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Latitudinal profile of the 21-yr averaged measurement for short distances. The δτ′sn;23+24, averaged over the distance range Δ = 6°–12°, is plotted as a function of latitude. The data values are binned every 7.2° in latitude. The error bars give the standard deviation of the mean in each binning interval.
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Top three panels: temporal variations of the δτ′sn in the northern and southern hemispheres for three distance ranges. The δτ′sns are averaged over the latitude range 20°–35° in the northern and southern hemispheres separately, and averaged over three distance ranges indicated in the top left corner of each panel. They are further binned every 3.5 years and the error bars give the standard deviation of the mean in each binning interval. Bottom panels: 13-month running mean of the monthly sunspot numbers in the northern and southern hemispheres separately as a function of time. The shaded areas between the two curves indicate an excess of sunspot numbers in the northern hemisphere (red) or the southern hemisphere (blue).
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Sketch for a possible scenario where the δτsn for large distances have non-zero values at the equator in the absence of a deep cross-equator flow. While the target location (cross symbol) is at the equator, the points (filled circles) that are connected by the acoustic ray paths (red curves) are located around the activity belts for large travel distances. The ellipses with arrow heads depict local flows around active regions. If these local flows are not the same in both hemispheres, they will contribute to the δτsn at these large travel distances. However, no contribution is expected at short travel distances (say < 20°) for which the end points do not reach the activity belts.



    

  
    
      Fig. 10. 
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Top panel: cuts at the latitude of 30° north through the δτMCs as a function of distance. Bottom panel: cuts at the latitude of 10° north through the δτLCs as a function of distance. The corresponding radii of the lower turning points are indicated at the top.



    

  
    
      Fig. 11. 
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Measured and forward-modeled travel-time shifts as a function of distance and latitude. The top row shows maps of the three measured travel-time shifts, δτ′sn;23, δτ′sn;24, and δτ′sn;23+24, from left to right. The middle row shows the same δτ′sns as the top row but antisymmetrized about the equator. The bottom row shows the forward-modeled travel-time shifts derived from the MC1, MC2, and MC3 flow models, from left to right, in combination with that from model LC1. All maps of the measured and forward-modeled travel-time shifts are Gaussian smoothed with a FWHM of 7.2° in latitude and in distance. The data used to plot the top row are available at the CDS.



    

  
    
      Fig. 12. 
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Three measured travel-time shifts (from left to right), δτ′sn;23, δτ′sn;24, and δτ′sn;23+24, averaged over four distance ranges and antisymmetrized about the equator, as a function of latitude (curves with error bars). Each row corresponds to a distance range indicated in the first column; shortest at the top and largest at the bottom. The data values are binned every 7.2° in latitude. The error bars give the standard deviation of the mean in each binning interval. For comparison, we overplot the selected forward-modeled travel-time shifts (see the legend on the right) averaged over the same distance ranges as for δτ′sns. As mentioned in Sect. 4.1, the parameters of the flow models were chosen such that the forward-modeled travel-time shifts are comparable to the measured δτ′sns in the top row.



    

  
    
      Fig. 13. 
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Comparison of the 21-yr averaged travel-time shifts and the forward-modeled results as a function of distance. The data points with error bars are the δτ′sn;23+24 antisymmetrized about the equator and averaged over the latitude range 20°–35° north as a function of distance. The horizontal bar associated with each point represents the distance range over which the mean value and the standard deviation of the mean are computed. The colored curves (see legend) indicate the selected forward-modeled travel-time shifts averaged over the same latitudinal range as for the δτ′sn;23+24. The models MC1 and MC2 are two varieties of single-cell flow models whereas the model MC3 has a double-cell structure (see Fig. 8).



    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
Same as Fig. 13 but for the δτ′sn;23 (open circles) and δτ′sn;24 (crosses) averaged over the latitude range 20°–35° north and south separately. The horizontal bars in Fig. 13 are omitted here for clarity. The error bars of the southern δτ′sn;23 and δτ′sn;24 are similar to that of the northern ones and are omitted too. The models MC1 and MC2 are two varieties of single-cell flow models whereas the model MC3 has a double-cell structure (see Fig. 8).



    

  
    
      Fig. A.1. 
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Example of how an adjustment to the bottom point (rb, F(rb)) when constructing the F(r) affects the resulting f(r). The flow model used in the example is MC1 whose bottom is at rb = 0.7R⊙. Left panel: assigned points (filled circles) for constructing the F(r) of model MC1 connected by cubic spline interpolation (red curve). The value of F(rb) for model MC1 is deliberately increased (MC1+, blue curve) or decreased (MC1−, green curve) by one. Right panel: resulting f(r) from the three F(r) in the left panel by computing Eq. (A.1). The values of f(rt) for MC1+ and MC1− are 25360.8 and −25360.8, respectively.



    

  
    
      Fig. B.1. 
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Comparison of ray-approximation travel-time shifts derived from different arc-size configurations. Top panel: schematic plot of the arc-to-arc geometry whereby the end points of multiple ray paths, Γi(λ, Δ), are arranged. The arc-to-arc geometry consists of two opposing arcs aligned in the north-south direction, separated by an angular distance Δ, and centered at the latitude λ. The central angle subtended by an arc is denoted by θc. The number of points on the arc, N, depends on the arc length. Middle panel: single-ray and arc-averaged travel-time shifts cut at a latitude of 30° north for different configurations in which the arc subtends central angles of 0° (i.e., the single-ray case), 30°, 60°, and 90°, as a function of distance. The flow model used is MC1. Bottom panel: differences between the single-ray travel-time shift and the other three arc-averaged travel-time shifts.
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