
    
      Table 1 

      Physics described by the four studied instances of the meta-model and the THOR 3D GCM.

      
        


	Grid and physics
	0D
	1D
	1.5D
	2D
	THOR





	Grid format
	1 × 1
	1 × 50
	2 × 50
	32 × 50
	3D grid



	




	Radiative transfer
	X
	X
	X
	X
	X



	Thermal structure
	
	X
	X
	X
	X



	Day–night circulation
	
	
	X
	X
	X



	Planetary boundary layer
	
	
	
	X
	X



	Soil heat transfer
	
	
	
	X
	X



	Coriolis effects
	
	
	
	
	X





      

      
Notes. All instances of the meta-model use the same parameters and theoretical background. Physical mechanisms are gradually captured by grid formats, which are defined by numbers of horizontal times vertical grid intervals. In ascending order of grid resolution, the main physical features described by the meta-model’s instances and by the THOR GCM are (i) the radiative exchanges between the planet’s surface and the atmosphere, (ii) the vertical thermal structure of the atmosphere (i.e. the temperature-pressure profile) in radiative equilibrium, (iii) the day-night large-scale circulation, (iv) the convective turbulent diffusion due to friction in the PBL, (v) the soil heat diffusion, and (vi) the vortical components of mean flows due to Coriolis effects.




    

  
    
      Table 2 

      Values of parameters used in the two reference cases of the present work.

      
        


	Symbol
	Description
	Units
	Earth-like case
	Pure CO2 case





	Planet characteristics



	Rp
	Planet radius(a)
	R⊕
	1.0
	1.0



	g
	Surface gravity(a)
	m s−2
	9.8
	9.8



	Atmospheric properties



	Rd
	Gas constant for dry air(a)
	J kg−1 K−1
	287
	188.9



	Cp
	Heat capacity per unit mass(a)
	J kg−1 K−1
	1005
	909.3



	ks
	SW absorption coefficient(b)
	m2 kg−1
	10−6
	10−6



	kl
	LW absorption coefficient(b)
	m2 kg−1
	10−4
	2.5 × 10−4



	βS0
	SW scattering parameter
	–
	1.0
	1.0



	βL0
	LW scattering parameter
	–
	1.0
	1.0



	Surface properties



	εs
	Surface emissivity
	–
	1.0
	1.0



	As
	Surface albedo(c)
	–
	0.2
	0.2



	Igr
	Thermal inertia(c)
	J m−2 s−1/2 K−1
	2000
	2000



	zr
	Roughness height(d)
	m
	3.21 × 10−5
	3.21 × 10−5





      

      
Notes. The acronyms SW and LW stand for ‘shortwave’ and ‘longwave’, respectively. (a) Values for the Earth’s atmosphere given by Deitrick et al. (2020), Table 2, in the Earth-like case. In the pure CO2 case, Rd is calculated from Meija et al. (2016) and Cp is evaluated for Τ = 350 Κ from Yaws (1996), Appendix E. (b) Defined so that the optical depths in the longwave and in the shortwave at p = 1 bar are τL = 1 and τS = 10−2τL, respectively, in the Earth-like case. In the pure CO2 case, the optical depth in the longwave is set to an effective value for which the collapse pressure computed using the 2D instance of the meta-model in Sect. 5 corresponds to that obtained by Wordsworth (2015) from numerical simulations performed with a 3D GCM with correlated-k radiative transfer (Lacis & Oinas 1991). (c) Typical values for Venus-like soils (e.g. Lebonnois et al. 2010). (d) Defined so that CN = 10−3 for a 10 m-thick surface layer, following Frierson et al. (2006).




    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Two-day averaged potential temperature field in the Earth-like case of Table 2 with ps = 1 bar and F⋆ = 1366 W m−2. Plotted values belong to the interval [248 K, 376 K]. Outside of this interval, the colour is set to that of the closest bound. The 2D instance of the meta-model (32 × 50 grid) is used. The latitudes 90° and −90° correspond to the sub-and anti-stellar points, respectively.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Stability diagrams of Earth-sized tidally locked planets with Earth-like (left panels) and pure CO2 (right panels) atmospheres, and the associated minimum surface temperature. Quantities are plotted as functions of the stellar flux normalised by the Earth’s stellar flux, F⋆/F⊕ (horizontal axis), and the surface pressure, ps, in logarithmic scale (vertical axis). From bottom to top: 0D (1 × 1 grid), 1D (1 × 50 grid), 1.5D (2 × 50 grid), and 2D (32 × 50 grid) instances of the meta-model. Large red dots indicate simulations where the atmosphere remained stable, while small blue dots indicate atmospheric collapse. The dashed orange (or dotted pink) line indicates the collapse pressure pC;low (or pC;up) corresponding to the lower (or upper) bound of the nightside surface temperature predicted by Wordsworth’s analytic model and given by Eq. (11).

