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Abstract

Context. The solar wind transients propagating out in the inner heliosphere can be observed in white-light images from Heliospheric Imager-1 (HI1), an instrument of the Sun Earth Connection Coronal and Heliospheric Investigation on board the Solar Terrestrial Relations Observatory (STEREO), from two perspectives. The spatial velocity distribution inside solar wind transients is key to understanding their dynamic evolution processes.

Aims. We generated a velocity map of transients in 3D space based on 2D white-light images and used it to estimate the expansion rate as well as some kinematic properties of solar wind transients.

Methods. Based on the recently developed correlation-aided reconstruction method in our previous work, which can recognize and locate 3D solar wind transients from STEREO/HI1 image data, we further developped a new technique for deriving the spatial distribution of the radial velocities of the most pronounced features inside solar wind transients.

Results. The technique was applied to events including a coronal mass ejection (CME) and three small-scale transients, so-called blobs, observed by HI1 on 3–4 April 2010 to reconstruct their radial velocity maps. The results match the forward-modeling results, simulations, and in situ observations at 1 AU fairly well. According to the obtained spatial distributions of height and radial velocity of the CME, we analyzed the self-similarity of the radial expansion of the CME ejecta. The dimensionless radial expansion rate of the northern and middle parts of the CME ejecta varies in the range of 0.7−1.0 at heliocentric distance between 25 R⊙ and 55 R⊙ and the rate of the southern part in the range of 0.3−0.5, suggesting that the CME structure was distorted and shaped by the ambient solar wind. The technique we developed is expected to be applied to more events.
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1. Introduction
Solar wind transients are macroscopic inhomogeneous structures in the solar wind originating from the solar corona. Coronal mass ejections (CMEs) are large-scale solar wind transients, typically consisting of ejecta, a driven shock, and a shock sheath in between (e.g., Webb & Howard 2012) if they are fast enough. The ejecta is believed to be a huge bending flux rope that erupts from the solar surface (e.g., Chen et al. 1997; Cremades & Bothmer 2004; Thernisien et al. 2006). In white-light images, the ejecta structure usually shows a bright front, which is also called the leading edge, a dark cavity, and a bright core, if any (Schwenn et al. 2006). In addition to CMEs, high-density small-scale solar wind transients called “blobs” (Sheeley et al. 1997; Sanchez-Diaz et al. 2017) propagate from the near boundaries of small coronal holes or the top of the streamers into the heliosphere with the slow solar wind. They are therefore thought to be good tracers of the slow solar wind in observations (López-Portela et al. 2018). A wide range of undefined small-scale solar wind transients or disturbances have also been recorded in in situ and remote-sensing observations (e.g., Kilpua et al. 2009; Rouillard et al. 2011a; DeForest et al. 2018). These solar wind transients and the continuum background solar wind constitute the plasma environment that surrounds our planet. The velocity distribution inside solar wind transients is a key information for us to understand their evolution in the heliosphere and the effects on space weather.
Although some spacecraft, such as Wind around the first Lagrange point of the Sun-Earth system since 2004 (Ogilvie et al. 1995), provide in situ measurements of the solar wind velocity with high temporal resolution and high accuracy, the number and coverage of spacecraft in the heliosphere is very limited, and therefore it is impossible to obtain the velocity distribution of transients even in two or more spatial dimensions from in situ observations. Interplanetary scintillation (IPS) measurements through many radio sources can detect the density variation of transients and reconstruct their 3D velocity map in the whole inner heliosphere with the computer-assisted tomography (CAT) technique (Jackson et al. 1998; Manoharan 2010), for instance, in relatively low temporal and spatial resolution.
The density variation of transients leads to an intensity variation in Thomson-scattered light, which can also be remotely observed in relatively high temporal and spatial resolution by space-borne white-light imagers such as the Large Angle and Spectrometric Coronagraph (LASCO) (Brueckner et al. 1995) on board the Solar and Heliospheric Observatory (SOHO), the coronagraphs (COR1 and COR2) and heliospheric imagers (HI1 and HI2) in the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) suite (Howard et al. 2008) on board the Solar Terrestrial Relations Observatory (STEREO), Wide-field Imager for Solar PRobe (WISPR; Vourlidas et al. 2016) on board Parker Solar Probe (PSP; Vourlidas et al. 2016) and SoloHI (Howard et al. 2020) on board Solar Orbiter (Müller et al. 2020). However, due to the lack of the information of the depth along the line of sight (LOS), a 2D image cannot directly convey the complete 3D information of solar wind transients. In practice, the plane of sky (POS, i.e., the plane perpendicular to the observer-Sun line and crossing the solar center) is usually chosen as a projection plane for solar wind transients along the LOS, especially for a coronagraph, to study their kinematics. Alternatively, Vourlidas & Howard (2006) proposed that a Thomson sphere, which is a sphere with a diameter of the observer-Sun line, should replace the POS. However, Howard & DeForest (2012) suggested that there is no significant difference in brightness for a solar wind transient on or near the Thomson sphere. An accurate derivation of the 3D position and velocity of transients still relies on other methods.
The leading edges of the transients normally leave bright traces in the images of visible light, inspiring many methods that were developed to derive their locations and velocities, such as the icecream cone model (Fisher & Munro 1984), the graduated cylindrical shell (GCS) model (Thernisien 2011), geometric triangulation methods (Liu et al. 2010), mask-fitting methods (Feng et al. 2012), and trace-fitting methods including the point-p, fixed-Φ, harmonic mean, and self-similar expansion fitting methods (e.g., Sheeley et al. 1999; Howard et al. 2006; Davies et al. 2012; Möstl & Davies 2013). To derive the velocity distribution inside one transient rather than only at its leading edge, some other techniques have been proposed. Colaninno & Vourlidas (2006) applied an optical flow tool to extract the velocity vector of a coronal mass ejection (CME) in digital images. Feng et al. (2015) derived the radial velocity profiles of the whole CME from the spatial distribution of its density given by the mass continuum equation. A cross-correlation method was applied to derive continuous 2D speed maps of a CME from coronagraphic images by Bemporad et al. (2018). In their work, the radial shift pixel by pixel is determined by maximizing the cross correlation between the signal in a radial window at one frame and the signal in a radial shifted window at the previous frame, and the radial speed just equals the radial shift over the time interval between the two frames. Ying et al. (2019) improved this cross-correlation method by analyzing data in three steps: forward step (FS), backward step (BS), and average step (AS). In the FS (BS), the 2D velocity map between the current and the previous (next) frame is constructed with almost the same method as Bemporad et al. (2018). In the AS the average, velocity is obtained from the FS and BS. The velocities derived by all these methods are the component of the flow velocity vector projected onto the POS. This may underestimate the velocity especially for transients that do not propagate in the POS. Methods such as the polarizaition ratio technique (Moran & Davila 2004; DeForest et al. 2017) or the local correlation tracking (LCT) method (Mierla et al. 2009) can derive the 3D geometric information of the whole transients, but not the velocity distribution. Bemporad et al. (2018) chose the propagating direction averaged over the whole CME derived by the polarization ratio technique to correct the radial speed in the 2D maps, but the key information along the LOS is still lacking.
Li et al. (2018), hereafter referred to as Paper I, identified the transients near the Sun-Earth line using a correlation analysis of STEREO/HI1 images from two perspectives. Li et al. (2020), hereafter Paper II, further recognized and located 3D solar wind transients in the common field of view (FOV) of two HI1 imagers from two perspectives, and called this technique the correlation-aided reconstruction (CORAR) method. The reconstruction performance of CORAR method is tested to be fairly well when the separation angle of the twin STEREO spacecraft is between about 120° and 150° (Lyu et al. 2020, 2021).
In this paper, we further reconstruct the radial velocity map of transients in 3D space with a technique called maximum correlation-coefficient localization and cross-correlation tracking (MCT). In Sect. 2 we introduce the data and the events, including one CME and three blobs, to which we apply this new technique. The description of the MCT technique and its application results are presented in Sects. 3 and 4. In Sect. 5 we analyze the expansion of the CME ejecta between a heliocentric distance of 25 and 55 R⊙. Discussion and summary are given in Sect. 6.
2. Data and events
2.1. Data
Similar to Paper II, we used the white-light images data taken by the STEREO/HI1 cameras on 3 and 4 April 2010 to demonstrate the MCT technique. The separation angle of STEREO was 140° then (Fig. 1f). STEREO HI1 images have a wide FOV of 20° by 20° centered at 14° in elongation near the ecliptic plane with a pixel resolution of 1024 × 1024 and a cadence of 40 min (Harrison et al. 2008). To show the solar wind transients clearly, as what we did in Paper I and II, we processed the calibrated STEREO/HI1 Level 2 images (Eyles et al. 2009) with one-day background emissions, defined as the average of the lowest 25% of the data in a running window of one day on a pixel-by-pixel basis with a shifted running difference and 3 × 3 median filtering.
	[image: thumbnail]	Fig. 1. Main solar wind transients, including three blobs and one CME, observed from the perspective of STEREO-A/B on 3 and 4 April 2010. Panels a–c: running-difference images of COR2 and HI1 on board STEREO-A/B. Panels d/e: time-elongation plot along the PA of 125°/243° for STEREO-A/B COR2 and HI1. Blobs 1-3 and the shock, the ejecta leading edge, the potential prominence material, and the ejecta rear part of the CME are marked in these panels. Panel f: position of the Sun, Earth, and STEREO-A/B on the ecliptic plane at 00:09:01 UT on 4 April 2010. The region between the two solid black rays from STEREO-A or STEREO-B indicates the FOV of HI1, and the lilac region represents the common FOV of STEREO-A and B HI1s.



