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Abstract

2020 marks the start of a new 5-year cycle and updated releases of the World Magnetic Model
(WMM) and International Geomagnetic Reference Field (IGRF). These models provide a reference
for the up-to-date internal geomagnetic field in 2020, and a prediction of its secular variation for the
next 5 years, to 2025. While similar in some aspects, the two models have different specifications and
many different users across diverse fields. They provide references to be used primarily for
navigation (WMM) and geomagnetic coordinate systems (IGRF).

BGS produces the WMM in collaboration with the US’ NOAA/NCEI, while the IGRF is produced by an
IAGA Div. V-MOD task force, this time consisting of fifteen teams across nine nations, including BGS.
Here we present a summary of the updated WMM2020, and BGS efforts to enable access to these
models.

We also present a retrospective analysis of the predictive components of the candidate models for
the previous IGRF epoch’s secular variation. Recent epochs have seen notable geomagnetic jerks
and the acceleration of the North magnetic dip pole, features not well represented by the constant SV
format of models such as the IGRF. We assess the range of candidate models submitted for the
previous IGRF epoch, assess the accuracy of physically derived predictions versus empirical
extrapolations, and discuss the implications given the range of candidate models submitted for IGRF-
13 secular variation over the next five years.
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1. WMM2020

* World Magnetic Model is produced jointly by BGS (UK) and
NOAA/NCEI (USA)

* Commissioned by UK Defence Geographic Centre and US
National Geospatial-Intelligence Agency

* Widely used for navigation by industry, government, military
organisations

* Spherical harmonic degree 12 model of main field and
secular variation

* Snapshot of field at 2020.0, and constant SV projection to
2025.0

* Includes error model estimating uncertainty from modelling
process, exclusion of crustal and disturbance fields

® S ft d | 1 | | 1 I b | f Annual rate of change of declination in region of north pole for 2020.0 to 2025.0 from the World
O Ware y m apS an O n I n e Ca C u ato rS aval a- e ro m Magnetic Model (WMM2020). Red - easterly change, blue — westerly change, green — zero
change. Contour interval is 2”/year, white star is location of a magnetic pole and projectionis |
N O A A / N C E I W M M h O m e p ag e : Polar Stereographic. Credit: British Geological Survey (UK Research and Innovation).

https://www.ngdc.noaa.gov/geomaq/\WMM/
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https://www.ngdc.noaa.gov/geomag/WMM/

2. IGRF-13

* International Geomagnetic Reference Field is
produced collaboratively by IAGA Working
Group V-MOD

®* Contributions from 15 teams across 9 nations

* Widely used as a reference main field for
geomagnetic coordinate systems 20°N

* Spherical harmonic degree 13 model of main o

field and degree 8 of secular variation § .
20°'S 0 )

80° 180" 120w go'w 00 e0'E 120E 180°

* Snapshot of field at 2020.0, and constant SV
projection to 2025.0

* Snapshots of field each 5 years from 1900.0

/

* Software (C, Fortran, Python) available from \ mp—— f ranoTosh
’ ; 25000 30000 35000 40000 45000 50000 55000 60000 65000
IAGA V-MOD homepage: I

https://www.ngdc.noaa.gov/IAGA/vmod/igrf.html
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https://www.ngdc.noaa.gov/IAGA/vmod/igrf.html

3. BGS access to models

. O n I i n e Cal C u I ato rS p rOVi d e Home Research Operations Data & services Education Contacts Q
€% N\ British :
access to: Cooegnioorey | 1 . GeomEBrEtE

