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ABSTRACT

Context. The origin of the slow solar wind is still an open issue. One possibility that has been suggested is that upflows at the edge of
an active region can contribute to the slow solar wind.
Aims. We aim to explain how the plasma upflows are generated, which mechanisms are responsible for them, and what the upflow
region topology looks like.
Methods. We investigated an upflow region using imaging data with the unprecedented temporal (3 s) and spatial (2 pixels = 236 km)
resolution that were obtained on 30 March 2022 with the 174 Å channel of the Extreme-Ultraviolet Imager (EUI)/High Resolution
Imager (HRI) on board Solar Orbiter. During this time, the EUI and Earth-orbiting satellites (Solar Dynamics Observatory, Hinode,
and the Interface Region Imaging Spectrograph, IRIS) were located in quadrature (∼92◦), which provides a stereoscopic view with
high resolution. We used the Hinode/EIS (Fexii) spectroscopic data to find coronal upflow regions in the active region. The IRIS
slit-jaw imager provides a high-resolution view of the transition region and chromosphere.
Results. For the first time, we have data that provide a quadrature view of a coronal upflow region with high spatial resolution. We
found extended loops rooted in a coronal upflow region. Plasma upflows at the footpoints of extended loops determined spectroscop-
ically through the Doppler shift are similar to the apparent upward motions seen through imaging in quadrature. The dynamics of
small-scale structures in the upflow region can be used to identify two mechanisms of the plasma upflow: Mechanism I is recon-
nection of the hot coronal loops with open magnetic field lines in the solar corona, and mechanism II is reconnection of the small
chromospheric loops with open magnetic field lines in the chromosphere or transition region. We identified the locations in which
mechanisms I and II work.
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1. Introduction

The solar wind is a continuous stream of charged particles emit-
ted by the Sun (Parker 1958; McComas et al. 2003). The solar
wind is key to understanding the maintenance and dynamics
of the heliosphere, in which the planets exist. McComas et al.
(2003) discussed the three-dimensional solar wind around solar
maximum. The solar wind has two components. The fast solar
wind (faster than 500 km s−1 at 1 AU) originates from coronal
holes (Temmer 2021). There are many potential sources of the
slow solar wind (slower than 400 km s−1 at 1 AU), which are

? Movies are available at https://www.aanda.org

debated. The question of the sources of the slow solar wind is
highly complex. The sources are located around the activity belt
of the Sun (Abbo et al. 2016).

Doppler velocity maps of active regions show that the
upflows at the border of active regions are observed at coro-
nal temperatures (Sakao et al. 2007; Doschek et al. 2007, 2008;
Del Zanna 2008; Hara et al. 2008). The upflow regions are sug-
gested as potential sources of the slow solar wind (Kojima et al.
1999; Sakao et al. 2007; Harra et al. 2008), and they form dur-
ing the early phase of the active region formation and exist
throughout the active region lifetime (Brooks et al. 2021). They
are always observed when an active region is observed spectro-
scopically in the corona.
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Barczynski et al. (2021) suggested that at least three paral-
lel mechanisms create the upflow region: (I) open magnetic field
lines can reconnect with the closed hot loops in the lower corona
or upper transition region, (II) open magnetic field lines can
reconnect with small-scale chromospheric loops, and (III) the
chromospheric plasma can escape to the solar corona as a result
of the expansion of the open magnetic field lines from the pho-
tosphere to the corona due to the waves in the solar atmosphere.
The role of waves in the upflow was discussed by Tian et al.
(2011). As a result of the magnetic field reconnection (mecha-
nisms I and II), the magnetic energy is released in the solar atmo-
sphere. This process heats the surrounding plasma and plasma
flows. The blueshift is observed above the location of reconnec-
tion, and redshifts are observed below the location of reconnec-
tion in the solar atmosphere. The reconnection should leave an
imprint on the coronal intensity change with time. The waves in
the lower solar atmosphere might also cause the plasma upflow
(mechanism III).

Previous studies of upflow regions (Sakao et al. 2007;
Doschek et al. 2007, 2008; Del Zanna 2008; Hara et al. 2008;
Boutry et al. 2012; Brooks et al. 2021; Barczynski et al. 2021)
used observations obtained with Earth-orbiting satellites, that is,
with data that were obtained from a single viewpoint. Two meth-
ods enable a stereoscopic view of the upflow region: (1) track-
ing the upflow region for a few days while the upflow rotates
with the Sun (Démoulin et al. 2013), and (2) using simultane-
ous observations from two satellites that are located with some
angular separation, such as the two Solar Terrestrial Relations
Observatory (STEREO) satellites (e.g. Aschwanden & Wülser
2011). Both methods allow studying the long-term changes of
the upflow region with the characteristic scale of a few days
(method 1) and cadence of STEREO observations, which is at
least 2.5 min (method 2).