2.2. Events
On 3 and 4 April 2010, three slow blob-like small-scale transients, the blobs, labeled Blob 1-3, one fast CME, and its driven shock were observed by the two STEREO/HI1 cameras (see the bottom row of Figs. 1a–c, see also Sect. 4.1 in Paper II for more details about the identification of these transients) and could be traced back to at least the FOVs of the coronagraphs (see the top row of Figs. 1a–c). Especially in the time-elongation plots along the position angle (PA) of 125° for STEREO A and 243° for STEREO B, the leading edges of these transients could be clearly traced from COR2 to HI1 (Figs. 1d and e). The CME structure is complicated in HI1 running-difference images (Fig. 1b). In the COR2 FOV, it has a clear bright leading edge and a bright core. The shock is hard to be distinguished from the bright leading edge in the COR2 FOV. When the CME propagated into the HI1 FOV, however, the shock standing-off distance increased because the CME ejecta decelerated, and therefore the shock became distinguishable (Fig. 1b). The flattening of the CME ejecta can be revealed in HI1 images compared with the COR2 images. A bright ribbon-like structure extending latitudinally between the leading edge and the rear part of the ejecta corresponds to the bright core in COR2 images (Figs. 1d and e) and was suggested to be potential prominence material in Rouillard et al. (2011b). The shock front, shock sheath, and the following CME ejecta were observed by in situ instruments at 1 AU (Möstl et al. 2010; Rouillard et al. 2011b) (see Fig. 7). The two-day imaging data contain both large- and small-scale fast and slow solar wind transients, and the STEREO spacecraft separated by an ideal angle. We therefore selected these events to demonstrate our velocity reconstruction technique.
3. 3D probable position maps of transients: Maximum correlation-coefficient localization
3.1. Procedures: CORAR method and maximum cc localization
In Paper II, the CORAR method (Li et al. 2020, Paper II) was developed and applied to the HI1 data during 3–4 April 2010 to identify, locate, and trace the solar wind transients in 3D space. Its main procedures are (1) choosing any radial line with one end at the solar center as the baseline and projecting two HI1 images onto the meridian plane where the baseline lies; (2) for transients on the baseline, the local projected images are similar around the transients, resulting in a high value of Pearson correlation coefficient (cc), while for transients away from the baseline, the local projected images should be dissimilar to each other, resulting in a low cc value; (3) adjusting the latitude or longitude of the baseline at a step of 1° in 3D space and repeating steps (1) and (2), a 3D cc map can be generated. A higher value of cc represents a more probable location of a transient feature, and the high-cc regions (defined by cc ≥ 0.5, see Sect. 2 of Paper II for details) are regarded as the 3D reconstructed solar wind transients.
Based on the 3D cc map, here we inspect the cc distribution along the LOS for each pixel in the corresponding HI1 image and treat the location of the highest cc value as the most probable position (pp) of the transient feature at this pixel. We display the highest LOS cc values for all the pixels within the recognized high-cc regions enclosed by black lines in the second row of Figs. 2 or 3 for STEREO-A/B. The 3D position information of these highest cc is then derived, including the radial distance (D), latitude (λ), and longitude (ϕ) in the heliocentric Earth ecliptic (HEE) coordinates (shown in rows 3–5 of Fig. 2; an animation m1.mp4 is available online). We call them 3D pp maps of transients from one perspective. The distance and latitude of the pp are obvious in the 2D HI1 images, but the longitude is unique information provided by our technique. The pp map directly displays the probable 3D locations and the radial propagating directions of all the high-cc features in the transients.
	[image: thumbnail]	Fig. 2. 3D pp map of the transients from the perspective of STEREO-A/B. Panels a–c: Blob 1 at 03:29 UT on 3 April 2010, the CME at 20:49 UT on 3 April 2010, and Blobs 2 and 3 at 15:29 UT on 4 April 2010, respectively. Left and right columns in each panel: results from the STEREO-A and STEREO-B. Five rows from the top to the bottom: white-light (i.e., visible light (VL)) running difference images (in units of mean solar brightness (MSB)), maximum cc along the LOS, the distance from the solar center (D), the latitude (λ), and the longitude (ϕ) of the solar wind transients in HEE coordinates. The solid yellow lines in the top row and the solid black lines in the other rows denote the high-cc regions (see main text for details). Panels a and c from the top to the bottom: blob-like transients are circled with dashed purple curves in rows 1 and 3-5 and with dashed gray curves in row 2. Panel b: the leading edge and rear part of the ejecta are marked with thick solid purple curves, and the northern part (−5° < λ < 5°), middle part (−20° < λ < −5°), and southern part (−35° < λ < −20°) of the ejecta between the leading edge and the rear part are circled with dashed green curves in row 1 and dashed gray curves in rows 2-5 from the top to the bottom.