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Maximum of Eulerian mean stream function (top) and its ratio over the scaling law (bottom) for Earth-sized planets hosting Earth-like (left panels) and pure CO2 (right panels) atmospheres. The two estimates of the Eulerian mean stream function are given by Eqs. (52) and (53), respectively. The curves and symbols are the same as in Fig. 3.

      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Change of coordinate, ([image: equation]), from the physical spatial coordinates to the grid spatial coordinates. The grid coordinates vary in the range 0 ≤ Y ≤ M and 0 ≤ Ζ ≤ Ν, where M and Ν are two integers that do not need to be defined at this stage but will correspond to the numbers of horizontal and vertical grid levels in the finite-volume discretisation of the primitive equations. The metric is illustrated by the spacing variation between two isolines. The interval between two isolines in grid coordinates is of size 1 to mark the cells of the finite-volume method employed in the following.

      

    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        Staggered grid. In the adopted finite-volume method, the horizontal axis is divided into M intervals and the vertical axis into N intervals, which represents M × N cells (here, M = 5 and N = 4). Horizontal levels are indexed by j and vertical levels by k. The left and right boundaries of the physical domain correspond to [image: equation] (sub-stellar point) and [image: equation] (anti-stellar point), respectively. The top and bottom boundaries correspond to σ = 0 (space) and σ = 1 (ground), respectively. The horizontal and vertical mass flows, V and W, are evaluated at vertical and horizontal cell interfaces, respectively, while the mass, temperature, geopotential, specific humidity, and Exner function (blue) are evaluated at cell centres. The physical domain is surrounded by ghost cells (grey), which are employed to facilitate vectorisation.

      

    

  
    
      Fig. B.3 
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        Time-differencing scheme implemented in the solver. The scheme is based on a leapfrog time step (e.g. Sect. 5.5.2 of Lauritzen et al. 2011), which is replaced by a Matsuno time step (Matsuno 1966a) every nMT = 5 steps.

      

    

  
    
      Fig. C.1 
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        Two-day averaged temperature snapshots for various values of the hyper-diffusion parameter (see Eq. (C.7)). Left: γ = 10−5. Middle: γ = 10−4. Right: γ = 10−3. Simulations were performed for the Earth-like case of Table 2 with a stellar irradiation of 1366 W m−2 and a 1 bar surface pressure, similar to as in Fig. 1.

      

    

  
    
      Fig. D.1 
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        Construction of the stable temperature profile in the convective adjustment scheme. An initially unstable region of the air column spreading from layer l1 to layer l2 is extended both downwards and upwards until the temperature profile is stable. At every step, the mass-averaged potential temperature of the region is adjusted to include the contribution of the current unstable layer.

      

    

  
    
      Fig. E.1 
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        Radiative transfer in double-grey approximation, as described in Appendix E. The equations for the shortwave and longwave radiative fluxes are solved separately. In each band, the coupled upward and downward fluxes are calculated by making use of the Thomas algorithm (see Appendix H). The superscript ′ designates the vertical gradient of the black body emission flux [image: equation] introduced in Eqs. (E.1) and (E.2).

      

    

  
    
      Fig. F.1 
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        Discretisation of the atmosphere and ground into vertical levels.

      

    

  
    
      Fig. G.1 
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        Temporal integration scheme for the calculation of physical tendencies resulting from turbulent diffusion and soil heat conduction. The notation δt designates a physical timestep (δt = nP∆t with nP = 10).

      

    

  
    
      Fig. G.2 
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        Two-day averaged temperature snapshots for various values of soil thermal inertia (see Eq. (41)). Left: Igr = 102 Jm−2 s−1/2 K−1. Middle: Igr = 103 J m−2 s−1/2 K−1. Right: Igr = 104 J m−2 s−1/2 K−1. Simulations were performed for the Earth-like case of Table 2 with a stellar irradiation of 1366 W irr2 and a 1 bar surface pressure, similar to as in Fig. 1.
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