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ABSTRACT

Upflows and downflows at active region (AR) boundaries have been frequently observed with spectroscopic
observations at extreme ultraviolet (EUV) passbands. In this paper, we report the coexistence of upflows and
downflows at the AR boundaries with imaging observations from the Solar Upper Transition Region Imager
(SUTRI) and the Atmospheric Imaging Assembly (AIA). With their observations from 2022 September 21 to
2022 September 30, we find 17 persistent opposite flows occurring along the AR coronal loops. The upflows
are prominent in the ATA 193 A images with a velocity of 50-200 km s~*, while the downflows are best seen in
the SUTRI 465 A and ATA 131 A images with a slower velocity of tens of kilometers per second (characteristic
temperatures (log T(K)) for 193 A, 465 A and 131 A are 6.2, 5.7, 5.6, respectively). We also analyze the
center-to-limb variation of the velocities for both upflows and downflows. The simultaneous observations
of downflows and upflows can be explained by the chromosphere-corona mass-cycling process, in which the
localized chromospheric plasma is impulsively heated to coronal temperature forming a upflow and then these
upflows experience radiative cooling producing a downflow with the previously heated plasma returning to
the lower atmosphere. In particular, the persistent downflows seen by SUTRI provide strong evidence of the
cooling process in the mass cycle. For upflows associated with open loops, part of the plasma is able to escape
outward and into the heliosphere as solar wind.
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1. INTRODUCTION

From EUV and X-ray imaging observations, quasi-periodic propagating disturbances (PDs) along the fan-structures
at active region (AR) boundaries have been observed for decades (Berghmans & Clette 1999). The upward propagating
disturbances (UPDs) are usually quite common and have been observed in polar plumes (e.g., Ofman et al. 1997, 1999;
DeForest & Gurman 1998; Tian et al. 2011b; Jiao et al. 2015, 2016) and ARs (e.g., Berghmans & Clette 1999; De
Moortel et al. 2000; Stenborg et al. 2011; Uritsky et al. 2013; Huang et al. 2021). The UPDs always has a fast
propagation speed of 50-200 km s~!, while downward propagating disturbances (DPDs) are slower with a speed of
tens of km s=! (McIntosh et al. 2012). A temperature dependence of the existence of UPDs or DPDs and their
velocities is observed at AR boundaries. For example, Kamio et al. (2011) and McIntosh et al. (2012) found that the
UPDs appear in the hot 193 A passband with a fast velocity of about 100 km s~!, while the sporadic slow DPDs
are formed in the cool passbands such as 131 A with a speed of 15 km s~!. MecIntosh et al. (2012) also found the
coexistence of upflows and downflows in the 171 A observations.

Blue and red shifts of spectral lines, which usually coexist with PDs, have been frequently reported from spectroscopic
observations (e.g., De Pontieu & McIntosh 2010; Tian et al. 2011a, 2012). The corresponding velocities can be estimated
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from the blue and red shifts. Tian et al. (2011a) applied the single Gaussian fit to the observed coronal line profiles
and yielded a blue shift of 10-50 km s~!. However, a more detailed analysis using double-Gaussian fitting technique
(e.g., Peter 2010; Kitagawa & Yokoyama 2015) and red-blue (RB) asymmetry analysis (e.g., De Pontieu et al. 2009;
De Pontieu & McIntosh 2010) suggests that the coronal emission consist of two components, i.e. a primary component
for stationary background and a secondary component associated with high-speed upflows (Tian et al. 2011a; Brooks
& Warren 2012). The primary component is often blueshifted but with a slower speed of about 10 km s~—!, while the
secondary component corresponds to a much faster velocity of 50-150 km s~!, sometime reaching 200 km s~ (De
Pontieu & McIntosh 2010; Tian et al. 2011a). In addition, a clear center-to-limb variation of doppler shifts is observed
(Tian et al. 2012; Ghosh et al. 2019; Rajhans et al. 2023). The doppler shifts are close to 0 when the AR is located
at the limb of the Sun and reach maximum as the AR rotates to the center of solar disk (Ghosh et al. 2019; Rajhans
et al. 2023). The dependence of the red and blue shifts on formation temperature has also been studied. An average
red shift is normally observed in spectral lines with lower formation temperatures and blue shift for lines with higher
formation temperatures (e.g., Peter & Judge 1999; Tripathi et al. 2009; Dadashi et al. 2011; Xia et al. 2004; Raju
2009; Fu et al. 2014). Xia et al. (2004) found that the transition from red shift to blue shifts occurs at a temperature
(log T(K)) of 5.8 for coronal holes and 6.0 for quiet Sun. For AR fan-like structures, the transition temperature (log
T(K)) is 6.0 (Warren et al. 2011).

