC HMI data for plage regions in
the large FOV. Our scaling curve to match HMI B with

the effective magnetic flux B f in the SP data turns out
to be the upper envelope of the SLC data points (black
and blue dots in the upper panel of Figure 13). The
stray-light correction increases the field strength, but to
a lesser amount than our correction curve, e.g., almost
all red dots in the scatter plot of scaled vs. SLC data
are below the unity line. The same weaker enhancement
in the SLC data is also clearly seen in the histograms
in the bottom panel of Figure 13: in the SLC data, the
field strength in plage still stays far below 1 kG for most
locations with the maximum of the distribution at low
field strengths. The SLC approach thus also falls short
of the effective flux B f in the SP, which itself is signif-
icantly lower than the actual "true” field strength SIR
B.

We thus decided to only run both a potential and the
NFFF magnetic field extrapolation over the original and
upscaled HMI data without considering the SLC data
further on.

4.7. Effects on Magnetic Field Extrapolation
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Figure 13. Comparison of the field strength B in original,
scaled and stray-light corrected HMI data for plage regions.
Top panel: scatter plots of B in original vs. scaled data (black
dots), original vs. SLC data (blue dots) and scaled vs. SLC
data (red dots) in plage. The green line indicates unity cor-
relation. Bottom panel: histograms of B for original (black
line), SLC (blue line) and scaled HMI data (red line).

Table 3. Number of open and closed field lines.
type | # seed points open closed % closed

original HMI magnetogram

full FOV 10000 3359 6641 66

sunspots 7500 556 6944 93

plage 5000 1060 3940 79
scaled HMI magnetogram

full FOV 10000 3406 6594 66

sunspots 7500 360 7140 95

plage 5000 1143 3857 77

4.7.1. Magnetic Connectivity

Figure 14 shows 3D visualizations of the magnetic
field extrapolation together with concurrent ATA im-
ages. Both the extrapolation and the AIA images ex-
hibit primarily open field lines to the South and West of
the ARs. Between the two ARs and from their sunspots
to the plage regions a mixture of open and closed field
lines is seen. Most of the field lines from the original
HMI extrapolation (red lines) and after the upscaling
(yellow lines) match very closely. At many places where
the connectivity visually changed, the outer end point
of closed loops often only just moved to a close-by point
in the same plage region. Closed field lines with a sig-
nificant change of connectivity after the upscaling have

a tendency to form taller loops (top left panel of Figure
14), with some of them now leaving the extrapolation
box through the sides to close outside of the FOV.

Table 3 lists the number of open and closed field lines
for the full FOV and the sunspot and plage regions indi-
cated in Figure 12. The majority of field lines (~ 66 %)
is closed in both extrapolations. The difference in the
number of closed field lines between the two extrapo-
lations is small at a level of 2% for all three samples
with only a weak trend for more closed field lines for the
sunspots. The global pattern of connectivity was thus
not significantly changed by the upscaling of the HMI
field strength.

4.7.2. Magnetic Field Line Properties: Height, Length,
Horizontal Distance

Apez Height of Closed Loops—To quantify the change of

closed field lines by the upscaling, we determined the
apex height for all seed points that generated closed
loops in both extrapolations. The top panel of Figure
15 shows the difference of the apex height (after scal-
ing minus original) for the full FOV, plage and sunspot
sample. The apex height of the majority of the closed
field lines changed by less than 10 Mm. The plage re-
gions show some increase in apex height for about 10 %
of the sample with an average increase of 1.6 Mm, while
the sunspot sample shows the opposite trend with a few
percent somewhat lower apex heights.

3D Length of Closed Loops—The bottom panel of Figure

15 shows the difference in the 3D length of closed field
lines, i.e., the total path length along closed field lines,
in the same layout. The picture is very similar with
changes of less than 20 Mm in length in most cases, and
an about 10 % fraction of plage (sunspot) loops that are
significantly longer (shorter) than before.

