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Overview 

 

The geomagnetic field 
The geomagnetic field forms a vital part of the 

makeup of our planet: it acts as a defensive shield 

against solar and cosmic radiation without which life 

on Earth would not be possible. This project will use a 

new approach to understand the dynamics of the 

iron-rich fluid in Earth's outer core where the 

geomagnetic field is generated by a process called the 

geodynamo (Figure 1). Without continued research 

into the processes involved in sustaining and changing 

the field, we are unable to predict and prepare for 

future events such as geomagnetic reversals. During a 

reversal - when geomagnetic poles switch - the 

protective shielding effect is considerably weakened, 

exposing mankind and infrastructure to heightened 

doses of radiation. Society today is dependent on 

global satellite communications and power grids, 

disruption to which would have profound societal and 

economic impacts. 
 

Modelling core dynamics 
The geodynamo is a complicated problem where the 

spatial and temporal dynamics of convectively driven 

flows and  

 
 

Figure 1: Schematic of the Earth's interior. Fluid motions in the 

liquid core generate the Earth’s magnetic field and convect heat 

from the deep interior to the mantle. 
 

electromagnetic induction must be studied together in 

a branch of physics known as magnetohydrodynamics 

(MHD). Progress is impeded because it is not possible 

to directly probe the region where the dynamo 

operates (Gubbins & Bloxham, 1985). The global 

magnetic field can only be extrapolated down to the 

core-mantle boundary from its surface values and 

measurements of changes in the field (the secular 

variation) only provide information on possible flows 

near the core's surface. We must therefore build 

models of the core flow and magnetic field and test 

them by comparing their outputs with geomagnetic 

data. The physics of core dynamics is governed by a 

set of coupled, nonlinear equations that describe 

evolution of momentum, magnetic field and the 
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buoyancy anomaly (either temperature or 

concentration of light elements). This complex system 

of equations cannot be solved analytically and thus 

numerical methods are the best tools to provide 

insight. However, geodynamo modelling is intrinsically 

difficult because of the vast spectrum of lengthscales - 

from tens of metres to thousands of kilometres - and 

timescales - from 1 day to billions of years - that need 

to be resolved and understood. Despite this 

simulations have been successful in reproducing 

certain aspects of the geomagnetic field including its 

dipolarity (Figure 2) and global reversals. A common 

feature of such simulations is the appearance of large-

scale coherent columns of flow aligned with the 

rotation axis, driven by convection. These appear 

because the prevailing force balance in simulations is 

'geostrophic' indicating the dominance of the Coriolis 

force. Large-scale columnar flows act as a mechanism 

for generating large-scale magnetic field in geodynamo 

simulations. Although it is possible to generate an 

Earth-like dipolar field, a change in parameter values 

can significantly alter the dynamics of the flow and 

morphology of the field. 

 
 

 
 

 

 

 

 
 

Figure 2: Radial magnetic field at the top of the core as 

calculated in a geodynamo simulation. 
 

Scientific challenge and aims 
Much of the current model's ability to replicate some 

geomagnetic features relies on geostrophy. However, 

this balance underestimates the size of both buoyancy 

and magnetic forces. It is highly likely that at realistic 

parameter values a new balance of forces prevails. 

Indeed, Earth's core is believed to exist under a quasi-

'magnetostrophic' regime where the dominant balance 

is between magnetic, Archimedean (buoyancy), and 

Coriolis forces; the so-called 'MAC-balance' (Roberts 

& Aurnou, 2012). Understanding how the breakdown 

of geostrophy occurs and how the magnetostrophy 

manifests is a major challenge of geodynamo theory. 

Crucially, force balances such as these control many 

aspects of core dynamics, and hence the dynamo 

process itself, including the size of flow structure and 

buoyancy flux. To obtain Earth-like fields, geodynamo 

models tend to be run with large values of viscosity 

resulting in a state with completely unrealistic force 

balances. Magnetoconvection (MC) models (where 

flows interact with an imposed magnetic field) can 

alleviate this problem because they can reach smaller 

values of viscosity. The aim of this project is to study 

force balances in MC simulations and determine how 

the dominant geostrophic balance of the geodynamo 

models is broken under Earth-like conditions. 
 

