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GEOMAGNETIC FIELD 
MODELING 
Patrick Alken 

Outline 
• Introduction to the geomagnetic field 
• Magnetic coordinate systems 
• Some history of field modeling 
• Main field models 
• The geomagnetic spectrum 
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Why do we need geomagnetic models? 

• The geomagnetic field has been used for centuries as a 
natural method of navigation; today mathematical models 
of the field are used in navigation and heading systems, 
directional drilling software for natural resources, and 
smartphones 

• The geomagnetic field is constantly changing in 
unpredictable ways, and so it is necessary to continually 
update these models to maintain accuracy 

• There are many sources of the geomagnetic field which are 
not well understood, so reseachers constantly attempt to 
improve models of each source to better understand the 
field as a whole 
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World Magnetic Model 

• Operational model 
• Joint funded by US/British governments 
• Used in many navigation, attitude and 

heading systems and software 
• Provided in many smartphones 
• Updated every 5 years 
• Most recent release: December 2014 
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International Geomagnetic Reference Field 
• Research model collaboration 

between many international 
partners 

• Used in many areas of 
geomagnetic research 

• Updated every 5 years 
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The geomagnetic field 
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Dipole coordinates 

How to define a coordinate system in this geometry? 
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Other geomagnetic coordinate systems 

Coordinate system Reference 

Magnetic Apex VanZandt et al, 1972 

Corrected Geomagnetic Mayaud, 1960 

Modified Apex Richmond, 1995 

Quasi-Dipole Richmond, 1995 

Solar Magnetic Olson, 1970 

Geocentric Solar 
Magnetospheric 

Olson, 1970 
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Geomagnetic Field Sources 
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Some history 
Gauss, 
1839 
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Modeling approaches 

• Try to model all sources 
simultaneously and extract the 
source we are interested in 

• Results in a very complicated model, 
with many parameters 

• Lots of regularization needed to 
minimize crosstalk between different 
sources 

• See: Sabaka et al, CM5, a pre-Swarm comprehensive 
geomagnetic field model derived from over 12 yr of 
CHAMP, Ørsted, SAC-C and observatory data Geophys. 
J. Int. (2015) 200 (3): 1596-1626 
doi:10.1093/gji/ggu493 

• Try to remove unwanted signals in 
the measurements as much as 
possible, and model what remains 

• To remove ionospheric sources, 
choose night-time data 
• Works well at low/mid latitudes 
• At high latitudes, ionospheric 

currents flow in sunlight and 
darkness! 

• To remove magnetospheric influence, 
select geomagnetically quiet periods 
using geomagnetic indices (there is 
always a magnetospheric field 
though!) 
 

Comprehensive approach Dedicated approach 
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Mathematical parameterization 

Unknown Gauss coefficients to be estimated by 
inverting magnetic observations 
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Mathematical parameterization (cont’d) 
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Mathematical parameterization (cont’d) 

Taylor series for time dependence 

Basis splines for time dependence 
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Data sources 

Satellites 
• Oersted (1999-present) 
• SAC-C (1999-2003) 
• CHAMP (2000-2010) 
• Swarm (2013-present) 
• Very good at resolving spatial 

variations 
• Difficulty in resolving temporal 

variations Ground observatories 
• Global network for many 

decades 
• Very good at resolving temporal 

variations 
• Less good at resolving spatial 

variations with sparse coverage 
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The Inverse Problem 

Minimize: 
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Data selection 

• Time period: 26 November 2013 to 21 January 2016 
• Obvious outliers and instrument errors 
• Local time: 22:00 to 05:00 (to eliminate ionospheric field at 

low/mid latitudes) 
• Geomagnetically quiet times: |Dst| < 30 nT (to avoid large 

external disturbance fields) 
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Data selection (cont’d) 

Total data 

After removing 
instrument errors 
and large external 
fields 
After selecting for 
quiet periods 

After selecting for 
local time 

After downsampling 
by factor 20 

99.1% of the 
data is 
thrown out! 
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Single track example (Swarm) 
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Residuals 

Swarm A N mean (nT) rms (nT) 

X 257092 0.15 4.65 

Y 257092 -0.54 4.77 

Z 430206 0.27 8.60 

Low Z 257092 0.29 3.40 
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Geomagnetic Power Spectrum 

Power in the geomagnetic field at the Earth’s 
surface for spherical harmonic degree n 
 
F. Lowes, 1974 
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Geomagnetic Power Spectrum (cont’d) 
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