The new generation of satellites provides a unique oppor-
tunity of high spatial and high temporal observation of the
solar atmosphere. The Atmospheric Imaging Assembly (AIA;
Lemen et al. 2012) on board the Solar Dynamics Observatory
(SDO; Pesnell et al. 2012) observes the solar disk with a high
spatial resolution of 2 pixels, equal to 1.2′′, which at a distance
of 1.0 AU translates into 2 pixels, equal to 872 km. The AIA
standard time cadence is 12 s. The combination of the Solar
Orbiter mission (Müller et al. 2020) launched in 2020 and Earth-
orbiting observatories provides an opportunity for quadrature
observations of the Sun when Solar Orbiter is in the appropri-
ate parts of its elliptical orbit. The Extreme Ultraviolet Imager
(EUI; Rochus et al. 2020) on board Solar Orbiter observes the
Sun with a Full Sun Imager (FSI) and with two High Resolution
Imagers (HRI). In the 174 Å channel, the HRI telescope (known
as HRIEUV) provides a spatial resolution of 2 pixels, equal to 1′′,
which at a distance of 0.33 AU translates into an unprecedented
spatial resolution of 2 pixels, equal to 236.8 km. The HRI tem-
poral resolution is 3 s. For the first time, we show a quadrature
observation of a coronal upflow region with high spatial and high
temporal resolution data.

We use a combination of Solar Orbiter HRIEUV data with
Interface Region Imaging Spectrograph (IRIS; De Pontieu et al.
2014) and Hinode EUV Imaging Spectrometer (Hinode/EIS;
Culhane et al. 2007) observations (Sect. 2). This provides a view
of the upflow footpoints from the chromosphere to the corona,
complementing the imaging data that provide details of the struc-
ture emanating from the upflow region. This is hard to see in
imaging because the corona is optically thin when the Sun is
observed face on. Using Doppler imaging, we compare the line-
of-sight plasma velocity in the upflow region and the appar-

Table 1. Spectral lines or passbands of Hinode/EIS, IRIS, EUI, and
SDO/AIA used in the analysis.

Line/channel Wavelength log (T/K) Instr. Usage
[Å]

Fe XII 195.12 6.2 EIS Vel., dyn.
AIA 193 193 6.1 AIA Dyn.
EUI 174 174 5.8 EUI Vel., dyn.
AIA 171 171 5.8 AIA Dyn.
AIA 304 304 4.7 AIA Dyn.
SJI 1400 1400 3.7–5.2 IRIS Dyn.
SJI 2796 2796 3.7–4.2 IRIS Dyn.

Notes. The abbreviations in the “Usage” column define the usage for
velocity measurements (vel.) and dynamics of the upflow region sub-
structure studies (dyn.).

ent motions of the coronal plasma measured near quadrature
over the plane of sky along the extended loops that are rooted
in the upflow region (Sect. 3). In Sect. 4 we discuss the rela-
tion between the coronal emission and the underlying transition
region and chromosphere. In particular, we focus on the dynam-
ics of the small-scale features observed in the transition region
and chromosphere. In Sect. 5 we discuss the properties of the
coronal upflow region obtained from the quadrature observation
and the plasma dynamics in the solar corona and in the underly-
ing part of the solar atmosphere. We conclude with our results in
Sect. 6.

2. Observations and data processing

2.1. EUI observations

We analysed images of the solar atmosphere obtained with the
EUI on board Solar Orbiter. The EUI consists of three tele-
scopes: the dual-band FSI, which observes the full solar disk
at 174 Å and 304 Å, and the two HRIs, which show the solar
atmosphere in the Lyman-α line at 1216 Å (HRILy-α) and in the
extreme ultraviolet (EUV) at 174 Å (HRIEUV). We used level-2
data from HRIEUV showing the upper transition region and lower
coronal emission (1 MK), mainly originating from the Fe ix and
Fex lines (see Table 1).

We analysed the active region NOAA 12974 observed with
HRIEUV on 30 March 2022 between 00:08 UT and 00:53 UT
(time measured at Earth) with a cadence of 3 s and an expo-
sure time of 1.65 s. Solar Orbiter was located at 0.33 AU from
the Sun. The angular separation between Solar Orbiter and the
Sun and the Sun-Earth lines was 92◦ in solar longitude, which
is ideal for this kind of quadrature view analysis. The HRIEUV
field of view (FOV) is 2048 × 2048 pixels, and the plate scale is
118.4 km at 0.33 AU.

We used level-2 HRIEUV data provided by the EUI team that
were released as part of the “EUI Data Release 5.0 2022-04”.
They are publicly available (Mampaey et al. 2022).