Horizontal Distance Between Field Lines—Figure 16
shows the lateral horizontal distance between open mag-
netic field lines from the same seed point in both ex-
trapolations. We determined the distance at three dif-
ferent heights of 10, 20, and 120 Mm. For heights up to
20 Mm, the distance stays well below 10 Mm for most
cases, while at a height of 120 Mim the average horizon-
tal distance is about 10 Mm. Again only a small percent
fraction changed by larger distances of 20 Mm or more.

For closed magnetic field lines, we calculated the hor-
izontal distance of the outer footpoints of closed loops
that started from the same seed point (Figure 17). That
graph maybe shows the pattern in the most direct way.
Only a small percent fraction of the outer footpoints of
closed field lines in plage or the full FOV changed by
more than 20 Mm, while none of the closed field lines
starting from inside a sunspot exceeded that value.
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Figure 14. 3D views of the magnetic field extrapolation (left column) and concurrent AIA images (right column). Left column,
bottom to top: top view of the extrapolation box with magnetic field lines from the same seed points before (red) and after
scaling of the HMI magnetogram (yellow), side view (middle panel) and zoom on field lines of one spot and plage region (top
panel). The background image shows HMI B,. Right column, bottom to top: AIA images at 304, 211, and 171 A.

In total, changes in apex height, length, and hori-
zontal distance for open or closed field lines stay below
about 10 Mm from the botttom layer to a height of about
20 Mm for the large majority of the field lines, which im-
plies again only a small fraction where the connectivity
significantly changed by the upscaling.

4.7.3. Magnetic Field Strength

For the extrapolation box with its larger FOV, we de-
fined only four different samples. A mask of umbra,
penumbra and pores was defined as before using inten-
sity thresholds. For the plage, we selected the corre-

sponding regions inside the FOV and considered only
locations with B > 300 G in the original HMI data prior
to the upscaling. This yielded a similar mask as in Fig-
ure 2, but precluded to define a QS sample as the values
of HMI B in the QS are often below the threshold. The
QS sample is thus to some extent only represented by
the average over the full FOV that was done without
any additional constraint.

Figure 18 shows the average magnetic field strength
with height B(z) for the different cases. We fitted an
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Figure 15. Difference of the apex height (top panel) and
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after the scaling. Blue lines: full FOV. Orange lines: plage.
Green lines: sunspots. Median values in Mm are given at the
upper right corner. The y-axes are on a logarithmic scale.

exponential decay
B(z) = Byexp~ 5 +C (5)

to each curve, where z is the height in Mm, o the scale
height and C' the value at the upper boundary in height.
Table 4 lists values of B in steps of 30 Mm, while Table
5 has the scale heights of the magnetic field strength in
its last two columns.

The curves of B(z) in Figure 18 and the correspond-
ing values in Table 4 show the behavior expected from
the actual upscaling. There are only small changes for
umbra, penumbra and pores and a larger difference over
plage areas. At z = 0 km, the average ratio between the
scaled and original HMI data was 1.74 for plage, 1.15
for umbrae, and 1.3 for the full FOV as determined af-
ter the application of the upscaling to the larger FOV
of the extrapolation box. The B(z) values above the
regions then just follow this difference at the bottom
boundary.

At a height of about 150 Mm the differences between
original and scaled HMI data are < 10 G regardless of
the structure at the photospheric boundary, while on
average over the full FOV the difference is 40G at z =
Okm. The field strength value levels off at about 16—
20 G at the upper boundary of the extrapolation box at
z = 300 Mm.
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Figure 16. Horizontal distance between open field lines
from the same seed point before and after the scaling at
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Bottom panel: sunspots.
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Table 4. Magnetic field strength with height B(z) in G in the NFFF extrapolation. The bottom two rows give values from

radio measurements for comparison.

z [Mm] | 0 30 60 90 120 150 180 210 240 270
full FOV 134 48 32 25 21 19 17 17 16 16
full FOV scaled 179 67 45 34 29 25 23 21 21 20
umbra 2117 169 75 50 40 35 31 28 26 24
umbra scaled 2429 211 99 67 53 46 41 37 34 21
plage 506 112 55 34 33 31 28 26 24 22
plage scaled 881 166 79 46 44 41 37 34 31 29
approximate z [Mm] 15 38 50 90 110 130 - 200 - 300
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Figure 18. Average field strength with height B(z) for dif-
ferent structures. Left column, bottom to top: average B(z)
for pores, umbra and the full FOV. Right column, bottom
to top: average B(z) for plage and penumbra, and difference
of average B(z) between the original and scaled HMI data
across the full FOV. Black (red) lines: original (scaled) HMI
data in the NFFF extrapolation. Orange (blue) lines: origi-
nal (scaled) HMI data in the potential extrapolation. Dashed
lines in the same colors: exponential fit.

