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The ambient solar wind that fills the heliosphere originates from multiple
sources inthe solar coronaand is highly structured. It is often described

as high-speed, relatively homogeneous, plasma streams from coronal
holes and slow-speed, highly variable, streams whose source regions are
under debate. A key goal of ESA/NASA’s Solar Orbiter mission is to identify
solar wind sources and understand what drives the complexity seenin the
heliosphere. By combining magnetic field modelling and spectroscopic
techniques with high-resolution observations and measurements, we show
that the solar wind variability detected in situ by Solar Orbiter in March
2022is driven by spatio-temporal changes in the magnetic connectivity to
multiple sources in the solar atmosphere. The magnetic field footpoints
connected to the spacecraft moved from the boundaries of a coronal hole
tooneactiveregion (12961) and then across to another region (12957). This
isreflected in the in situ measurements, which show the transition from fast
to highly Alfvénic then to slow solar wind that is disrupted by the arrival of
acoronal mass ejection. Our results describe solar wind variability at 0.5 au
but are applicable to near-Earth observatories.

The European Space Agency (ESA)/NASA Solar Orbiter (S0)'and NASA’s  temperatures™?, consistent with CH sources. Apart from Alfvénic

Parker Solar Probe’ missions are designed to determine the sources
anddrivers of the solar wind, a main goal of heliospheric physics. These
recent missions provide inner heliospheric solar wind measurements
together with unprecedented close-up, never-seen-before views of
the solar atmosphere, which have revealed new phenomena, such as
magnetic field reversals known as ‘switchbacks’, which could be related
to solar wind origin and release processes®”.

Fast solar wind (>500 km s™) originates and escapes along open
magnetic fields rooted in coronal holes (CHs), but slow solar wind
sources (<500 km s™) and the mechanisms that release, accelerate
and transport plasmainto the heliosphere are poorly understood®™°.
Fast wind is characterized by high bulk speeds, high proton tem-
peratures, low densities, low ion charge state ratios and low electron

fluctuations®, the fast wind plasma parameters are smooth and con-
tinuous. Conversely, the slow wind is highly variable, with lower proton
temperatures, increased proton densities, highion charge state ratios
and highelectrontemperatures, suggesting a hotter coronal origin. The
pictureis complicated, however, as slow wind can exhibit Alfvénic fluc-
tuations' ™, and these can dominate particular solar cycle phases” .

Open-closed magnetic field boundaries (suchas active region (AR)
edges**??), CH boundaries*?*, small low-latitude CHs* and helmet
streamers®*® are promising slow wind source candidates. Plasma
may be released into the heliosphere by interchange reconnection at
open-closed field boundaries®* or across regions of rapidly changing
magnetic field connectivity: separatrices or quasi-separatrix layers*
as in the S-web model®. Other proposed non-reconnection release
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Fig.1|Remote-sensing observations of the predicted slow wind source
region. a, SDO/AIA 193 A image showing the source region from the perspective
of an Earth observer. Open magnetic field lines that are constructed from the
coronal potential field model are overplotted, coloured by their associated
expansion factor F. The large equatorial CH and AR complex are labelled in white.
The FOVs of SO EUI/HRI and PHI/HRT are shown in cyan and pink, respectively.
The back-projected trajectory of SO from1March 2022 until 9 March 2022

is shown by the olive dotted line (from right to left). b, 174 A image of the AR
complex taken by EUI/HRI onboard SO. The blue arrows indicate the locations

EUI/HRI 174 A 09:40:00 ut

PHI/HRT By og 09:40:09 ut

AR 12957 AR 12961

AR 12959

of upward-propagating features along the coronal fan loops. The black box
indicates the FOV of Supplementary Video 1, which has alength of 48 s. The
video shows the period 09:40 UT t010:40 UT on 3 March 2022 witha 5 s cadence.
Multiscale Gaussian normalization was applied to sharpen faint structures
inthe individual EUI/HRIimages (see Methods for details). ¢, The PHI/HRT
photospheric line-of-sight magnetic field of the AR complex comprising NOAA
ARs12959,12957 and 12961, which are labelled in white. Black (white) represents
negative (positive) magnetic field polarity, saturated at -500 G (500 G).

mechanisms are based on plasma escaping through the expansion of
coronal loops®**.

Past studies used plasma composition diagnostics to trace solar
wind from1aubacktoitssource, by linkingin situ measurements from
the Advanced Composition Explorer to outflows at AR boundaries
observed by Hinode***”. However, there are no studies on the variability
of solar wind streams detected by spacecraft close to the Sun as they
traverse multiple sources (CHs and ARs) on sufficiently short temporal
scales (hours) and small spatial scales (hundreds of kilometres). This
variability is often lost at large heliocentric distances due to transport
processes.

Here we report the solar wind sources and variability detected
by SO between 1 March 2022 and 9 March 2022. We combine ballistic
backmapping and spectroscopic analysis techniques together with
unique remote-sensing observations and in situ measurements to trace
plasmadetected by SO froma close distance of -0.5 auback toits solar
sources. We show through the properties and variability of the in situ
plasmathat the solar wind still exhibits, at this distance, the footprint
of its various source regions.

Results

During the Slow Solar Wind Solar Orbiter Observation Campaign
(06:00uTon3March2022until18:30 uT on 6 March 2022), the trajec-
tory of SO spanned across alarge equatorial CH-AR complex, visible in
193 A by the Atmospheric Imaging Assembly (AIA) onboard the Solar
Dynamics Observatory (SDO; Fig. 1a). Flux continuously emerged in
this complex, leading to the formation of three ARs on 4 March 2022,

classified by the National Oceanic and Atmospheric Administration as
ARs12957,12959 and 12961.