2.2. Atmospheric imaging assembly observations

The AIA continuously observes the full solar disk from the pho-
tosphere to the solar corona with seven EUV and three UV chan-
nels. The EUV images are obtained with a cadence of 12 s, and
the UV images are obtained with a cadence of 24 s. The pixel
size is 0.6′′ (436 km) for all AIA channels.

A74, page 2 of 9



Barczynski, K., et al.: A&A 673, A74 (2023)

We used pre-processed SDO data provided by the Joint Sci-
ence Operations Center (JSOC1). The data were corrected for
plate scaling, shifts, and rotation (data are equivalent to level 1.5
data).

We used the images from the AIA 304 Å, 171 Å, and 193 Å
channels to study the chromosphere, transition region, and the
solar corona simultaneously. These channels were used to study
the topology and dynamics of the upflow region.

2.3. Interface region imaging spectrograph observations

The IRIS is a space-based imaging spectrograph that observes
the chromosphere and transition region. IRIS provides spec-
troscopic raster data in two far-ultraviolet (FUV) channels,
at 1332−1358 Å and 1390−1406 Å, and in a near-ultraviolet
(NUV) channel at 2786−2835 Å. The spectral sampling is
12.8 mÅ for the FUV and 25.6 mÅ for the NUV.

The IRIS Slit Jaw Imager (SJI) provides the images of the
area surrounding the slit in four filters. Two filters cover the wide
bandpass centred at C ii 1334/1335 Å and Si iv 1394/1403 Å.
Two other filters focus on the narrower bandpass of 4 Å, and
they are centred at Mg ii k 2796 Å and the wing of Mg ii around
2830 Å.

We analysed the active region observed with SJI on 30 March
2022 between 00:23 UT and 00:53 UT. IRIS observed using a
large sit-and-stare mode and provided SJI images in the Si iv
(1403 Å) and Mg ii k (2796 Å) filters. The SJI provides context
images of the region around the location under the spectrograph
slit. For each filter, the SJI obtained 488 images with a cadence
of 4 s and an exposure time of 1 s. The FOV of SJI images is
167′′ × 175′′. We only analysed the SJI images because we are
interested in studying the temporal evolution of our target with
a large field of view. The raster sit-and-stare mode allows us to
analyse only single-slit positions.

We downloaded SJI level-2 data from the IRIS database2.
These data were reoriented to common axes: north is up (0◦ roll),
and they were corrected for dark current and flat field.

2.4. Hinode EIS observations

The EIS is a spectrograph that observes the solar atmosphere in
two wavelength ranges: 171−211 Å and 245−291 Å. The spec-
tral resolution in both channels is 22.3 mÅ.

We analysed the EIS data obtained on 30 March 2022
between 00:32 UT and 02:59 UT. EIS provides spectroscopic
data with a slit size of 2′′ and an FOV of 50.0′′ × 152.0′′.

We downloaded level-0 data from the Hinode/EIS archive3.
We reduced the data with the eis_prep standard calibration rou-
tine from the Solar Software IDL library. This routine removed
the CCD dark current, cosmic-ray pattern, and hot and dusty pix-
els from detector exposures and provided the radiometric cali-
bration to physical units (erg cm−2 s−1 sr−2 Å−1). The data were
also corrected for the slit tilt (Warren et al. 2014).

We focused on the strong coronal emission line Fexii
(195.12 Å). The eis_auto_fit routine4 was used to fit a sin-
gle Gaussian for the Fexii spectral line at each spatial pixel.
There are two spectral lines of the Fexii doublet at 195.12 Å and

1 http://jsoc.stanford.edu
2 https://iris.lmsal.com/search/
3 http://solarb.mssl.ucl.ac.uk/SolarB/SearchArchive.
jsp
4 Solar Software; eis_auto_fit.pro.

195.18 Å. We found the same χ2 and velocity error for the single-
and double-Gaussian fits and hence used the single-Gaussian fit.

We used the fitted parameters to obtain the maps
of the peak intensity and Doppler velocity. The non-
thermal velocity map was computed with the solar software
eis_width2velocity routine. This routine uses the equation
FWHM2 = (FWHMinstr)2+4 ln 2 (λ/c)2(Vt+V2

nt), where FWHM
is the full width at half maximum, FWHMinstr is the instrumen-
tal full width at half maximum, λ is the wavelength of the peak
of the emission line, c is the speed of the light, Vt is the thermal
velocity, and Vnt is the non-thermal velocity.

2.5. Data alignment and reprojection

We aligned the intensity map of the lines that were formed with
similar temperatures using a cross-correlation technique. We
aligned the maps according to the following chain: SJI 2796 Å–
SJI 1400 Å–AIA 304 Å–AIA 171 Å–AIA and 193 Å–EIS Fexii.
The accuracy of the alignment between IRIS and AIA data is
a single AIA spatial pixel. The Hinode/EIS and AIA data were
aligned with an accuracy of a single Hinode/EIS spatial pixel.