3.2. Analysis of the 3D pp maps of the transients on 3–4 April 2010
For the blobs, we calculated the mean values and standard deviations of their 3D pp, and display them in rows 2–4 in Fig. 4 as shown by the red and blue crosses and error bars. The averaged 3D pp from STEREO-A and B agree well with each other and are almost at the center and within the uncertainty range of the icecream cone model results (see Sect. 4.4 of Paper II for details), which are displayed as black lines and shadow regions.
For the CME, we had compared the results of CORAR method with those from other forward-modeling methods including the GCS model (Thernisien 2011), the KS06 model (Krall & St. Cyr 2006; Xie et al. 2012), and the empirical reconstruction model (Wood et al. 2011) for this CME in Paper II and found that they match well. According to the pp map, the longitudes of the CME features are found to be positive in the northern part (−5° < λ < 5°), negative in the middle part (−20° < λ < −5°), and they returning to positive in the southern part (−35° < λ < −20°) for both STEREO-A/B HI1 images, as shown in row 5 of Fig. 2. This is consistent with the angular distortion of the CME revealed in Fig. 9b of Paper II. In Table 1 we also compare the derived probable longitude (Φ) of the CME ejecta leading edge at latitude (λ) of 0° and −3° in the HEE coordinates with the results of other nonforward-modeling methods. The deviation generally remains within 15° for most methods, except for the harmonic mean fitting method and the self-similar expansion method (Davies et al. 2013), which can be attributed to the large estimation error of the two methods for high-speed transients (Möstl et al. 2014), just as we discussed in Paper II. With the information of the radial propagating direction of the features inside solar wind transients, the pp map was used to derive the radial velocity of the transients pixel by pixel in the next step.
Table 1. 
Estimated radial velocity (vr) of the CME ejecta leading edge on 3 April 2010.

4. Radial velocity maps of transients: Cross-correlation tracking
4.1. Procedures: Cross-correlation tracking
We go through all the pixels of interest on the pp map at a certain time. For each pixel, we know its position in the 3D space and can set a meridian plan on which the pixel lies. Then we project the HI1 images at the selected time and the adjacent (either previous or next) time on the meridian plane. By calculating the cross-correlation coefficient of the data in a sampling box around the position of the pixel on these projected images, the radial shift at which the cross-correlation coefficient reaches maximum, and therefore the radial velocity of this pixel, can be obtained. The sampling box is set to be 11-pixel (i.e., ±5°) wide in latitude and 41-pixel (i.e., 8 R⊙) long in the radial direction, and runs along the radial direction by a step of 0.2 R⊙ to search the highest cross-correlation coefficient. Similar to Ying et al. (2019), we applied these steps to the current and previous images to derive the backward radial velocity (vrB), and to the current and next images to obtain the forward radial velocity (vrF). Their average value was assigned as the final radial velocity of the pixel. After going through all the pixels on the 3D pp map, the radial velocity maps can be derived (see rows 3–5 of Fig. 3; an animation m2.mp4 is available online).
	[image: thumbnail]	Fig. 3. Radial velocity map of the transients from the perspective of STEREO-A/B. From top to bottom: each panel shows the VL running difference images, maximum cc along the LOS, vrB, vrF and the final radial velocity (vr = (vrB + vrF)/2). The others are same as Fig. 2.



