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ABSTRACT

A key goal of the Solar Orbiter mission is to connect elemental abundance measurements of the solar wind
enveloping the spacecraft with EUV spectroscopic observations of their solar sources, but this is not an easy
exercise. Observations from previous missions have revealed a highly complex picture of spatial and temporal
variations of elemental abundances in the solar corona. We have used coordinated observations from Hinode
and Solar Orbiter to attempt new abundance measurements with the SPICE (Spectral Imaging of the Coronal
Environment) instrument, and benchmark them against standard analyses from EIS (EUV Imaging Spectrom-
eter). We use observations of several solar features in AR 12781 taken from an Earth-facing view by EIS on
2020 November 10, and SPICE data obtained one week later on 2020 November 17; when the AR had rotated
into the Solar Orbiter field-of-view. We identify a range of spectral lines that are useful for determining the
transition region and low coronal temperature structure with SPICE, and demonstrate that SPICE measurements
are able to differentiate between photospheric and coronal Mg/Ne abundances. The combination of SPICE and
EIS is able to establish the atmospheric composition structure of a fan loop/outflow area at the active region
edge. We also discuss the problem of resolving the degree of elemental fractionation with SPICE, which is
more challenging without further constraints on the temperature structure, and comment on what that can tell
us about the sources of the solar wind and solar energetic particles.

1. INTRODUCTION

One of the most important goals of solar-terrestrial physics
is to understand how the Sun generates and controls the he-
liosphere. There are several open questions that need to be
focused on to fully address this topic. For example, what
are the sources of the solar wind? Where and how are so-
lar energetic particles (SEPs) accelerated? How does plasma
propagate through the heliosphere? And how does all this in-

formation and understanding feed into a future space weather
prediction capability?

With the launch of the Parker Solar Probe (PSP, Fox et al.
2016) in 2018 August, and Solar Orbiter in 2020 February
(Müller et al. 2020), we now have new capabilities and instru-
mentation that can be brought to bear on these questions. PSP
and Solar Orbiter will travel to within 0.046 and 0.26 AU, re-
spectively, at their closest perihelia, while Solar Orbiter will
also rise out of the plane of the ecliptic to observe the polar
regions from up to ∼33◦ heliolatitude (in the extended mis-

ar
X

iv
:2

21
0.

08
89

9v
1 

 [
as

tr
o-

ph
.S

R
] 

 1
7 

O
ct

 2
02

2

http://orcid.org/0000-0002-2189-9313
http://orcid.org/0000-0002-6203-5239
http://orcid.org/0000-0002-0665-2355
http://orcid.org/0000-0001-6102-6851
http://orcid.org/0000-0003-0972-7022
http://orcid.org/0000-0001-9218-3139
http://orcid.org/0000-0002-6093-7861
http://orcid.org/0000-0000-0000-0000
http://orcid.org/0000-0001-9921-0937
http://orcid.org/0000-0001-9027-9954
http://orcid.org/0000-0000-0000-0000
http://orcid.org/0000-0003-1294-1257
http://orcid.org/0000-0001-7090-6180
http://orcid.org/0000-0003-4290-1897
http://orcid.org/0000-0000-0000-0000
http://orcid.org/0000-0002-8673-3920
http://orcid.org/0000-0000-0000-0000
http://orcid.org/0000-0000-0000-0000
http://orcid.org/0000-0000-0000-0000
http://orcid.org/0000-0001-8007-9764
http://orcid.org/0000-0001-9457-6200
http://orcid.org/0000-0000-0000-0000
http://orcid.org/0000-0003-1438-1310
http://orcid.org/0000-0002-0397-2214
http://orcid.org/0000-0000-0000-0000
http://orcid.org/0000-0003-1159-5639
http://orcid.org/0000-0000-0000-0000
http://orcid.org/0000-0000-0000-0000
http://orcid.org/0000-0001-7298-2320
http://orcid.org/0000-0002-6895-6426
http://orcid.org/0000-0001-9034-2925
iPad (3)

iPad (3)

songyongliang


iPad (3)

iPad (3)

iPad (3)

songyongliang


iPad (3)

iPad (3)

iPad (3)

iPad (3)

iPad (3)

songyongliang


songyongliang


songyongliang


songyongliang


songyongliang




2 BROOKS ET AL.

sion phase). Their new observations are already challenging
our previous understanding of heliospheric phenomena. A
new question, perhaps, is whether properties and signatures
of the solar wind, or SEPs, imprinted in the solar atmosphere
and measured and analyzed close to the Sun, survive propa-
gation through the heliosphere all the way to the Earth. PSP
has revealed a complex and dynamic near-Sun magnetic en-
vironment replete with field reversals, for example, see Bale
et al. (2019). The ability to make measurements close-in and
far-out from the Sun during the orbits of these missions will
help to complete our understanding of the solar wind, SEPs,
and how eruptive phenomena propagate through the helio-
sphere (Janvier et al. 2019).

In recent years, a great deal of work has been carried out
with the Hinode spacecraft (Kosugi et al. 2007), particu-
larly the EUV Imaging Spectrometer (EIS, Culhane et al.
2007), and several diagnostics have emerged. Techniques
have been developed to utilize specific element pairs, e.g.
Si/S, to trace the source regions (Brooks & Warren 2011),
and indeed, properties of spectra such as line profile asym-
metries have been found to be helpful since lines of different
elements sometimes show asymmetries of different magni-
tudes (Brooks & Yardley 2021a). Of course elemental abun-
dances are a key tracer for connection science, but studies
of solar atmospheric composition are highly complex. The
solar corona shows strong spatial and temporal variability in
plasma composition (Feldman 1992). Elements with a low
FIP (first ionization potential; < 10 eV) are enhanced in the
corona by factors of 2–4 (FIP, Pottasch 1963; Meyer 1985),
but differences are observed between and within long lived
structures at the active region boundary and within the core,
and changes from coronal composition are seen during im-
pulsive events and flares (Baker et al. 2013; Warren 2014;
Doschek et al. 2015; Warren et al. 2016); see also the review
by Del Zanna & Mason (2018). The situation in the solar
wind adds further complexity, with differences in composi-
tion seen between fast and slow wind streams, substantial
changes within the slow wind itself, and variability between
and within different element ratios (von Steiger et al. 2000;
Zurbuchen et al. 2002, 2012).

