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Abstract

We revisit a quiet 14-day period of solar minimum during January 2008 and track sub-streamer
propagating disturbances (PDs) from low heights in STEREO/EUVI to the extended corona through
STEREO/COR1 and into STEREO/COR2 along nonradial paths that trace the structure of the un-
derlying streamers. Using our recently developed method for generating nonradial Height-Time profiles
of outward PDs (OPDs) and inward PDs (IPDs), we obtained their velocities along the radial and po-
sition angle directions. Our analysis of 417 unique OPDs revealed two classes: slow and fast OPDs.
Slow OPDs form preferentially at ~1.6 R closer to the streamer boundaries, with asymmetric occur-
rence rates, and show speeds of 16.4725%km/s at 1.5 R, and accelerate up to 200.1772-0km/s at 7.5
Rg. Fast OPDs form preferentially at ~ 1.6 R and at ~3.0 R both at the streamer boundaries and
slightly more often within them. They show speeds of 87.875 tkm/s at 1.5 R, up to 197.8755 5km/s
at 7.5 Rg. IPDs are observed forming at ~1.8 Rg with speeds of tens of km/s, mostly concentrated in
the aftermath of a CME eruption. We present an example in which we show that periodic brightness
variations related to OPDs remained in the range of 98 to 128 min, down to ~2.0 R, well within the
field of view of COR1. The velocity profiles of slow OPDs for heliocentric height below 3.0 R show
good agreement with speeds more closely related to the bulk solar wind obtained via interplanetary
scintillation.
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1. INTRODUCTION

To understand the origin of the slow solar wind, attention must be paid to the dynamic behavior of density structures
and waves low in the corona and down to the lower layers of the solar atmosphere. Many variations visible in the low
and middle corona accelerate with the solar wind and maintain coherence at least through ~20 Rg (DeForest et al.
2016), thus can be used as solar wind tracers. This indicates that below this height, the variations visible in solar
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images are likely structures frozen into the solar wind, and not turbulent fluctuations. Furthermore, remote sensing
and in situ data strongly suggest that much of the structure observed in the slow wind is a tracer of its formation.
However, as of yet, there is no fully-understood link between observed features in the corona and in situ-detected
mesoscale structures in the heliosphere (Viall et al. 2021). Establishing a relationship between these structures and
the origin of the slow wind is required to improve solar wind models (Viall & Borovsky 2020).

Multi-scale magnetic reconnection in the corona has been theorized to cause the variability in the slow wind. Close
to the solar surface, jetlets (Raouafi & Stenborg 2014; Raouafi et al. 2016, 2023) have been suggested as the source of
“microstreams” and were found to correspond to structured solar wind observed in situ by Parker Solar Probe (PSP)
(Fox et al. 2016; Kumar et al. 2022, 2023). Other studies favor reconnection events on a larger scale, namely events
near streamer cusps and global null points (Suess et al. 1996; Einaudi et al. 1999; Wang et al. 2000). Evidence of this
structured solar wind is further supported by observations of transients in PSP/WISPR (Howard et al. 2019; Poirier
et al. 2023; Réville et al. 2020) and SolO/Metis (Antonucci et al. 2020; Ventura et al. 2023) remote sensing observations.
In this context, the S-web concept relates the solar wind’s origin to reconnection occurring between closed and open
field lines (Fisk & Schwadron 2001; Antiochos et al. 2011; Zhao & Fisk 2011; Wang et al. 2012; Edmondson 2012;
Higginson et al. 2017). The slow solar wind has thus been associated with different sources near coronal hole/streamer
boundaries, an indication that it may form through the continuous release of density structures (Antiochos et al. 2011;
Einaudi et al. 2001; Lapenta & Knoll 2005). Indeed, recent studies have described pseudostreamers and null point
topologies (examples of S-web arc) as events in which reconnection and plasma release into the heliosphere occur
(Mason et al. 2019; Stansby & Horbury 2018; Di Matteo et al. 2019).

Streamers show considerable temporal variation of density and are host to several small-scale dynamic features
(Sheeley et al. 1997; DeForest et al. 2018) that have been observed to propagate from the corona into the solar wind.
One example of small-scale, non-turbulent structures is helmet streamer plasmoids, or blobs commonly known as
“Sheeley blobs”, which are structures that place constraints on the acceleration and source of the slow solar wind.
Sheeley et al. (1997); Sheeley & Wang (2007); Sheeley et al. (2009); Wang et al. (1998, 2000) and Harrison et al. (2009)
observed these structures in white light images, and Crooker et al. (2004); Suess et al. (2009); Sheeley & Rouillard
(2010) used composition/magnetic field data to indirectly connect helmet streamer plasmoids to 1 AU plasmoids.
Rouillard et al. (2009, 2010, 2011) tracked these plasmoids to 1 AU and together with Suess et al. (2009), and Sanchez-
Diaz et al. (2017b), they established that “Sheeley blobs” are created through magnetic reconnection at the tips of
helmet streamers.