4.2. Error analysis
The measuring error is a directly result from the error of the radial shift (D), δD, which is half of its step size (about 0.1 R⊙). Considering the cadence of the HI1 images, t, of 40 min, we derived the velocity error from radial shift error of
[image: thumbnail](1)
We also considered the different-apparent-leading-edge (DALE) effect (Liewer et al. 2011), which is an error source that arises because different parts of the leading edge of the same transient are seen from two perspectives in the reconstruction with the triangulation method. The CORAR method is essentially a kind of triangulation location method: its technique for identifying the same part of the transient by maximizing the correlation coefficient instead of doing this with manual work distinguishes it from other methods. Liewer et al. (2011) analyzed the velocity error from the DALE effect with a simple model of the leading edge as a hemispherical shell of radius a with a sphere-center distance R from the Sun. Assuming the leading edge located in the ecliptic plane propagates at an angle β from the Sun-Earth line and the camera rays are considered parallel for two spacecraft at a similar angular distance θ from the Sun-Earth line but on different sides, Liewer et al. (2011) derived the fractional error in velocity when θ > β for STEREO/COR images as
[image: thumbnail](2)
For HI1 images with a large elongation angle, θ here should be replaced by the average angle between observer-object line and the Sun-Earth line. For 60° ≤θ ≤ 90°, this fractional error increases as θ decreases or β decreases and is up to 5% when a/R = 0.5 and 8% when a/R = 1. For the CME event on 3 and 4 April 2010, θ > 75°, δvr/vr is no more than 1.2% when a/R = 0.5 and 1.8% when a/R = 1. Even for a high speed of 1000 km s−1, the error from the DALE effect is 18 km s−1 at most, which is less than that from the radial shift error. The direct error of the derived radial velocity is therefore smaller than 50 km s−1.
4.3. Analysis of the radial velocity maps of the blob-like small transients on 3–4 April 2010
For Blobs 1-3, we compared the results in their radial velocity maps (see Figs. 3a and c) with other methods. We calculated the mean value and standard deviation of the radial velocity inside the region of the blob (see the region enclosed by the dashed purple curves in Figs. 3a or c) and display them in the top row of Fig. 4 as crosses and error bars that agree well with each other for STEREO-A/B. The black squares in the top row show the radial velocity of the icecream ball center for the icecream cone model, which is derived by five-point running fitting to the height-time profiles. The velocities from the icecream cone model fluctuate strongly over a range of about 200 km s−1 because it is difficult to accurately identify the leading edge and rear part of the blobs, especially when the blobs fade out, but they are overall consistent with the velocities obtained with our CORAR technique. We also estimated the radial velocity of the background solar wind at the same position and at same time with the ENLIL model (Odstrčil & Pizzo 1999; Odstrcil & Pizzo 2009, the thick solid green line in the top row of Fig. 4). For the ENLIL simulation, we used the magnetograms obtained by the National Solar Observatory as input, and the inner boundary solar wind condition at 22 R⊙ was inferred using the Wang-Sheely-Arge empirical model (Wang & Sheeley 1990). The radial, angular, and temporal grid size of the simulation is about 1.3 R⊙ × 4° ×6 h, and we interpolated the simulation result to the reconstructed pp of Blobs 1-3. These small transients are thought to be the tracers of the background solar wind and should have the same velocity. The simulated velocity at the position of Blob 1 agrees well with our results, while the simulated velocity of for Blobs 2 and 3 is either about 100 km s−1 higher or lower than ours. This deviation probably results from the preceding CME, as well as from the expansion and interaction of the two blobs, which caused Blob 2 to be slightly faster, but Blob 3 to be slower. These factors are not taken into account in this ENLIL simulation.
	[image: thumbnail]	Fig. 4. Time-dependent radial velocity and 3D position of Blobs 1-3 in Cols. a–c. Four rows from top to bottom: radial velocity (vr), distance from the solar center (D), and latitude (λ) and longitude (ϕ) of these blobs in HEE coordinates. The orange and blue crosses and error bars represent the mean value and standard deviation of the velocity or 3D pp of the blobs in the FOV of STEREO-A/B. Top row: the thick solid green lines display the simulated solar wind radial velocity with the ENLIL code, and the black squares are the results of icecream cone model. In the other rows, the black lines and the shadow regions represent the center and the range of the fitting icecream ball.



4.4. Analysis of the radial velocity maps of the CME on 3–4 April 2010
For the velocity maps of the CME on 3–4 April 2010, the vrB and vrF are more consistent in the inner region of the CME ejecta than at the leading edge (see rows 3 and 4 of Fig. 3b). Ying et al. (2019) also found that the derived radial velocity has a smaller relative deviation from its actual value in the CME inner region by applying their cross-correlation method on the synthetic images of a simulated CME. The main reason is perhaps that for the inner region of a CME, the sampling box is fully filled with the CME features, while near the boundary, the CME only occupies a part of the sampling box, leading to a poorer representation of the local CME density variation and the large uncertainty of the derived radial velocity. The maps of the final velocity, the average of vrB and vrF from STEREO-A and B, show the very similar spatial distributions between the leading edge of the ejecta (> 600 km s−1) and the core (≈500 km s−1) (see row 5 of Fig. 3b), suggesting the expansion of the CME. The latitudinal velocity difference is also revealed: from nearly 900 km s−1 in the northern part (−5° < λ < 5°) to about 700 km s−1 in the southern part (−35° < λ < −20°) at the leading edge of the ejecta, suggesting a distortion of the CME.
We further analyzed the propagation of the CME based on the derived leading-edge velocity. For the period between 15:29 UT to 22:49 UT on 3 April, when nearly the full ejecta leading edge could be reconstructed and accurately located with the CORAR method, we calculated the median values of the longitudes along the ejecta leading edge every 5° in latitude for STEREO-A and B. Because the longitudes from STEREO-A are slightly different from those of STEREO-B, we treated them as the uncertainty and their mean values as the final longitudes, as shown by the color-coded lines in Fig. 5a. The thick black line denotes the temporal average of the leading edge of the ejecta. Repeating this for the radial velocity maps from STEREO-A/B, we obtain the variation of the radial velocity along the leading edge (see Fig. 5b). Figure 5b clearly shows that the CME was slowing down from 700−900 km s−1 to 600−800 km s−1 during the period. The derived ejecta leading-edge velocity stays within the measurement uncertainty of other methods near the ecliptic plane (see Table 1). The radial velocity from catalog of the HEliospheric Cataloging, Analysis and Techniques Service (HELCATS) (Davies et al. 2013) looks much higher than ours, perhaps because of the different propagating direction deductions of the HELCATS catalog, which seems too far east or too far west only in the HI images from STEREO-A or STEREO-B. The background solar wind speed map at 30 R⊙ at 9:56 UT on 3 April 2010 was calculated by using the ENLIL code and is shown in Fig. 5c. The curved leading edge of the ejecta is overplotted as the white line. Along the white line, the background solar wind ahead of the CME is obtained, which is shown in Fig. 5b as the thick black line. In Fig. 5 the profile of the background solar wind speed matches the ejecta leading edge speed fairly well. The southern part of the CME has a lower speed because the speed of the ambient solar wind is lower. This result also supports results of Sachdeva et al. (2017), who suggested that the drag force from the background solar wind starts taking over the dynamics of this CME at a height of 5.5 R⊙.
	[image: thumbnail]	Fig. 5. Panels a and b: angular position and radial velocity of the ejecta leading edge derived from the 3D pp map and the radial velocity map, respectively, from 15:29 UT to 22:49 UT on 3 April 2010. Different colors represent different times. The thick black curve in panel a is the temporally averaged HEE longitude (ϕ) vs. HEE latitude (λ) of the CME front at this period of time. Panel c: angular distribution of the radial velocity of the simulated background solar wind in HEE coordinates with the ENLIL code at 9:56 UT on 3 April 2010 at a heliocentric distance of 30 R⊙. The dotted white box highlights the fast-to-slow streaming interaction region. The thick white curve corresponds to the thick black curve in panel a. The radial velocity of the background solar wind along the thick white line in panel c is plotted in panel b as the thick black curve.