DPDs and red shifts are explained by downflows (McIntosh et al. 2012), while there are two explanations for UPDs
and blue shifts, upflows (e.g., Sakao et al. 2007; Harra et al. 2008; Tian et al. 2011a) and slow-mode magneto-acoustic
waves (e.g., Wang et al. 2009; de Moortel 2009; Nishizuka & Hara 2011), and now researchers believe that both upflows
and waves exist (Tian et al. 2021). Thus co-spatial UPDs and DPDs (labeled as bidirectionally propagating distur-
bances, BPDs, hereafter) can be explained by co-spatial upflows and downflows, and their temperature-dependence
imply a chromosphere-corona mass cycle process. As suggested by McIntosh et al. (2012), the plasma in the chro-
mosphere is impulsively heated to transition region and coronal temperature, exhibiting as high-speed upflows. Then
these upflows experience radiative cooling process and the previously heated materials will slowly return to the chro-
mosphere, producing slow downflows. A similar scenario of mass cycling has also been proposed by Marsch et al.
(2008) and Young et al. (2012). Additionally, for UPDs in open loops associated with open-field lines, part of the
plasma can escape outward and into the heliosphere as fast solar wind. For example, Uritsky et al. (2023) reported
self-similar outflows of hundreds of km s~! above a polar coronal hole, and Kumar et al. (2023) reported several jets
in AR during a failed eruption. These events are believed to be a mixture of hot plasma and Alfvén waves, and can be
a source of fast solar wind (Raouafi et al. 2023; Uritsky et al. 2023; Kumar et al. 2022, 2023). Thus the study of the
BPDs are highly related to our understanding of the mass and energy transport mechanism in the solar atmosphere
as well as the formation of the upper atmospheric heating.

By the analyses of observations from Atmospheric Imaging Assembly (ATA, Lemen et al. 2012) and the Solar Upper
Transition Region Imager (SUTRI, Bai et al. 2023; Wang et al. 2023), we present the spatial and temporal properties
of the upflows and downflows occurring at the AR boundaries and their appearance in the hot and cool passpands.
In particular, SUTRI provides full-disk solar observations at Ne VII 465 A line formed at a temperature of 0.5 MK
in transition region, which has been rarely explored. In Section 2 we describe the observations and analysis methods.
In Section 3 we present the characteristics of the BPD events and discussions. Finally, we summarize our findings in
Section 4.

2. OBSERVATIONS AND ANALYSIS

In this research, we mainly analyzed the imaging observations taken by SUTRI on board the Space Advanced
Technology demonstration satellite (SATech-01) and the ATA on board the Solar Dynamics Observatory (SDO, Pesnell
et al. 2012). SUTRI provides narrow-band imaging of full solar disk in the Ne viI465 A passband, which is formed at a
rarely sampled temperature of about 0.5 MK (log T'(K)=~5.7, Tian 2017). The normal cadence of SUTRI observations
is 30 s and the sampling resolution is 1.22” /pixel. Since about 1/3 of SATech-01’s orbit period (~96 min) is in the earth
eclipse, SUTRI’s maximum continuous observation time is about an hour. AIA provides full-disk solar observations in
seven different EUV passbands, i.e., 94 A (Fe XVIII), 131 A (Fe VIII for AR, Fe XXI for flare), 171 A(Fe IX), 193 A (Fe
XII for AR, Fe XXIV for flare), 211 A (Fe XIV), 304 A (He II), and 335 A (Fe XVI), spanning a temperature range
from about 6 x 10* K to 2 x 107 K. For our analysis, we mainly used 304 A, 131 A, 171 A, and 193 A passbands,
with characteristic temperatures (log T'(K)) of 4.7, 5.6, 5.8, and 6.2, respectively. The ATA images have a sampling
resolution of 0.6” /pixel and a cadence of 12 s.
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Table 1. Detailed information of the BPDs.