e o
* WMM2020
Data and Geomagnetic Coordinate Calculator
Services
o IG R F_ 13 Structural and dynamical features of the ionised and neutral upper atmosphere are
~ strongly organised by the geomagnetic field, and several magnetic coordinate systems
- have been developed to describe this organisation. Here we provide a quasi-dipole
° t d . t geomagnetic coordinate calculator (Emmert et al, J. Geophys. Res., 2010) using
coefficients for all spherical harmonic degrees (up to 13) of the 13th Generation
g eo mag n e IC Coor In a e International Geomagnetic Reference Field, and for comparison, a simple tilted dipole
. . Models & coordinate calculator using only the degree 1 coefficients of IGRF-13. Locations which have
CO nve rSIO nS (I G R F_ 13 d I pOIe Compass similar geomagnetic latitudes are likely to experience similar levels of magnetic
] Variation disturbance. Local time and conductivity structures also influence magnetic disturbance
% 3 levels.
quaSI-deOIe) Grid Magnetic Please enter your name and email address
Angle
Calculator
- - AN, 2T e s P T T S T T
* [Interactive or programm atic e
Model
"""""""" Longitude: degrees east.
BGGM

aCCGSS to m Od el Val u eS IGRF Model Decimal date: in range 1900.0-2025.0 Leave blank for all.

Geomagnetic To submit the guery, press this button: Submit Query

Coordinate
Calculator

o Maps Of a” fleld Components .............. To clear the form, press this button: [Clear Form

https://geomag.bgs.ac.uk/data service/models compass
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https://geomag.bgs.ac.uk/data_service/models_compass

3. Access to e.g. WMM2020

Home Research Operations Data & services Education Contacts Q >f7 < geomagnetic—-Field-model—resu1t> )
L <model revision="2028">wmm</model>
British . s = -97-
D ‘ a Programmatic HTTP oo, /e
s Expert | Impartial | Innovative g > -
i ; <latitude units="deg (nhorth)">-8@</latitude>
Home Data Services » odels & Compass Variations » World Magnetic Mode CCeSS <longitude unit5="dEg (eaSt)">249</10ngitUd9>
- . » - " .
Data and World MagneUC Model 2020 Calculator a. <alt1'l;ude units="km">@.008</altitude>
Services ] </coordinates>
. T Use the tool below to compute values for the geomagnetic field and secular variation for a .
given set_af coordinates and date. This calculator uses the World Magnetic Model as v<field-value>
released in Dec 2019. <total-intensity units="nT">54912</total-intensity>
Choose the geodetic latitude and longitude either by entering the coordinates into the form 1 1 1tg=" " 1 1
Data below (decimal degrees may be entered into the 'degrees’ field, and degrees S or W should <QECIJ,-nat+On un:}‘ts " deE (eaSt ) " >62. 125</d?cllf:latl?ﬂ ’
Models & be entered with a negative sign), or by simply c;lick\ng the location on the map. The _ <inclination units= deg (dOWn) >=72. 692</1ncl:|.nat:|.on>
Cun_}p._ass altitude and date may be set using the appropriate form fields. ‘ Norway Finland /,»" . <north- in‘ten Slty units:" AT ">60817< x’nor‘th—intensity>
Variation Clicking on the ‘Show result on map' button will display the va\uesrfor the choseln ‘ Map Satellite r // i <east-intens i‘ty units:rrn-l-n $15777< /east -intensity>
. " coordinates in a pop-up window. These results may be saved by clicking on the 'Save \ / . . . . . " . N .
E”dl Magnetic button allowing you to compare values from a number of locations. . v <vertica l-lntens:l.ty units="nT >-52252</Ver‘t1ca1 - lnten51ty>
ngle . . . . . . .
Calculator (As this is based on a web service you can also obtain results in XML format using an HTTP ) Latitude | Longitude | Ahtitude Date Version <horizontal- lnten51ty units="nT" >15885</h0r120ntal- lnten51ty>
.............. GET request 50015 | 14378 | 000 | 20200506 | 202 | i -
World Magnetic |http://geomag.bgs.ac.uk/web_service/GMModels/wmm/2020/? — e e =l | </.Fle:ld Valu?> .
Model latitude=-80&longitude=240&altitude=0&date=2022-07-02&format=xml| modifying the Moscow v<secular-variation>
T — \Juery string parameters as appropriate. J ~ Mg <total-intensity units="nT/y">-83.4</total-intensity>
________________ . United } . . 4 - ) . 4
e [Geodet\'c Coordinates \ <, Kingdon 4 <declination units="arcmin/y (east)">-5.6</declination>
"""""""" S <inclination units="arcmin down)">2.5</inclination>
Geomagnetic Latitude: (50 015 (See note 1) Ireland Netheriands g, AT FOR@NATE TN 4 b . . . " /y,,( ) / . .
Coordinate o Londan i Berlin PR, g <north-intensity units="nT/y">30.4</north-intensity>
Calculator Longitude:/14.379 (See note 1) ® ol Germany ¥ ; ) g <east-intensity units="nT/y">1.8</east-intensity>
________________ Altitude: 0 km above MSL B'e‘?-'u'.!j 4 = - . . . -, ) . . .
Pans L . <vertical-intensity units="nT/y">91.7</vertical-intensity>
Snaceiieatherml <horizontal-intensity units="nT/y">12.6</horizontal-intensity>
Diectional »| Dbate France [ .- C o+ </secular-variation>
Date:[2020-05-06 | (See notes 2 and 3) 2 Croatia > 1 . : L </geomagnetic-field-model-result> )
L \ h , —
\” _ - SRR -
Show result on ma (& ] e Italy g o
[STow resu’t on map| f oogle e Barcelona @Rome  Map data ©2020 GooglEINEG!, ORION-ME | Term
Legend
By . D= 1= = Y = East H= zZ= F = Total
E n te r O S Itl O n Declination | Inclination North |Intensity | Horizontal | Vertical | Intensity . .
Intensity Intensity Intensity
MF = Main degrees degrees nT nT nT nT down nT O I n = an = C I C I I l ap
Field east down