Another example of small transient structures are the smaller-scale periodic density structures, or PDSs, on radial
size scales of 70-3000 Mm and exhibiting characteristic periodicities ranging from a few minutes to a few hours. These
structures have been detected by in situ measurements (Kepko et al. 2016) and linked to the density structures released
into the solar wind (Viall et al. 2008, 2009b, 2010). PDSs occur as short as ~5 minutes and form at or below ~2.5
R (Viall et al. 2010; Viall & Vourlidas 2015). Often, they survive to L1 (Viall et al. 2008, 2009a; Kepko et al. 2024)
where they can directly drive the Earth’s magnetosphere in a “breathing mode” (Kepko et al. 2002; Kepko & Spence
2003; Viall et al. 2009a; Claudepierre et al. 2009; Hartinger et al. 2014) and affect radiation belt electrons (Kepko &
Viall 2019; Di Matteo et al. 2022). The PDSs accelerate with the slow wind through the region between ~2.5 and 84
R . Their source below this region, however, has yet to be determined. Kepko et al. (2024) provided various scenarios
in which magnetic reconnection is a key aspect in the mechanism by which PDSs are created.

If observations of small-scale transients above ~2.5 Rg and in situ measurements are indicative of magnetic recon-
nection occurring near the sun surface as the mechanism by which the solar wind forms, it stands to reason that a
signature would be left behind in remote sensing observations below ~2.5 Rg. Indeed, Wang et al. (1999); Sheeley
et al. (2001); Sheeley & Wang (2002, 2007, 2014), and Sénchez-Diaz et al. (2017b) have identified reconnection events
in the region between 2.0 and 5.0 R . Hess & Wang (2017) identified reconnection events at distances below ~2.0 Rg.
These studies describe downward-moving density enhancements, or inflows, associated with outward-moving plasma,
or blobs. Sanchez-Diaz et al. (2017b) also made a direct connection between the two and thus concluded that the
mechanism by which inflows and blobs form is the same. A study by Seaton et al. (2021) identified inflows that appear
to arise from reconnection related to streamer detachments that subsequently appear to disturb the lower corona.

Implications for the sources of the slow solar wind can be made by identifying density structures in the low corona
from the field of view (FOV) of EUV imagers (up to ~1.7 Rg) and inner coronagraphs (between ~1.4 and ~ 4.0 Rg),
observing the features that give rise to them, and connecting them to the high corona in the FOV of outer coronagraphs
(up to ~15 Rg). However, the complexity of the plasma configuration at the base of the corona hinders the process of
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directly connecting the slow solar wind to small-scale time-varying structures observed in the corona below ~2.5 R .
Plasma configurations are shaped by the coronal magnetic field, which exhibits a nonradial nature starting at the sun
until approximately ~2.5-3.0 R (Boe et al. 2020). Additionally, connecting the myriad of structures in this region
to structures higher up has proven difficult due to data limitations in terms of noise reduction. Alzate et al. (2021)
developed a method that suppresses both high- and low-frequency variations in STEREO/SECCHI observations. Their
work presented evidence of tracers of the solar wind in the low corona EUV and WL observations near and at the
streamer location. Additionally, Alzate et al. (2023) described a method for tracking nonradial outflows in EUV and
WL images. Their methodology made a more robust case on the reliability of the results of Alzate et al. (2021). In
this paper, we revisit the 14-day period of low coronal activity described in Alzate et al. (2021, 2023) and present an
in-depth analysis of the outflow events identified. This last work opens the door to a more reliable analysis of the
kinematics of these features including nonradial motion in the plane-of-sky (POS) that was not resolved in the original
work (Alzate et al. 2021) and is more relevant in the low corona. In Section 2 we describe the data and methods used
in this new analysis. Section 3 presents our results, which we discuss in Section 4. We present our conclusions in
Section 5.

2. DATA AND METHODS
2.1. Datasets and Image Processing

We used data from the Sun Earth Connection and Heliospheric Investigations (SECCHI, Howard et al. 2008) suite of
instruments on board the Solar Terrestrial Relations Observatory Ahead and Behind (STEREO-A and -B, Kaiser et al.
2008) twin spacecraft. Specifically, we used observations by the Extreme Ultraviolet Imager (EUVI, Wuelser et al.
2004) in the 195 A channel, the COR1 inner coronagraph (Thompson et al. 2003), and the COR2 outer coronagraph.
The EUVI instrument observes the sun and the corona out to ~1.7 R, COR1 observes between 1.4 and 4.0 R, and
COR2 observes between 2.5 and 15 Rg. Here and throughout this paper, we refer to heliocentric heights. Together,
the three instruments offer an uninterrupted view of the corona. As for Alzate et al. (2021, 2023), the data used in
this study are from the STEREO-A spacecraft where the streamer we are revisiting is on the eastern limb and an
additional streamer analyzed for the first time in this paper is on the western limb.

Following the steps described in Alzate et al. (2021), both EUV and WL images were processed using the Bandpass
Frame Filtering (BFF) method. The core of the processing method is a temporal bandpass filter that effectively damps
high-frequency noise and low-frequency slow-changing disturbances. The filtering is achieved through convolution with
two normalized kernels defined as a wide and a narrow Gaussian kernel (see Alzate et al. (2021) for details). For this
study, we tuned the filters to isolate components on timescales between =1.25 and ~10.3 hours. For the images needed
in the nonradial method described below (see Section 2.2), we applied the Normalizing Radial Graded Filter (NRGF)
method (Morgan et al. 2006), which is a simple spatial filter for removing the steep radial gradient of brightness and
revealing the electron corona structures.