The HRIEUV images were co-aligned together with a sub-
pixel precision using a cross-correlation method. The correction
of HRIEUV data was necessary to reduce the effect of the space-
craft jitter.

The re-projection method was used to define the position of
the same region of interest (ROI) at the solar disk for an obser-
vation with satellites located at a separation angle of 92◦. We
used the World Coordinate System (WCS; Greisen & Calabretta
2002) and solar software WCS routines to re-project the posi-
tion of the points defined in Hinode/EIS to the corresponding
position in HRIEUV maps.

3. Upflow region topology and speed in the
quadrature observations

For the first time, solar coronal observations obtained simultane-
ously with SDO/AIA 171 Å (Fig. 1a) and HRIEUV (Fig. 1b) show
an active region with high-spatial and temporal resolutions, and
with a large angular separation (92◦). Based on the EIS Doppler
velocity map presented in Fexii (Fig. 2), we defined the upflow
region as the area with velocities v < −5 km s−1. The upflow
region is highlighted with the black contour in the Hinode/EIS
maps (Figs. 2a–c). We define the region-of-interest A (ROI-A)
as the area that spatially corresponds to the upflow velocity
v < −5 km s−1 obtained with Hinode/EIS (Fig. 2b). The error
associated with the Doppler velocity measurements is related
to the fitting, and in the upflow region, it is around ±2 km s−1.
The obtained error is not the absolute error because the Doppler
velocities in Fexii obtained from EIS lack absolute calibration.
We obtained the error of the velocity measurement using SSW
IDL procedure eis_get_fitdata. The intensity map of Fexii
(Fig. 2a) shows the absence of the large hot coronal loops in the
coronal upflow region from the on-disk view. The non-thermal
velocity map (Fig. 2c) shows higher non-thermal velocities in
the upflow region than in the surroundings. This effect is well
known and has been observed before (e.g. Chen et al. 2011).

The ROI-A (Fig. 1, black contour) is located at the edge of
active region NOAA 12974. The extended loops are rooted in the
ROI-A as is seen from a side view in the HRIEUV map (Fig. 1a).
The face-on view in AIA 171 Å (Fig. 1b) shows a lower intensity
in ROI-A than in its surroundings.
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the Hinode/EIS upflow region defined in Fig. 2. In panel b, the white line presents the solar disk limb position from panel a computed with the
WCS_LIMB solar software routine and then transformed into the SDO/AIA view. The limb observed in EUI/FSI 174 Å (panel a) is marked by a
dashed line in the 171 Å map (panel b).

Intensity

ï5

310 320 330 340 350
ï260

ï240

ï220

ï200

ï180

ï160

ï140

ï120

2.0 2.2 2.4 2.6 2.8
alog10(int. FeXII) [erg cmï2 sï1 srï1]

ï5

310 320 330 340 350

ï20 ï10 0 10 20
vel. [km/s]

ï5

310 320 330 340 350

10 20 30 40
Nonïth. vel. [km/s]

30ïMarï2022 00:32:02.000Doppler velocity Non-thermal vel.

x[arcsec]

y[
ar
cs
ec
]
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umn) in the Fexii emission line (1.0 MK). Black contours represent
a Doppler velocity of −5 km s−1. An area with Doppler velocities v <
−5 km s−1 is defined as an upflow region.

The zoom-in of the HRIEUV observation (Fig. 3a) shows
a sub-region with a strong intensity and numerous extended
loops rooted in ROI-A. The HRIEUV imaging data show ROI-A
obtained in quadrature with respect to EIS spectroscopy maps.
The temporal analysis shows that brightenings move outward
along the loops from the ROI-A centre (see Movie 1). The
extended loops (Fig. 3a, red arrow) are bright, and the relative
changes in intensity with time are weak. To identify the inten-
sity changes, we analysed the movie (Movie 1) and prepared the
stack plot shown in Fig. 3b.

The stack plot (Fig. 3b) shows the intensity changes along
the dashed line with time (Fig. 3a). The dashed line begins at

the loop footpoint (red cross in Fig. 2b). The beginning of the
profile line corresponds to a distance 0 Mm in the stack plot
(Fig. 3c). The intensity propagation along the reference line is
linear with time from 00:32:30 UT until the end of the stack
plot time axis (00:37:00 UT). To determine the velocity of this
intensity propagation, we defined the maximum intensity point
for each time step along the reference line in the distance range
0−3 Mm. Then, we fitted a linear function to these points of max-
imum intensity. The fitted parameters define the intensity move-
ment along the extended loop due to plasma flow or wave propa-
gation. The fitting error is interpreted as the error of the velocity
measurement. The increase in intensity propagates with a veloc-
ity of 9.6 ± 0.4 km s−1 along the extended loops.