SV = secular | arcmin/year | arcmin/year | nT/year | nT/year nT/year nT/year nT/year
Variation

https://geomag.bgs.ac.uk/data_service/models _compass/wmm_calc.html
(also see: https://geomag.bgs.ac.uk/data_service/models _compass/igrf _calc.html)
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https://geomag.bgs.ac.uk/data_service/models_compass/wmm_calc.html
https://geomag.bgs.ac.uk/data_service/models_compass/igrf_calc.html

3. Magnetic pole locations

« North and South, geomagnetic
and dip, pole coordinates and
maps available

Locations of the north and south dip poles and geomagnetic poles. Locations (geodetic) from the 13th
Generation International Geomagnetic Reference Field

Morth dip pole South dip pole Morth geomagnetic  South geomagnetic
pole pole
Epoch Latitude Longitude Latitude Longitude Latitude Longitude Latitude Longitude
2015.0 86.31 -160.47 -64.28 136.60 80.37 -72.681 -80.37 107.39
2020.0 86.49 162.76 -64.08 135.86 80.65 -72.68 -80.65 107.32
2025.0 85.78 138.09 -63.85 135.06 80.90 -72.64 -80.90 107.36

© UKRI All rights reserved
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https://geomag.bgs.ac.uk/education/poles.html

4. |GRF-12 SV candidates

* The previous 12" generation of IGRF (2015—2020)
provides a useful review of how a linear SV model copes
with rapid and non-linear SV

* 9 candidates submitted, 4 used empirical extrapolations, 5
used physical forecasts (see Thébault, et al., 2015)

* |Isthere a clear distinction in the performance of the
empirical or physical SV predictions? Or did any one model
out-perform the others?

* Compare IGRF-12 candidates to IGRF-13 SV, produced
retrospectively

© UKRI All rights reserved



* The median of field differences between all SV
candidates and IGRF-13 SV for 2015—2020 show
anomalies are consistent across candidates

IGRF1_2 SV candidates

* Highlights the regions of greatest SV, particularly Z,
and shift of North dip pole (see D, X, H above
Canada)

* SV magnitude underestimated by IGRF-12
candidates due to acceleration of field in these
regions

* Z corresponds to the regions seeing jerk activity (e.g.
Torta et al., 2015), lacking from all candidates