2.2. Nonradial Height-Time Plots

Using the method presented in Alzate et al. (2023), we generated nonradial profiles of propagating disturbances
(PDs). The method makes use of our advanced image processing techniques to identify streamer boundaries in solar
images in polar coordinates, reinforced by the comparison with boundaries extracted from tomography brightness
reconstruction. From the identified boundaries we then generated nonradial Height-Time (Ht-T) plots along nonradial
paths (see Alzate et al. (2023) for details). For this study, we defined nonradial paths within the streamer as well as
outside the streamer as seen in the POS. We used as reference points the solar North, solar South, and the identified
boundaries of the streamers in the POS. Figure la shows, for the period under investigation, the time evolution of
the north/south boundary of the streamer visible in the East (NBg/SBg) and West (N By /SBw ) limb. Then, we
divided the regions in between the reference directions in a number of paths such that the average path width was
5° at 8 Rp. This choice led to a total of 67 paths (Figure 1b—c) and led to a good comparison with previous results
in radial Ht-T plots in the COR1 and COR2 FOV. We count the path starting from 0 at the solar North and in
increasing number anti-clockwise (the number of paths discussed in this manuscript are marked in panels b - ¢). For
the connection between EUVI and COR1 observations, we created nonradial paths with an average width of 5° at 1
Rg. This choice led to a total of 71 paths. Note that the streamer on the left (East) appears to expand towards the
end of the time series, and the one on the right (West) splits at the beginning of the time series due to the presence
of a pseudo-streamer (see tomography reconstruction in Alzate et al. 2023). Issues arising from this effect can clearly
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be seen in the online movie associated with Figure 1 when nonradial paths are not well aligned with the streamers.
The yellow-black dotted lines in panels b - ¢ show examples of excluded paths. Results from these nonradial paths
during these periods are excluded from our analysis. Note that, toward the end of the time interval, the nonradial
procedure is properly identifying the northern streamer in the West limb, so results from those paths are included in
our analysis. Following the improvements made to our methodology for tracking PDs and calculating relative velocity
and acceleration profiles, we effectively defined nonradial paths for the entire FOV of the SECCHI suite (comprising
EUVI, COR1, and COR2). Figure 2a shows an example of such nonradial Ht-T plots comprising EUVI, COR1, and
COR2 FOV for the time period from 19 to 24 January and path 20 corresponding to approximately 91°-164° in
position angle. A bright track, corresponding to one of the fast PDs, crossed the FOV of the entire SECCHI suite
and is marked here with arrows. Equivalent arrows are used to point to the same PD in panels b - d as observed in
processed EUVI (BFF + NRGF), COR1 (BFF) and COR2 (BFF) images, as well as in panel e - g showing the same
composites in polar coordinates. A movie for the entire analysis period is available online.

2.3. PDs Analysis

We improved a previously developed methodology aimed at tracking PDs in Ht-T plots and estimating relative
velocity and acceleration profiles (Byrne et al. 2013). The code extracts times and heights at specific pixels through
a point-and-click approach. Then a bootstrap approach is applied to fit a third-order polynomial function to the data
and extract a smoothed Ht—T profile for each transient and the relative velocity and acceleration profile. The observed
tracks, especially in the low corona, manifested slope changes that were not well represented by the more often used
paraboloid functions. The new methodology can also extract the corresponding position angle (not constant because
of the nonradial path) and effectively evaluate the projected velocity and acceleration in the POS. Figure 3 shows an
example of the results of the methodology tracking one of the PDs shown in Figure 2. The errors associated with the
height and position angle are the ones resulting from the binning choice in the construction of nonradial Ht-T plots.
These errors are further propagated to estimate the velocity and acceleration profiles.

2.4. Spectral Analysis

We performed a spectral analysis on time intervals characterized by numerous clustered PDs to check for occurrence
of periodic release of plasma using the procedure by Di Matteo et al. (2021). Briefly, after zero padding the time series
to reach two times the original length, we estimated the power spectral density (PSD) via the adaptive multitaper
method (MTM; Thomson 1982) with time-half bandwidth product NW = 3 and number of tapers K = 5. Then, via a
maximum likelihood criterion, we estimated the continuous PSD background fitting a pan-spectrum (PNS, Liu et al.
2020) function to the original PSD (raw+PNS combination, see also Di Matteo et al. 2021). The ratio between the
PSD and the estimated background constitutes the « values. The MTM provides an additional independent statistical
test, the F-test, to check for the presence of phase coherent periodic fluctuations in a time series. We impose an
80% confidence threshold to identify the frequency of significant PSD and F-test enhancements, signature of periodic
fluctuations in the time series (y+F test). The combination of the two tests significantly reduces the number of false
positives, typically by a factor of two (Di Matteo & Villante 2017; Di Matteo et al. 2021), so it can be assumed that
the effective confidence level is close to 90%.

3. RESULTS/OBSERVATIONS

Our analysis of PDs led to the identification of 1132 tracks. One of the main difficulties of our analysis was the
minimization of possible artifacts arising from the nonradial plasma motion in the low corona and possible line-of-
sight effects. The nonradial procedure has already been proven to minimize these issues (Alzate et al. 2023). In this
work, however, we further clean the data by imposing additional constraints. First, we collected tracks that occurred
at similar height ranges, position angles, and times. Nonradial motion of plasma beyond the defined nonradial path
and/or size scales of PDs occupying more than one path could lead to multiple tracks. We addressed these complications
by comparing each point of one track against each point of neighboring tracks and collecting tracks for which at least
one pair of points occurred with a time difference of less than 30 minutes, a difference between logarithmic heights less
than 0.05, and position angle differences of less than 10°. Furthermore, for PDs moving away from the sun, we only
considered the ones whose tracks reach heights beyond 2.5 Rs. These selection criteria reduced our dataset to 417
unique outward PDs (OPDs; away from the sun) and 31 unique inward PDs (IPDs; toward the sun). In the following
sections, we describe their properties.
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Figure 1. Time evolution of north/south nonradial East/West limb streamer profiles (NBg/SBg and NBw /SBw) detected
through the STEREO/SECCHI suite between 1.0 and 8.0 R in polar coordinates (panel a). The same profiles are over-imposed
on the EUVI-COR1-COR2 composites processed with the NRGF to reveal the streamer profiles (panel b). Panel c, same as
panel b but with a closer view of EUVI and COR1 observations. The yellow-black dotted lines show an example of paths
excluded from the analysis during certain time intervals. A movie of this figure is available online. The animation spans 2008
January 10-23 at a rate of 4 hours per frame (3 s total duration).