The most striking features of this AR complex are the long-lived,
large-scale, coronal fan loops, visible in 174 A as measured by the
Extreme Ultraviolet Instrument High-Resolution Imager (EUI/HRI)
onboard SO (Fig. 1b). The fan loops are associated with the leading
negative polarities of ARs 12957 and 12961, as shown by the photo-
spheric line-of-sight magnetic field measured by the Polarimetric and
Helioseismic Imager High Resolution Telescope (PHI/HRT) onboard SO
(Fig. 1c). The loops extend outwards from the negative polarities into
the corona. Although lower-temperature fan loops will ultimately be
closed, alarge fraction of higher-temperature loops will be associated
with upflows and potentially open magnetic fields*®, as confirmed by
the potential field extrapolation. Extreme ultraviolet brightenings and
upward-propagating features are observed at the base and along these
fan loops (Fig. 1b, blue arrows). This suggests that plasma upflowing
along these fan loops associated with the open magnetic field could
ultimately contribute to the solar wind measured by SO, if the space-
craftis magnetically connected to this region.

Modelling the SO connectivity using the magnetic connectivity
tool*’ (Methods) shows that the post-observed connectivity footpoints
transition fromthe dark channel, which merges with the large equato-
rial CH, to the two ARs. The magnetic connectivity tool provides the
estimated solar wind source location at the surface, whichis analysed
in comparison with the observations to determine the true sources
of the solar wind plasma arriving at SO. The labels in Fig. 2 indicate
the probable sources of the three fast (CH1-3) and two slow (AR1and

Nature Astronomy | Volume 8 | August 2024 | 953-963

954


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-024-02278-9

a SDOJ/AIA 193 A 07:18:05 ut, 1 March 2022

Solar Y (arcsec)
(%) swutod A1IAOBUUOD JO ANjIgeqold

-800 -600 -400 -200 [} 200

Solar X (arcsec)

€ SDO/AIA 193 A 22:29:05 ut, 3 March 2022

Solar Y (arcsec)
(%) siutod A1IA1IIOBUUOD JO AYjIgeqold

-200" 0" 200" 400" 600"

Solar X (arcsec)

Fig.2|Evolution of the post-observation magnetic connectivity footpoints
of S0. a-d, Connectivity footpoints provided by the magnetic connectivity tool*
overlaid on SDO/AIA 193 A data at four different times both before and during
the SO remote-sensing observation window. The connectivity points correspond
to aspacecraft (in situ) time of 06:00 uT on 3 March 2022 (a), 06:00 uTon 5
March 2022 (b), 18:00 uT on 5March 2022 (c) and 12:00 uT on 7 March 2022 (d),
using solar wind speeds measured by SWA/PAS of 533,504,455 and 343 km s,
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respectively. The probability of the connectivity points as a percentage is given
by the colour bar. The green boxes represent the FOV of the Spectral Imaging of
the Coronal Environment (SPICE) instrument. The green dashed boxes show the
SPICE FOV with the bright dumbbell removed. The CH1-3 and AR1and AR2 labels
inblueandredinb correspond to the probable origins of the different fast and
slow solar wind streams originating from sections of the CH and the two ARs.

AR2) wind streams detected later insitu by SO that originate from the
CH-AR complex.

Initially, on 1 March 2022 (Suntime) (Fig. 2a), the magnetic con-
nectivity footpoints span along CH3 and the leading negative polar-
ity of AR1, with SO marginally more probably connected to ARL. Two
dayslater,on3 March 2022 (Fig. 2b,c), SO was solely connected to the
leading negative polarity of the AR complex (AR1). By 4 March 2022
(Fig. 2d), the footpoint predictions are split across the two leading
negative polarities of the AR complex (AR1 and AR2). According to
the tool, solar wind plasma originating from the AR complex should
bedetected in situ at SO from 06:00 UT, 3 March 2022, until 12:00 uT,
7 March 2022 (spacecraft time), giving a travel time of approximately
two to three days. Note that although the tool shows that SO was con-
nected to CH3 but not to CH1or CH2, three fast streams were detected
later in situ, with no other plausible solar sources for these streams
visible on the Sun.

The composition of the solar wind streams that SO transited
through changes with the connectivity to different source regions.
Spectroscopic data from SPICE allows characterization of the plasma
composition in parts of the AR complex. The results show composi-
tiondifferences, indicatingachange in the properties of the potential
sourceregions. Thefield of view (FOV) of the SPICE rasters from3 March
2022 and 4 March 2022 are shown in the green boxes in Fig. 2b,c,d.

Figure 3 shows SPICE spectra in a wavelength interval contain-
ing critical Mg vII1 769.38 A, Mg vi11 772.31 A and Ne vi11 770.42 A

abundance diagnostic spectral lines. The spectra are averaged in
regions Rl1and R2, using therasterstakenat 06:54 uTand19:21uTon3
March2022 and at18:51uT on4 March2022. The boxes encompass the
negative polarities of ARs 12961 (R1) and 12957 (R2) and the associated
magnetic connectivity footpoints (Fig. 2).

TheMgviillines are relatively strong compared to the Ne viii lines
when the FIP effect-the enhancement of low firstionization potential
(FIP; <10 eV) elements in the corona-is operating. By examining the
Mg vii1 772.31 A and Ne vi11 770.42 A lines in the two regions at differ-
ent times, a larger intensity ratio, suggestive of a stronger FIP effect
and indicating coronal or above coronal composition, developed at
the base of the fan loops associated with the leading negative polar-
ity of AR 12961 (R1). In contrast, the area associated with AR 12957
(R2) showed a smaller intensity ratio, indicative of a weaker FIP effect
and suggesting photospheric or weak coronal composition. Figure 3
contrasts the spectrain R1and R2 at the three different times. The R2
spectrahavebeen adjusted sothat the strengths of the Ne viitlines are
matched to emphasize where the Mg Vil line is stronger. It is unclear
in the concentrated area chosen for R1 at -7:00 uT (left panel) but is
obviously strongerinRI1thanR2inthe wider areas selected later (Fig.3,
centre and right panels).