The scale height of the magnetic field strength is 20—
40 Mm for the full FOV and plage regions, but reduces to
about 10 Mm above all strong magnetic field concentra-
tions (Table 5). The potential field extrapolation drops
twice as fast over the full FOV and plage region, but
has the same magnetic scale height above sunspots and
pores. The fits of the exponential in Figure 18 show

Figure 19. Gradient of magnetic field strength dB/dz for
different structures. Bottom panel: NFFF extrapolation.
Top panel: potential field extrapolation. Black: full FOV.
Blue: umbra. Red: penumbra. Purple: pores. Orange:
plage. The solid (dashed) lines show the original (scaled)
HMI data.

that the assumption of a constant magnetic scale height
is not valid above strong magnetic field concentrations,
where the decrease in B slows down with height leading
to an increase in the scale height. For the average over
the full FOV (upper left panel in Figure 18) a single
scale height provides a good match to the values.
Figure 19 and the left two columns of Table 5 show
the magnetic field strength gradient dB/dz(z). The only
difference between scaled and original HMI data is seen
for plage areas, with an increase by about a factor of 2
from —0.27 to —0.53Gkm™! at z = Okm. The gradi-
ents at z = 0 km range from -0.06 to -0.50 Gkm~! and
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Table 5. Gradient of magnetic field strength dB/dz(z) at
z = 0Mm and scale height of B.

region original HMI  scaled HMI | scale height [Mm]
Gkm™! Gkm™' | NFFF  POT
full FOV -0.06 -0.07 37 17
umbra -0.50 -0.58 8 8
penumbra -0.25 -0.35 11 10
pores -0.49 -0.60 11 8
plage -0.27 -0.53 22 9
o
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Figure 20. Mean magnetic energy (top panel) and ratio of
the original and scaled free magnetic energy (bottom panel).

decrease with height. The potential and NFFF extrap-
olation have very similar values. The only spatial loca-
tion with a different behavior is above the penumbra,
where the magnetic field drops slower than for the pores
with their similar field strength at the photosphere, pre-
sumably because of the lateral expansion of the umbral
fields. The curve of dB/dz(z) for the penumbra cuts
across some of the others in Figure 19.

4.7.4. Free Energy

The top panel of Figure 20 shows the mean magnetic
energy in the original and scaled NFFF extrapolation
together with that of the potential field extrapolation.

Table 6. Electric currents |J| and Lorentz force L at z =
0 km.

The mean magnetic energy in the latter turned out to
be slightly larger than in the original NFFF extrapola-
tion at low heights < 10Mm. We assume that this a
consequence of the necessary pre-treatment of the HMI
magnetogram to enforce a full magnetic flux balance for
the potential field extrapolation that is not required for
the NFFF extrapolations. It, however, does not impact
the fact that the upscaled NFFF extrapolation has a
higher mean magnetic energy than the original one.

The bottom panel of Figure 20 shows the ratio of the
free energy between the upscaled and original NFFF ex-
trapolation. The free energy was in each case derived by
subtracting the magnetic energy in the potential field ex-
trapolation &' = Enrrr — Epot. The values were then
horizontally averaged at each height z prior to division,
while additionally a minimum value of 10710 was added
to the averaged original free energy to prevent a possible
division by 0. The values below about 10 Mm are not
reliable, as the free energy was negative. For the heights
above, the upscaling leads to an increase by a factor of
about 2 at z = 50 Mm that decreases to 1.6 at the upper
boundary of the extrapolation box at z = 300 Mm, i.e.,
a 100 (60) % increase, respectively.