3.1. Velocity and Acceleration Profiles

We first investigated the height profiles of speed and acceleration along the radial (v, and a,) and position angle
(vpa and apq) direction for the identified OPDs and IPDs. For the position angle velocity and acceleration, we note
that most of the OPDs get closer to the position angle of the streamer center as they move outward. Therefore, we
separated OPDs based on the limb where they were observed and set the sign of vy, so that positive values indicate
propagation toward the center of the streamer observed in the respective limb; the same is true for a,,. Figure 4 shows
bidimensional distributions with color scales indicating the number of OPDs at a certain height with a certain speed
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EUVI 195 A - COR1 - COR2, PATH = 20 (91° - 164°)
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Figure 2. An example of one of the faster PDs in a nonradial Ht-T EUVI-COR1-COR2 plot composite with corresponding
PDs in EUVI-COR1-COR2 composite images. The colored arrows in the Ht-T plots correspond to like-colored arrows in the
images. A movie of the image composites spanning the entire period of analysis is available online. The animation spans 2008
January 10-23 at a rate of one frame per hour (13 s total duration). A version of the movie at higher cadence (5 minutes per
frame; 323 s total duration) is available at https://zenodo.org/uploads/11211569 (Alzate et al. 2024).

or acceleration. The distribution trends are obtained by collecting the median value (red dot) and the interquartile
range (red bar in the Figure and subscript/superscript in the following text) of the distribution in height bins of 0.5
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Figure 3. Output of the tracking method for one of the PDs shown in Figure 2. Top row, left to right: a) height versus time,
b) position angle versus time, ¢) height versus position angle obtained from the point and click analysis with relative error bars.
Red lines are the best fit resulting from the bootstrapping method. Middle row, left to right: d) height profiles of radial velocity,
) position angle velocity, and ) POS speed bounded by the absolute error (dashed lines). Bottom row, left to right: g-i) same
as second row but for acceleration profiles.

Re. OPDs have radial speeds of 42.473338km /s at 1.5 R and gradually accelerate to 198.07535km/s at 7.5 Re.
The radial acceleration is O.Qfgzgm/ s? at 1.5 R and gradually increases to ~ 4.0 R, after which it remains stable
assuming values of 5.873',m/s? at 7.5 Ry. The median v,, shows slight negative values below 2.5 R, after which
it assumes positive values (motion toward the center of the streamer) starting with a speed of 1.7t} gkm/s at 3.0
R and decreasing to almost null values at 7.5 Re. The median ap, values showed accordingly slight positive and
negative values respectively below and above 3.5 Rg. IPDs are concentrated mainly below 2.0 R with radial speed
and acceleration of —13.3152.km/s and 0.1759m/s? at 1.5 R and no significant v,, or a,,. We show velocity and
acceleration profiles of IPDs forming at greater heights, but their low number makes the median v,, and a,, values
above 2.0 R questionable.

The radial velocity of both OPDs and IPDs (although less clearly) manifests itself in two peaks of main occurrence
around 2.0 Ry. For OPDs, we obtain a higher occurrence at ~=10-20 km/s and =50 km/s, while for IPDs there is
a clear peak at ~-20 km/s and some indication of another group at ~-120 km/s. These suggest the presence of two
categories of transients, slow OPDs and fast OPDs, which have already been discussed in previous works identifying
transients in the low corona (Alzate et al. 2021; Seaton et al. 2021). To separate the two populations, we applied a
cluster analysis Everitt (1993) on the minimum height and radial speed of each unique outflow. We did this using

the function CLUSTER (within the Interactive Data Language (IDL) based system) with two weights set at a height
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of 1.5 Rg and radial velocity of ~10 km/s and ~80 km/s. Note that varying the starting weights has negligible
effects on the following results. The speeds and accelerations are shown in Figure 5 in the same format as Figure 4
for 174 slow OPDs (panel a) and 243 fast OPDs (panel b). There are some differences from the collective properties
of all the OPDs. The slow OPDs have a lower initial radial speed of 16.4725%km/s at 1.5 R and accelerate up to
200.1121-3km/s at 7.5 Re. The radial acceleration profile shows a steep increase around ~3.0 R, going from almost
null values to 6.0757m/s? at 4.0 R, after which the median a, shows values within 4.3 and 6.7m/s?. As for the main
population, the median v,, shows slight negative values below 2.5 R after which it assumes positive values (motion
toward the center of the streamer) peaking with a speed of 3.0f§:8km/ s at 4.0 Re and decreasing to almost null
values at 7.5 Ry. The median a,, values showed accordingly slight positive and negative values respectively below and
above 4.0 Rg. The fast OPDs show significantly higher radial speeds starting from 87.8fg?1:ékm/s in the low corona
at 1.5 Ry up to 197.8f2é:§km/ s at 7.5 Rg. Interestingly, the acceleration profile remains almost constant for heights
greater than 2.0 R with median values within 3.0 and 5.8m/s?. The median vy, /a,, assume negative/positive values
below 2.5 Ry but they are associated with large uncertainties. Above 2.5 Ry, we again observe a v, distribution
skewed toward positive values (motion toward the streamer center) and almost null a,,. Finally, note that in the
radial velocity of slow OPDs we observe an isolated small population with very low speeds (below ~15 km/s) which
shed some doubts about their interpretation as real OPDs. Additionally, the speed values for this population are just
above the ones expected for a streamer motion toward the POS as the sun rotates. For completeness, in Appendix A,
we show the kinematic results that we obtain after excluding this population from our analysis. Briefly, the velocity
and acceleration profiles remained unaltered except for the median v, and a, profiles which showed higher values at
lower heights, but with speeds still distinct from the fast OPDs.

