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Earthôs Magnetic Field 



9ŀǊǘƘΩǎ aŀƎƴŜǘƛŎ CƛŜƭŘ 

ÅTo first approximation, the 
Earth has a simple, largely 
dipolar (bar magnet-like), 
approximately N-S, magnetic 
field 

 

Å¢ƘŜ ŦƛŜƭŘ ƭƛƴŜǎ ŦƻǊƳ 9ŀǊǘƘΩǎ 
magnetosphere, which 
deflects, slows and traps 
highly-damaging charged 
particles of the solar wind 

 

ÅThis long-term protection 
allowed life to develop 

 



1. The External Field  
 
Inter-planetary magnetic field (IMF) 

Sunôs magnetic field dominates in the solar system 

Periodicity of 11 years (solar cycle) 

 

Solar wind - streams from the sun (350-500 km s-1)  

      - will not normally penetrate Earthôs magnetosphere 

      - interacts strongly with magnetosphere when strong 

      - produces aurorae and induces geomagnetic storms ï space óweatherô 

Field Sources 

 
The External Field 

          

The Core Field     

 

The Lithospheric Field  

     

Induced in lithosphere and mantle 

 

Internal 
field 



Earthôs Magnetosphere 
 

The solar wind distorts the dipolar field by compressing field lines facing the 

Sun, and forming a magnetotail away from it 

The magnetosphere 

extends 60,000km to, 

and ~ 300,000km away 

from, the Sun 

Most charged particles 

(ions) are deflected, but 

some make it through 

the polar cusp to the 

ionosphere at the poles 

(yellow arrows), forming 

the aurorae 

 



A recent example: 

Sunspot 1302  

Current Solar Cycle 

Began in Nov 2008 - Solar Cycle 24 

Maximum occurred in April 2014 

Active region was >100,000 km diameter  

Produced two major coronal mass ejections 

(CMEs) on 22 & 24 Sept 2011 25 Sept 2011 



Correlation between the number of sunspots and the number of storms 

Also a large random component ï due to óburstsô of charged particles 



óDiurnalô (daily) cycle associated with 

facing or not facing the sun 

 

+ 11-year sunspot cycle  

 

+ random óburstsô of charged particles - 

solar weather 

 

All interact with electrical currents in the 

ionosphere (below magnetosphere) 

 

Sometimes visible as Aurora Borealis (N) 

and Aurora Australis (S) 

 

In turn affects the field measured at 

Earthôs surface 

Variations in the external field 



2.  The Core Field (>90%) 
 

Core, composed mainly of Fe, has its outer 

radius at 3485km (depth of ~2900km) 

 

Inner core: 

1250km thick, solid 

Outer core: 

2200km thick, liquid 
Approximates the field of a giant 

bar magnet or dipole 

Strength ranges from 35,000nT (equator) to 70,000nT (polar) 

as measured at the surface 

 

Magnetic poles in constant motion (secular variation, total 

field reversals) ï magnetic north not static 

 

Implies a dynamic driving mechanism 

 





9ŀǊǘƘΩǎ /ƻǊŜ ŘȅƴŀƳƻ 

Conceptual model of a self-exciting dynamo in 

a rotating Earth.  A mobile conductor (liquid iron) 

forms helixes aligned with the rotational axis 

that maintain the field. The helical convection is 

chaotic - producing time changes and sign 

óflipsô. 

A numerical model of field lines 

Blue - North, brown - south 



3.  The Lithospheric Field 
 

- Due to variations in occurrence of magnetic minerals in the lithosphere 

- Forms predominantly in crystalline rocks on cooling below the Curie 

temperature ~580oC, when the magnetic field becomes permanent and 

aligned with the ambient field at the time 

- Restricted to rocks cooler than the Curie temperature, so concentrated 

in the crust 

- Produces small anomalies, ~0.25% of the total field 

- but very important geophysically 

Hot                      Cold     



The lithospheric field ï whatôs left after removal of the external and core fields 

Variations in intensity due to magnetic properties of crustal rocks ï note magnetic stripes 



4.  The Induced Field 
 

- Temporal variations in the external field induce electric currents in the crust and mantle 

- Sources are micropulsations, energy from lightning strikes (sferics) trapped in the 

ionosphere, and solar activity 

- Strength and geometry of induced electric and magnetic fields depend on the sub-

surface resistivity distribution 

- Obtain depth resolution since longer periods sample deeper 

- Used e.g. in geothermal exploration, probing lithosphere and mantle structure 

Warm colours are conductive material 
- here inferred to be magma/partial melt 
associated with continental plate rifting 



What do we need to measure? 

ÅField changes on a huge variety of 
timescales (< 1 second to > million 
yearsύ Χ 

ÅΧ ŀƴŘ length scales (planetary scale to 
the size of rock units) 

ÅIt is challenging to separate changes on 
a rapid timescale from changes on a 
rapid lengthscale 

Åand to separate internal field changes 
from external field changes 



Magnetic Field Measurement  
 

Magnetic field is a vector, so intensity (amplitude) and direction are needed 

(or three orthogonal components)  

 

Direction is normally described  

by two angles: 

Declination (D) and Inclination (I) 

Intensity is typically measured by a proton 

precession magnetometer 

 

A fluxgate magnetometer measures field 

components ï a magnetic gradiometer measures 

difference between two vertical component fluxgates  

 

SI unit is the Tesla but nanoTesla or nT is useful unit 

Magnetic 
gradiometer 



Observatories and satellites 
Eskdalemuir observatory 

Ørsted 



The satellite magnetic field package 

CSC (Compact Spherical Coil) 
Fluxgate Sensor  

One of the three ASC 

(Advanced Stellar Compass) 

cameraheads 

Optical bench mounted with 

triple-head ASC and vector 

magnetometer 



Swarm 

Current ESA LEO constellation mission to study the field 
Two satellites side-by-side at ~450 km; a third at ~700 km 



A map of Earthôs Declination.  Green ï the óAgonicô Line (compass points to true 

geographic N).  Blue ï compass points W of true.   Red ï compass points E of true. 