4.7.5. Electric Currents and Lorentz Force

The electric current vector J is derived from the spa-
tial gradients of the magnetic field strength as J =
V x B, while the Lorentz force L is given by L = J X B.
The modulus of J and L thus scales with the field
strength itself. Figure 21 shows the height variation
of J and L in the full FOV and the different types of
structures defined above. They both drop much faster
than the field strength itself with a scale height of only
about 1 Mm (cf. Equation 5) and a drop of about three
orders of magnitude over the first 10 Mm in height. The
difference in J between the original and scaled HMI field
strengths has the same range as B itself with a factor
from 1.3 for the full FOV to 2 in plage (see Table 6)
with the smallest changes seen above the umbra and the
largest above plage regions. The Lorentz force shows a

region | |J] 1] L] |
mAm 2 mAm 2| 10 2dyncm™® 10" ?dyncm™3
original scaled original scaled
full FOV 7 9 0.3 0.7
umbra 12 14 5.0 7.3
penumbra 15 21 3.7 7.4
pores 15 20 3.5 6.4
plage 11 21 1.5 4.9
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Figure 21. Average electric currents (left two columns) and Lorentz force (right two columns) in the same format as Fig. 18.

similar relation with respect to the different structures
but its range of change is larger from 2-3 because of its
dependence on both J and B.

4.7.6. Height of B=X G

A possible application of the combined use of magnetic
field extrapolations and high-resolution observations in
the chromospheric HeT line at 1083 nm is to attribute
a formation height to the Hel observations based on
the field strength B derived from them. The commonly
used inversion codes for Hel at 1083 nm only yield B
but usually provide no height estimate. The upscaling
of the HMI magnetogram at the bottom boundary can
then have a significant effect on the values of B higher
up, which would modify the estimate of the He1 1083 nm
formation height.

Figure 22 shows the heights in the extrapolation box
where the field strength attains values of 20, 50, 100, and
300G as a common range of B in HeT inversion results
for the original HMI data (left column) and after the up-
scaling (right column). Field strengths of 300 G or more
can only be found above sunspots and below heights of
about 20 Mm. Values of 100 G can be found up to about
1.5 the sunspot radius at heights of about 30 Mm. Lo-
cations with 50 G extend to about twice the sunspot ra-
dius at up to 60 Mm, and can also be found above plage
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Figure 22. Height of different magnetic field strength val-
ues. Left column, bottom to top: height for B = 300, 100, 50
and 20 G in the original HMI data. Right column: the same
for the scaled HMI data. The topmost panel has been re-
placed with the HMI continuum intensity as reference.
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Figure 23. Histograms of the height of different mag-
netic field strength values. Clockwise, starting at lower right
panel: for B = 20, 50, 300 and 100 G. Black (red) lines: orig-
inal (scaled) HMI data.

Table 7. Ratio of heights with B= X G between scaled and
original HMI data.

| 300G 100G 350G 20G
h(scaled)/h(orig)| 316 245 299 492

regions. 20G can be found throughout the full FOV
up to the very top of the extrapolation box at 300 Mm,
but are primarily reached at about 150 Mm. The his-
tograms of the height where B reaches these values in
Figure 23 show the common maximal height range more
clearly, with clear drops of the occurrence rate at 20, 30,
60, and 150 Mm for 300, 100, 50 and 20 G, respectively.
The histograms for the 20 G-case (bottom right panel
of Figure 23) show a maximum at z = 300 Mm because
that value is reached over extended areas of the upper
boundary of the extrapolation box (upper left panel of
Figure 22) or on average for the upscaled HMI data (Ta-
ble 4). In addition, the matching height was determined
as the pixel in z that has the minimum difference in field
strength to the specified value, which returns the upper
end for all spatial positions that never drop below 20 G
at all heights. For the upscaled HMI data, the heights
and the area in the FOV where they can be reached are
increased.