The radial velocity ranges of the slow and fast OPDs include those observed in previous investigations. Alzate et al.
(2021) reported an average velocity of ~ 4.4 km/s for slow OPDs and an average of &~ 131 km/s for fast OPDs with
radial tracking, while Alzate et al. (2023) reported an average velocity of ~ 3.2-6.4 km/s for slow OPDs and an average
of ~ 95-135 km/s for fast OPDs with nonradial tracking. Seaton et al. (2021) reported an average of a few tens of
km/s for slow OPDs and an average of ~50-150 km/s for fast OPDs.

3.2. Formation Location

Next, we investigated the formation location of the OPDs, classified as slow and fast OPDs, and IPDs. For each
category, we reported in Figure 6 the tracks (black lines) we detected in the Ht-T plots and the corresponding location
in polar coordinates. Black dots mark the starting point of a unique outflow as defined by our criteria. Groups of
OPDs that are associated with a main unique outflow starting at lower heights are marked by red dots at their starting
point. While we consider the starting point height as the formation height of the unique OPDs and IPDs, we use the
path number in which the transients are observed to investigate the position angle distribution. The latter approach
allows to qualitatively investigate the location of the transients with respect to the boundaries of the streamer. In fact,
even though the streamer shape evolves over time, the number of paths that we define within it remain constant. We
perform a detailed analysis only for the streamer in the East limb for which we have continuous coverage for the entire
period in analysis. We normalize the path number in the areas north, south, and within the East streamer boundaries
NBpg and SBpg by the respective number of paths. The paths adjacent to each identified streamer profile are defined
as the boundary region. The resulting 2D distributions of the formation location are shown in Figure 6 in color scale
for each category, while the histogram shows the 1D distribution of the transients’ formation height and path. Results
for slow and fast OPDs manifest some significant differences. Slow OPDs form between 1.0 and 3.8 R, preferentially
at ~1.6 Rg. These OPDs appear more concentrated around the south streamer boundary (SBg). Fast OPDs can
originate up to 5.8 R but preferentially at ~1.6 R and ~3.0 Ry. Note that the dip in occurrence around 2.5 R
might be affected by instrumental effect since it corresponds to the inner edge of COR2 and it is where the COR1
data start to get noisy. While the fast OPDs also lay around the south boundary, there is a higher occurrence rate
within the streamer and around the north boundary with respect to the slow OPDs. A significant number of OPDs is
observed around the south pole far from the streamer. A detailed investigation revealed that all the OPDs occurred
around 23 January, right after the passage of a CME suggesting a likely connection of the fast OPDs in this region to
post-eruption blobs (e. g., Hess & Wang 2017). For the IPDs, they appear within the streamer and around the south
boundary while the histogram of formation height shows a peak at ~1.8 Rs. The IPDs we identified are more sporadic
but most of them appear to concentrate around 16 January between position angles 80° and 100°. Interestingly, their
occurrence follows the transit of a CME; the properties of the observed IPDs are consistent with the ones reported
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Figure 4. Velocity and acceleration profiles for a) all OPDs and b) all IPDs. In both panels, top row shows the profile of v,
and a,, while the bottom row shows the vp, and apq profiles. The color scale indicates the number of OPDs while the errorbars
indicate the median value (red dot) and interquartile range (red bars) at height bins of 0.5 R .
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Figure 5. Velocity and acceleration profiles for a) slow OPDs and b) fast OPDs. In both panels, top row shows the profile of v,
and a,, while the bottom row shows the vy, and apq profile. The color scale indicates the number of OPDs while the errorbars
indicate the median value (red dot) and interquartile range (red bars) at height bins of 0.5 Rg.
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by Hess & Wang (2017) for IPDs related to reconnection of a trailing current sheet. These IPDs were observed below
heights of 2.0 R with speeds ranging between 10 and 150 km/s up to several days after the CME.

The presence of two preferential formation heights for OPDs could be an indication of two different kinds of release
mechanisms of coronal plasma. OPDs originating at ~3.0 R and more aligned to the center of the streamer could be
more closely related to processes at the tip of streamers (e. g., tearing mode; Réville et al. 2020). Interestingly, some
OPDs originating at low heights find correspondence with the formation of IPDs both covering the range ~1.6-1.8 R .
When observed, OPD and IPD pairs suggest the occurrence of magnetic reconnection and/or interchange reconnection
phenomena for the plasma release (e. g., Sdnchez-Diaz et al. 2017a). Note also that detailed investigations of inflows
in remote sensing observations reported that they are mainly seen along bends of the coronal streamer belt (Sheeley
et al. 2001) suggesting that the inflows are easier to detect when the streamer belt is seen face-on (Sheeley et al. 2001;
Sénchez-Diaz et al. 2017b). The streamer configuration for the period under investigation shows only small bends.
This can be seen from rotational tomography coronal density reconstruction which was reported for the same period
in Alzate et al. (2023). This is in agreement with our observed unbalance of detection between OPDs and IPDs.
However, a more in depth analysis over different time periods is necessary to fully quantify the amount of OPD and
IPD pairs and their relation to a magnetic reconnection scenario.