Nevertheless, the FIP effect has substantial potential for al-
lowing us to link remote sensing spectroscopic observations
with in-situ particle measurements. Despite variations, the
general compositional character of active regions (ARs) is
fairly well known, with closed field loops showing a FIP ef-
fect that is strongest in the core. This allows us to link atmo-
spheric and heliospheric phenomena. For example, interplan-
etary coronal mass ejections (ICMEs) with elevated charge
states (indicating higher temperatures) show a stronger FIP
effect than is seen in the slow solar wind (Zurbuchen et al.
2016), suggesting that while the slow wind might emerge
from closed field loops, these ICMEs may have been ejected

from the AR core. Additionally, photospheric composition is
sometimes measured in the high density cores of ICMEs with
persistently low charge states (Lepri & Rivera 2021; Rivera
et al. 2022), implying that prominence material is being de-
tected. Hinode observations have also identified previously
unnoticed potential sources of the solar wind, such as out-
flows at the edges of active regions (Sakao et al. 2007; Del
Zanna 2008; Doschek et al. 2008; Harra et al. 2008), and
these have been linked to the slow solar wind using cross-
mission composition measurements between Hinode and the
ACE observatory (Brooks & Warren 2011). Although such
multi-spacecraft studies have limitations, they have devel-
oped the preferred pathway for connection studies with Solar
Orbiter, and built a foundation for the spectroscopic analy-
sis from the Spectral Imaging of the Coronal Environment
(SPICE, Spice Consortium et al. 2020) instrument.

SPICE itself observes a wavelength range that contains a
wide range of emission lines from multiple elements, and has
been designed in part to link with the Solar Wind Analyzer
(SWA, Owen et al. 2020) for connection science. The combi-
nation of the Solar Orbiter instruments, together with coordi-
nated observations from EIS and other missions, promises
to advance our understanding of this key topic. Simulta-
neous observations with SPICE and EIS will rely on a de-
tailed understanding of the cross-instrument calibration. Of
course the first step in making progress is to understand the
SPICE instrument itself, and test and benchmark the diag-
nostics capabilities. This is the subject of this paper. We
use observations of AR 12781 on the Earth facing disk from
Hinode, together with SPICE observations of the same re-
gion one week later from the short-term planning (STP-122)
commissioning phase. Although the EIS and SPICE observa-
tions were not taken simultaneously, this allows us to apply
well tested and standard elemental abundance measurement
routines developed for EIS to understand the compositional
structure of AR 12781, and apply that knowledge to the in-
terpretation of the SPICE observations. Based on previous
work with similar EIS observations of active regions we ex-
pect the strongest FIP-bias to be found at the loop footpoints
(Baker et al. 2013; Brooks & Yardley 2021b). These results
suggest a link with solar energetic particles (Brooks & Yard-
ley 2021b), which show a higher FIP bias. Generally speak-
ing, upflows in EIS have tended to show a coronal composi-
tion when measured using a Si/S ratio, though a photospheric
composition is sometimes seen (Brooks et al. 2020). This is
consistent with the slow solar wind, which shows variability
from photospheric to predominantly coronal composition in
Si/S measurements. Of course AR structures will evolve over
a one week period, but our expectation is that the general
characteristics of AR 12781 should be broadly maintained
i.e. whether the bright fan loops show photospheric or coro-
nal composition, and that similar results should be found with
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SPICE, using different elements, for this same active region.
Furthermore, not all Solar Orbiter encounters will be on the
Sun-Earth line, so there is value in exploring what can be
achieved through multi-viewpoint observations, and through
AR tracking on timescales longer than that taken to cross the
disk. In the process of verification, we identify new method-
ology for determining elemental abundances and interpreting
the new measurements from SPICE.

2. DATA REDUCTION

Details of the EIS and SPICE instruments are available in
Culhane et al. (2007) and Spice Consortium et al. (2020).
Here we describe the observations we use and some of the
pertinent characteristics and data reduction methods.

The Hinode/EIS data we use were taken on 2020, Novem-
ber 10, at 02:08:11 UT when the target active region (AR
12781) was close to disk center from an Earth view. EIS
was constructed with an exchangeable slit-assembly that can
switch between 1′′, 2′′, 40′′, and 266′′ apertures. These data
were taken using the 2′′ slit. Spectra can be obtained in two
wavelength ranges from 171–211 Å and 245–291 Å with a
spectral resolution of 23 mÅ. Generally, a subset of these
ranges is telemetered to the ground, and the observing pro-
gram we analyze comprised 25 wavelength windows cover-
ing a wide selection of spectral lines from ions of Mg V–
Mg VII, Fe VIII–Fe XVII, Si X, S X, Ca XIV–Ca XVII, and
some higher temperature Fe XXIV lines seen during flares.
The observing program scans an area of 261′′×512′′ with
coarse 3′′ steps to reduce the duration to about 1 hour with
an exposure time of 40 s.

The data were processed using standard procedures that are
available in SolarSoft (SSW, Freeland & Handy 1998). The
routine eis prep converts the recorded count rates to physi-
cal units (erg cm−2 s−1 sr−1 Å−1) after cleaning the data
arrays of cosmic ray strikes, dusty, warm, and hot pixels, and
removal of the dark current pedestal. We used the updated
on-orbit photometric calibration of Warren et al. (2014) in
this work. We assume an uncertainty of 23% for the line
intensities (Lang et al. 2006). A known issue is that the EIS
spectra drift back and forth across the CCDs (charge-coupled
device) due to temperature changes and spacecraft motion
around Hinode’s polar orbit. We make an initial correc-
tion for this effect using the standard neural network (ANN)
model developed by Kamio et al. (2010). This method also
corrects the spectral curvature and spatial offsets between the
two CCDs. As discussed elsewhere (Brooks et al. 2020), this
ANN model was developed using data early in the mission.
As a result, a residual orbital variation in the spectra is of-
ten seen in recent data and is present in our dataset. We re-
moved this trend using the method discussed by Brooks et al.
(2020). This method involves modeling the residual varia-
tion by averaging data in the Y-direction over some portion

of the field-of-view (FOV). We used the lower 50 pixels for
this correction. Note that to determine the velocity calibra-
tion we use the reference wavelengths derived for the EIS
spectral lines by Warren et al. (2011) using off-limb quiet
Sun observations. All measurements in this paper refer to
relative, not absolute, Doppler velocities.