For 20 min of coordinated observations of Hinode/EIS and
EUI, we identified five footpoints of extended loops and the
plasma flow along these extended loops. We computed the
Doppler velocity from EIS at the footpoints and the velocity
along the extended loops from EUI. The results of this mea-
surement are summarized in Table 2. Measurements 4 and 5 in
Table 2 were obtained for the same footpoint and the same ref-
erence line position along the extended loop, but at consecutive
times. Thus, they present a different propagation, but originate
from the same region. The Doppler velocity in the upflow region
is consistent with previous upflow studies (e.g. Barczynski et al.
2021). Longer series of data are necessary to describe this prop-
agation and verify their possible periodicity.

The Doppler velocity computed from EIS and the velocity
along the extended loops from EUI can be affected by the pro-
jection effects. For the stronger inclination angle of the extended
loop from the line normal to the solar surface, the real velocity of
the plasma upflow is higher than the measured velocity. There-
fore, the results presented in Table 2 should be interpreted as the
lowest velocities.

4. Dynamics of the features in the upflow region

4.1. Upflow region dynamics with a stereoscopic view

The quadrature observations show small-scale structures in
the EIS upflow regions in the coronal maps of AIA 171 Å
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dashed black line highlights the location of the single-pixel-wide line used to measure the velocity along the loops. The extended loop is marked
with a red arrow. The blue arrow shows a low-intensity area in the upflow region. Panel b shows a change in intensity along the extended loop
with time obtained from HRIEUV observations (see the profile line in the figure to the left). The red line is fitted to the locations with the highest
intensity and has a velocity of 9.9 ± 0.4 km s−1. All panels are scaled to the same intensity range (900−2300 DN/s). The footpoint of the extended
loop has a Doppler velocity determined by Hinode EIS of −8.6 ± 2.3 km s−1 (Fig. 2).

Table 2. Velocity measurements of the extended loop footpoints and the plasma propagation along the extended loops.

No. Time (Hinode/EIS) Position EIS (x, y) Vel. EIS Position start (x, y) Position end (x, y) Vel. EUI
30 March 2022 [arcsec] [km s−1] [arcsec] [arcsec] [km s−1]

1 00:32:02–00:36:55 UT (319.0,−241.7) −8.6 ± 2.3 (−2569.8,−1049.7) (−2596.0,−1057.0) 9.9 ± 0.4
2 00:32:02–00:36:55 UT (324.2,−232.1) −6.7 ± 2.3 (−2576.0,−1021.7) (−2596.9,−1020.9) 10.1 ± 1.5
3 00:36:55–00:41:48 UT (325.2,−238.8) −9.6 ± 2.0 (−2567.4,−1041.0) (−2655.7,−1072.4) 7.7 ± 1.6
4 00:36:55–00:41:48 UT (327.0,−239.2) −9.3 ± 2.1 (−2565.2,−1041.0) (−2602.2,−1048.8) 12.1 ± 1.7
5 00:41:48–00:46:41 UT (327.0,−239.2) −9.0 ± 2.0 (−2565.2,−1041.0) (−2602.2,−1048.8) 10.1 ± 1.7
6 00:46:41–00:51:34 UT (319.4,−238.4) −12.0 ± 2.0 (−2573.6,−1040.0) (−2594.6,−1045.3) 4.1 ± 0.5

Notes. The start and end positions (fifth and sixth columns) are measured in the HRIEUV maps in Fig. 3a.

and HRIEUV. We focus on the observations obtained between
00:32 UT to 00:52 UT. These observations show strong intensity
changes with time inside ROI-A in the coronal maps obtained by
AIA 171 Å and HRIEUV. We created a spatial map of the stan-
dard deviation intensity with time for the AIA 171 Å (Fig. 4a)
and HRIEUV (Fig. 4b) observations to identify the regions with
stronger dynamics. To do this, we computed the standard devi-
ation of intensity with time separately for each pixel position.
We used the IDL procedure STDDEV5, which calculates the
standard deviation as the square root of the variance of inten-
sity with time. The cadence, exposure time, and instrumental

5 https://www.l3harrisgeospatial.com/docs/stddev.html

response are different for HRIEUV and AIA 171 Å, and there-
fore we can quantitatively compare values within the standard
deviation map of either AIA 171 Å or HRIEUV, but not between
these two maps. However, we can qualitatively identify the
regions of the stronger and lower standard deviations and com-
pare the position of these regions in the HRIEUV and AIA 171 Å
channels.