Although the composition can vary substantially between dif-
ferent AR features, individual structures generally maintain the same
composition for extended periods. We, therefore, expect that amore
detailed emission measure (EM) analysis of these regions (Methods)
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Fig.3|SPICE observations from rasters taken at 06:54 uT on 3 March 2022,

19:21ut on 3 March2022 and 18:51uT on 4 March 2022. The white boxes show
the regions where the Mg/Ne abundance ratio was examined. These correspond
to the base of the coronal fan loops of ARs 12961 (R1) and 12957 (R2). The spectra

Wavelength (A)

Wavelength (A)

are averaged within the boxes and adjusted to emphasize the differences in the
Mg Vi1 772.31 A intensities. The white numbers in the top right refer to the SPICE
raster FOVs shownin Fig. 2.

should give the same result as the line ratio analysis and provide fur-
ther confidence in our results. All our investigations indicate a clear
spatial difference in plasma composition between extended regions
Rland R2.Thisresultis notsurprising, as the leading negative polarity
of AR12961 (R1) was already present when the region rotated onto the
solar disk and additional magnetic flux began to emerge in this region.
Conversely, the second negative polarity started toemerge only on 28
February 2022, afew days before the SO observations, so the enhanced
coronal composition had less time to develop*’.

From 1 March 2022 to 9 March 2022, the solar wind detected by
the Solar Wind Analyser (SWA) and the Magnetometer (MAG) onboard
SO had varying characteristics, indicating streams originating from
multiple sources (Fig. 4). The variations in solar wind properties, as
measured by these instruments, are consistent with the composition
analysis, SO trajectory and connectivity footpoint track across the
CH-AR complex.

Between 1 March 2022 and 4 March 2022, three fast solar wind
intervals (blue shaded regions CH1-3 in Fig. 4a) arrived at SO, as evi-
denced by the peaks in proton velocity above 500 km s™ (Fig. 4a) and
theincreasein protontemperature (Fig. 4b). The radial magnetic field
measured by MAG (Fig. 4c) was directed towards the Sun, consistent
with the predominantly negative polarity of the large equatorial CH.
The fast wind intervals were followed by an Alfvénic slow wind on 4
March 2022 and 5 March 2022 (Fig. 4a, AR1), both of which are char-
acterized by a strong correlation between the normal component of
the velocity (V) and magnetic field (B) vectors, as evidenced by the VB
correlationfactor (|Cyg|, Fig. 4d). The high VB correlation periods dur-
ing the Alfvénic slow wind interval are accompanied by alow compress-
ibility (almost constant density, N,), radial velocity (vz) and magnetic
field (Bg) fluctuations.

Another slow wind stream (Fig. 4a, AR2) with velocities~350 kms™,
increasing and highly variable proton densities, and decreasing proton
temperatures was detected by SO from 6 March2022 onwards. Large VB
correlation factor fluctuationsin this period indicate a poor Alfvénic-
ity correlation. Late on 7 March 2022, an interplanetary coronal mass

ejection (ICME) arrived at SO. It originated from an AR complexin the
northern hemisphere around 22:30 UT on 6 March 2022. It is identifi-
able from the sharp discontinuity and subsequent smooth variation
inthe radial magnetic field and the drastic changes in proton density
and temperature.

The VB correlation factor patterns, accompanied by switchback
episodes, strongly support the connectivity of SO transitioning across
multiple source regions. Several intervalsin the VB correlation factor
exhibit inverted U shapes formed by drops in this parameter to <0.5
on hourly time scales, bounding longer periods of solar wind plasma
with high Alfvénic content. These VB correlation factor depressions
often coincided with magnetic field reversals, which may indicate
patches of switchback activity, the timings of which are given in the
caption of Fig. 4.

Further evidence supporting our magnetic connectivity pictureis
shown by the strahl electrons detected by the SWA/Electron Analyser
System (EAS), Fig. 4e, as they provide adirect probe of the connectivity
of SO to the corona*. The strahl population manifests as an enhanced
suprathermal electron beam (higher phase space densities in Fig. 4e),
which appears at pitch angles near to 0° or 180° or both. For most of
the period, the dominant magnetic field polarity was inward (B; < 0),
whereas the enhanced strahl fluxes were predominantly near 180°.
Thestrahlbeamwas, thus, mostly directed outward during the period
shown, consistent with these electrons streaming outward from the
corona, antiparallel to the magnetic field direction. An obvious depar-
ture from this was in the interval beginning before 02:30 uT, 1 March
2022, whenthe strahl population appeared near 0°. Thiswasin aregion
before a heliospheric current sheet crossing, where the dominant
magnetic polarity was directed outward, consistent with the outward
streaming electrons being parallel to the magnetic field direction.

However, there are numerous other short-termchangesintheelec-
tronstrahl (Fig. 4e). These are associated with the transitions between
the solar wind stream boundaries within the CH sections (blue shaded
regions, CH1-3) and the AR complex (red shaded regions, AR1and AR2).
Beginning approximately at 17:00 uT, 1 March 2022, and marking the
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Fig. 4 |Insitu measurements taken from1March 2022 to 9 March 2022 by the
SWA and MAG instruments onboard SO. a,b, Radial proton velocity vy (red),
proton number density N, (blue) and proton temperature T, (black), as measured
by SWA/PAS. The black dashed lineinarepresents a velocity of 500 kms™.