To trace the velocity evolution inside the CME ejecta, we combined our MCT results on the ecliptic plane at a heliocentric distance of 20−60 R⊙ and the in situ observations at 1 AU. This CME was observed in situ by the Wind spacecraft near the Earth at 1 AU on 5 April 2010, which clearly show the signatures of a magnetic cloud (MC) (Möstl et al. 2010) (see Fig. 7). Based on the pp maps and velocity maps, we particularly analyzed the velocity evolution with the time and distance inside the CME (see the first row of Fig. 6) on the ecliptic plane (λ = 0°). The probable longitude of the CME on the ecliptic plane is within 10° (see row 2 of Fig. 6), close to the Sun-Earth line. As shown in row 1 of Fig. 6, from the time-distance distribution of the running-difference HI1 images brightness, we can identify two features. One is the CME leading part, which contains the ejecta leading edge and the driven shock, and the other is the CME rear part. The velocity of the leading part remained at about 850 km s−1, while at the rear part of the ejecta, it decreased to about 500 km s−1. To compare with the in situ observations at 1 AU, the velocity profiles at distances of 25 R⊙, 35 R⊙, 45 R⊙, 55 R⊙, and 65 R⊙ were extracted from the bottom row of Fig. 6 and are shown in Fig. 7. The oblique dashed blue polyline in Fig. 7 connects the leading edge of the ejecta in the HI1 FOV with the CME eruption time at the solar surface (i.e., the onset of the corresponding prominence eruption, which is introduced in detail in Xie et al. 2012) and the beginning time of the MC at 1 AU (based on the list of interplanetary coronal mass ejections1, Chi et al. 2016). It is almost a straight line in the time-distance map, corresponding to a radial velocity of about 800 km s−1, suggesting that the radial velocity map of the CME is well reconstructed with our method. The rear part became diffused and quickly unrecognizable in the HI1 FOV. We therefore did not repeat this procedure for the CME rear part.
	[image: thumbnail]	Fig. 6. Time-distance evolution of the CME on 3 April 2010 in the ecliptic plane (λ = 0°) derived from the 3D pp maps and radial velocity maps. Top, middle, and bottom rows: time-distance plot of the brightness of STEREO/HI1 running-difference image, HEE longitude (ϕ), and radial velocity (vr), respectively. Left, middle, and right columns: corresponding values of STEREO-A, STEREO-B, and their difference (A–B), respectively. The lilac asterisks with error bars mark the position of the ejecta leading part and rear part, identified by the peak of bright edges in the front and the back of the ejecta.



	[image: thumbnail]	Fig. 7. Temporal evolution of the radial velocity of the CME with the different heliocentric distances along the Sun-Earth line. The horizontal axes of all the small insets are the time marked by the main horizontal axis at the bottom. The red (blue) thick lines with error bars represent the reconstructed solar wind radial velocity at the distance of 25 R⊙, 35 R⊙, 45 R⊙, 55 R⊙, and 65 R⊙ for STEREO-A (B) based on the radial velocity map. The ejecta following its leading edge (vertical dashed lilac line) is marked as the shadow region. The brown asterisk above the main horizontal axis at the bottom represents the time of the prominence eruption associated with this CME. In the upper corner, the thick solid green line is the radial solar wind velocity observed by the Wind spacecraft at 1 AU. The vertical orange line and vertical dashed lilac line mark the arrivals of the shock and MC (in shadow), respectively (based on the list of interplanetary coronal mass ejections at http://space.ustc.edu.cn/dreams/wind_icmes/index.php, Chi et al. 2016). The magnetic field magnitude (|B|), elevation (θ), and azimuth (ϕ, in pink), the proton number density (Np), the proton temperature (Tp), and the plasma beta (βp) measured by Wind are also displayed for clarity. The oblique dashed blue polyline connects the leading edge of the ejecta in the HI1 FOV (solid brown circles at distances of 25 R⊙, 35 R⊙, 45 R⊙, 55 R⊙, and 65 R⊙) with the CME eruption time at the solar surface (brown asterisk) and the beginning time of magnetic cloud at 1 AU (solid brown circle at 1 AU).