The Solar Orbiter/SPICE data we use were taken 7
days after the EIS observations on 2020, November 17,
at 22:28:26 UT. At this time, Solar Orbiter was positioned
at 0.91–0.93 a.u., around 120◦ away from Earth (counter-
clockwise behind the Sun), so that AR 12781 had entered the
SPICE FOV. Additional telemetry allowed for science obser-
vations to be made for several days around this time-period
as part of the STP-122 commissioning phase. The SPICE in-
strument also operates with four slit width options: 2′′, 4′′,
6′′, and 30′′. The observations discussed here were taken us-
ing the 6′′ slit. The spatial resolution of these SPICE observa-
tions is therefore about a factor of 2 lower than the EIS obser-
vations discussed here (using the 2′′ slit and coarse 3′′ steps).
Spectra can be obtained in two wavelength ranges from 704–
790 Å and 973–1049 Å. The observing program we analyze
recorded full detector spectra in these wavelength ranges al-
lowing us to examine a wide selection of spectral lines from
ions of O II–O VI, N III–N IV, Ne VI, Ne VIII, C III, S IV–
S V, and Mg VIII–Mg IX. The SPICE observation ID for
these data is 33554573 and the observing sequence is a se-
ries of single exposures scanning an area of 180′′×1024′′ in
around 50 min with an exposure time of 59.6 s at each po-
sition. The unique identifiers for the exposures we used are
V06 33554573 000–V06 33554573 029 and the data were
from a pre-release test. Updated versions of the same files
have been released as V08/V09 by the SPICE team (Auchère
2021). We used the SUMER spectral atlas of solar-disk fea-
tures (Curdt et al. 2001) to identify the SPICE spectral lines
and assign reference wavelengths that we used to derive ve-
locities.

Several characteristics of the on-orbit performance of
SPICE are still being investigated. Preliminary discussions
can be found in the early results article by Fludra et al.
(2021). The commissioning data were calibrated to level-2
and provided to us for individual testing prior to public re-
lease. The data reduction followed developing standard pro-
cedures that will be provided in SSW by the SPICE team.
These procedures include all the calibration parameters that
have been quantified to date. The units of the data are W
m−2 sr−1 nm−1. We assume an uncertainty of 25% for the
SPICE line intensities, and this is added in quadrature to the
errors from the line fits. For both SPICE, and EIS, the line
intensities were obtained by fitting Gaussian functions to the
spectra. Single or multiple Gaussians were used as appropri-
ate for the specific line and any associated blends.
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Figure 1. Contribution functions (G(T, n)) for many of the SPICE
and EIS emission lines analyzed in this work. The plot shows the
range of temperature covered by the lines. The calculations assume
a constant density (n) of 109 cm−3 and the adoption of the photo-
spheric abundances of Scott et al. (2015b) and Scott et al. (2015a).
Contribution functions for the elements with FIP >10 eV are shown
with dashed lines. We only show the strongest line from each ion-
ization stage for clarity. The legend indicates whether the lines are
observed by EIS or SPICE. The figure shows that many of the lower
temperature high-FIP lines should be relatively bright compared to
the higher temperature low-FIP lines in photospheric conditions. In
some regions of the corona, the low-FIP Mg and Fe lines become
stronger relative to their photospheric magnitudes.

3. ATOMIC DATA AND ANALYSIS METHODS

For an optically thin atomic transition from level i to level
j the emission line intensity is

Ii→j = A

∫
T

G(T, n)φ(T )dT (1)

where A is the elemental abundance, T is the electron tem-
perature, n is the electron density, G(T, n) is the contribu-
tion function, and φ(T ) is the differential emission measure
(DEM). The DEM is a measure of the amount of material as
a function of temperature. The form of Equation 1 assumes
a relationship between temperature and density, such as con-
stant pressure (Craig & Brown 1976).

The contribution function,G(T, n), theoretically describes
the line emission through a population structure and ion-
ization equilibrium calculation. These are computed from
the relevant electron collisional excitation/deexcitation rates,
spontaneous radiative decay probabilities, and ionization and
recombination coefficients. For all the spectral lines stud-
ied in this work we take the electron collisional and radiative
decay data from the CHIANTI database (Dere et al. 1997)
version 10 (Del Zanna et al. 2021).

The G(T, n) function is strongly peaked in temperature
and weakly sensitive to density; primarily through the sup-
pression of dielectronic recombination (DR) at high densi-
ties (Burgess 1964), but also due to the effects of metastable

levels, and step-wise (level stepping) ionization and auto-
ionization (Summers et al. 2006). There have been occa-
sional efforts to examine these effects in studies of the solar
corona (Brooks et al. 1998; Lanzafame et al. 2002; Brooks
& Warren 2006), but often the densities are too low to show
dramatic results. Conversely, the IRIS instrument observes
the lower transition region and chromosphere where densi-
ties are higher, so there has been a renewed interest in in-
cluding this effect (Young et al. 2018). SPICE observa-
tions span an intermediate temperature and density regime
where improved spectroscopic accuracy may also be impor-
tant (Parenti et al. 2019). Here we adopt the density depen-
dent ionization equilibrium calculations from the generalized
collisional-radiative models of ADAS (Summers et al. 2006)
for the elements C, N, O, Ne, and Si, and supplement them
with calculations for Mg, S, and Fe using the CHIANTI ap-
proximate DR suppression models of Nikolić et al. (2018).