¢, Radial component of the interplanetary magnetic field By (nT) measured by
MAG. The red dashed line signifies O nT.d, Magnitude of the VB correlation
factor (green). The black dashed line indicates a correlation factor of 0.5.

e, Pitch angle distribution of electrons measured by SWA/EAS. The colour shows
the electron phase space density (PSD). f, Fe/O ratio (red). The corresponding
FIP bias values are given on the right y axis. The black line signifies a value of

0.13 (refs. 69,70). g, Charge state ratio for 0”*/0°" (green). The black dashed line

represents avalue of 0.145 (ref. 79). h, Charge state ratios for C**/C>* (black) and
C®*/C* (purple). Three fast wind streams (two slow wind streams) are shaded
inblue (red) and are labelled CH1, CH2 and CH3 (AR1and AR2). These originate
from the linked sections of the large equatorial CH and the two ARs that are
labelled in Fig. 2b. The four magenta dashed lines and three numbers represent
the times corresponding to the post-observation magnetic connectivity analysis
showninFig. 2. The reversals of the radial magnetic field in d occurred during the
following periods: 15:00-19:00 uT on1March 2022, 01:00-03:00 uT,
07:00-11:00 uT and 18:00-22:00 uT on 2 March 2022, 07:00-17:00 UT on 4 March
2022,02:00-08:00 UT on 6 March 2022, and 03:00-21:00 UT on 7 March 2022.

startof the period labelled CH1, there was ashortreversalin the radial
magnetic field. The strahl beam at 180° dropped out and was replaced
by a weaker beam at 0°. This strahl beam switch is inconsistent with
expectations for a switchback but indicates a brief connection with
anopposite-polarity region.

The CH1/CH2 boundary is also marked by a radial magnetic field
reversal at 21:00 uT, 2 March 2022. In thisinstance, there was no strahl
beam dropout at 180° but the additional appearance of a (slightly

weaker) beam at 0°. These bidirectional strahl beams may indicate a
closed magnetic field (with both magnetic field footpoints connected
to the Sun), a small flux rope or electron reflection beyond SO. The
persistence of the180°is also consistent with this reversal being part of
aswitchback. Theelectron pitch angle distribution remained strongly
anisotropic, with fluxes peaking near180°in the interval between10:00
uT on3March 2022 and 03:00 uT on 5 March 2022. This was followed
byalongbidirectional strahlinterval beginning at 03:00 uT on 5March
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2022, suggesting a connectivity transition across the AR complex
(Fig. 2b, AR1 and AR2). At 20:00 UT on 6 March 2022, the strahl was
predominantly aligned antiparallel until it became more isotropic in
association with the ICME arrival at 21:00 uT, 7 March 2022. Note that
similarinterpretations of these electron signatures were madeinref. 42,

The SWA/Heavy lon Sensor (HIS) measurements (Fig. 4f-h) are
also consistent with the spatio-temporal changes in the solar source
regions. Fromthe outset, the Fe/O ratioand Cand O charge state ratios
were low, meaning that SO had detected a plasma with photospheric
abundances and temperatures consistent with a CHsource. The ratios
remained depleted until 14:00 UT, 4 March 2022, except for a small
increase at 21:00 UT, 3 March 2022, that coincided with the short burst
ofbidirectional strahl, magnetic field reversals and large Alfvénic fluc-
tuations. Apart from the C charge state ratios, the other ratios began to
increase from14:00 UT on 4 March 2022 onwards, suggesting that SO
had detected solar wind plasma with a coronal composition of higher
temperatures, probably from an AR source. This coincided with high
Alfvénicity and bidirectional electron strahl. After adatagap on 6 March
2022, the Fe/O ratio dropped to photospheric levels on 7 March 2022
andincreased rapidly againbefore the ICME arrival. Both charge state
ratios remained increased and highly variable.

The solar wind velocity decrease is consistent with the inverse
relationship between the magnetic field expansion factor and the
velocity. Figure 1a shows the open magnetic fields (colour-coded by
expansion factor) intheregions CH3, AR1and AR2 (labelled in Fig. 2). As
the magnetic connectivity of SO transitioned from the final CH section
(CH3) through the AR polarities (AR1 and AR2), the expansion factor
increased notably, thus accounting for the solar wind velocity decrease
measured by the SWA/Proton Alpha Sensor (PAS) from 4 March 2022
to 7 March 2022 (Fig. 4). Highly Alfvénic slow wind is often observed
due to the over-expansion of magnetic field lines'®****, such as that
exhibited by the core of the AR complex.

Discussion
Combining the SO trajectory, coronal field model, magnetic connec-
tivity tool, the SPICE composition analysis of the AR complex, and
thein situ plasma and magnetic field parameters, we suggest that SO
was immersed in three fast wind streams (Fig. 4a, CH1-3) originat-
ing from the three linked sections of the large equatorial CH (Fig. 2b,
CH1-3). These were followed by two slower streams (Fig. 4a, AR1and
AR2) associated with the negative polarities of the AR complex (Fig. 2b,
ARland AR2). The decrese of the solar wind speed can be explained by
the expansion of the open magnetic field associated with the CH-AR
complex, as the connectivity of SO transitioned across these regions.
Three fast solar wind intervals (Fig. 4a, CH1-3) initially arrived at
SObetween1March2022 and 4 March 2022 (Fig. 4). The three streams
areidentified by the peaks in solar wind velocity (>500 kms™), proton
temperature and high Alfvénicity intervals, as SO passed through
solar wind plasma originating from the different sections of the large
equatorial CH. The low values of the Fe/O, C and O ratios indicate photo-
sphericabundances and temperatures. The CH1-3 transitions are also
evident through the inverted U shapes in the VB correlation factor*,
as the Alfvénicity was lost due to magnetic sector crossings, along
with the bidirectional strahl bursts and charge state ratio spikes. The
bidirectional electrons could have been due to asmall, ejected flux rope
near theboundary of CH1and CH2, with the smallincreaseinthe Fe/O
ratio due to plasma confinementin a closed magnetic field before the
eruption. Theincreasein the O and C charge state ratios could be due
toextra coronal heating, as the flux rope was formed by reconnection
during the eruption. The flux rope could be formed by a magnetic
field reversallike the scenarioinrefs. 6,41, for which the photospheric
footpoints of the open magnetic field cross the CH1/CH2 boundary,
leading to a sizeable change in the plasma velocity. This would result
in the formation of a heliospheric magnetic field reversal through
interchange reconnection, like that in Fig. 8 of ref. 6.

