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            Abstract
Convection is a fundamental physical process in the fluid cores of planets. It is the primary transport mechanism for heat and chemical species and the primary energy source for planetary magnetic fields. Key properties of convection—such as the characteristic flow velocity and length scale—are poorly quantified in planetary cores owing to the strong dependence of these properties on planetary rotation, buoyancy driving and magnetic fields, all of which are difficult to model using realistic conditions. In the absence of strong magnetic fields, the convective flows of the core are expected to be in a regime of rapidly rotating turbulence1, which remains largely unexplored. Here we use a combination of non-magnetic numerical models designed to explore this regime to show that the convective length scale becomes independent of the viscosity when realistic parameter values are approached and is entirely determined by the flow velocity and the planetary rotation. The velocity decreases very rapidly at smaller scales, so this turbulent convective length scale is a lower limit for the energy-carrying length scales in the flow. Using this approach, we can model realistically the dynamics of small non-magnetic cores such as the Moon. Although modelling the conditions of larger planetary cores remains out of reach, the fact that the turbulent convective length scale is independent of the viscosity allows a reliable extrapolation to these objects. For the Earth’s core conditions, we find that the turbulent convective length scale in the absence of magnetic fields would be about 30 kilometres, which is orders of magnitude larger than the ten-metre viscous length scale. The need to resolve the numerically inaccessible viscous scale could therefore be relaxed in future more realistic geodynamo simulations, at least in weakly magnetized regions.
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                    Fig. 1: Flow in the 3D model.[image: ]


Fig. 2: Effect of the Rossby number on the flow structure.[image: ]


Fig. 3: Distribution of the kinetic energy at different length scales.[image: ]


Fig. 4: Scaling of the velocity and length scale.[image: ]
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                Data availability

              
              Source data for Figs. 3, 4 are provided with this paper. The data generated during this study are included in the Supplementary Information file. Any additional data that support the findings of this study are available from the corresponding author on reasonable request.

            

Code availability

              
              The 3D numerical code XSHELLS is freely available at https://bitbucket.org/nschaeff/xshells and is distributed under the open source CeCILL License (http://www.cecill.info/licences/Licence_CeCILL_V2.1-en.html). The QG numerical code is available from the corresponding author on request.
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Extended data figures and tables

Extended Data Fig. 1 Scaling of the Reynolds number.
Re as a function of Ra × Ek/Pr in simulations performed with the 3D model (green data points) for Ek ∈ [10−8, 10−6], the QG model (blue data points) for Ek ∈ [10−11, 10−6], and the hybrid model (red data points) for Ek ∈ [10−8, 10−7]. Marker colours correspond to Ekman numbers (values given in the key) and marker shapes correspond to Prandtl numbers (circles, Pr = 10−2 and squares, Pr = 10−1). The dashed line represents Re = 0.6Ra × Ek/Pr. Inset, the same data compensated by theoretical scaling as a function of Ra × Ek/Pr.


Extended Data Fig. 2 Comparison of the radial length scale with the azimuthal length scale.
Radial scale of the convective flows \({{\mathscr{L}}}_{{\rm{r}}}(s)\) as a function of the azimuthal length scale \({\mathscr{L}}(s)\) obtained with the QG model at different radii s. Marker colours correspond to Ekman numbers (with Pr = 10−2) and marker shapes correspond to the given radii. The radial scale is calculated from auto-correlation functions of the radial velocity, and the convective length scale corresponds to an azimuthal scale calculated from the peak of the power spectra of the radial kinetic energy at radius s. The dashed line represents \({{\mathscr{L}}}_{{\rm{r}}}(s)={\mathscr{L}}(s)\).


Extended Data Fig. 3 Variation of the convective length scale with radius.
Convective length scale \({\mathscr{L}}(s)\) as a function of Ro(s)/|β| obtained with the QG model at different radii s. Marker colours correspond to Ekman numbers, solid-colour markers correspond to Pr = 0.01, dotted markers to Pr = 0.1, and marker shapes correspond to the given radii. The convective length scale corresponds to an azimuthal scale calculated from the peak of the power spectra of the radial kinetic energy at radius s. The dashed line represents \({{\mathscr{L}}}_{{\rm{r}}}(s)=6{\left({\rm{Ro}}(s)/| \beta | \right)}^{1/2}\). Inset, the length scale compensated by theoretical scaling as a function of Ro(s)/|β|.


Extended Data Fig. 4 Effect of the heating mode on the convective length scale.
Convective length scale \({\mathscr{L}}\) as a function of Ro obtained with the QG model for internal heating (IH, same points as in Fig. 4) and differential heating (DH) with an inner core of radius Ri = 0.35. Ek ∈ [10−11, 10−6] and Pr ∈ {10−2, 10−1, 1} are given in the key. The convective scale is averaged over radii between s = 0.1 and 0.6 and the vertical error bars give the standard deviation in this interval. The dashed line represents \({\mathscr{L}}=11{{\rm{Ro}}}^{1/2}\). Inset, the same data compensated by theoretical scaling as a function of Ro.


Extended Data Fig. 5 Time series of the kinetic energy density for two representative simulations.
a, b, Time series of the kinetic energy density K and the kinetic energy density of the axisymmetric flow Kaxi for Ek = 10−11, Pr = 0.01 and Ra = 3.75 × 1013 using the QG model (a) and Ek = 10−8, Pr = 0.01 and Ra = 2 × 1010 using the 3D model (b). Time is given in units of a viscous timescale.
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Source data
Source Data Fig. 3

Source Data Fig. 4




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Guervilly, C., Cardin, P. & Schaeffer, N. Turbulent convective length scale in planetary cores.
                    Nature 570, 368–371 (2019). https://doi.org/10.1038/s41586-019-1301-5
Download citation
	Received: 28 September 2018

	Accepted: 25 April 2019

	Published: 19 June 2019

	Issue Date: 20 June 2019

	DOI: https://doi.org/10.1038/s41586-019-1301-5


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Particle entrainment and rotating convection in Enceladus’ ocean
                                    
                                

                            
                                
                                    	Ashley M. Schoenfeld
	Emily K. Hawkins
	An Yin


                                
                                Communications Earth & Environment (2023)

                            
	
                            
                                
                                    
                                        Statistics of temperature and velocity fluctuations in supergravitational convective turbulence
                                    
                                

                            
                                
                                    	Dongpu Wang
	Jing Liu
	Chao Sun


                                
                                Acta Mechanica Sinica (2023)

                            
	
                            
                                
                                    
                                        Data-driven estimation of scalar quantities from planar velocity measurements by deep learning applied to temperature in thermal convection
                                    
                                

                            
                                
                                    	Philipp Teutsch
	Theo Käufer
	Christian Cierpka


                                
                                Experiments in Fluids (2023)

                            
	
                            
                                
                                    
                                        Fluid Dynamics Experiments for Planetary Interiors
                                    
                                

                            
                                
                                    	Michael Le Bars
	Ankit Barik
	Santiago A. Triana


                                
                                Surveys in Geophysics (2022)

                            
	
                            
                                
                                    
                                        A Dynamical Prospective on Interannual Geomagnetic Field Changes
                                    
                                

                            
                                
                                    	N. Gillet
	F. Gerick
	D. Jault


                                
                                Surveys in Geophysics (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