Figure 24 shows a scatterplot of the heights with
B = 100G in the original and upscaled HMI extrap-
olations to determine the relative change with higher
accuracy than from the 2D maps and histograms of Fig-

100 G

]

h HMI scaled [M

\
0 20 40 60 80
h HMI orig [Mm]

Figure 24. Scatter plot of the height with B = 100 G be-
tween orignal and scaled HMI data. The red line indicates
unity slope.

ures 22 and 23. The height in the upscaled extrapolation
increased in all cases by a factor 1-4. Table 7 lists the
average values of the ratio of the heights without and
with upscaling for the four different field strength val-
ues. The height changes on average by a factor 2-5 with
the upscaling of the HMI magnetogram at the bottom
boundary. For the application of attributing formation
heights to He1 1083 nm measurements based on a com-
parison of the field strength from an inversion and in an
extrapolation the upscaling of the initial magnetogram
thus seems clearly recommended.

5. SUMMARY

From a comparison of HMI vector magnetic fields with
those derived from observations with the high-resolution
Hinode SP we find that the standard HMI ME inver-
sion underestimates the field strength in all granular
surroundings by a factor of 4-10. The primary reason
for the mismatch are spatially unresolved magnetic fields
that are not accounted for by a magnetic fill factor. The
same effect is found within the SP data if a ME inversion
with a unity fill factor is used. We derived a correction
curve between HMI B and the effective total flux B f
in the SP SIR inversion as HMI B traces magnetic flux
instead of field strength. The curve scales HMI B up
by a factor of about 2 for field strengths around 400 G,
dropping to unity at 220 G and 2kG. All quantities in a
large extrapolation box such as B, J and L scale corre-
spondingly, while significant changes in the connectivity
only happen for about 10% of the field lines. There
seem to be no obvious side effects of the scaling. The
heights where B reaches some given value increase by a
factor 2—4.

6. DISCUSSION

6.1. Behavior of Field Strength B and Effective Fluz
Bf
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Figure 25. Sketch of the geometry of an isolated magnetic
plage element and its appearance in HMI and SP data. The
spatial variation of all quantities mentioned in red apart from
the SP field strength B follows the shape of the red lines in
the top part.
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Figure 26. Thermal canopy of magnetic elements in the
QS. Left to right: three examples of the temperature around
isolated magnetic elements in IBIS Cail IR data. The blue
solid line gives the outer boundary of the flux tube model
of Solanki et al. (1991). The orange line gives the boundary
of a magnetic flux tube in magneto-hydrostatic equilibrium
with the HSRA model. Courtesy of J. Jenkins.

The difference in the field strength B in the HMI and
SP data could be traced back to be mainly caused by
the presence of unresolved magnetic fields in a pixel
and its corresponding fill factor f. Figure 25 visu-
alizes the underlying effect. Isolated magnetic ele-
ments in the quiet Sun are usually located in the nar-
row intergranular lanes and have diameters down to
below 100km (Berger & Title 2001; Beck et al. 2007;
Keys et al. 2020). They are unresolved in either the SP
(0”3 pix~! for the current data) or HMI data (0”5 pix—!)
in a single pixel. In the absence of another source of
polarized light, their polarization signal is spread out
by the spatial point spread function (e.g., Staveland
1970; Martinez Pillet 1992; Wedemeyer-Bohm 2008;
Mathew et al. 2009; Beck & Rezaei 2011) across their
surroundings with a reduction of the polarization am-

plitude with increasing distance. Almost all quantities
such as the polarization degree, the fill factor, the total
flux or HMI B have the same trend, apart from the field
strength from the SP SIR inversion with a fill factor that
stays at the central 1.5kG value. That behavior corre-
sponds to the right column of Figure 7 for a spatial cut
through a plage region. The main consequence of the
way HMI data are recorded and evaluated is that the
reduction of the polarization amplitudes converts into a
spurious reduction of field strength, while the SP SIR
inversion can disentangle the ambiguity between field
strength and fill factor for spatially unresolved fields be-
cause of using spectral lines at full spectral resolution.