There was a clear fast to Alfvénic slow wind transition beginning
4 March 2022 (Fig. 4, AR1), with decreasing proton temperature, high
VB correlation, and increasing values of Fe/O and O charge state ratios,
indicating coronal AR abundances and temperatures. The changes seen
in 0”/0%* but not in the C charge state ratios reflect coronal tempera-
ture profile changes. These correlate well with the post-observation
magnetic connectivity predictions that suggest that SO was magneti-
cally connected to the leading negative polarity of AR 12961 and the
analysis of the Mg/Ne abundance ratio, which suggests a strong FIP
effect (coronal abundance) in this region (Fig. 3). The bidirectional
strahl present during 5March 2022 to 7March 2022 indicates that the
magnetic field was locally connected back to the Sun, which was not the
case for most of the interval. There could have been a closed expanding
loop associated with the emerging AR complex, which is indicated by
the slight asymmetry of the bidirectional strahl as the magnetic field
lines mapped back to different points on the Sun.

SO then entered a slow wind from 6 March 2022 to 8 March 2022
(Fig. 4a, AR2) with poor Alfvénic correlation along with photospheric
abundances and highly variable charge state ratios. Along with the mag-
netic connectivity and the SPICE composition analysis of the Mg/Ne
abundanceratio, the in situ data suggest that SO sampled the solar wind
originating fromthe second negative polarity of the AR complex, where
aweaker FIP effect (photospheric abundance) was detected. Therefore,
the two slow streams (Fig. 4, AR1 and AR2) probably originated from
the negative polarities of ARs 12961 and 12957, as the connectivity of
SO changed across the two regions (Fig.2a, AR1and AR2).

Solar wind plasma must stream along open field lines if it is to be
releasedintothe heliosphere. Therefore, we propose that coronal plasma
containedinthe core closed field of theleading AR (AR1) escaped along
open fanloopsassociated with the AR and that this could occur through
interchange reconnection. This interchange reconnection scenario is
supported by the over-expanding magnetic field due to the continu-
ous emergence of the second AR (AR2). The emerging bipoles created
favourable sites for interchange reconnection between open-closed
flux systems. This scenario is further supported by the asymmetrical
bidirectional electron strahl and the arrival of highly Alfvénic slow wind.

Coronal field and magnetic connectivity modelling, remote-
sensing elemental composition, and in situ measurements of solar
wind velocities, proton densities and temperatures, radial interplan-
etary magnetic field, electron pitch angle distributions, heavy-ion
charge state ratios, and Alfvénicity all support the outlined scenario.
By utilizing these remote-sensing and in situ SO datasets, along with
magnetic modelling and spectroscopic techniques, we have advanced
our understanding of how the variability and complexity of solar wind
detectedinsituis driven by changesin the magnetic connectivity and
evolution of source regions in the solar corona. The macroscale vari-
ability of the stream structure measured in situ, which can be caused
by the changing magnetic connectivity of a spacecraft as it traverses
multiple source regions, is expected to be ubiquitous. Therefore, these
results are relevant for other heliospheric observatories.

Methods

The data presented and analysed here were taken during SO’s first
perihelion passage as part of the Slow Solar Wind Connection Science
SO Observing Plan**%, Remote-sensing instruments took observations
between 06:00 UT on 3 March 2022 and 18:30 uT on 6 March 2022, when
SOwasataradial distance [0.55,0.51] auwithaseparation angle of [7°,
3°] from Earth. Continuous in situ measurements were taken before,
throughout and after this time window.

For this article, we utilized remote-sensing observations and
insitu measurements from SDO/AIA, the Global Oscillations Network
Group (GONG) and SO (EUI, PHI, SPICE, SWA and MAG), along with the
magnetic connectivity tool and composition analysis techniques to
characterize multiple streams of solar wind plasma detected by SO in
the heliosphere and to link them back to their coronal sources.

Nature Astronomy | Volume 8 | August 2024 | 953-963

958


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-024-02278-9

Remote-sensing observations

The SDO/AIA 193 A image were obtained online through the Science
DataProcessing database at the Joint Science Operations Center hosted
by Stanford University. The AlA instrument*’ onboard SDO*® provides
full-disk images of the solar atmosphere in multiple wavelength chan-
nels with al.5" spatial resolution and 12 s temporal cadence.

To calculate the magnetic field expansion factor for the open mag-
neticfield linesrooted inthe active region complex and the surrounding
area, we constructed a potential field source surface (PFSS) extrapola-
tion using a synoptic photospheric magnetic field map from GONG.

The back-projected trajectory of SO between1March 2022 and 9
March 2022 was plotted by retrieving the position of SO using the SPICE
kernel from HelioPy (https://doi.org/10.5281/zenodo0.5903184) and
using the PFSS extrapolation, along with solar wind speeds measured
insitu by SWA/PAS.