3.3. Spectral Analysis

The period we analyzed here had already been discussed in detail by Viall & Vourlidas (2015) in terms of periodic
release of coronal plasma. Typical periodicities ranging between 65 and 100 min were identified in correspondence with
the visible streamer in the East limb of the COR2 FOV. Given our ability to identify transients in the uninterrupted
FOV using EUVI-COR1-COR2 observations, we extended the investigation on the occurrence of periodic plasma
release down to the low corona. First, we compared the results of our methodology with the example time interval
already discussed by Viall & Vourlidas (2015) in which 90 min periodicities were detected (panel a in Figure 7). In
order to make a direct comparison, we extracted brightness height profiles from the EUVI-COR1-COR2 observations
to which we had applied the BFF procedure. To remove the radial brightness trend, we standardized the observations
at each height for the period of interest, which is a simplified version of the NRGF technique. A simple smoothing over
a sliding window of 13 points in height was applied to best reproduce the example of Viall & Vourlidas (2015). To align
the profile in time, we removed the average brightness of each profile and added the actual time of the observations.
The resulting profiles for EUVI-COR1-COR2 observations are shown in the panel b of Figure 7 along a nonradial path
that more closely overlaps with the radial path used by Viall & Vourlidas (2015). Even though we used a different
approach, we can recognize the denser number of OPDs at the beginning of the time interval. Most of the tracks
visible in the COR2 FOV can easily be connected to tracks in the COR1, and subsequently the EUVI, FOV. Most of
these transients originate at heights below ~2.0 R .

To perform the spectral analysis, we extracted brightness profiles at fixed heights from the BFF processed nonradial
Ht-T plots. This is reported in Figure 8a for the same time period discussed in Figure 7. In this representation the
OPDs are more clearly seen in the COR2 FOV but are fainter in COR1 and EUVI observations. The panels on the
right in Figure 8a show the power spectral density normalized to the identified background (see Section 2.4) with
dots identifying the significant portion of the PSD associated with brightness periodic fluctuations. To ensure that
the BFF technique did not include any artifacts in our results, we compared the spectral analysis results from the
BFF filtered data (red) with the one obtained from the original observations (black) on which we only applied the
radial normalization and smoothing in height. In the COR2 FOV we identified periodicities in the 0.12-0.16 mHz
(106-139 min) range at heights between 5.5 and 15 R confirming the occurrence of the periodicity reported by Viall
& Vourlidas (2015). The PSD peak at ~0.07 mHz close to the inner edge of COR2 is a known instrumental signal
which shows up most strongly near the edges of the COR2 FOV (Viall & Vourlidas 2015). Moving to lower heights,
we identified periodicities at progressively longer periods, that is 0.08-0.10 mHz (167-208 min) between 3.0 and 5.0
Rg and 0.07-0.08 mHz (208-238 min) between 1.15 and 1.2 Rg. Similar patterns are observed in other time intervals
and regions. Figure 8b shows a similar spectral analysis for path 14 on January 11-14 during which OPDs were
clearly visible in the EUVI-COR1-COR2 FOV (Figure 8a). Spectral analysis results in Figure 8b reveal periodicities
in the 0.13-0.17 mHz (98-128 min) occurred between 2.0 and 12 Rg. Progressively longer periods manifest at lower
heights, that is 0.10-0.15 mHz (111-167 min) at 1.2-2.0 R and toward 0.08 mHz (208 min) down to 1.1 R . Before
interpreting these results, there are many factors to consider. For example, the decrease of the number of OPDs
forming below 1.6 Rg could lead to less tracks determining longer waiting times between consecutive OPDs and a
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Figure 6. Spatio-temporal distribution of slow OPDs (panel a), fast OPDs (panel b), and IPDs (panel ¢) with corresponding
1D and 2D distribution of relative formation heights and location with respect to the East streamer boundaries (see also Figure
1). Black dots in the Ht-T and Ht-pa plots mark the starting point of unique OPDs and IPDs, while the ones being grouped
into a main OPD/IPD are marked with red dots.
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Figure 7. Panel a) Ht-T radial profiles for COR2 adapted from Viall & Vourlidas (2015). Panel b) Nonradial Ht-T profiles
for EUVI-COR1-COR2, radially normalized and centered in time (see text for details), for the same time period and location
(path 19; see Figure 1 for its location).

consequent apparent increase in period. Additionally, at lower heights there are also more entities that might affect our
analysis: for example faint tracks resembling IPDs that we did not consider in our analysis plus more complex dynamics
related to loop expansion. Nevertheless, we presented one example in which the periodicity of OPDs remained almost
unaltered down to ~2.0 R at about 98-128 min, well within the FOV of CORL1.