Our plasma composition measurement technique for EIS
is now fairly well established (Brooks & Warren 2011). We
select a series of spectral lines from Fe VIII–Fe XVII for
the DEM analysis (Equation 1). We then use the Fe XIII
202.044/203.826 diagnostic ratio to compute the electron
density, and calculate the G(T, n) function for all the spec-
tral lines adopting the photospheric elemental abundances of
Scott et al. (2015b) and Scott et al. (2015a). The DEM is
computed at this constant density using the Markov-Chain
Monte Carlo (MCMC) algorithm included in the PintOfAle
software package (Kashyap & Drake 1998, 2000). The
MCMC algorithm constructs the DEM by performing 100
simulations that minimize the differences between the ob-
served and computed line intensities and converge to a best-
fit solution. Once the DEM is established from the low-FIP
Fe lines, we use it as the basis for computing the FIP bias
from the Si X 258.375 Å to S X 264.223 Å ratio. Since
Si is a low-FIP element, the 258.375 Å intensity should be
well represented by the Fe-only DEM. We check, however,
that there is no large systematic difference, and adjust the
DEM to match the Si X 258.375 Å intensity. We then use
the adjusted DEM to predict the S X 264.223 Å intensity.
The ratio of the DEM-calculated intensity to the observed
intensity gives us the FIP bias because the S X 264.223 Å
intensity predicted by the DEM from the low-FIP elements
will be too large/correct depending on whether the actual
abundances are coronal/photospheric. S lies on the bound-
ary between low- and high-FIP elements and shows variable
behavior that is sometimes consistent with one group or the
other. In some theoretical models this depends on the open
or closed topology of the magnetic field (Laming et al. 2019;
Kuroda & Laming 2020), making it a useful diagnostic re-
gardless (Brooks & Yardley 2021b).

For SPICE, our purpose is to develop a new useful tech-
nique and benchmark it against the EIS results. This task is
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challenging for two reasons. First, the SPICE temperature
coverage does not extend far beyond 1 MK in non-flaring
coronal conditions. This can be seen from a plot of the
G(T, n) functions for the lines investigated in this work in
Figure 1. The figure also shows theG(T, n) functions for the
EIS lines for comparison. The highest temperature SPICE
lines from Mg IX reach about 1 MK, and these are also
the boundary constraints for the DEM analysis which makes
matters more difficult; though higher temperature lines may
be detectable in second order in other datasets with longer
exposures, or in flares (Spice Consortium et al. 2020). Some
studies of full-disk observations of the Sun suggest that the
FIP effect is only detectable above 1 MK (Laming et al.
1995), which puts the highest temperature SPICE lines at the
limit of where the effect would be detectable. This could be
problematic for studies of spectra averaged over large spa-
tial scales and deserves our attention. Of course most SPICE
observations will concentrate on specific features. Several
previous analyses have shown that spikey structures at the
edges of active regions - more recently named fan loops -
can show a strong FIP effect in the upper transition region
when measured using Mg/Ne ratios (Sheeley 1996; Young
& Mason 1997; Widing & Feldman 2001) or Fe/O (Warren
et al. 2016). These results are relevant to our analysis in sec-
tion 4. Furthermore, there are some indications from full-
disk SDO/EVE spectra that the FIP effect can be detected at
somewhat lower temperatures (0.5 MK, Brooks et al. 2017).
Secondly, the best spectral lines from low- and high-FIP ele-
ments at the high temperature end of the SPICE capabilities
come from Mg VIII–Mg IX and Ne VIII. These ions do not
have a good overlap in temperature, and Ne VIII is a Li-like
ion so has a large high temperature tail that can influence the
measured FIP bias if it is not modeled correctly. There are
two Ne VIII lines and five Mg VIII–Mg IX lines, however,
which should provide good constraints, and additional lines
from lower temperature ions of S IV and S V. It may also
be possible to develop a measurement technique from linear
combinations of spectral lines; such as has been developed
for EIS by Zambrana Prado & Buchlin (2019). Parenti et al.
(2021) have also discussed using composition data to link
spacecraft measurements in the solar wind to their sources,
and specifically compare results from the Zambrana Prado &
Buchlin (2019) method to a DEM technique that is compara-
ble to what we have used here.

For SPICE, we do not have sufficient temperature coverage
from spectral lines of one species to perform the EM analysis
for a single element. We also do not have sufficient coverage
to do the analysis for low-FIP elements only. We therefore
follow a different approach. We identify a sample of spectral
lines from O II–O VI, S IV–S V, N III–N IV, C III, Ne VI,
Ne VIII, and Mg VIII–Mg IX using the SUMER spectral atlas
of on-disk features (Curdt et al. 2001). We then compute the

Figure 2. SDO/AIA 193 Å image of the solar corona showing AR
12781 on 2020, November 10, at 02:38:04 UT. The sky blue box
shows the field-of-view (FOV) of the EIS slit scan from 02:08:11–
03:08:16 UT. The white dashed box shows the area used for velocity
calibration (see text).

electron density using the Mg VIII 772.31/782.34 diagnostic
ratio, and calculate the G(T, n) function for all the spectral
lines. The DEM is computed at this constant density again
using the MCMC algorithm and assuming a fixed set of el-
emental abundances. We then look for consistency between
the observed and calculated intensities to determine which
set of abundances best represents the observations.

Since most of the spectral lines we use (∼ 80%) are from
high FIP elements, there is a possibility that changing the
abundances for these elements could lead to better DEM con-
vergence simply because they dominate the sample. This
would make it appear that a FIP effect has been detected,
when in fact it is only a result of adopting a different set of
abundances. To avoid any confusion as to the reasons why
a particular abundance set provides a better solution, in the
case of SPICE, we adopt photospheric abundances for the
high-FIP elements even in the corona. More precisely, only
the low-FIP elements are enhanced in our coronal abundance
dataset (by the factor recommended by Schmelz et al. 2012).

4. RESULTS AND DISCUSSION

AR 12781 appeared on the solar east limb on 2020,
November 3. It was a bipolar region and produced numer-
ous C-class flares during its Earth-facing disk passage. Ac-
cording to the Hinode Flare Catalog (Watanabe et al. 2012),
however, all but one of these flares (26/27), occurred prior
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Figure 3. Intensity and velocity maps of AR 12781 constructed from the EIS scan from 02:08:11–03:08:16 UT. Upper row: Intensity maps
covering a range of temperatures from 0.9–2.0 MK using spectral lines of Fe IX–Fe XIV. Lower row: Velocity maps obtained from single
Gaussian fits to the corresponding spectral lines. Red/blue show plasma moving away/towards the observer. The white/black boxes labeled
R1–R4 highlight the areas in the active region upflows/loop footpoints selected for the elemental abundance analysis.

to the EIS observations on November 10, so any impact on
the compositional structure of AR 12781 between the EIS
and SPICE observations is likely to be minimal. Figure 2
shows the AR on a full disk AIA 193 Å image, with the EIS
slit scan FOV overlaid. Figure 3 shows examples of the EIS
observations for a range of temperatures. Bright fan loops
can be seen to the east and west sides at lower temperatures
(∼0.9–1.4 MK), with high lying loops in the central structure
ranging to higher temperatures (∼0.9–2.0 MK). Bright moss
emission can be seen in the AR core. The cooler fan loops
are red-shifted, while characteristic blue-shifted upflows are
seen at the AR edges; mixing with the fans. These features
are typical of EIS observations of large bipolar regions (Del
Zanna 2008; Brooks & Warren 2011; Warren et al. 2011).