The GONG synoptic map was downloaded from the National Solar
Observatory’s data archive (https://gong.nso.edu/data/magmap/
QR/zqs/). To derive near-real-time, hourly synoptic maps of the Sun,
full-disk, 2.5" pixel images of the photospheric field with a noise level
of 3 Gwere taken at six different ground sites, eachminute, 24 hoursa
day. The images were averaged and corrected for the annual periodic
modulationinthe polar regions and remapped into longitude and sine
(Iatitude). To obtain flux densities, the line-of-sight component of the
magnetic field was converted by assuming a radial magnetic field.

The synoptic map chosen to construct the PFSS extrapolation was
lastupdated at10:04 uT on3 March 2022, very close in time to the SDO/
AIA193 A image shownin Fig.1.Intotal, 9,150 magnetograms were used
to construct the synoptic map. The map was then loaded into Python
using the SunPy package (https://sunpy.org/),and the meanradial field
was subtracted. The pfsspy package*’ was used to calculate the PFSS
solutioninspherical coordinates by using a40 x 40 grid of seed points
to trace the magnetic field out to a source surface of 2.5 R. We used
the SunPy package to plot the resulting field lines that are considered
openatthe source surface onthe SDO/AIA193 A image. The open field
lines are colour-coded by the magnetic field expansion factor, which
was calculated betweenland 2.5 R, using F(R) = (R B,)/(R%Bs;) where
Ristheradial distance, Bthe magnetic field strength and ssrepresents
the source surface.

All SO data used here are publicly available through the ESA SO
Archive (SOAR; https://soar.esac.esa.int/soar/#home).

The 174 A image of the AR complex was taken by EUI/HRI*°. Level
2 FITS files taken from EUI Data Release 6 (ref. 51) were used in this
work (https://doi.org/10.24414/2818-4163). These were plotted in
Python using the SunPy package. EUI/HRI has a pixel size 0of 0.492" and
aFOV 0f16.8' x16.8'". The 174 A waveband is sensitive to and observes
plasma from the low corona with a peak temperature of around 1 MK.
Supplementary Video 1 was created using level 2 FITS files from EUI
Data Release 6 and covers the period from 09:40 UT until 10:40 UT
on 3 March 2022 with a temporal cadence of 5. The level 2 FITS files
have already been processed using the EUI data-processing pipeline
and are suitable for scientific analysis. The images were then further
processed using the multiscale Gaussian normalization technique of
ref. 52 to highlight faint structure and enable a detailed analysis of the
observedregion of interest.

Theline-of-sight component of the photospheric field was taken
by PHI/HRT*?, which has a FOV of 0.28° x 0.28° and a pixel size of 0.5".
Aberrations that were introduced by the nonradial temperature gradi-
ent in the entrance window were removed*. The level 2 FITS file was
downloaded from SOAR, and the image was plotted using the SunPy
package in asimilar manner to the EUI/HRI 174 A image.

The SPICE data® (https://doi.org/10.48326/idoc.medoc.spice.2.0)
we analysed were downloaded from SOAR. We used one full detector
spectral atlas and threeraster observations. The SPICE observationIDs
are10663695,10663696,10663698 and 10663704. The atlas observa-
tions contain spectraover the fullwavelength ranges (704-790 A and

973-1,049 A), whereas the other three rasters telemeter a subset of
spectral lines to the ground. All the datasets were for the 4" slit with
~60 sexposures. The atlas observations covered aFOV of -133" x 1,080"
in around 51 min, whereas the raster observations covered an FOV
~-636" x 915" in around 2 h 40 min. Details of the SPICE instrument are
availableinrefs. 55,56.

Magnetic connectivity tool

We used the magnetic connectivity tool to estimate the coronal source
region of the solar wind plasma that was detected in situ by SO (ref. 39,
http://connect-tool.irap.omp.eu/). The connectivity tool combines
different techniquesto model both the heliospheric and coronal mag-
neticfield to establish the magnetic connectivity of a spacecraft to the
solar surface.

Inthis particular case, the tool assumed the heliospheric magnetic
fieldto be a Parker spiral where the shape of the spiral was determined
by the radial solar wind velocity measured by SWA/PAS, when these
measurements are available. To reconstruct the coronal magnetic
field, the tool used the PFSS model’”*® using ADAPT (Air Force Data
Assimilative Photospheric Flux Transport, https://gong.nso.edu/adapt/
maps/) synchronic synoptic maps as the input boundary conditions.
ADAPT uses an ensemble of magnetic field maps and data assimila-
tion techniques® to provide a realistic representation of the global
photospheric magnetic field. When no magnetic field observations
are available, ADAPT uses a flux transport model®® to evolve active
regions. The ADAPT maps are publicly available (https://www.nso.edu/
data/nisp-data/adapt-maps).

The connectivity tool must compute the solar wind release time to
determine the appropriate ADAPT synchronic map as input to recon-
struct the coronal magnetic field. The release time is defined by the
chosen propagation mode, which we selected as ‘spacecraft to Sun’
with ‘SW (solar wind) lag’, as we traced the origins of solar wind plasma
detected insitu by SO back toits source region on the Sun.

The connectivity points were determined by tracing the inter-
section of SO with the Parker spiral down to the source surface (the
upper boundary of the PFSS model where the field lines are forced
to be radial), then down to the solar surface in the coronal model.
The tool outputs a distribution of connectivity points at the surface,
which was produced by sampling an uncertainty ellipse around the
position of SO and tracing multiple field lines across the heliospheric
and coronal field. The position and probability of the connectivity
points obtained from the connectivity tool were then overplotted on
SDO/AIA 193 A images that correspond with the timings of the ADAPT
synchronic maps.