5. Application: deriving the dimensionless expansion rate of a CME ejecta in white-light images
Coronal mass ejections may expand due to force balance between the pressure in the CME ejecta and the pressure of the ambient solar wind. With the solar wind pressure dropping following Pt ∝ D−np, where D is distance from the Sun and np is the decay index, Démoulin & Dasso (2009) demonstrated theoretically that the MC flux rope radius evolves as Dnp/4. For solar wind with np of about 2.91 ± 0.31, the dimensionless expansion rate ζ = np/4 = 0.73 ± 0.08 (Gulisano et al. 2010).
In reality, this expansion rate of CME ejecta can normally be estimated with in situ velocity observations. The estimated ζ varies from 0.95 ± 1.05 (Lugaz et al. 2020), 0.92 ± 0.07 (Liu et al. 2005), 0.80 ± 0.20 (Démoulin et al. 2008), 0.78 ± 0.10 (Bothmer & Schwenn 1998), 0.6 (Wang et al. 2005, 2015; Leitner et al. 2007) to 0.38 ± 1.08 (Vršnak et al. 2019) beyond 0.3 AU. Gulisano et al. (2010) found that it was 0.91 ± 0.23 for unperturbed MCs and 0.48 ± 0.79 for perturbed MCs at a heliocentric distance between 0.3 to 1 AU. Because the value of ζ is generally between 0 and 1 and the CME normally maintains its angular size, CMEs usually become flatter or pancake during propagation (Crooker & Intriligator 1996; Russell & Mulligan 2002; Riley et al. 2003; Manchester et al. 2004; Riley & Crooker 2004). Lugaz et al. (2020) pointed out that the in situ measurements at a certain distance do not reflect the expansion of CMEs at a closer heliocentric distance. As for heliocentric distance within 0.3 AU (about 60 R⊙), currently only the Parker Solar Probe has the opportunity to collect in situ observation data (Kasper et al. 2016) to determine the expansion rate ζ.
With the 3D position and radial velocity reconstruction of a CME from the 2D white-light images, we can derive the expansion rate ζ at distance smaller than 60 R⊙. In addition, with the time cadence of 40 min for STEREO/HI1 images, we can trace the variation of ζ in different parts of the same CME as it propagates out.
5.1. Method
Wood et al. (2016) developed a method for quantifying the self-similarity of the expansion of prominence structures in white-light images based on the reconstructed 3D position and velocity of the structure point to point in each frame. The self-similarity of the radial expansion is defined as
[image: thumbnail](3)
where a represents the half radial extent of the object, D is the distance of the object center from the Sun, D1 = D + a, D2 = D − a are the distance of the front and back of the object, and V1 and V2 are the radial velocity of the front and back of the object. For self-similar expansion, Sr = 1. If the object expands faster or slower than self-similar expansions, Sr > 1 or < 1. If the object maintains its radial size or contracts, Sr ≤ 0. Because a ∝ Dζ according to the definition of the dimensionless expansion rate ζ, it is easy to deduce that
[image: thumbnail](4)
which means that Sr and ζ are equivalent. We therefore applied their method to calculate the Sr (i.e., ζ) of different parts of the CME on 3 April 2010 with the 3D pp map and radial velocity map derived above.
As Wood et al. (2016) discussed, for a structure to maintain the same shape relative to the Sun (i.e., ζ = 1), the velocities within the structure in the direction of propagation must be proportional to distance from the Sun, but for a structure with ζ ≠ 1, the radial velocity would be proportional to the power law of the heliocentric distance. We therefore used the power-law fitting function
[image: thumbnail](5)
to fit the data points within certain parts of the ejecta in each frame. To reduce the fluctuation of the velocities of the data points over distance, we calculated the piecewise mean vr and piecewise standard deviation within every radial length of 0.5 R⊙ as the data points for fitting. After the fitting parameters k1 and k2 were obtained, we derived [image: equation] and [image: equation], and therefore Sr (i.e., ζ).
5.2. Results and analysis
Figure 8 display the derived ζ versus D plots for the northern part (−5° < λ < 5°), middle part (−20° < λ < −5°), and southern part (−35° < λ < −20°) of the CME ejecta. The solid black line shows the linear fitting line. The values of ζ for STEREO-A (red) and STEREO-B (blue) are different, but the deviations are smaller than the uncertainty, and therefore they are consistent enough to reveal the expansion rate of the ejecta.
	[image: thumbnail]	Fig. 8. Dimensionless expansion rate (ζ) vs. heliocentric distance (D) for the northern part (−5° < λ < 5°), middle part (−20° < λ < −5°), and southern part (−35° < λ < −20°) of the CME ejecta, respectively, between 18:09 UT and 22:49 UT on 3 April 2010, where λ is the latitude in the HEE coordinates. The red and blue crosses with the horizontal and vertical error bars correspond to STEREO-A/B, while the thick solid black line is the linear fitting of the data points. The dashed line shows the value of ζ equal to 1.