The HRIEUV and AIA 171 Å channels both show an enhanced
standard deviation of the intensity fluctuation in ROI-A.
The spatial distribution of the enhanced standard deviation
values is different between the instruments. In the AIA 171 Å
channel, most of the ROI-A region shows a high standard
deviation of the intensity, and only the northern part of ROI-A
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Fig. 4. Map of the standard deviation of the coronal intensity with time observed with (a) AIA 171 Å and (b) HRIEUV. Panel c shows a zoom of
the upflow region seen by the HRIEUV. The maps are computed for the time range between 00:32 to 00:52 UT on 30 March 2022. The contour
highlights the ROI-A that spatially corresponds to the upflow region (velocity v < −5 km s−1) in Hinode/EIS map (Fig. 2b). In panel c, the orange
arrow shows the region where there are rooted extended loops (see also Fig. 5) with the standard deviation higher than in the surroundings. The
blue arrow shows the region with lower standard deviation intensity values than the extended loops footpoint region. The low standard deviation
region corresponds to a low intensity region in the corona maps (see Fig. 5).

shows a lower standard deviation of the intensity than the rest.
The HRIEUV map of ROI-A shows a stronger standard deviation
in the southern and eastern part of ROI-A (Fig. 4c, orange
arrow); the western part of the ROI-A shows a lower standard
deviation (Fig. 4c, blue arrow). The intensity image of HRIEUV
(Fig. 3a) shows many extended loops rooted in the east side
of the ROI-A. The evolution of these extended loops and their
footpoints results in a large standard deviation in the eastern and
southern part of ROI-A observed in HRIEUV.

Even though HRIEUV and AIA 171 Å show the same region
with a similar peak temperature response, the difference in the
spatial distribution of the standard deviation of intensity in the
HRIEUV and AIA 171 Å channels is clearly visible. We suggest
that this difference between HRIEUV and AIA 171 Å is likely
to be related to a projection effect. The upflow region obser-
vations from the side view and face-on view show correspond-
ing structures, but observed from different observation angles.
Thus, the line of sight is different for the side view and for the
face-on view, and this implies the difference in intensity inte-
grated along the line of sight. The temporal evolution of the
intensity observed from different orientation angles is differ-
ent as well, which implies a difference in the standard devi-
ation maps of the intensity for the HRIEUV and AIA 171 Å
observations.

4.2. Upflow region dynamics in the chromosphere, transition
region, and solar corona

The chromosphere (Fig. 5a), transition region (Fig. 5b), and
(Fig. 3) coronal intensity maps of ROI-A show numerous fast-
evolving small-scale structures. The attached movies of the chro-
mosphere (Movie 2), transition region (Movie 3), and the solar
corona (Movie 4) show the evolution of these structures over a
period of 20 min. We identified the sub-regions of ROI-A with
high and low concentrations of these small-scale structures. We
found these sub-regions in the chromosphere, transition region,
and coronal maps (Movies 1–4). We suggest that it is possi-
ble to localise places with mechanism I (reconnection of the
hot coronal loops with open magnetic field lines in the solar
corona) and II (reconnection of the small chromospheric loops
with open magnetic field lines in the chromosphere/transition
region) based on the standard deviation maps. The reconnection
of the open magnetic field lines with the closed hot loops in the
lower corona or upper transition region should create a strong
increase in intensity and higher dynamics of the coronal struc-
tures, and it is expected to generate strong plasma flows therein,
and hence a stronger standard deviation in these parts of the solar
atmosphere. In a similar way, the reconnection in the chromo-
sphere should increase the standard deviation of the intensity in
the map of the chromospheric temperatures. The strong standard
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Fig. 5. Highly dynamical small-scale structures are observed in the transition region with IRIS SJI 2796 (panel a) and IRIS SJI 1400 (panel b). The
rectangle shows the Hinode/EIS field of view. The contour inside it presents ROI-A that spatially corresponds to the coronal upflow region with a
projected velocity v < −5 km s−1.

deviation of the intensity in the lower corona/upper transition
region suggests mechanism I, that is, reconnection of the hot
coronal loops with open magnetic field lines in the solar corona.
The strong standard deviation of the intensity in the chromo-
sphere suggests mechanism II, that is, reconnection of the small
chromospheric loops with open magnetic field lines in the chro-
mosphere/transition region.

We created spatial maps of the standard deviation of the
intensities with time of the chromosphere (Figs. 6a,b), transition
region (Fig. 6c), and the corona (Fig. 6d). The evolution in the
maps of the standard deviation of the intensity with time helps
identify the places with the strongest intensity changes. In all of
the analysed channels, ROI-A shows a stronger standard devia-
tion of the intensity than in the quiet Sun.