Direct measurement of pole 
(modern instruments) 

 

In 2001, North Magnetic Pole was near 

Ellesmere Island, N Canada.   

1831 

The pole moved ~1650 km 

between 1910 and 2010 

Since ~1970 > 40 km per year  

Movement of the Pole 

1600-2001 

Solid line ï inferred from shipôs 
logs (compass inclination and 
declination) 

1904 
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84.97ÁN, 132.35ÁW  

2010 

1600 
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1800 

The historical change in the magnetic 

field is called the Secular Variation 

http://en.wikipedia.org/wiki/Ellesmere_Island


Field strength 



Historical data ς data mining 







CǳǊǘƘŜǊ ōŀŎƪ ƛƴ ǘƛƳŜ Χ 

ÅPalaeomagnetic rock samples (lavas, sediments) 

ÅPottery shards 

ÅKilns 

ÅLake cores 

Å/ƘŀǊŀŎǘŜǊƛǎŜ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǎŀƳǇƭŜǎ Χ 

ÅΧ ŀƴŘ ƳŀƪŜ ƭŀōƻǊŀǘƻǊȅ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ŦƛŜƭŘ όǎǘǊŜƴƎǘƘ ŀƴŘκƻǊ 
direction) 



Geocentric Axial Dipole Hypothesis 

Averaged over time, the magnetic field is that of a geocentric axial 

dipole 

 

 

 

 

 

 

 

 

 

Magnetic North = Geographic North 

Inclination depends only on latitude  tan I = 2 tan l  

Declination always points towards geographic North 



Palaeomagnetism and Polar Wander 

Geomagnetic North Poles averaged for each century (dots) with 95% confidence 

limits (circles) for 900, 1300, & 1700 AD  

 

The average geomagnetic pole position (black square) with 95% confidence (grey 

circle) is quite near the geographic pole ï consistent with geocentric axial dipole 

hypothesis 



Polar wander was critical in proving continental drift over geological time 

Continental drift evidenced by polar wander is still the only quantitative 

technique available to determine pre-Mesozoic palaeo-geography.  All older 

ocean lithosphere has been recycled into the mantle. 



Magnetic reversals ï 

the key evidence for 

sea-floor spreading 

Earthôs field sometimes completely flips (reverses)  

Consistent with the self-exciting dynamo mechanism 

Get pattern of magnetic 

stripes symmetric to 

mid-ocean ridge 



Magnetic polarity timescale 

ÅField flips about every half a million years 
on average 

ÅBut last reversal was ~¾ million years 
ago 

ÅReversal rate not constant 
Å[ƻƴƎ /ǊŜǘŀŎŜƻǳǎ ΨsuperchronΩ 

ÅReversals take 10,000-20,000 years 

ÅDynamo simulations produce similar 
features, but process(es) not fully 
understood 



Aeromagnetic surveying 

Dedicated survey companies use fixed wing or 
helicopter 
Magnetometer in a stinger (as here) or towed 
bird, often with other instrumentation 
Fly closely-spaced survey lines perpendicular to 
dominant geological strike direction, and tie 
lines to help remove changing external fields 
Also use a base station to help remove external 
fields, and advise of magnetically noisy 
conditions 



Magnetic surveying 

ÅMuch data post-processing, including removing main and external fields 

ÅGradient data do this automatically, but are noisier and have shallow 
sampling depths 

ÅTreat the Earth as flat, analyse data in the wavenumber (Fourier) domain 

ÅMany different modelling and interpretation methods 

ÅSeveral commercial packages, some freeware 

ÅData and expertise often found in national or state Geological Surveys 

ÅUseful for mineral and hydrocarbon exploration, archaeology 

 

 



Core 

Magnetic 

Field 

Crust & 

Lithosphere 

Earthôs Magnetic Field 

No other measurable physical parameter can be used to 

sense so many diverse regions of the solid Earth 

Core 

Fluid  

Flow 



Challenge I ς Core dynamics and the geodynamo 

ÅAllegedly, Einstein described it as one of the great unsolved problems 

ÅIt still is, many decades later 

ÅWhy? ς difficult to do experiments, and to simulate numerically 

ÅExperiments: need an electrically conducting fluid and a large vessel  

ÅMost such fluids are dangerous, expensive and difficult to image 

ÅComputers: ŎŀƴΩǘ ƳŀƪŜ ŀƴȅ ǎƛƳǇƭƛŦȅƛƴƎ ŀǇǇǊƻȄƛƳŀǘƛƻƴǎ ǘƻ geometry; 
need very short time steps to approximate equations adequately 

ÅShort time steps take too long, even with the most powerful 
computing resources, so models are not in Earth-like regimes 

 



Laboratory experiments 

Rotating liquid sodium dynamo experiments. (a)-
(c) are photographs of actual laboratory dynamo 
experiments, and (d) is a schematic of a model 
under construction. The diameters of the 
rotating fluid containers are given in the heading 
to each panel. 
 



Geodynamo simulations 

ÅAlthough not in the correct parameter range, simulations (using lots 
of computer resources) produce Earth-like models 

ÅDynamo community has established benchmark tests for code 

ÅModels reverse, undergo excursions, are predominantly dipolar with 
the rotation axis on average, have little dipole field strength when a 
reversal occurs 



Investigating inhomogeneous 
boundary conditions 

Where is magnetic the pole? 

What is the bar magnet strength 

The base of the mantle has hot and 
cold patches, affecting core convection 