BPD Time Location  Velocity (kms™*) SUTRI AIA
D (UT) (arcsec)  DPD UPD 465A  304A 131A 171A 193A
1 2022-9-21 00:19-01:10 (-796,-264) 3547 171430 d d u u
2 2022-9-21 00:19-01:10 (-785,-260) 4446  143+18 d d d d u
3 2022-9-21 17:40-18:32 (-688,-275) 6545  163+24 d d du du du
4 2022-9-23 10:42-11:10 (-427,-304) 36+14 153+16 d d u
5 2022-9-24 10:23-11:10 (-572,-492) 3446 180440 d d du  du
6 2022-9-24 19:54-20:37  (-116,-405) 2544 139423 d d d,u u
7 2022-9-24 21:26-22:11 (-88,-393) 4145 7149 d d d u
8 2022-9-24 23:01-23:46 (-129,-317) 4846 141425 d d d d d,u
9 2022-9-25 08:26-09:13 (25,-259) 3143 128421 d d d,u

10 2022-9-25 08:26-09:13 (24,-259) 29+3  113£16 d,u d,u d,u u
11 2022-9-27 06:13-06:54 (-57,-452) 3846  113+18 d d d u
12 2022-9-27 07:47-08:28 (393,-394)  48+£8 86£8 d d d d d,u
13 2022-9-27 12:32-12:54 (475,-349)  31£9  100£15 d d u
14 2022-9-27 17:16-17:55 (527,-238) 2845  236+40 d d d u
15 2022-9-27 23:34-9-28 00:14  (527,-238)  48+7  104+10 d d d u
16 2022-9-28 05:53-06:48 (612,-270) 3246  149+18 d d d u
17 2022-9-29 05:34-06:28 (725,-248) 1943 64£8 d d d u

NOTE— We use the coordinates of the footpoints of the AR loops as the locations of the BPDs and give them in
the third column. In the last five columns, ‘d’ and ‘u’ represent, respectively, the presence of a DPD and UPD
in each passband.

PDs in ARs are sometimes covered by the surrounding dynamic structures and are hard to see in the EUV obser-
vations. To better reveal the faint propagating signatures, Tian et al. (2011b) and McIntosh et al. (2012) used the
detrended intensities for their analyses. Following the method of Tian et al. (2011b) and McIntosh et al. (2012), we
obtained the detrended intensities by subtracting a X-minute running average from the raw intensities. To highlight
PDs with different velocities (McIntosh et al. 2012), we choose a X of 8 and 20, respectively, to enhance the relative
contribution of the faster and slower PDs to the total emissions.

We analyze SUTRI and ATA observations of AR 13105, 13106, and 13107 from 2022 September 21 to 2022 September
30, during which time the ARs rotate from eastern limb to western limb. By studying the detrended movies, we can
easily discern the persistent UPDs or/and DPDs occurring along the AR coronal loops depending on the temperature
of the diagnostic passband used. For event with simultaneous appearance of UPDs and DPDs on the same structure,
we define it as BPD and include it in our studies. Then we perform the space—time analysis to investigate the evolution
of the PDs along the coronal loop for the four AIA passbands (304, 131, 171, and 193 A) and SUTRI observations
(465 A).