Project outline and objectives 
To explain how simulations can generate an Earth-like 

magnetic field under a magnetostrophic, rather than 

geostrophic, regime we need to understand how the 

transition to such a regime can occur. Forces 

calculated from MC models will be decomposed on a 

global scale and their spatial and temporal dependence 

analysed. This will show how the force balance 

changes at smaller, more Earth-like values of viscosity. 

Given the importance of the small scales of turbulent 

convection in the core, it is also important to 

determine the dependence of force balances on scale. 

This will involve the calculation of forces on a range of 

lengthscales. On the global scale the Coriolis force is 

expected to dominate allowing geostrophy to be the 

preferred force balance. However, as the lengthscale 

is reduced the Coriolis force is likely to become less 

dominant marking a transition from rotationally 

dominated turbulence to 3D turbulence, as well as a 

growth in the role of the Lorentz (i.e. magnetic) force 

(Nataf & Schaeffer, 2015). This will allow for the 

direct observation of the transition from geostrophic 

to magnetostrophic balance. These calculations will be 

performed across a selected subset of the suite of 

simulations and hence will enable us to calculate how 

the manifestation of the magnetostrophic regime 

varies with the known parameters of the system. We 

will then be able to determine when the predicted 

MAC-balance of the core becomes dominant and how 

it controls the flow dynamics of the flow. This force 

balance study will aid us in building realistic dynamo 

reversal models in the future. The main project 

objectives are: 
1) to examine the change in global force balances 

at low viscosity (i.e. under more Earth-like 

conditions); 
2) to determine the dependence of force balances 

on lengthscale and understand the extent to which 

different balances control the flow on these scales; 
3) to explain how geostrophy is broken in 

simulations and how the expected magnetostrophy of 

the core manifests. 

 

 
Methodology 
 

Existing numerical models will be used for simulation of 

MC in spherical geometry (Teed et al. 2015) currently 

in operation at Glasgow. The student will make the 

necessary modifications to the code(s) to study force 

balances. Simulations using MC code(s) will be run on 

HPC facilities available at Glasgow and Newcastle. 



 

  

An exploration of the parameter space moving towards 

Earth-like values will be carried out to establish the 

force balance operating under more realistic conditions 

than those possible in geodynamo models. 

 
 

Timeline 
 

- Year 1: Literature survey on the dynamics of the deep 

Earth’s interior, MC and dynamo theory. Study 

numerical model to be used. Perform benchmark tests 

of the computer code and make modifications to allow 

for analysis of force balances. 
- Year 2: Perform suite of MC simulations. Analyse 

force balances on a global scale and determine 

dependence on inputs. Present results at international 

conferences. Publish results of global force balances in 

MC models. 
- Year 3: Using selected simulations, perform analysis 

of the force balances across lengthscales. Use results to 

determine how transition from geostrophy to 

magnetostorphy occurs.  Present results at 

international conferences. Write draft of paper on 

scale dependence and transition. 
- Year 3.5 (6 months): Finish paper on scale 

dependence. Write and defend thesis. 

 

 

Training & Skills 

 

With training from world experts in the field, the 

student will develop a multi-disciplinary expertise in 

deep Earth research and applied mathematics. In 

particular, the project provides specialist training in 

mathematical and numerical aspects of geophysics, fluid 

dynamics, and MHD. The student will have attend 

training workshops in computational modelling. 

Training in a wide range of generic skills (e.g. 

presentation skills, scientific writing skills) is provided 

by the College of Science & Engineering Graduate 

School at Glasgow. Additional accredited development 

courses are available at Newcastle. The School of 

Mathematics & Statistics at Glasgow provides year-long 

taught courses in core topics of Applied Mathematics 

as a part of the Scottish Mathematical Sciences Training 

Centre (SMSTC). SMSTC courses are available via 

video-conferencing and can be attended remotely. The 

student will also benefit from cross-disciplinary training 

provided as part of IAPETUS. The student will 

participate in weekly meetings of the MHD group at 

Glasgow, and the fluid dynamics group when in 

Newcastle. The student will attend and present their 

work at national and international conferences such as 

UKMHD, BAMC, UK and Scottish Fluid Dynamics 

Days. 
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Further Information 
 

Dr Robert Teed, 0141 330 5674,  

Robert.Teed@glasgow.ac.uk 
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