We selected four regions in the AR for our composition
analysis. R1 is a bright moss region at the base of high tem-
perature loops and R2 is at the footpoint of a fan loop at the
AR edge, while R3 and R4 were chosen to sit in the upflows
that are seen as blue-shifted in the Fe XIII 202.044 Å veloc-
ity map of Figure 3. R2 and R4 are within the area that is
later observed by SPICE.

We show our emission measure (EM) analysis of the four
regions in Figure 4, together with a comparison of the ob-
served and EM calculated intensities. We also provide the ob-
served and calculated intensities, and the percentage differ-
ences between them, for all four regions in Table 1. In most
cases (80–90%) the differences between the observed and
calculated intensities are less than ∼35%; indicating that the
best-fit MCMC solution is reproducing the observed intensi-
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Figure 4. EIS emission measure (EM) analysis of the regions selected on 2020, November 10. The upper panels in each quadrant show the
EM analysis. The red line shows the best-fit solution to a series of Monte Carlo simulations (shown as dotted grey lines). The blue lines are
emission measure loci curves for each of the spectral lines used in the analysis. These visualize the upper limits to the emission measure for
each line of each ion. The element for each line is also identified in the legend. The lower panels in each quadrant show the differences between
the measured and calculated intensities. They are given as percentages of the observed intensities. The dotted lines indicate departures of 25%.
We show the results for region R1 in panels a & b; R2 in panels c & d; R3 in panels e & f; and R4 in panels g & h.

ties well. The Fe XIV line pair (270.519 Å and 264.787 Å)
seem to be consistently stronger than predicted in all four re-
gions. This is clear from the EM plots in Figure 4: the Fe XIV
loci curves that minimize at log T = 6.3, with T in units of K,
sit above the loci curves for the adjacent ions. The reasons
for this discrepancy are unclear.

The loop footpoint regions (R1 and R2) show EM distribu-
tions that are quite strongly peaked around 2.5–3.2 MK. This
is quite typical of the EM distributions found in AR cores
(Warren et al. 2012), albeit a slightly lower temperature. The
densities in these regions were measured at log n = 9.1 and
9.0, with n in units of cm−3, and the FIP bias measured us-
ing the Si/S ratio is 3.1 and 2.5 in R1 and R2, respectively.
The EM distributions for the upflow regions (R3 and R4) are
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Table 1. EIS DEM analysis on 10-Nov-2020

R1 R2 R3 R4
ID Iobs Icalc ∆[%] Iobs Icalc ∆[%] Iobs Icalc ∆[%] Iobs Icalc ∆[%]

Fe VIII 185.213 574.8±126.5 463.3 -19.4 630.9±138.8 521.7 -17.3 244.7±53.9 233.2 -4.7 486.6±107.1 476.9 -2.0
Fe VIII 186.601 297.9±65.6 325.2 9.2 350.0±77.0 365.3 4.4 160.1±35.2 166.0 3.7 318.4±70.1 337.7 6.1
Fe IX 188.497 108.3±23.9 120.1 10.9 159.9±35.2 198.0 23.8 67.5±14.9 70.3 4.1 179.9±39.6 188.0 4.5
Fe IX 197.862 61.9±13.6 55.2 -10.9 104.9±23.1 95.6 -8.8 39.9±8.8 36.5 -8.6 112.2±24.7 96.5 -14.0
Fe X 184.536 616.0±135.6 405.3 -34.2 954.1±209.9 693.8 -27.3 309.9±68.2 231.8 -25.2 760.6±167.4 558.8 -26.5
Fe XI 188.216 937.5±206.3 1058.9 13.0 1410.1±310.2 1671.5 18.5 387.7±85.3 458.3 18.2 832.4±183.1 1013.5 21.8
Fe XI 188.299 624.0±137.3 633.4 1.5 967.8±212.9 1004.4 3.8 255.0±56.1 279.2 9.5 570.9±125.6 617.2 8.1
Fe XII 195.119 1831.5±402.9 1680.3 -8.3 2505.4±551.2 2401.0 -4.2 599.3±131.8 509.5 -15.0 1076.8±236.9 943.9 -12.3
Fe XII 192.394 558.0±122.8 540.0 -3.2 789.3±173.7 770.9 -2.3 166.1±36.5 163.3 -1.6 322.7±71.0 302.5 -6.2
Fe XIII 202.044 946.7±208.3 1198.5 26.6 1263.9±278.1 1509.3 19.4 307.1±67.6 371.4 20.9 513.0±112.9 607.7 18.5
Fe XII 203.720 211.7±46.7 145.4 -31.3 283.0±62.4 197.0 -30.4 45.0±10.0 33.0 -26.5 86.3±19.1 62.2 -27.9
Fe XIII 203.826 1303.6±286.9 1598.6 22.6 1422.2±313.0 1669.2 17.4 152.8±33.7 182.4 19.4 260.8±57.5 305.6 17.2
Fe XIV 270.519 1728.5±380.3 955.5 -44.7 1719.6±378.3 753.0 -56.2 172.4±37.9 107.1 -37.9 296.0±65.1 167.8 -43.3
Fe XIV 264.787 3222.6±709.0 1745.7 -45.8 2964.1±652.1 1327.6 -55.2 279.7±61.5 170.3 -39.1 515.7±113.5 267.3 -48.2
Fe XV 284.160 15727.2±3460.0 19960.7 26.9 10778.2±2371.2 13035.2 20.9 1187.6±261.3 1475.2 24.2 1675.9±368.7 1968.1 17.4
Fe XVI 262.984 1860.5±409.3 1128.0 -39.4 898.7±197.7 791.8 -11.9 62.9±13.8 64.0 1.7 68.9±15.2 63.0 -8.5
Fe XVII 254.87 19.7±4.4 21.1 6.8

EIS line intensities are in units of erg cm−2 s−1 sr−1.

