
    
      Fig. 1. 
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Three-dimensional image of an emerged active region in KD3. Magnetic field lines are connected to the toroidal field at the base of the convection zone and the radial magnetic field is shown at the transparent surface.



    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
Top: longitude-averaged evolution of Br for a single BMR in a 2D SFT model. Bottom: surface component of the 3D dynamo model showing the equivalent evolution of the same BMR.
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Top: comparison of unsigned surface flux from the 2D SFT simulation (blue) and 3D dynamo simulation (orange). Bottom: comparison of northern (solid and dotted lines) and southern (dashed and dash-dotted) polar flux from the same two simulations, where polar flux is defined as the flux polewards of 70° latitude.
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Normalised multi-step diffusion profiles used in this paper, against a log-scale. The solid orange curve is from KD3, the dashed purple curve is the profile which takes into account diffusivity quenching, and the dotted yellow curve is derived from mixing-length theory.
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Snapshots of magnetic field lines from simulations using the KD3 (top row), quenching (second row), MLT (third row) and constant (bottom row) diffusion profiles. For the first three profiles, the left-hand column shows the case where the region is connected to the base, and the middle column shows the simulation with a disconnected initial condition. The black dashed line is the top of the domain, above which is shown a potential-field extrapolation. Right-hand column: evolution of magnetic flux at the surface, compared to a 1D surface model (green dashed line). The bottom row (constant η) compares the effects of potential (blue) and radial (red) boundary conditions but using the same connected initial condition.
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Top: unsigned surface flux from 3D simulations of a single active region, using the KD3 diffusion profile (orange), quenching profile (purple) and MLT profile (yellow). The equivalent 2D SFT flux is shown in the dotted blue (without decay) and black (with decay) curves. Bottom: northern polar flux (solid and dotted curves) and southern polar flux (dashed and dash-dotted curves) from the same simulations.
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Top: simulation of Cycle 23 from Yeates & Muñoz-Jaramillo (2013). Bottom: optimal butterfly diagram of Cycle 23 from Whitbread et al. (2017).



    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
Top: unsigned surface flux from 3D simulations of Cycle 23 using the KD3 diffusion profile (orange), quenching profile (purple) and MLT profile (yellow), but where the initial toroidal field has been strengthened by one and two orders of magnitude for the latter two respectively. Bottom: northern polar flux (solid line) and southern polar flux (dashed line) from the same simulations.



    

  
    
      Fig. 11. 
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Top: toroidal field at the base of the convection zone from a 3D simulation of Cycle 23 using the quenching profile and a strengthened initial toroidal field. Bottom: radial magnetic field at the surface from the same simulation.



    

  
    
      Fig. 12. 
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Top: toroidal field at the base of the convection zone from a 3D simulation of Cycle 23 using the MLT profile and a strengthened initial toroidal field. Bottom: radial magnetic field at the surface from the same simulation.



    

  
    
      Fig. 13. 
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Top: three-dimensional images of a disconnected active region in KD3 with depth 0.65 R⊙ (left) and 0.95 R⊙ (right). The radial magnetic field is shown at the transparent surface and field lines below the surface. Bottom: unsigned surface flux from 3D simulations of a single disconnected active region with depth 0.65 R⊙ (dashed), 0.8 R⊙ (dash-dotted) and 0.95 R⊙ (solid), using the quenching profile. The equivalent 2D SFT flux is shown in the dotted blue (without decay) and black (with decay) curves.
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