The standard deviation map of the intensity in the solar
corona shows stronger fluctuations in the centre of ROI-A than in
the surroundings. In the transition region and chromosphere, we
found places with a high standard deviation that corresponded
to the place in the corona with a high standard deviation of
the intensity. The blue contour highlights the strong coronal
(AIA 193; Fig. 6d) standard deviation of the intensity in the tran-
sition region map (Fig. 6c). We suggest that the places with
the strong standard deviation of the intensity in the transition
region map that are located beyond the blue contour, but still
in the region that spatially corresponds to coronal upflow region
(white contour), can show a different upflow mechanism than the
region inside the blue contour. This is because the process that
causes the intensity evolution in the region highlighted by the
blue contour occurs in the solar corona; for instance, reconnec-
tion of hot coronal loops with open magnetic field features. The
high standard deviation that only occurs in the transition region
map suggests that the process that causes the change in intensity
is located in this layer of the solar atmosphere. It might be the
reconnection between the small chromospheric/transition region
loops with the open magnetic field lines, for example. Further
analysis of similar observations is required to better understand
the upflow mechanisms.

5. Discussion

We analysed an active region that was for the first time observed
in a quadrature view with data that have a high spatial and
temporal resolution. To do this, we used imaging data obtained
from AIA 171 Å on board the Solar Dynamics Observatory and
HRIEUV on board Solar Orbiter. Moreover, we used simulta-
neous spectroscopic observations obtained by IRIS and Hin-
ode/EIS. Hinode/EIS observed plasma at coronal temperatures
and allowed us to investigate the plasma flow. We defined the
upflow region as a compact area with Doppler velocities v <
−5 km s−1 in the Fexii line observed with Hinode/EIS. In the
coronal maps of the HRIEUV intensity, we found extended loops
rooted in the area that corresponds to the upflow region in the
Hinode/EIS map. The plasma flow measured along the extended
loop with HRIEUV is similar to the Doppler velocities at the
footpoint of these loops, as shown in the Hinode/EIS Doppler
velocity maps. Then, we investigated the dynamics of the coro-
nal upflow region and spatially corresponding underlying lay-
ers of the solar atmosphere. The high-resolution observations
obtained with IRIS and AIA show numerous small-scale struc-
tures in the chromosphere and transition region in the locations
that correspond to the coronal upflow region observed with Hin-
ode/EIS. The standard deviation maps allowed us to distinguish
the regions where mechanism I (reconnection between the hot
coronal loop and open magnetic field) and mechanism II (recon-
nection between the chromospheric small-loop and open mag-
netic field) play a dominant role.

Here, we summarise the results of our study. From a limb-
view, the high-resolution quadrature observation of the active
region shows extended loops that are rooted in the area that
corresponds to the upflow region in the coronal Doppler veloc-
ity map (Sect. 5.1). The coronal footpoints of the extended
loops show upflow Doppler velocities (Fexii line, Hinode/EIS)
that are similar to plasma velocities that are measured along
the expanded coronal loops from the side view (Solar Orbiter,
HRIEUV; Sect. 5.2). The intensity maps in the area that spatially
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Fig. 6. Standard deviation map of the chromosphere (a, b), transition region (c), and the corona (d). The maps are computed for the time range
between 00:32 to 00:52 UT on 30 March 2022. The white contour presents the ROI-A that spatially corresponds to the coronal upflow region with
a velocity v < −5 km s−1. The blue contour in panel c shows a strong standard deviation of AIA 193Å intensity of 20 DN/s (panel d).

corresponds to the coronal upflow region show strong dynam-
ics in the small-scale structures in the chromosphere, TR, and
corona (Sect. 5.2). Solar observations with two instruments in
quadrature with respect to the Sun (HRIEUV vs. AIA 171) show
different variations. This might be caused by the different lines
of sight in the corona (Sect. 5.3).

5.1. Upflow region topology in the quadrature observation of
the solar disk

Our quadrature observations of an active region show extended
loops in the corona that are rooted in the place that corre-
sponds to the coronal upflow region in the Hinode/EIS map
(Sect. 3). The imaging observations suggest that the extended
loops are related to the upflow region, but the projection effect
can strongly affect a proper determination of the position of
long and expanded features such as loops. Therefore, the high-
resolution simultaneous imaging observation of the active region
is important to confirm that the extended loops are rooted in the
region that spatially corresponds to the upflow region observed
in the solar corona with Hinode/EIS. Moreover, a negative mag-
netic field polarity is always connected to a positive magnetic
field polarity because magnetic monopoles do not exist. The so-
called open magnetic field lines remain attached to two opposite
polarities at the solar surface and expand into the heliosphere.
They are therefore described as open magnetic field lines. The
extended loops are similar to so-called open magnetic field flux
tubes. The extended loops can extend significantly beyond the
solar corona, and hence they can contribute to the slow solar
wind as well. This implies that the plasma can propagate from

the upflow region along the extended loops. This result is con-
sistent with previous studies of the magnetic field topology of
the upflow region (e.g. Baker et al. 2017).