Table 2. SPICE DEM analysis on 17-Nov-2020

S1 - Photospheric S1 - Coronal S2 - Photospheric S2 - Coronal
ID Iobs Icalc ∆[%] Icalc ∆[%] Iobs Icalc ∆[%] Icalc ∆[%]

O III 702.61 20.2±6.1 15.4 -23.6 15.4 -23.6 22.3±6.6 13.9 -37.8 14.8 -33.6
O III 703.87 19.2±5.7 28.2 46.6 28.2 46.6 22.7±6.5 25.3 11.7 27.0 19.1

Mg IX 706.02 12.5±3.5 7.7 -37.9 13.4 7.5 19.1±5.1 14.8 -22.5 18.8 -1.2
O II 718.49 7.2±2.2 7.5 5.0 6.6 -7.2 7.8±2.4 7.8 -1.0 8.3 5.7
O V 760.43 11.2±5.0 11.6 3.3 13.2 17.7 2.2±1.9 3.1 42.6 4.0 83.9
N IV 765.15 30.1±8.0 24.7 -18.1 27.0 -10.3 32.8±8.6 43.4 32.2 36.6 11.5

Mg VIII 769.38 2.2±1.9 1.1 -50.8 1.6 -27.1
Ne VIII 770.42 42.8±11.2 46.8 9.1 45.3 5.8 67.2±17.2 89.5 33.3 78.2 16.4
Mg VIII 772.31 5.7±2.4 2.1 -63.6 4.2 -27.3 10.4±3.3 4.9 -52.2 7.3 -29.3
Ne VIII 780.30 24.7±6.6 23.1 -6.3 22.4 -9.2 38.1±9.9 44.3 16.3 38.7 1.5
Mg VIII 782.34 4.5±2.4 1.6 -63.7 3.2 -27.4 6.8±2.7 3.2 -52.3 4.8 -29.5

S V 786.47 16.2±4.8 12.9 -20.5 16.2 0.0 21.7±6.2 14.0 -35.6 18.2 -16.0
O IV 787.72 30.5±8.3 30.7 0.7 31.7 4.1 38.6±10.3 36.3 -6.0 36.3 -6.1
C III 977.03 415.2±104.0 354.3 -14.7 334.1 -19.5 430.7±107.9 295.2 -31.5 344.2 -20.1
N III 991.55 25.8±7.3 16.1 -37.3 15.3 -40.4 12.3±4.8 11.6 -5.4 14.6 19.1

Ne VI 999.27 5.9±2.2 2.4 -59.8 2.9 -50.8 6.6±2.3 3.3 -49.8 4.3 -34.9
Ne VI 1005.79 1.4±1.2 1.4 3.6 1.8 26.8 2.3±1.4 1.9 -14.3 2.5 11.0
O VI 1031.93 175.6±44.7 194.8 10.9 206.6 17.7 273.7±69.0 272.6 -0.4 290.9 6.3
O VI 1037.64 105.7±27.9 96.8 -8.4 102.7 -2.9 145.9±38.5 135.5 -7.1 144.5 -0.9

SPICE line intensities have been converted to units of erg cm−2 s−1 sr−1.
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Figure 5. Solar Orbiter EUI/FSI 174 Å image of the solar corona
showing AR 12781 on 2020, November 17, at 22:57:16 UT. The
white box shows the FOV of the SPICE slit scan from 22:28:26–
23:19:40 UT.

somewhat flatter. Based on the velocity maps in Figure 3 it is
likely that the emission from lines below 1 MK do not come
from the upflows. The fan loops are red-shifted and there
is contamination from foreground and background emission
that complicates the interpretation. Furthermore, the high
temperature Fe XVII lines are too weak to measure in these
quieter regions (also in R2). Nevertheless the density in both
these regions is log n = 8.6, and the FIP bias measured using
the Si/S ratio is 1.6 and 1.2 in R3 and R4, respectively.

The FIP related enhancement in upflow region R3 is rela-
tively weak, though probably above the uncertainty level so
that it is likely real. In region R4 the FIP bias is consistent
with photospheric abundances, or the fractionation of S. Sim-
ilarly variable results have been found for the upflows before
(Brooks et al. 2020).

AR 12781 rotated out of the Earth-facing view and arrived
in the SPICE FOV on 2020 November 17. Figure 5 shows
the AR on an Extreme Ultraviolet Imager (EUI, Rochus et al.
2020) Full Sun Imager (FSI) 174 Å image, with the SPICE
slit scan FOV overlaid. Figure 6 shows examples of the
SPICE observations for a range of temperatures below those
accessed by EIS observations. The bright chromospheric net-
work can be seen at 0.06–0.26 MK. It appears that the SPICE
FOV mainly captures the western fan loop region observed
by EIS and shown in Figure 3. The Ne VIII 770.35 Å in-
tensity image shows the bright moss emission at the base of
the fan loops. Currently, there is an ongoing effort to under-

stand the impact of systematic biases in SPICE Doppler ve-
locity measurements linked to peculiarities of the telescope
and spectrometer; based on the EIS Fe IX 188.497 Å veloc-
ity map, however, these structures are likely to be red-shifted.

The Ne VIII 770.35 Å line is formed around 0.56 MK. Un-
fortunately, this temperature is too low to see the upflows,
which are usually seen above ∼1 MK in EIS observations,
and construction of SPICE velocity maps at these higher tem-
peratures (e.g. using Mg IX) is difficult. We focused on
two regions in the SPICE FOV. S1 encompasses most of the
bright fan region and was chosen to make sure a strong sig-
nal was obtained. S2 is at the base of the fan loops and was
chosen for comparison with the EIS observations. The fan
loops on the western side of the AR do not appear markedly
different from when they were observed by EIS, and region
S2 is approximately the same area as R4. We were not able
to obtain reliable results for region R2.

We show our EM analysis of the two regions in Figure 7,
together with a comparison of the observed and EM calcu-
lated intensities. We also provide the observed and calculated
intensities, and the percentage differences between them, for
both regions in Table 2. Note that we provide the SPICE in-
tensities in the original SI units but that we convert them to
cgs units for consistency with the EIS intensities when cal-
culating the EM. Also, although we identified and attempted
to fit about 26 lines in the SPICE spectra, several lines were
either too weak to be useful or had errors larger than the mea-
sured intensities. We removed these from our EM analysis.
Several lines from O IV and O V were excluded in this way,
but more importantly, several high-FIP element lines were
also affected. S IV 748.40 Å and S IV 750.20 Å may be
useful in other studies of elemental abundances in the lower
transition region, but are not critical for comparisons with
EIS coronal measurements. The Mg IX 749.54 Å line, how-
ever, could have been useful for our analysis but was very
weak in our spectra. Mg VIII 769.38 Å was also affected in
region S1 (see Table 2).