Figure 26 shows that the spatial PSF is the primary
reason for the behavior of the spread of polarization sig-
nal around magnetic elements, and not the magnetic
canopy that forms in the chromosphere. The mag-
netic field spreads laterally in the upper atmosphere
to maintain magneto-hydrostatic pressure equilibrium
because of the exponential drop of the gas density
(e.g., Solanki et al. 1991; Prasad et al. 2022). The lat-
eral expansion in either the magnetic field (taken from
Solanki et al. 1991, their Model B with B = 1.6 kG and
d = 100km) or the thermal canopy (from an NLTE in-
version of Ca II IR spectra; see also Beck et al. 2013,
their Figure 11) becomes only significant at heights
above ~ 700km. The formation heights of the spec-
tral lines employed by HMI or SP are, however, limited
to below 300 km (Cabrera Solana et al. 2005; Grec et al.
2010; Fleck et al. 2011), which is not high enough to
sample the canopy. The magnetic canopy can thus not
produce the lateral spreading or ”blooming” of the field
strength in the SP data.

Another strong indicator that HMI underestimates
the field strength not only in the surroundings of but
also in magnetic elements in a granular environment are
the histograms of field strength in plage in Figures 4
and 13 (see also Sainz Dalda 2017, his Figure 3). The
equipartition field strength, where kinetic and magnetic
pressure are equal, is about 0.4kG in the photosphere
in the quiet Sun. Network elements are stable for days
to weeks and thus must have a field strength above that
limit as found for the SP inversion with 0.5 — 1.8 kG for
plage, while most of the HMI values are < 0.5kG.

In total, we find that the HMI ME inversion results
underestimate all field strength values B in a QS envi-
ronment by a factor of 3-10 because of the intrinsic way
of acquiring and evaluating the HMI data, where small
magnetic elements and their polarization signal are spa-
tially and spectrally unresolved.

The HMI LOS magnetic flux has the same scaling
to the SP results as the magnetic field strength when
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the HMI ME full-vector inversion results are used. The
inclination values « of both HMI and SP in the FOV
(not shown) were very similar. The difference between
Dy = BeosvyA and $gp = BfcosyA is thus the
same as the scaling for B and B f in Figure 8. HMI
LOS flux values derived at the 45s cadence from the
simpler Stokes I and V' measurement (Schou et al. 2012)
might be closer to the true magnetic flux value, but
are prone to suffer in the same way from the lack of
the fill factor for unresolved structures in the analysis.
The basic assumption of the magnetograph equation in
the weak-field limit that the amplitude of Stokes V/I
o« ¢ BdI/d) breaks down for unresolved fields, because
for f << 0.5 the majority of the unpolarized photons
I, and also dI/d)\, are not related to the source of the
polarized photons anymore. The spectra with similar
polarization amplitudes in Figure 1 have different com-
binations of B and f, but neither the product B f nor
their LOS magnetic flux Bf cosy are the same. At small
f, the amplitude of Stokes V/I strongly depends on the
thermal stratification of the part of the pixel that does
not host magnetic fields. Just by varying the tempera-
ture stratification, one can scale polarization amplitudes
over a comparably large range of almost one order of
magnitude at the same field strength and magnetic flux
values (Beck & Rezaei 2009, Appendix B).

6.2. Spatial Resolution and Fill Factor

Using data of higher spatial resolution than the SP,
improving its spatial resolution by a deconvolution with
the PSF prior to the inversion (Beck et al. 2011) or using
a spatially-coupled inversion scheme (van Noort 2012)
would not resolve the discrepancy to HMI, but worsen
it. A deconvolution of HMI data improves the situation
(Figure 13; Diaz Baso & Asensio Ramos 2018), but is fi-
nally still limited by the HMI pixel size of about 360 km
that even without any effects from the PSF cannot re-
solve magnetic elements with sizes of 100km, which
would only have a fill factor of f ~ 0.1 in HMI data.

