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        Hybrid solar wind velocity profiles for different values of the free parameters rs, calculated for an in situ solar wind speed of 600 km s−1 (colored lines). Observations of solar wind outflow velocity close to the Sun, based on the Doppler dimming method are shown as lines with symbols. The velocity profile with constant speed is displayed by the horizontal dotted line. The profile output by the model of Hu & Habbal (1999) is also overploted, for comparison.
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        Overview of the uncertainty in the in-situ solar wind speed. (Top) WIND-measured solar wind speed (blue line) and its 1σ uncertainty as provided in the WIND data (shaded area). (Bottom) The 1σ uncertainty for the selected interval of our case study, together with its average value (horizontal dashed line).
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        Back-mapped points on the solar surface derived from varying the SS height for in situ point number 10 of Event 1. The points are plotted on a zoom-in of the synoptic AIA 193 Å map as background. The color of the solar surface points represents the SS height that was used during their magnetic mapping.

      

    

  
    
      Fig. 10. 
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        Evolution of four metrics that we use to assess the quality of our back-mapping for all the in situ points of Event 1, focusing on the uncertainty derived from the different solar wind velocity profiles. The horizontal axis indicates the in situ points number (selected solar wind measurements) of the Event 1 high-speed stream, as indicated previously in the inset plot of Fig. 2 (red stars markers). From top to bottom: the optimal number of clusters that was found, the average distance of each cluster centroid to the barycenter of the clusters, the uncertainty area of the most probable cluster, the total uncertainty area, and the percentage of the back-mapped points that ended up inside the coronal hole (as identified from the AIA 193 Å passband). For the first 4 metrics we present the values calculated for all the back-mapped points, as indicated with the blue line, and the values for only the back-mapped points that are located inside the coronal hole, as the dashed red line.

      

    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
        Violin plots (first four rows) of the back-mapping assessment metrics, for every source of uncertainty in Events 1, 2 and 3. The horizontal axis represents the event (high-speed stream) that was examined. Each column corresponds to a source of uncertainty and each row to a statistical quantity: optimal number of clusters, average distance of cluster centroids from the barycenter, the 3-sigma uncertainty area of the most probable cluster and the total 3-sigma uncertainty area. In each violin plot, the median values are indicated with an orange line and the extreme values with light blue lines. Where the violin plot is not visible, the distribution is very concentrated around a single value. The last row displays AIA 193 Å images, taken approximately at the midtime of each event, including the contours of the coronal holes present at the time. Event 1 and 3 are considered as polar coronal hole extensions and Event 2 as a low latitude coronal hole.

      

    

  
    
      Fig. 12. 
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        Uncertainty area of the solar wind source region after clustering the MCT results for in situ point 10 of Event 1. The background is a zoom-in of the synoptic AIA 193 Å map that corresponds to this observation. (Left) The uncertainty area for the measured solar wind data is indicated with blue and the uncertainty area for the fixed solar wind values is indicated with red. (Right) The uncertainty area of both fast and measured solar wind combined is indicated with the hatched pattern ellipse, superimposed on our own uncertainty areas for each source, as shown in Fig. 9.

      

    

  
    
      Fig. 13. 
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        Back-mapping example for Solar Orbiter data. (Top) Solar Orbiter orbit (blue line) in the Heliographic Stonyhurst frame together with the orbit of Parker Solar Probe and the location of the Solar Dynamic Observatory. The orbits have been plotted within ±80 days around the time of the high-speed stream observed in Solar Orbiter. (Bottom) Back-mapped points from the high-speed stream that was observed from Solar Orbiter on 13/05/2021 (blue stars), the background is the AIA 193 Å synoptic map.

      

    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
        Family of azimuthal velocity profiles for the solar wind, derived using the hybrid radial velocity profile with rs = 2.7, for a range of Alfvén point locations as indicated in the colorbar at the bottom. For these profiles an in situ solar wind speed of 600 km s−1 at L1 (∼215 R⊙) was considered. (Inset) Zoomed-in view at small radial distances. The solid black line indicates the azimuthal velocity profile if we consider corotation with the Sun below the SS height (2.5 R⊙) and no azimuthal component after that height.

      

    

  
    
      Fig. A.1. 
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        Family of azimuthal velocity profiles for the solar wind, derived using different hybrid velocity profiles (vr) and for a range of Alfvén point locations as indicated by the colorbar on the right. (Top left) Azimuthal velocity profiles using a hybrid velocity profile with rs = 0.1. (Top right) Azimuthal velocity profiles using a hybrid velocity profile with rs = 2.7. (Bottom left) The same family of profiles as the top right panel but including earlier measurements of vϕ as indicated in the legend. (Bottom right) The same as bottom left but including newer measurements of vϕ from Parker Solar Probe. The black rectangle indicates the field of view of the plot on the left.

      

    

  
    
      Fig. A.2. 
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        Cartoon representing the effect in the uncertainty area on the solar surface, if corotation effects above the SS are taken into consideration. The longitudinal spread of back-mapped points at the SS is determined by the location of the ballistically back-mapped point and that of an accelerating velocity profile with the largest travel time (i.e., a profile which produces the largest offset at the SS). In both illustrations the location of the ballistically back-mapped point at the SS is given by the dashed blue line. In the illustration on the left, the back-mapped location at the SS with the largest longitudinal offset is given by an accelerating velocity profile, derived from the family of hybrid profiles presented in Sect. 2.4.1 and for the largest rs value that produces a velocity profile compatible with remote sensing observations. In the illustration on the right, the location at the SS of the back-mapped point with the largest longitudinal offset is given by an accelerating profile that has both a radial and an azimuthal component. The radial component is the same as the schematic on the left and the azimuthal component is derived from the Weber & Davis (1967) model as discussed in Sect. 3 and in the Appendix. It is noteworthy that the longitudinal spread of back-mapped points at the SS is reduced when an azimuthal component is added to the accelerating velocity profile. Furthermore, this reduced longitudinal spread is included in that computed when considering velocity profiles without an azimuthal component. Consequently, the uncertainty area on the solar surface, computed after tracing the field lines that connect the points back-mapped at the SS to the solar surface, will also reduce. This simple cartoon represents more closely the case of a coronal hole with super-radial expansion (similar to the main morphology of the events in our study), but the reduction in the uncertainty area on the solar surface should be in principle independent of the magnetic field topology. The reason for this is that the longitude locations (of the back-mapped points at the SS) when we consider an azimuthal component are a subset of the ones when we consider only a radial component.
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