As discussed, we do not have a good abundance diagnostic
ratio from two lines formed in the same temperature range,
so here we assess how well the line intensities are repro-
duced depending on whether we adopt photospheric or coro-
nal abundances for the EM analysis (with special emphasis
on the Mg VIII lines). Figure 7 and Table 2 show the results
for both these calculations for both regions.

The purpose of the MCMC algorithm is to minimize the
differences between the observed and calculated intensities,
so it is no surprise that a reasonable solution is obtained for
all the examples. When adopting photospheric abundances,
∼65% of the line intensities are reproduced to within ∼35%
for both regions S1 and S2. There is a clear improvement,
however, when using coronal abundances: 85–95% of the
line intensities are reproduced. There is some scatter in
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Figure 6. Intensity maps of AR 12781 constructed from the SPICE scan from 22:28:26–23:19:40 UT. The panels show intensity maps covering
a range of temperatures from 0.06–0.56 MK using spectral lines of C III, O IV, O VI, and Ne VIII. The white boxes labeled S1 and S2 highlight
the areas in the active region/loop footpoint selected for the elemental abundance analysis.

the behavior for the lines from high-FIP elements: some of
them are better reproduced, while others become worse. For
plasma composition studies, the behavior of the lines from
high-FIP elements is the main interest. The only S line in
the analysis is S V 786.47 Å. It is reproduced in both re-
gions with photospheric abundances, but the agreement is
improved with coronal abundances. For this analysis, S is
treated as a high-FIP element so the assumed abundance is
the same in both datasets. As we discussed in section 3,
S often shows unusual behavior and can act like a low-FIP
element. Note, however, that if we enhance the S abun-
dance by the factor given by Schmelz et al. (2012) then the
agreement between calculated and observed intensity wors-
ens. This suggests that treating S as a high-FIP element is
valid for this dataset. However, the critical point is that the
Mg VIII lines show a clear difference. Mg VIII 772.31 Å,
and Mg VIII 782.34 Å are too weak by factors of 2.1–2.8
for both regions S1 and S2 when photospheric abundances
are used, and Mg VIII 769.38 Å is also too weak by a fac-

tor of 2 in region S2. In contrast, all three lines are repro-
duced when coronal abundances are assumed. This can also
be seen in the EM plots, where the Mg VIII EM loci curves
sit above the general trend when photospheric abundances
are used (panels a and e), but are more consistent with the
other curves when coronal abundances are assumed (panels
c and g). We show example spectra to illustrate the behavior
of the Mg VIII lines compared to the Ne VIII lines in Fig-
ure 8. We clearly see that the Mg VIII lines are strong in
footpoint region S2 relative to a quiet Sun control spectrum
(dashed box region in Figure 5). Significantly, the calculated
intensities for all the Mg VIII and Mg IX lines in S1, and
the Mg VIII 772.31 Å, and Mg VIII 782.34 Å lines in S2,
are outside the error bars on the measured intensities when
photospheric abundances are assumed. None of the calcu-
lated intensities for these lines are outside the error bars when
coronal abundances are adopted. Effectively there is no tem-
perature structure that can explain the Mg and Ne intensities
simultaneously with photospheric abundances.
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Figure 7. SPICE emission measure analysis of the regions selected on 2020, November 17. The upper panels in each quadrant show the EM
analysis. The red line shows the best-fit solution to a series of Monte Carlo simulations (shown as dotted grey lines). The colored lines are
emission measure loci curves for each of the spectral lines used in the analysis. These visualize the upper limits to the emission measure. The
element for each line is identified by color in the legend. The solid loci curves indicate lines from low-FIP elements and the dashed loci curves
indicate lines from high-FIP elements. The lower panels in each quadrant show the differences between the measured and calculated intensities.
They are given as percentages of the observed intensities. The dotted lines indicate departures of 25%. We show the photospheric results for
region S1 in panels a & b; the coronal results for S1 in panels c & d; the photospheric results for S2 in panels e & f; and the coronal results for
S2 in panels g & h.
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Figure 8. Comparison of loop footpoint (blue; region S2) and
quiet Sun (red) SPICE spectra for the 765–785 Å wavelength range
where critical low FIP Mg VIII and high FIP Ne VIII spectral lines
fall. We scaled the quiet Sun spectrum by a factor of 2 in order to
show the relative strengths of the Mg VIII lines. They are stronger
when the low FIP elements are enhanced in the corona. The line
identifications are given in the vertical legends.

The EM distributions themselves show expected charac-
teristics: the magnitude of the EM is higher in the transition
region and low corona than measured by EIS, and the curves
fall to a minimum in the log T = 5.0–5.3 range. There is
some complex structure in the EM distributions that can be
understood as arising from the MCMC algorithm reducing
the differences between the observed and calculated inten-
sities before the curves then rise with increasing tempera-
ture until the upper boundary defined by the Mg IX lines is
reached. Recall that in section 3 we discussed how the EM is
constrained at high temperatures by the low-FIP Mg IX lines.
If even higher temperature lines were observed, the Mg IX
lines would add to the low-FIP diagnostic capability, but in
practise their usefulness depends on how the MCMC solu-
tion adapts to attempt to reproduce these lines with different
assumed abundances since they set the higher boundary limit
of the EM distribution. In S1 the Mg IX 706.02 Å line inten-
sity is reproduced only with coronal abundances, whereas in
S2 it is reproduced with both photospheric and coronal abun-
dances.

It is difficult with this technique to put a number on the
FIP bias. We can say that the Mg enhancement factor in the
adopted elemental abundance data is a factor of 1.9, and this
works. We can see in Table 2, however, that the Mg VIII
lines would be reproduced better if the Mg abundance were
increased by a factor of 1.4. This implies a FIP bias of 2.7;
a number that is also closer to the EIS results for the loop
footpoint regions. At first sight the results for approximately

the same region (EIS R4 and SPICE S2) appear inconsistent,
but are in fact in line with what we would expect based on
our understanding of the plasma compositional structure of
active regions. At the temperatures of the SPICE measure-
ments, we are detecting a strong FIP effect in the red-shifted
fan loops. At the higher temperatures accessed by EIS, we
are measuring the composition of the upflows and these show
a range of values. Note also that the measurements are made
with different element pairs, and of course since the obser-
vations were taken one week apart we should also consider
the evolution of plasma composition in decaying ARs. Nev-
ertheless, the combination of SPICE and EIS shows potential
for allowing us to disentangle the compositional structure of
active regions at different temperatures.