The simple approach of using a PFSS magnetic field extrapolation
along with the Parker spiral assumption based upon measured solar
wind speed has limitations. However, it is a still a powerful tool that
requires minimal computational time. The potential field assumptionis
representative of the coronaonly during quiet periods of solar activity.
In our case, the large-scale coronal field of the active region complex
was not observed to change substantially during the period studied.

SPICE composition analysis

We examined in the main text the Mg/Ne abundance variations using
the simple Mg vii1 772.31 A/Ne vi1I 770.42 A line intensity ratio.
Although the temperature responses of the Mg viiI and Ne Vil lines
are similar, they are not identical, so it is important to confirm that
the composition measurements we made were not impacted by tem-
perature variations. Ideally, we would determine the electron density
and compute the temperature distribution in the regions analysed so
that we could more accurately model the intensities of this diagnostic
ratio. However, the rasters analysed do not have sufficient spectral lines
of enough elements to perform this analysis. Therefore, we underpin
these results with a more complete EM analysis of the plasma com-
position of the wider regions R1 and R2 using full detector spectra
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taken 1 h before the first raster. As noted in the main text, the plasma
composition in the observed structures is expected to be similar on
this timescale.

Furthermore, for the EM analysis, we applied the photometric
calibration to convert the countrates to physical units. The SPICE data
are calibrated in units of W m™2sr’ nm™, and we converted these to cgs
units (erg cm2s™sr' A™). As the uncalibrated data are noisy and the
Mg vii772.31 A line is weak, correcting the spectra also means that this
feature emerges more prominently from the background. However, we
also examined theline profile counting statistics to determine whether
the variations we detected between R1and R2in Fig. 3 are significant.
The uncalibrated spectra are very noisy for the first dataset (Fig. 3,
left panel), and we concluded that the results for the small R1 box are
ambiguous. For the other datasets (Fig. 3, middle and right panels),
the counting error for the Mg/Ne intensity ratio is 12.9%-17.3%. The dif-
ferencesintheratios, however, are factors of 1.8-2.2 larger, indicating
that they are significant. In the future, we hope that new observation
campaigns will be developed that potentially lead to full spatial com-
position maps of target regions.

For our EM analysis, we followed the basic methodology of ref. 61.
Line intensities were obtained by fitting single or multiple Gaussian
functionstothe spectra, asappropriate for clean or blended lines. We
identified the lines using the SOHO/SUMER higher-resolution spectral
atlas®. An approximately 25% error was adopted to account for the pho-
tometric calibration uncertainty. In the analysis of line intensities, this
uncertainty dominates over other sources of error. For example, the
spectraanalysed for the EM analysis are averages of the spectra within
the boxed areas shown in Supplementary Fig. 1. These boxes contain
at least 1,300 pixels, implying a counting error of less than 3%. This
had a minimal impact when added in quadrature to the photometric
calibration uncertainty. The line profile counting statistics discussed
above also had a minimal impact on this analysis.

We used lines of O 111-v1, S1v-V, N1V, Ne viand vii1, and Mg viii and
1x for the EM analysis. These cover arange of temperatures from 0.5 to
1.0 MK. The exact lines are given in Supplementary Table 1 along with
ourresults, and the EM solutions are shown in Supplementary Fig. 2.

We used the Markov-chain Monte Carlo (MCMC) algorithminthe
PintOfAle®*** SolarSoftWare package® to compute the EM distribution
and the CHIANTI database® v.10 (ref. 67) supplemented with ADAS
(ref. 68) to compute the contribution functions (G(T, n)) for each spec-
tralline. The MCMC algorithm performs aninversion using the observed
line intensities (/) and contribution functions /= A[G(T, n)@(T) dT,
where Ais the elemental abundance, nthe electron density, Tthe elec-
tron temperature and ¢(7) the differential EM. It finds the best-fitting
solution that minimizes the differences between observed and com-
puted intensities from a collection of 100 Monte Carlo simulations.
Thecritical issue is that we assumed values for the abundances A, and
post-calculation, we verified which assumed abundances worked best.
For this work, we adopted three sets of abundances: the photospheric
abundances from refs. 69,70, the coronal abundances from ref. 71
and the coronal abundances from ref. 72. We used two sets of coronal
abundances to gain someinsightinto how strong the FIP effect is. The
enhancementfactor for the low-FIP element Mgis a factor of 2 greater
inthe abundances fromref. 72 than in the dataset of ref. 71.

Ref. © showed the potential for SPICE to make Mg/Ne abundance
measurements, but an important point is that they used test data to
assess their measurement technique, so the situation was somewhat
idealized (because they were able to pick any measurement target in
their observations). For solar wind connectivity studies, however, the
measurements are more difficult because we have no choice as to the
target: we have to try to make the measurement at the predicted con-
nectivity footpoint. For our analysis, the measurement was, therefore,
more challenging. For example, the Mg vii1 782.34 A line was weaker
inR2, and it was especially weak in our atlas observations. Although
our line profile fitting procedure was still able to fit the weak spectral

features, in this case that was because the solution was a shallow Gauss-
ian withunreasonably extended wings. Thisled to an erroneously large
observed intensity, which was then difficult for the EM calculation to
reproduce, regardless of the assumed abundances (see the results in
Supplementary Table1). The electron density measurement (normally
used to calculate the G(7, n) functions) is, therefore, also unsound.
To mitigate this issue, we allowed the MCMC algorithm to find the
best-fitting density when acquiring the EM solution.