Median IGRF-12
to IGRF-13

* Differences show higher SH degrees needed to fit
e peak amplitudes of SV

* South Atlantic Anomaly decay also ac:celeratin%"vi
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4. |GRF-12 SV candidates

* The spatial map of erroneous SV predictions is
largely static in time, but amplitude varies

* The features not captured by IGRF-12 SV
candidates build over several years, are not short
lived

* Differences between IGRF-13 and a recent BGS
model, using temporal B-splines to capture SA,
provides a proxy for the amount of non-linear SV
occurring

* |IGRF type predictions increasingly diverge, in a
linear sense for the SV predicted to SH degree 8,

and increasingly so when the missing smaller
scales to degree 13 are also considered

* Degrees 9—13 contribute a base RMS error of
140nT to forecasts

* No clear distinction between forecast methods

© UKRI All rights reserved
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4. |GRF-12 SV candidates

* Best performing models use core flow advection
and empirical linear extrapolation of Gauss
coefficients

* All models are comparable with respect to errors
In regions of SA, but relatively worst performing
models also contain unrelated anomalies in other
areas — generally, all candidates perform
comparably to each other

®* Suggests that use of simple extrapolations is not
unfounded given the parameters of the IGRF
design, but also that physical forecast of linear SV
are plausible on these temporal and spatial scales

© UKRI All rights reserved

RMS relative to IGRF-13 [nT]

200 T [ 1 1 I I T T T ?
Models using physical forecasts R L
180 [~ “__,-B““ o "l(""-‘-‘-‘ll‘v
‘_“E“’__..-‘g“'.'ﬁm‘i'
_____ AT LA 4
160 Lo et qj“—"_‘_l_‘-‘vllllll N
‘‘‘‘‘‘‘‘ s?-‘-iiii-‘iiv‘“ —
e AT » dotted = degree 13
140%8 b T Ll 4
m
= 4= Sp Spline -’ i
120 + - O= IA British Geological Survey I . oA
>
B DTU Space 7 > ’
A ¢
100 - = %= |C ISTerre - o T e |
— o= D IZMIRAN a” g
-
5 E NGDC Boulder P S a*
: » |
== F GFZ Potsdam L /’ d‘
— A~ |GB NASA GSFC MR _
60 - o o dashed = degree 8 |
| LPGNantes ~ * =
”’ &
40 Y .
” &
-’ 4‘?
™ T et
20 | ,;"LN’ ____,,.-....--:---#‘-"'—'"2*- Lt gl s it — y
TP oo™ T
“9.-‘/‘6"‘ \"'— —
j»‘ | | | | | | I I |

()<

Date

2015 2015.5 2016 20165 2017 2017.5 2018 2018.5 2019 20197’




4. |GRF-13 SV candidates

* Timeliness of data used to build model likely has as significant an impact on SV forecasts as the
method used, and is evident in IGRF-13 SV candidates

* A few weeks or months additional data generally doesn’t greatly impact spatial patterns of SV, but
alters amplitudes (e.g. in Z) where acceleration has occurred

Data to July 2019 Data to February 2020
BGS model @ 2020.0 — IGRF-13 SV

LT - I
R L] D
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5. Summary

* WMM2020 and IGRF-13 are now available, describing the field and rate of
change between 2020 and 2025

* BGS provides updated resources and online calculators for use of both
models, and for geomagnetic coordinate system conversions

* Significance of non-linear SV and effectiveness of forecast methods can be
gauged from retrospective review of IGRF candidates

* |mpact of jerks is not isolated in time, it can lead to accrual of increasing
discrepancies between linear models and actual field

* During 2015—2020, secular accelerations tended to lead to underestimation
of SV amplitude, increasingly over time

* There is no obvious distinction in performance of empirical and physical
forecasts for IGRF-12 SV candidates

* Between IGRF-13 SV candidates, the timeliness of data constraining a
model is evident, and is likely as big an influencer of accuracy of SV
forecasts as forecast methodology, when a linear SV model is considered
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