3. RESULTS AND DISCUSSION

We identify 17 BPD events on the coronal structures and the detailed information, i.e., occuring time, locations,
propagating velocities, and appearance in SUTRI and ATA images, are listed in Table 1. The ARs appeared on the
east limb on 2022 September 21 and moved to the disk center following the rotation of the Sun on 2022 September
24 and disappeared behind the western limb on September 30. By observing the loops structure in AIA 193 A, we
can see that most of the magnetic geometry of the studied loops are open, and there are also several events with
closed loops. Figurel shows the snapshot of SUTRI and SDO/ATA 193 A observations for BPD 1 (upper panels)
and 8 (lower panels). BPD 1 is an event within an open loop, while BPD 8 is an event within a closed loop. From
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Figure 1. Solar observations on 2022 September 21 (top row) and September 24 (bottom row). The left column shows the
full-disk SUTRI images with a square region showing the ARs where the BPDs occur. The middle and right columns show the
zoomed-in images of the square regions in SUTRI 465 A and ATA 193 A passbands, respectively. The green rectangles outlined
in the middle and right panels represent the location of the space—time plots studied in Figures 2 and 3.

(Animations of BPD 1 and BPD 8 are available in the online journal, showing the evolution of these two events. Note that
animation of BPD 1 shows observation data of 2022 September 21 00:19-00:54 UT, and animation of BPD 8 shows observation
data from 2022 September 24 23:01-23:46 UT. Animation of BPD 1 has a shorter duration compared with BPD 1 in Table 1,
because we cut the last frames in which part of SUTRI observations are blocked due to the earth eclipse for a better vision effect.
Animation for each event includes four panels, the first row shows original images of SUTRI 465 A and AIA 193 A passbands,
and the second row shows corresponding 20-minute detrended images. The green rectangles outlined in all panels represent the
location of the space-time plots studied in Figures 2 and 3.)

the online supporting movies, we can see clearly the PDs in the fan-like structure at the boundary of the ARs, i.e.,
slow down-flowing plasma streams in SUTRI 465 A and fast upward motions in the AIA 193 A passband. Note that
SUTRI’s maximum continuous observation time is about 60 minutes due to the earth eclipse.

Figure 2 and Figure 3 show the space-time plots for BPD 1 and BPD 8, respectively. The starting point of Y-axis
in the space-time plots corresponds to the footpoint of the AR loops. The left panels show the signal following the
removal of an 8-minute running average from the raw intensity while the right panels show the 20-minute detrended
signals. From the figure we can see the evolution of the PDs along the coronal loop for the AIA 304 A, SUTRI 465 A,
131 A, 171 A, and 193 A passbands from top to bottom. Note that a running average of two frames was applied to
ATA images to improve the signal-to-noise ratio, especially for 304 and 131 A. In Figures 2 and 3, the DPDs and
UPDs appear as inclined bright stripes with opposite directions. The left and right panels show clear difference in the
patterning visible. For example, the inclined black dashed lines indicate an apparent downward motion of material
along the structure in Figure2 (b2) and (c2), while no obvious signatures are shown in Figure2 (bl) and (cl). For
upflows in ATA 193 A, however, the space-time plots of the 8-minute detrended intensity reveal more signatures than
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Figure 2. From top to bottom: Space-time plots of the detrended intensity signal for BPD 1 in the AIA 304 A, SUTRI 465 A,
ATA 131 A, 171 A, and 193 A passbands along the path identified in Figure 1. The left and right panels show the 8-minute and
20-minute detrended intensity signals, respectively. The black dashed lines show the identified UPDs and DPDs.

that of the 20-minute detrended intensity. McIntosh et al. (2012) have observed the same phenomenon and discussed
the explanation. As what is shown in Figure 2 and 3, upflows are associated with shorter lifetime and downflows
with longer lifetime. For a smaller detrending time which is shorter than upflows’ lifetime, a single upflow can be well
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Figure 3. Same as Figure 2, but for BPD 8.

sampled from beginning to its end. However, only a small portion of a single downflow is sampled during the lifetime
of a single upflow. That is because the intensity variation of downflows is removed as the background in the detrended
intensity plots. Consequently, for some downflows, they are not so clear or even cannot be observed in the 8-minute
detrended plots. While for a longer detrending time which is comparable to upflows lifetime, only a part of the upflows
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Figure 4. Scatterplots of downflow (left panel) and upflow (right panel) velocities as a function of radius vector. The error
bars represent the uncertainties of the velocities.

can be sampled from their beginning to the end. So in the 20-minute detrended plots, fewer upflows can be observed.
However, for downflows, they can be sampled from beginning to the end, so they can be clearly viewed in 20-minute
detrended plots.