An alternative is to derive the FIP bias from a minimiza-
tion of the chi squared value for the Mg VIII lines. This
results in a similar range of values (2.6–2.7). Our analysis
demonstrates that determining whether a solar feature has a
photospheric or coronal composition is possible with SPICE
observations. Making a more accurate measurement of the
FIP bias is more challenging. This can also be achieved with
simple techniques like the chi squared minimization we men-
tion here, but of course results in uncertainties (40% in our
case). The EIS observations show that the FIP bias in the
upflow regions is smaller than at the loop footpoints. This is
in line with our expectations developed from studies of the
upflows/loop footpoints as potential slow wind/SEP sources.
The difference for AR 12781 is around a factor of 2, which is
potentially large enough to be detectable by SPICE with the
methods we have employed. This is encouraging for SPICE
connection studies going forward.

There is some evidence of fractionation between Si and Fe
in our EIS measurements. For the upflow regions, the scal-
ing factor we needed to apply to the Fe-only EM to reproduce
the Si X 258.375 Å line is around the 30–40% level. This is
close to the EIS calibration uncertainty for an intensity ra-
tio. For the loop footpoints, however, the scaling was signif-
icantly larger (a factor of 1.8–1.9). It is tempting to suggest
that Si and Fe are fractionating in the closed magnetic field of
the loop footpoints, but not on the open field of the upflows.
In the ponderomotive force model of the FIP effect the Fe/Si
ratio is close to 1.0 for the full range of slow-mode wave am-
plitudes on open magnetic field (Table 4, Laming 2015). In
contrast, the Fe/Si ratio reaches 1.9 at the high end of wave
amplitudes on closed field (Table3, Laming 2015). Of course
we cannot rule out the possibility of cross-detector calibra-
tion uncertainties. Most of the Fe lines used for the EM anal-
ysis fall on the short-wavelength (SW) detector whereas the
critical Si line falls on the long-wavelength (LW) detector.
We have already noted a discrepancy for the Fe XIV lines on
the LW detector.
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5. CONCLUSION

In this initial study, we combined Hinode/EIS observations
of AR 12781 taken from an Earth facing view, with Solar
Orbiter/SPICE measurements obtained one week later from
a longitude of 120◦ West compared to Earth. The aim was
to develop a plasma composition measurement technique for
use with SPICE, and benchmark it against results from a well
tested DEM method routinely used to obtain the Si/S abun-
dance ratio with EIS.

Using the EIS measurements, we characterize the general
compositional structure of the AR, to ensure that it is a typ-
ical region. As expected from previous work, the strongest
FIP effect is seen in the loops in the core of the AR, espe-
cially at the footpoints. Outflows on the eastern side also
show a coronal composition, but on the western side they
show a photospheric composition, which is relatively rare.

Lacking a robust abundance diagnostic ratio with a good
temperature overlap between lines from high- and low-FIP
elements for SPICE, we looked solely for consistency be-
tween observed and DEM predicted intensities under the as-
sumption of photospheric or coronal abundances. Measure-
ments of the bright fan structures on the western side are
consistent with a coronal Mg/Ne composition, and again, the
results suggest a stronger FIP effect at the loop footpoints.
These results demonstrate that SPICE can be used to detect
coronal Mg/Ne abundances.

Based on previous work (Warren et al. 2011), the fan loops
are expected to show red-shifts at the temperatures accessed
by SPICE (∼ 0.56 MK), and those structures are embedded
below the blue-shifted outflows EIS observed previously at
higher temperatures (∼ 0.9 MK). The fan loops have a coro-
nal Mg/Ne composition, consistent with earlier work, with
the outflows above showing a photospheric composition. Al-
though these observations were not taken simultaneously,
this mixed, variable composition from an AR edge that shows
outflows has been identified previously as a feature that could
explain the variability in composition observed in the solar
wind (Brooks et al. 2020). This analysis demonstrates the
power of EIS and SPICE to work in combination to disentan-
gle the observed emission contributions from different struc-
tures with different elemental abundances in an area of AR
outflows; a capability with potential for use in other situ-
ations, discussed in the introduction, such as the detection

of the mixed composition in the core of ICMEs and coronal
abundances in the surrounding plasma.

Our study has been based on establishing the general com-
positional structure of an AR with EIS and inferring con-
sistency in subsequent observations with SPICE. Moving
forward we aim to use both simultaneous measurements
and complementary multi-viewpoint observations to under-
stand the mean magnitude and degree of variability of coro-
nal/photospheric abundance ratios for different element pairs
at diferent temperatures, so that more exact comparisons with
the in situ solar wind data can be made. The small-scale spa-
tial distribution of abundances in active regions also needs
to be established definitively, though some advances in this
direction have been made by Mihailescu et al. (2022). Such
studies will allow both broader comparisons with composi-
tion variability in the solar wind, and direct matching be-
tween measurements with Solar Orbiter/SWA and abundance
ratios in source regions identified by magnetic connectivity
models.

Finally, our observations were taken during the Solar Or-
biter commissioning window, when an AR fortunately passed
into the FOV. The mission is now in the nominal phase, and
dedicated active region SOOPs (Solar Orbiter Observation
Plans) will be made on a regular basis that will provide a con-
tinuing understanding of the SPICE capabilities, in addition
to solar wind and SEP connection science.
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Zurbuchen, T. H., Fisk, L. A., Gloeckler, G., & von Steiger, R.

2002, Geophys. Res. Lett., 29, 1352
Zurbuchen, T. H., von Steiger, R., Gruesbeck, J., et al. 2012, SSRv,

172, 41
Zurbuchen, T. H., Weberg, M., von Steiger, R., et al. 2016, ApJ,

826, 10


	1 Introduction
	2 Data reduction
	3 Atomic data and analysis methods
	4 Results and discussion
	5 Conclusion