The primary way to achieve a closer match of HMI
with the true values of field strength or magnetic flux
would be to include a fill factor in the analysis of HMI
data or simultaneously use data of higher spatial resolu-
tion to better constrain the results (Higgins et al. 2022).
Grinén-Marin et al. (2021) demonstrated that the spec-
trally coarsely sampled HMI data still have enough in-
dependent information to use a fill factor in their anal-
ysis. They found that for weak magnetic fields outside
of sunspots a modeling that includes a magnetic fill fac-
tor is strongly preferred, analogously to the results of
f for the SP data in Table 1. A possible other source
of full-disk photospheric magnetic field information at a

comparable spatial resolution would be the Synoptic Op-
tical Long-term Investigations of the Sun (Keller et al.
2003) as its 630nm slit spectra allow one to use a fill
factor like for the SP data in the inversion of full-disk
observations.

6.3. Formation Height and Magnetic Field Gradients

The photospheric Fel lines at 617.3nm and 630nm
used by HMI and SP have a comparable formation
height of 0—300km (Grec et al. 2010; Fleck et al. 2011).
Any variation of the optical depth scale across the FOV
by, e.g., the Wilson depression in sunspots, will thus be
similar and cannot explain the difference between HMI
and SP.

The spectral resolution of the SP data would allow
us to use additionally magnetic field and velocity gradi-
ents in the inversion that are necessary for locations with
significant net circular polarization (e.g. Auer & Heasley
1978; Sdnchez Almeida & Lites 1992; Beck 2011). Given
the typical values of the field strength gradients of
0.5 —1Gkm™~! (Table 5; Balthasar 2018), any inclusion
of gradients would not change the result of the current
comparison to HMI, since, e.g., a constant value of 1 kG
would only change to 850-1150G over 300km, which
is insufficient to explain the discrepancies between HMI
and SP.

6.4. Changes in the Magnetic Field Extrapolation

The upscaling of the field strength in the lower bound-
ary layer has a minor impact on the connectivity of the
field lines in the extrapolation. Most (~ 90 %) of them
change in height or laterally by less than 10 Mm, which
implies, e.g., sunspots still connect to the same plage
area, just at a slightly different location. Field strength
B and magnetic flux increase by a factor of about 2,
while all dependent quantities such as electric currents,
Lorentz force and free magnetic energy just scale ac-
cordingly. The main consequence is that any ARs with
a large area fraction of plage instead of sunspots are
predicted to be more strongly affected, or the other way
around, HMI will underestimate both B and ® more in
that case, especially since our scaling to the total effec-
tive flux B f still falls short of the true field strength
B. For our intented purpose of attributing formation
heights to field strength values from an inversion of He1
1083 nm data through a comparison to a field extrapo-
lation the scaling turns out to be necessary, as the cor-
responding heights more than double.

6.5. Applicability and Limitations of Scaling Curve

The current scaling curve between the field strength
HMI B and the total magnetic flux B f in the SP data
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was derived using a single SP data set at a heliocentric
angle of about 16 degrees. The FOV samples a broad
variety of structures including fully formed sunspots,
pores, plage and QS regions. We consider the result to
be robust as far as different types of solar surface struc-
tures are concerned. The scaling uses only the initial
value of HMI B as the input to determine the scaling
modulus and can thus in principle be applied to any
HMI observations across the full solar disk.

One caveat is that a possible dependence of the scal-
ing on the heliocentric angle should best be tested with
a similar data set at a preferably large heliocentric angle
> 50 degrees. A second limitation was found at the up-
per end of the scaling curve for B > 2400 G where the
current value seems to be slightly too high for strong
umbral fields and presumably should be again about
unity instead. However, we consider the main limita-
tion to be the artificial cut-off at low field strength val-
ues B < 220G with a scaling coefficient of unity, while
the actual results on average (Table 2) would suggest
rather a larger value of 3 — 10 at small HMI B values.

Without a quantity such as the polarization degree in
the SP data that allows one to spatially filter out loca-
tions with genuine polarization signal opposite to ran-
dom noise in the HMI data, the correction at the low end
of the field strength range cannot be better determined.
Using a scatterplot of the ratio of HMI B and SP SIR
B f instead actually gave a scaling curve that basically
exploded towards zero B, which could not be used. To
include the low end of the field strength range in HMI
B would require the same filtering for genuine signals in
HMI not only in the derivation but also the application
of the scaling curve, where neither the HMI B nor the
HMI magnetic flux work well to define the filter since
obviously genuine values — all coherent spatial patches
over a few pixels in the HMI data — can have the same
modulus in B as the single-pixel noise pattern.