5.2. Plasma upflow measurements in the quadrature
observation

The Doppler velocity map of the upflow region shows the
velocity in the range between −20 km s−1 and −5 km s−1. We
selected five footpoints of the expanded coronal loops observed
with HRIEUI rooted in the area corresponding to the upflow
region observed with Hinode/EIS. We measured the plasma
Doppler velocity at these footpoints and the velocity along
extended loops that are rooted at the footpoints at which we
measured the Doppler velocity. We obtained similar velocities
of about 10 km s−1 for the plasma upflow in footpoints and for a
plasma propagation along the extended loops. The similar results
obtained from two different methods of the upflow plasma mea-
surements suggest that the same plasma flow was measured from
the on-disk and close-to-limb view.

Our results are the first quadrature observation measure-
ments of the plasma velocity in an active region upflow region.
Further analysis based on a larger number of upflow regions is
necessary to provide a general view of the upflow region plasma
flow measured from quadrature observations. This method
should be applied to the data from the Spectral Imaging of
the Coronal Environment (SPICE; SPICE Consortium 2020)
imaging spectrometer on board Solar Orbiter to provide the
first-ever quadrature-spectral observation of an upflow region
(Podladchikova et al. 2021). SPICE observed this upflow region

A74, page 8 of 9



Barczynski, K., et al.: A&A 673, A74 (2023)

on 30 March 2022 at 00:00 UT. This SPICE data analysis will
largely depend on how well the SPICE spectra can be corrected
for the point spread function to retrieve reliable Doppler shifts
(Plowman et al. 2022).

5.3. Dynamics of the small-scale features in the area that
corresponds to the coronal upflow region

The chromosphere, transition region, and solar corona maps
show numerous small-scale features in the area that spatially cor-
responds to the coronal upflow region. The standard deviation
maps allowed us to identify a sub-region with a stronger inten-
sity fluctuation than its surroundings in the area that spatially
corresponds to the coronal upflow region.

Barczynski et al. (2021) discussed three mechanisms that
can generate plasma upflows. We suggest that mechanism I, the
reconnection of the open magnetic field lines with the closed hot
loops in the lower corona or upper transition region, probably
creates a strong increase in intensity and in the higher dynamics
of the coronal structures, and generates strong plasma flows in
the solar corona. Therefore, we expect that mechanism I creates a
higher standard deviation of the intensity closer to the reconnec-
tion location in the solar corona than far from the reconnection
location. Mechanism II is reconnection between open magnetic
field lines with small-scale loops in the chromosphere and the
lower transition region (Barczynski et al. 2021).

The region with the stronger standard deviation of the inten-
sity identified in the transition region but with a low standard
deviation of the intensity in the solar corona suggests mecha-
nism II of the plasma upflow. IRIS provides the Doppler velocity
maps of the chromosphere and transition region with two modes:
sit-and-stare, and raster scan. To compare Hinode/EIS and IRIS
Doppler velocity maps of an upflow region, we need use simul-
taneous raster-scan-mode observation. However, IRIS worked in
sit-and-stare mode during the quadrature observation. This pre-
vents a comparison of IRIS and Hinode/EIS velocity maps.

6. Conclusions

We presented the first high-resolution quadrature observations
of the solar corona in the region that corresponds to the plasma
upflow at the edge of an active region measured in the Doppler
velocity map of Fexii at 195 Å. Our observations show that the
extended loops are rooted in the coronal upflow region. These
loops were observed before in coronal limb observations, but
not in on-disk observations. Our observations show that blobs of
plasma flow from the upflow region along the extended features.

The coronal images of the solar disk near the limb show
that the plasma flows along these extended loops have a sim-
ilar velocity as the plasma upflow velocity measured with the
Doppler method at the footpoints of these loops from the on-
disk view. This implies that the mechanism that generates plasma
upflows at the border of the upflow region might cause the
plasma propagation along extended loops. Moreover, extended
loops can extend significantly beyond the solar corona, and
hence they can contribute to the slow solar wind as well. Fur-
ther analysis based on simultaneous high-resolution quadrature
observations of the active region are necessary to better under-
stand the mechanism that causes the plasma upflow at the active
region borders.

The dynamics of small-scale structures in the upflow region
can be used to identify the mechanisms driving the plasma

upflow. Based on standard deviation maps of the intensity with
time from different layers of the solar atmosphere, it is pos-
sible to distinguish between reconnection of the hot coronal
loops with open magnetic field lines in the solar corona (mecha-
nism I) and reconnection of the small chromospheric loops with
open magnetic field lines in the chromosphere/transition region
(mechanism II). Further analysis based on simultaneous high-
resolution quadrature observations of the active region are nec-
essary to better understand the mechanism that causes the plasma
upflow at the active region borders.
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