For the northern and middle part of the CME, ζ keeps a high value of 0.87 ± 0.11 and 0.81 ± 0.09, respectively, at a distance between 25 R⊙ and 55 R⊙ (see Figs. 8a and b). This suggests that the northern and middle parts of this CME maintained a nearly self-similar expansion but were still slowly pancaked.
For the southern part of the CME, ζ is in the range of 0.39 ± 0.09 (see Fig. 8c), which means a higher degree of flattening than in other parts. This is because the ambient solar wind was much slower than the CME, as shown in Fig. 6b, which acted as an obstacle and prevented the CME from expanding. A similarly low expansion rate (0.48 ± 0.79) was reported by Gulisano et al. (2010), but the difference is that the low expansion rate in their work is due to the compression by the faster background solar wind from the back.
The question now is why the CME different latitudinal parts show different dimensionless expansion rates, or in broad terms, different dynamics. The CME on 3 April 2010 is not the only one with such diverse properties. Savani et al. (2010) have previously found a similar differentiated radial distortion event on 2007 November 14 in which an initially circular CME was observed to be distorted into an increasingly concave structure in STEREO-HI1 images due to the latitudinally varied solar wind velocity ahead. In many magnetohydrodynamic simulations, the fast and slow solar wind ahead of a fast CME could also lead to a similar highly distorted concave shape of the CME at a heliocentric distance larger than 20 R⊙ (e.g., Manchester et al. 2004; Lugaz et al. 2005). Owens et al. (2017) further pointed out that CMEs with constant angular width cease to be coherent magnetohydrodynamic structures within 0.3 AU from the Sun because beyond a certain heliocentric distance, the information spreading speed (i.e., the Alfvén wave speed VA) in magnetized plasma decreases less than the geometric separation speed of two points on the ejecta leading edge. Owens et al. (2017) suggested that different parts of a CME may be isolated from each other and the CME interacting with the background solar wind may be similar to dust cloud rather than a billiard ball as a whole. In their work, B, the magnetic field intensity within the CME, A, the CME cross-sectional area, and n, the ion density at heliocentric distance D are related like [image: equation] and [image: equation], where B0, A0, and n0 are the value of B, A, and n at D0 of 1 AU. Assuming the CME self-similar expands in angular space, then A ∝ aD ∝ Dζ + 1 according to what we discussed in Sect. 5, where a is half of the radial extent of the CME, while ζ is the dimensionless expansion rate. Inserting all the above into the formula of the Alfvén wave speed [image: equation], in which μ0 is the magnetic permeability of free space and mi is the mean ion mass, we deduce that [image: equation] where VA0 is the Alfvén wave speed at 1 AU. The geometric separation speed VG = VTRθ with θ as separation angle of two points and VTR as the radial velocity on the ejecta leading edge. When VG > VA, it can be derived that [image: equation], so that the critical distance is
[image: thumbnail](6)
The CME on 3 April 2010 was observed by the Wind spacecraft near the Earth at 1 AU. According to the Wind in situ measurements of the interplanetary magnetic field and the solar wind plasma, at the arrival of the MC, B0 is about 15 nT, n0 about 10 cm−3 (see Fig. 7), and therefore VA0 is about 104 km s−1. According to our reconstruction of this CME, near the ecliptic plane, VTR ≈ 800 km s−1, ζ ≈ 0.9. Assuming that the CME kept a constant angular width, based on Eq. (6), we can derive that for the whole CME, θ ≈ 40° and DT ≈ 5 R⊙, while for the northern, middle, and southern parts, the separation angle between them is about 15° and DT ≈ 43 R⊙, which indicates that in the HI1 FOV, this CME was already incoherent and its northern, middle, and southern parts evolved independently.
6. Summary and discussion
We developed an MCT method to reconstruct the radial velocity distribution inside solar wind transients in 3D space based on STEREO HI1 images. The MCT technique has two steps: maximum cc localization, and cross-correlation tracking. The velocity estimated with the MCT technique is the velocity that is normally temporally averaged over 40 min. The uncertainty is smaller than 50 km s−1 and is mainly caused by the step size of the radial shift, which is limited by the spatial resolution of the HI1 images. For slow transients, this uncertainty is notable. In addition, limited by the weakness of the CORAR method, such as the collinear effect (see Sect. 3.3 of Paper II for details), some solar wind transients may not be well or completely reconstructed, leading to the deviations or null regions in the 3D pp map and radial velocity map.
Although the CORAR and MCT techniques have some weaknesses, by applying them on the HI1 image data on 3–4 April 2010, we find that the derived position and velocity information match the results from a forward-modeling method and the in situ observations at 1 AU well. The main results on the events are listed below.
1. The three blobs propagated outward with a constant radial velocity of about 400, 500, and 400 km s−1 along the direction around S18° W13°, S19° W11°, and S24° W25° in HEE coordinates, respectively.
2. The radial velocity of the CME ejecta varied from over 600 km s−1 at the leading edge to about 500 km s−1 at the core, suggesting an expansion.
3. The ambient solar wind distorted and shaped the ejecta front, causing its leading edge velocity in the northern part to be about 900 km s−1 and that in the southern part to be about 700 km s−1.
4. The dimensionless radial expansion rate of the CME is found to be 0.7−1.0 in the northern and middle parts and 0.3−0.5 in the southern part between a heliocentric distance of about 25 R⊙ and 55 R⊙, suggesting an incoherent evolution of the CME caused by the ambient solar wind.
Small solar wind transients such as the blobs in white-light images are ideal tracers of the slow solar wind (Sheeley et al. 1997; Sanchez-Diaz et al. 2017; López-Portela et al. 2018). From the 3D pp map and radial velocity maps of the three blob-like small transients, the velocity of the ambient slow solar wind can be detected. Because small transients are more frequently observed in coronagraphs or heliospheric images than large transients, it is possible to generate a velocity map of the global slow solar wind in the 3D inner heliosphere with the MCT method. With more observations from other perspectives, such as WISPR of PSP (Vourlidas et al. 2016), SoloHI of Solar Orbiter (Howard et al. 2020; Müller et al. 2020), or the white-light imagers of the future possible Solar Ring mission (Wang et al. 2020), the technique developed in this work can be used to better understand solar wind transients and the inner heliosphere.