The appearance of the BPDs in each passpand is given in the last five columns of Table 1, from which we found that
the downflows are prominent in SUTRI 465 A and ATA 131 A while the upflows are best seen in ATA 193 A. In some
events, we can see the appearance of both downflows and upflows in the same passband. The above analysis indicates
that the flows are temperature-dependent, with upflow of PDs visible in the hotter passbands while downflows in cooler
passbands; this is consistent with previous results by McIntosh et al. (2012).

Based on the appearances of the downflows in the EUV passbands, we divided the BPDs into two categories. In
category 1, downflows only appear in the low-temperature passbands such as the SUTRI 465 A and AIA 131 A (e.g.,
BPD1). On the other hand, the BPDs in category 2 show downflow signatures both in the low- and high-temperature
passbands (e.g., BPD 8 appearing in ATA 193 A). Category 1 includes BPD 1, BPD 4, BPD 13, BPD 14, BPD 16, and
BPD 17, and category 2 includes BPD 2, BPD 3, BPD 5, BPD 6, BPD 7, BPD 8, BPD 9, BPD 10, BPD 11, BPD 12, and
BPD 15.

The projected velocities of the BPDs on the plane-of-sky (POS) can be estimated by calculating the slopes of the
strips, which are indicated by the dashed line in the space-time maps. When the DPDs/UPDs appeared in multiple
passbands, we choose the passband in which DPDs/UPDs can be most clearly observed to estimate POS; they are
usually SUTRI 465 A for DPDs and AIA 193 A for UPDs. We first define a threshold and select the signals with
higher (or lower, in case of a dark stripe) detrended intensity than the threshold in a region where a bright stripe can
be observed. We choose a suitable threshold to highlight the stripe and separate it from the background. Then, we
use a linear fitting to get the slope as the estimated velocity. The error of velocity mainly comes from the estimate
of distance, and is estimated by E(AATD), where AT is estimated by the lasting time of PD, and F(AD) is estimate
by V2RMSE(D), where RMSE(D) means the root mean square error of the distance in the linear fitting. Then if
there are multiple DPDs/UPDs in one event, we calculate their average velocity. As an example, the POS velocities of
DPDs in BPD 1 and BPD 8, as shown in Figure 2 and Figure 3, are usually within the range of 33-57 km s~!, while the
UPDs are always associated with a fast speed, i.e. 121-219km s~'. The averaged POS velocities of DPDs and UPDs
in BPD 1 (BPD8) are 3547 (40+6) km s~ 'and 171430 (141£25) km s™!, respectively. The estimated POS velocities
together with their estimated errors for all the 17 events are shown in Table 1. We can see that the downflow usually
has a POS velocity of 19-65km s~!, while the upflow velocity ranges from 64 km s~! to 236 km s—!.
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Previous studies have demonstrated that the prevalent UPDs appearing in the fan-like structures at AR boundaries
are related to the high-speed secondary components (blueward asymmetries) of coronal lines (Tian et al. 2021). In this
work, the velocity of the upward propagating features is estimated to be 64-236 km s~!, which is consistent with the
previous results. The velocities of the downward propagating features are similar to those obtained from the redshifts
of the transition region and coronal lines in the previous studies (e.g., Tian et al. 2011a,b). From the above analysis it
indicates that the downward and upward propagating features studied in this work are likely plasma flows propagating
with opposite directions along the coronal loop legs at the AR boundaries.