4. DISCUSSION

The analysis of 417 OPDs identified in nonradial Ht-T plots from the STEREO/SECCHTI suite shows the occurrence
of two main populations that we classified as slow and fast OPDs. To better understand their nature, we collected
information from previous works reporting velocity estimates of outflows or bulk coronal plasma at distances from 1.0
to 20 Rg. The results are summarized in Figure 9. A first consideration is that studies that involve the tracking of
small-scale outflows show very good agreement above 5.0 Ry with an average speed of ~140 km/s and reaching
an average speed of ~300 km/s at 20 R (Sheeley et al. 1997; Wang et al. 1998; Jones & Davila 2009; Viall et al.
2010; Viall & Vourlidas 2015; Rouillard et al. 2010; DeForest et al. 2018; Cho et al. 2018). Recent investigations
using multiple spacecraft observations to triangulate the location of small transients reported radial velocities with a
similar height profile but at higher values (Lopez-Portela et al. 2018; Lyu et al. 2024), remarking how the POS speeds
constitute a lower limit for true speeds. Velocity estimates based on Doppler Dimming and radio studies (Tokumaru
et al. 1991; Frazin et al. 2003; Imamura et al. 2014; Efimov et al. 2018; Wexler et al. 2019, 2020) cover a similar range
of speeds but extend to lower values: lower than 100 km/s at 5.0 Rg and 200 km/s at 20 Rg. Below 5.0 Rg, the
estimated speed from the tracking of small-scale features shows some discrepancy. Jones & Davila (2009) tracked
outflows in STEREO/CORI1 and reported speeds on the order of 100 km/s down to 1.4 R and found consistencies
with an extrapolation of a velocity profile previously proposed by Sheeley et al. (1997). On the other hand, recent
observations revisiting COR1 observations in the context of nonradial motion of small scale outflows (Alzate et al.
2023) and using off-point EUV observations by the SUVI instrument (Seaton et al. 2021) have confirmed the occurrence
of fast outflows and also revealed the presence of a secondary slower population of outflows. This secondary class of
outflows forms as low as 1.2 R, and propagate outward with speeds of tens of km/s. In this investigation, the presence
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Figure 8. Panel a) On the left, brightness profiles at fixed heights in the EUVI, COR1,and COR2 FOV for the same time
interval and path shown in Figure 7. On the right, normalized PSD from original data (black) and BFF processed data (red)
with dots marking the portion satisfying the y+F test at the 80% confidence level. Panel b) Same as panel a) but for the
nonradial path 14 on January 11-14. See Figure 1 for paths location.

of the two OPD populations was suggested by the presence of two main clusters in the velocity profiles shown in Figure
5. The same median values and interquartile ranges are reported in Figure 9 for slow OPDs (black) and fast OPDs
(red). Below 3.0 R, we found consistent results between the fast OPDs and previous reports based on white light
transient speeds (Jones & Davila 2009; Viall & Vourlidas 2015). For the slow OPDs, the results are consistent with
previous solar wind speeds obtained from transients in EUV and WL observations (Alzate et al. 2021, 2023; Seaton
et al. 2021) and deduced from radio studies (Woo 1978; Imamura et al. 2014; Wexler et al. 2019, 2020) down to 1.5
Re (James 1968). Between 3.0 and 4.0 R, there is a general agreement of almost all previous studies in that height
range and the velocity profile of the slow OPDs, with the profile of the fast OPDs appearing as an upper limit. Above
4.0 Ry, both slow and fast OPDs are in good agreement with previously reported speeds from propagating transients
(Sheeley et al. 1997; Wang et al. 1998; Song et al. 2009; Viall et al. 2010; Rouillard et al. 2010; DeForest et al. 2018;
Loépez-Portela et al. 2018; Cho et al. 2018; Lyu et al. 2024) and radio studies (Woo 1978; Imamura et al. 2014; Efimov
et al. 2018; Wexler et al. 2019, 2020). Note also that both OPD classes are significantly different from the speed profile
of fast wind originating from the sun poles estimated by Cho et al. (2018) that reaches values of ~300 km/s as low as
6.0 Ry (light blue band at higher speeds in Figure 9).

The observed formation height, speed, and acceleration profiles of the two OPD classes provide some insight into the
possible source, release, and acceleration mechanisms of such structures (Viall & Borovsky 2020). Slow OPDs are more
often observed near the streamer boundary and originate low in the corona at heights of ~1.6-1.8 Rg. They slowly
move outward and undergo a significant acceleration starting at ~3.0 Rs. There is no evidence of their formation
at this height, suggesting some possible scenarios: (i) blobs occurring in and around the heliospheric current sheet
and helmet streamer, closed flux could expand slowly and suddenly be released due to reconnection at ~3.0 Rg; (ii)
plasma is already released at ~1.6-1.8 Ry, possibly by interchange reconnection, and undergoes a steeper acceleration
at ~3.0 Rg; (iii) for observations on the West limb showing an active region, the speeds below ~3.0 Ry could be
related to the expansion of active region loops, also showing radial speeds of tens of km/s (Uchida et al. 1992; Wang
et al. 1998; Morgan et al. 2013), which might occur in association with blobs released at the tips of streamers; (iv) the
small OPDs population at very low speeds below ~3.0 Ry, could be related to the streamer motion toward the POS
as the sun rotates, which would yield speeds of a few km/s, and again higher speeds due to blob release at the tips of
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streamers; (v) our results are consistent with solar wind speeds deduced from radio studies (Wexler et al. 2020) which
associate the density variations below and above 2.0 R to acoustic waves and advected structures, respectively. The
fast OPDs on the other hand originate both in the low and middle corona at heights of ~1.6-1.8 R and ~3.0 R and
both at the streamer boundary and within the streamers. The high speed of the fast OPDs at all heights suggests a
likely relation to more impulsive release mechanisms possibly related to interchange reconnection lower in the corona
(e. g., Raouafi et al. 2023; Alzate & Morgan 2016) and magnetic reconnection/tearing mode at the tip of streamers
(Endeve et al. 2004, 2005; Lynch et al. 2014; Higginson & Lynch 2018; Réville et al. 2020). After their release, the fast
outflow undergoes a small acceleration suggesting a further acceleration mechanism possibly due to wave/turbulence.