1 http://space.ustc.edu.cn/dreams/wind_icmes/index.php
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Table 1. 
Estimated radial velocity (vr) of the CME ejecta leading edge on 3 April 2010.
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	[image: thumbnail]	Fig. 1. Main solar wind transients, including three blobs and one CME, observed from the perspective of STEREO-A/B on 3 and 4 April 2010. Panels a–c: running-difference images of COR2 and HI1 on board STEREO-A/B. Panels d/e: time-elongation plot along the PA of 125°/243° for STEREO-A/B COR2 and HI1. Blobs 1-3 and the shock, the ejecta leading edge, the potential prominence material, and the ejecta rear part of the CME are marked in these panels. Panel f: position of the Sun, Earth, and STEREO-A/B on the ecliptic plane at 00:09:01 UT on 4 April 2010. The region between the two solid black rays from STEREO-A or STEREO-B indicates the FOV of HI1, and the lilac region represents the common FOV of STEREO-A and B HI1s.
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	[image: thumbnail]	Fig. 2. 3D pp map of the transients from the perspective of STEREO-A/B. Panels a–c: Blob 1 at 03:29 UT on 3 April 2010, the CME at 20:49 UT on 3 April 2010, and Blobs 2 and 3 at 15:29 UT on 4 April 2010, respectively. Left and right columns in each panel: results from the STEREO-A and STEREO-B. Five rows from the top to the bottom: white-light (i.e., visible light (VL)) running difference images (in units of mean solar brightness (MSB)), maximum cc along the LOS, the distance from the solar center (D), the latitude (λ), and the longitude (ϕ) of the solar wind transients in HEE coordinates. The solid yellow lines in the top row and the solid black lines in the other rows denote the high-cc regions (see main text for details). Panels a and c from the top to the bottom: blob-like transients are circled with dashed purple curves in rows 1 and 3-5 and with dashed gray curves in row 2. Panel b: the leading edge and rear part of the ejecta are marked with thick solid purple curves, and the northern part (−5° < λ < 5°), middle part (−20° < λ < −5°), and southern part (−35° < λ < −20°) of the ejecta between the leading edge and the rear part are circled with dashed green curves in row 1 and dashed gray curves in rows 2-5 from the top to the bottom.
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	[image: thumbnail]	Fig. 3. Radial velocity map of the transients from the perspective of STEREO-A/B. From top to bottom: each panel shows the VL running difference images, maximum cc along the LOS, vrB, vrF and the final radial velocity (vr = (vrB + vrF)/2). The others are same as Fig. 2.
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	[image: thumbnail]	Fig. 4. Time-dependent radial velocity and 3D position of Blobs 1-3 in Cols. a–c. Four rows from top to bottom: radial velocity (vr), distance from the solar center (D), and latitude (λ) and longitude (ϕ) of these blobs in HEE coordinates. The orange and blue crosses and error bars represent the mean value and standard deviation of the velocity or 3D pp of the blobs in the FOV of STEREO-A/B. Top row: the thick solid green lines display the simulated solar wind radial velocity with the ENLIL code, and the black squares are the results of icecream cone model. In the other rows, the black lines and the shadow regions represent the center and the range of the fitting icecream ball.
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	[image: thumbnail]	Fig. 5. Panels a and b: angular position and radial velocity of the ejecta leading edge derived from the 3D pp map and the radial velocity map, respectively, from 15:29 UT to 22:49 UT on 3 April 2010. Different colors represent different times. The thick black curve in panel a is the temporally averaged HEE longitude (ϕ) vs. HEE latitude (λ) of the CME front at this period of time. Panel c: angular distribution of the radial velocity of the simulated background solar wind in HEE coordinates with the ENLIL code at 9:56 UT on 3 April 2010 at a heliocentric distance of 30 R⊙. The dotted white box highlights the fast-to-slow streaming interaction region. The thick white curve corresponds to the thick black curve in panel a. The radial velocity of the background solar wind along the thick white line in panel c is plotted in panel b as the thick black curve.
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	[image: thumbnail]	Fig. 6. Time-distance evolution of the CME on 3 April 2010 in the ecliptic plane (λ = 0°) derived from the 3D pp maps and radial velocity maps. Top, middle, and bottom rows: time-distance plot of the brightness of STEREO/HI1 running-difference image, HEE longitude (ϕ), and radial velocity (vr), respectively. Left, middle, and right columns: corresponding values of STEREO-A, STEREO-B, and their difference (A–B), respectively. The lilac asterisks with error bars mark the position of the ejecta leading part and rear part, identified by the peak of bright edges in the front and the back of the ejecta.
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	[image: thumbnail]	Fig. 7. Temporal evolution of the radial velocity of the CME with the different heliocentric distances along the Sun-Earth line. The horizontal axes of all the small insets are the time marked by the main horizontal axis at the bottom. The red (blue) thick lines with error bars represent the reconstructed solar wind radial velocity at the distance of 25 R⊙, 35 R⊙, 45 R⊙, 55 R⊙, and 65 R⊙ for STEREO-A (B) based on the radial velocity map. The ejecta following its leading edge (vertical dashed lilac line) is marked as the shadow region. The brown asterisk above the main horizontal axis at the bottom represents the time of the prominence eruption associated with this CME. In the upper corner, the thick solid green line is the radial solar wind velocity observed by the Wind spacecraft at 1 AU. The vertical orange line and vertical dashed lilac line mark the arrivals of the shock and MC (in shadow), respectively (based on the list of interplanetary coronal mass ejections at http://space.ustc.edu.cn/dreams/wind_icmes/index.php, Chi et al. 2016). The magnetic field magnitude (|B|), elevation (θ), and azimuth (ϕ, in pink), the proton number density (Np), the proton temperature (Tp), and the plasma beta (βp) measured by Wind are also displayed for clarity. The oblique dashed blue polyline connects the leading edge of the ejecta in the HI1 FOV (solid brown circles at distances of 25 R⊙, 35 R⊙, 45 R⊙, 55 R⊙, and 65 R⊙) with the CME eruption time at the solar surface (brown asterisk) and the beginning time of magnetic cloud at 1 AU (solid brown circle at 1 AU).
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	[image: thumbnail]	Fig. 8. Dimensionless expansion rate (ζ) vs. heliocentric distance (D) for the northern part (−5° < λ < 5°), middle part (−20° < λ < −5°), and southern part (−35° < λ < −20°) of the CME ejecta, respectively, between 18:09 UT and 22:49 UT on 3 April 2010, where λ is the latitude in the HEE coordinates. The red and blue crosses with the horizontal and vertical error bars correspond to STEREO-A/B, while the thick solid black line is the linear fitting of the data points. The dashed line shows the value of ζ equal to 1.
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        Temporal evolution of the radial velocity of the CME with the different heliocentric distances along the Sun-Earth line. The horizontal axes of all the small insets are the time marked by the main horizontal axis at the bottom. The red (blue) thick lines with error bars represent the reconstructed solar wind radial velocity at the distance of 25 R⊙, 35 R⊙, 45 R⊙, 55 R⊙, and 65 R⊙ for STEREO-A (B) based on the radial velocity map. The ejecta following its leading edge (vertical dashed lilac line) is marked as the shadow region. The brown asterisk above the main horizontal axis at the bottom represents the time of the prominence eruption associated with this CME. In the upper corner, the thick solid green line is the radial solar wind velocity observed by the Wind spacecraft at 1 AU. The vertical orange line and vertical dashed lilac line mark the arrivals of the shock and MC (in shadow), respectively (based on the list of interplanetary coronal mass ejections at http://space.ustc.edu.cn/dreams/wind_icmes/index.php, Chi et al. 2016). The magnetic field magnitude (|B|), elevation (θ), and azimuth (ϕ, in pink), the proton number density (Np), the proton temperature (Tp), and the plasma beta (βp) measured by Wind are also displayed for clarity. The oblique dashed blue polyline connects the leading edge of the ejecta in the HI1 FOV (solid brown circles at distances of 25 R⊙, 35 R⊙, 45 R⊙, 55 R⊙, and 65 R⊙) with the CME eruption time at the solar surface (brown asterisk) and the beginning time of magnetic cloud at 1 AU (solid brown circle at 1 AU).

      

    

  