The above analysis suggests that we are observing the same process with that from McIntosh et al. (2012); Tian et al.
(2021), i.e. the mass-cycling between the chromosphere and corona. As indicated in Figure 5 of McIntosh et al. (2012),
the heated material associated with highly dynamic spicules (McIntosh & De Pontieu 2009; De Pontieu et al. 2011;
Tian et al. 2014; Samanta et al. 2019) move upward from the chromosphere to the corona with a fast velocity along
the coronal loops. The upflow will lead to a high-speed secondary emission component in coronal lines (Tian et al.
2011a). The persistent downflows seen in cooler emission are a result of the previously heated plasma transitioning
into the radiative cooling domain and then returning to the lower atmosphere with a slower speed. Also, we noticed
that for some events in open loops such as BPD 1, upflows share similar characteristics with self-similar outflows that
have been reported by Uritsky et al. (2023). For these events, the mass-cycling between the chromosphere and corona
may not be a fully closed cycle and a part of plasma in UPDs can escape outward and into the heliosphere. This
process may be a source of fast solar wind (Raouafi et al. 2023; Uritsky et al. 2023; Kumar et al. 2022, 2023).

We noticed that BPDs events can be divided into two categories: downflows only appear in the low-temperature
passbands in category 1, and appear both in the low- and high-temperature passbands in category 2. This indicates
that some downflows only contain cold plasma, and other downflows are mixtures of cold plasma and hot plasma. The
ubiquitous downflows seen at a temperature of 0.5 MK in transition region observed by SUTRI provide additional
evidence for the radiative cooling process in the complex chromosphere-corona mass-cycle.

In addition, we investigated the relationship between velocities and the radius vector (RV, the fractional distance to
the limb from the disk center), to study the center-to-limb variation (CLV) of POS velocities. RV is defined as, based
on Klimchuk (1987); Rajhans et al. (2023), RV = £+/x2 + y2/Rgun, where (x,y) is the coordinate of the footpoint of
the coronal loops in units of arc-second and R, is the solar radius with a value of 959”. A value of zero corresponds
to disk center whereas +1(—1) represents the eastern (western) limb. Figure 4 plots the POS velocities as a function
of RV for downflows and upflows. Although the velocities are in wide scatter, we see a weak CLV variation, i.e., larger
POS velocities are observed as the RV approaches the limb. This can be explained by taking into account the LOS
projection effect. Considering the fact that the coronal loops hosting the BPDs are located at the AR boundaries,
these loops are likely perpendicular to the line-of-sight (LOS) when the ARs are close to the solar limb. On the
contrary, when the ARs are approaching the solar disk center, the coronal loops are roughly aligned with the LOS and
the POS velocities of the BPDs are small. Such a result and interpretation is consistent with the finding of Tian et al.
(2012), in which the authors investigated the velocities of the plasma flows from the CLV of the spectroscopic profile
asymmetries.

4. SUMMARY

We report 17 BPDs, consisting of coexisting upflows and downflows, from imaging observations taken by SATech-
01/SUTRI and SDO/ATA. These plasma flows persistently appear at the AR boundaries as the ARs rotate from the
east limb to the disk center and then to the west limb during the time period of 2022 September 21 to 2022 September
30.

The upflows are prominent in hotter passband, i.e. AIA 193 A, while the downflows are best seen in SUTRI 465 A and
ATA 131 A. In some cases, the downflows can also be seen in ATA 304 A, 171 A, and 193 A. The velocities of downflows
are estimated to be only tens of kilometers per second, while the upflows propagate more faster with a velocity of
50-200 km s~!. The coexistence of downflows and upflows can be explained by a chromosphere-corona mass-cycling
process, in which the local chromospheric plasma is impulsively heated to the coronal temperature forming an upflow,
and then experience a radiative cooling process producing a downflow with the previously heated plasma returning
to the lower atmosphere. For upflows in open loops, some plasma can be ejected into space and this makes upflows
a source of solar wind. We also investigate the CLV of the POS velocities for both upflows and downflows, which is
likely due to the LOS projection effect.
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