Finally, the scaling to the total flux B f is only some-
what of an intermediate crutch, but without a magnetic
fill factor in both the HMI inversion results and the mag-
netic field extrapolation it is the best possible compro-
mise. The main consequence is that the HMI B values
even after the upscaling still fall short of the true value
of B.

6.6. The (Missing) Open Fluz Problem

Recent results on the magnetic field strength and flux
from in-situ measurements by the Parker Solar Probe
and prior missions or other derivations in the interplan-
etary space (see Wang et al. 2022; Arge et al. 2024, and
references therein) usually exceed the corresponding val-
ues at those locations based on magnetic field extrapola-

tions of photospheric measurements by a factor of 2 —4.
Our current results suggest that this could easily result
from too low values of B or @ in granular surroundings
in all magnetograms that do not use a fill factor in the
data analysis because of the limited spatial resolution or
spectral sampling of the corresponding instruments.

To resolve the ambiguity between fill factor and
field strength requires to spectrally resolve the thermal
broadening to reliably determine the amplitude, shape
and wavelength separation of Zeeman polarization com-
ponents, but a single spectral line is sufficient for the
purpose (del Toro Iniesta et al. 2010). While for loca-
tions with a small magnetic fill factor f the commonly
used weak-field approximation can break down and the
polarization amplitude can decouple from both B and
® (Figure 1), the use of the Zeeman splitting for the de-
termination of B for low resolution data (Petrie 2022) is
also no solid solution. For locations with a field strength
below ~ 1.5k@G, the splitting of visible lines such as Fel
at 630.25nm with a Landé coefficient of 2.5 is not yet
proportional to the field strength (Beck et al. 2007, their
Figure 7) and the field strength values derived from the
splitting always yield values above 1kG as the minimum
(Ferat 617.3 nm; Blanco Rodriguez & Kneer 2010, their
Section 4.2.3). Neither the weak-field approximation nor
the strong field regime suffice to determine correct field
strength or magnetic flux values for visible lines. Both
assumptions are mutually exclusive, but hold at differ-
ent locations in the QS, so any analysis approach based
on solely either of the two approaches is strongly biased.
Only an inversion of spectrally resolved data with a mag-
netic fill factor can reliably break up the ambiguity for
spatially unresolved magnetic fields.

Given that the majority of the solar surface is always
covered by quiet Sun and network regions opposite to
the > 2kG fields in sunspots, a better match of extrap-
olated and in-situ measurements of the interplanetary
magnetic field will presumably only be achievable by
improving the accuracy of the photospheric boundary
values in the extrapolations. The two options would be
an increase in spatial resolution to about 100 km to en-
sure that even small magnetic elements are fully resolved
(f = 1) or to increase the spectral resolution so that a
fill factor can be used in the derivation of the magnetic
field strength in the initial photospheric magnetogram.
In an extrapolation, the fill factor could possibly be im-
plemented by an adaptive mesh for the pixel size near
the bottom photospheric boundary, while at a height of
about 1 Mm a common grid size could again be used be-
cause of the lateral spread of the magnetic flux (Figure
26).
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7. CONCLUSIONS

We find that the field strength B in standard HMI ME
inversion results underestimates the true field strength
in all granular convective surroundings (quiet Sun,
plage) by a factor of 4-10 wherever there are spatially
unresolved magnetic field because of the lack of a fill
factor in the inversion. The mean or total magnetic flux
is underestimated by at least a factor of 2. Our scal-
ing curve to match HMI B and Hinode SP B f has no
obvious side effects on subsequent magnetic field extrap-
olations apart from a corresponding upscaling of B and
all quantities derived from it. The correction is based
solely on the initial value of HMI B and could thus be
applied to any HMI data set without requiring simulta-
neous high-resolution observations for the application.
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