The periodic release of OPDs has been associated with mechanisms involving reconnection (Viall & Vourlidas 2015;
Kepko et al. 2024). In this work, we were able to investigate the periodic nature of OPDs down to 1.0 Rg and were
able to show that periodic brightness variations in the range of 98128 min can persist down to 2.0 Rs. Below this
height, even though periodicity occurs, its interpretation is hindered by the fact that most of the OPDs form in that
region and IPDs might be present as well.

5. CONCLUSIONS

The combination of the uninterrupted FOV supplied by the STEREO/SECCHI suite of instruments and the appli-
cation of advanced image processing techniques has enabled a detailed analysis of OPDs and IPDs during a period
of solar minimum. The low solar activity led to a clear identification of streamer profiles from which we were able to
define nonradial paths and minimize the effects of nonradial outflow motion and effect due to streamer motion. The
properties of the identified OPDs can be summarized as follows:

e Based on the velocity profile of 417 unique OPDs we were able to distinguish two classes of OPDs which we refer
to as slow and fast OPDs.

e Slow OPDs preferentially form at ~1.6 Ry closer to the streamer boundary and show speeds of 16.4f§§46km/ S
at 1.5 R and accelerate up to 200.172 8km/s at 7.5 Re.

e Fast OPDs preferentially form at ~1.6 Ry and at ~3.0 Ry both at the streamer boundary and within the
streamer. They show speeds of 87.8f‘;’2:ékm/s at 1.5 Rg up to 197.8fgéj§km/s at 7.5 Rg.

e IPDs are observed forming at ~1.8 R with speeds of tens of km/s, however, the tracks we were able to identify
were mostly concentrated both in location and time in the aftermath of a CME eruption.

e The velocity profiles of slow OPDs for heliocentric height below 3.0 R show good agreement with speeds more
closely related to the bulk solar wind obtained via Doppler dimming and interplanetary scintillation.

e We presented one example in which we were able to show that periodic brightness variations related to OPDs
remained in the range of 98-128 min down to ~2.0 Rg, well within the FOV of CORI.

The OPDs presented in this work occurred during a period of solar minimum when the magnetic topology was simple
and dipolar with little magnetic complexity in the global magnetic field. A current effort is underway where we are
focused on magnetically complex time periods throughout Solar Cycle 24. Analyzing several time periods during an
entire solar cycle is a more general and stringent test on solar wind theories and will address questions regarding the
ambient structures in the solar wind in terms of occurrence location, occurrence rate, formation height, and formation
mechanism.

The results of this work have also highlighted that without the separation of OPDs in the slow and fast classes there
is inconsistency between the speeds obtained by tracking small scale OPDs and the one more closely related to the
bulk solar wind (e. g., Doppler dimming and IPS) below 3 Rs. Future observations from the COronal Diagnostic
EXperiment (CODEX; Cho et al. 2017, 2020) could shed new light on this duality comparing the speed of small OPDs
with the global velocity maps that this new mission will provide.

In our current investigation we limited our analysis to heights below 8.0 R5. A more extensive analysis involving
observations at larger heights would be very valuable in understating the evolution of slow and fast OPDs beyond 8.0
Rg. In this regard, the upcoming Polarimeter to UNify the Corona and Heliosphere (PUNCH; DeForest et al. 2022)
mission will provide the opportunity to trace these OPDs close to 1 AU.
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Figure 9. Height-Velocity profiles for slow (black error bars) and fast (red error bars) OPDs compared to estimates and profiles
by previous investigations, with the related datasets and methodology summarized in the legend.
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Finally, the clear distinction between slow and fast OPDs was enabled by the observations below 3.0 R, remarking
the fundamental importance of this region. Routine observations with higher resolution and multi-point extended
FOV involving widely overlapping EUV and white light observations in this region would really benefit the study of
the connection among the low, middle, and high corona (West et al. 2023).
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Facilities: STEREO (EUVI, COR1 and COR2). The tomography maps were produced using SuperComputing
Wales.

Software: The spectral analysis code used in this work is freely available on the Zenodo platform (Di Matteo et al.
2020)

APPENDIX

A. REVISITED KINEMATICS OF SLOW OPDS

We take into account the possible presence of artifacts due to solar rotation in the radial velocity profile of slow
OPDs. We remove from our analysis the portion of the unique tracks with speeds lower than ~15 km/s. Figure 10
shows the revisited kinematic analysis: the slow OPDs have a lower initial radial speed of 42.4717-%km/s at 1.5 Rg
and accelerate up to 200.1721-4km/s at 7.5 R. The radial acceleration profile shows a gradual increase, with some
fluctuations, from 3.3753m/s? at 1.5 Re to 6.7737m/s? at 7.5 Ry. The median v,, shows slight negative values
below 2.5 R after which it assumes positive values (motion toward the center of the streamer) peaking with a speed
of 3.0f§:8k‘m/ s at 4.0 Ry and decreasing to almost null values at 7.5 R . The median a,, values showed accordingly
slight positive and negative values respectively below and above 4.0 Rg. Note also that the formation location results

remain largely unchanged from the ones reported in Figure 6a.
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