The results in Supplementary Fig. 2 and Supplementary Table 1
show that the different assumptions for the abundances lead to rela-
tively good solutionsin all cases. For example, assuming photospheric
abundances in R1, 80% of the line intensities were reproduced within
35%.Thetable also shows the results assuming the coronal abundances
of ref. 72. In this case, 90% of the lines were reproduced, suggesting a
slight improvement. The results for lines from the low-FIP elements
(Sand Mg) are helpfulin showing a clearer difference. Only about 50%
of the intensities of lines from the low-FIP elements were reproduced
when photospheric abundances were used, whereas 75% of the lines
fromthe low-FIP elements were reproduced when coronal abundances
were adopted. The chisquared calculated for the results alsoimproved.
Adopting the abundances from ref. 71 (not shown in the table) gave
intermediateresults between the two cases shown. Given the uncertain-
ties, it was difficult to pin down an exact value for the FIP bias (ratio of
coronal to photosphericabundances), but forR1, thereisaclear trend
indicatingimprovementsin the solution as the FIP bias wasincreased.

For R2, theresults are more marginal. The table shows that 80% of
the line intensities were reproduced with photospheric abundances.
Although chisquared decreased withincreasing FIP bias, the number of
lineintensities reproduced dropped to 70%. The number of intensities
fromlines of low-FIP elements that were reproduced also decreased. It
was, therefore, difficult to conclude whether photospheric or coronal
abundances provide a better solution in R2. We can at least conclude
that R1shows astronger FIP effect than R2 (ifit shows any at all). These
results are consistent with what we observe when looking at only the
Mg vIi1 782.34 A/Ne Vi1 770.42 A intensity ratios in the two regions and
supporttheinterpretation of the spectra oftheseregionsinthe other
morelimited raster datasets discussed in the main text. Also note that
changing the box size between the rasters, particularly for R1, did not
affect the results.

In situ measurements
For this study, datawere utilized from all three sensors of the SWA suite
(https://doi.org/10.5270/esa-ahypgn6)”. The radial solar wind velocity
(Vg kms™), proton number density (V,, cm™) and proton temperature
(T, eV) shown in Fig. 4a,b were derived from measurements by the
SWA/PASinstrument and have a4 stime resolution. These parameters
were extracted into Python from the ground moment level 2 datafiles
available from SOAR using the SpacePy pycdf module™. Note that
the velocity, density and temperature moments calculated on the
ground from the measured velocity distribution function may have
been affected by reduced counting efficiencies for the lowest ener-
gies in the velocity distribution function. This issue may arise during
intervals of particularly low solar wind velocity, typically in the range
260-380 kms™. A data quality indicator is provided for this data (Sup-
plementary Fig. 3), and for most of the period of interest (1March 2022
until 7March 2022), this was low, <0.2, the threshold below which data
can be assumed to have good quality. During sporadic periods from 7
March 2022, this issue had some impact on the data, and the quality
indicator exceeded this threshold but remained <2. Finally, the qual-
ity indicator varied strongly and the upper limit was exceeded briefly
during the arrival of the ICME on 7 March 2022. Overall, the SWA/PAS
dataare of good quality as the data quality indicator remained relatively
low during the period considered.

The electron phase space density as a function of pitch angle
and summed for energies >70 eV is shown in Fig. 4e. These data were
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derived from measurements by the dual-head SWA/EAS instrument”?,
whichhasal0 stimeresolution. The three-dimensional electron veloc-
ity distribution from each sensor head is available from SOAR. These
data were combined and rebinned with reference to the direction of
the prevailing magnetic field measured by the MAG instrument” (and
see below) to produce the pitch angle distribution as a function of
electron energy for each measurement. Asummation over the energy
range >70 eV was used here as this range is typically dominated by the
strahl component of the solar wind electron distribution, a generally
field-aligned beam that can be used to infer the magnetic connectivity
of the solar wind at the spacecraft to the corona.

The Fe/0, 07*/0°*, C**/C% and C®*/C* ratios were produced at a
10 mintime cadence from measurements by the SWA/HIS instrument.
Additional details on the production of these data products can be
foundinref.76.Thelevel 3 datafiles were downloaded from SOAR and
read into Python using the cdflib module (https://doi.org/10.5281/
zenodo.7011489). The FIP bias values shown on the right-hand axis
of Fig. 4f were calculated by taking the Fe/O ratio and dividing by the
photospheric value of 0.064 (ref. 77).

Theradial component of the interplanetary magnetic field, meas-
ured by the MAG instrument” (https://doi.org/10.5270/esa-ux7y320),
is shown in radial-tangential-normal coordinates with a1 min time
cadence. The data were downloaded from SOAR and imported into
Python using read_cdf in the SunPy package. The quality flag (Sup-
plementary Fig. 3) for the MAG data was between 2 and 3 for the time
period. For the first two days (1March 2022 to 3 March 2022), there was
mainly survey quality data followed by publication quality data (from
3 March 2022 onwards).

VB correlation factor

Theinterplanetary magnetic field and the solar wind velocity measured
by MAG and SWA/PAS, respectively, were used to compute the magni-
tude of the VB correlation factor (|Cyg|) usinga30 min running window,
30 min beinga typical Alfvénicscale’. The factor was calculated using
the normal components of the velocity and magnetic field only. The
normal component of the magnetic field in Alfvén units is given by
b, =B,/(41p)°*, where pis the mass density.

Data availability

All the data analysed in the manuscript are publicly available online.
URL links are provided in Methods. Correspondence and requests for
materials should be sent to Stephanie Yardley.

Code availability

The PFSS code is available in the pfsspy package*’. The magnetic con-
nectivity tool can be found online at http://connect-tool.irap.omp.
eu. The MCMC algorithm used for the EM analysis is available in the
PintOfAle SolarSoftWare package. The contribution functions for
each spectral line were computed using the CHIANTI database v.10
supplemented with ADAS.
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