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V (r, θ, φ) = R(r) · Φ(φ) · Θ(θ).
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∆V (r, θ, φ) = 0
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�����Y���K£a�a¡0 ±¢��X¢� O�3�a©K O�O�:�O�I¡0�G¯O�3�O�¦¡-��£G£a�O�¦�Y��� �
d

dr

(

r2dR(r)

dr

)

= `(`+ 1)R(r)
²6£�«¤£
�

d

dθ

(

sin θ
dΘ(θ)

dθ

)

=

(

m2

sin θ
− `(`+ 1) sin θ

)

Θ(θ)
²H£�«�v	�

d2Φ(φ)

dφ2
= (−m2)Φ(φ)

²H£�« 1 �

�F©'��¨ � 


` ∈ N

0 ≤ m ≤ `

���O�J�0�K£G��¡0�G�'���¦�3�'�I¡:¢��'��¨X¢��X£<���.�K�0� � �

R(r) = Cstea

r r` + Csteb
r r−(`+1) ²6£�« U �

Θ(θ) = Cste
θ





(1 − cos2 θ)
m
2

`!

(

d

d(cos θ)

)`+m

(cos2 θ − 1)`





²6£�« ¡ �
Φ(φ) = Cste

φ · eimφ ²6£�« T �
� x

Cste
r,θ,φ

�0�'�I¡b¢��O�J¨��'���3¡-�K�I¡-���O«
� ¡+�K�I¡o¢��'���� ��¥���5¢��O¤'�3 
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m
� £G�:�®�K¡0�O�I¡-�a�O£

V
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V`,m(r, θ, φ) = Cste
θ,φ · (Cstea

r r` + Csteb
r r−(`+1)) ·

²6£�« ��
 �




(1 − cos2 θ)
m
2

`!

(

d

d(cos θ)

)`+m

(cos2 θ − 1)`



 · eimφ
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dHlpo1q�g#e=~ bN�to1~ b+dmlnd z g#e θ s z c z qye�sfj�>>�Rc2e z q>lnd b+lnc2e �

��� W � W []\1^ m7f )���h
	�� \1^ i+\ []\�
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���x���K�2¡-�G�c¢��$£p�§ O�Y���~¡0�G�'�T£�« �+� �Y���{���)¢� ��®����¢ �Y���e¢��$£<� ©~�K�3�<�Kª�£G�
θ
�	�O�3�5�°¡±¢��§�G� P

¡-�3�1¢����G�3�
Pm

` (cos θ)
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





































Pm
` (cos θ) = 1

2``!
d`

d(cos θ)` (cos2 θ − 1)`
�0�
m = 0

�

Pm
` (cos θ) =

√

2(`−m)!(1−cos θ)m

(`+m)!
1

2``!
d`+m

d(cos θ)`+m (cos2 θ − 1)`

=
√

2(`−m)!(1−cos θ)m

(`+m)!
dm

d(cos θ)mP`(cos θ)
�3�
m 6= 0

²H£�« �'� �

P`(cos θ)
�0�K�Y¡)£G���c�	�'£ ­1� � �5���X¢��!���O¤K�O��¢��3� ²���¤'���3�O£�« � � ¢ �a£G�X��� ¢� O�	�O��¢��O�I¡W�Y���

¢���¢��O¤K�0 
`
«
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`
�°¡$��� �'�3¢��0�

m
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V`,m(r, θ, φ) = (Am
` r` +Bm

` r−(`+1))eimφPm
l (cos θ)

²6£�« � �	�
� x

Am
`

�°¡
Bm

`

�0�K�Y¡:¢����J¨O�'���2¡+�K�I¡0�O�O«
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Y m

` (θ, φ)
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Pm

l (cos θ)
�

Y m
` (θ, φ) =

√

√

√

√

2`+ 1

4π

(`−m)!

(`+m)!
eimφPm

l (cos θ)
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V (r, θ, φ) =
∞
∑

`=0

∑̀

m=0

(Cm
` r` +Dm

` r−(`+1))Y m
` (θ, φ)
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� x

Cm
`

��¡
Dm

`

�0�'�I¡:¢��O�J¨��'���3¡-�K�I¡-���O«

��� W � Y ��l��G\*)gfGm+m7\ � \1h�`ªi�� m7fc`e\1h¬`edg\*)

� �'� �5��£a�>¨+���K� � �3�O¨+�����0¨+��  ���3¡5�0 ��O£ � �3�O��£a��£G� ���K�3¡0�G���3 O�O£a£G�>¢����5���~�0� �'���G�Y�����
�3���� O�3�G�Y�����e�O�2¡W¨O�'���0�O�2©' ��K«U���\� � ���0���0�0�a�'�m¢��§��� �	�K¡-���Y¡0�G��£ � �0�'£a��¡-�a�'� ¢��!£p�§ O�Y���~¡0�G�'� ¢��
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V (r, θ, φ) = Vi(r, θ, φ) + Ve(r, θ, φ)

= a
∞
∑

`=1

∑̀

m=0

(

a

r

)`+1

(gm
` cosmφ + hm

` sinmφ)Pm
` (cos θ)

+ a
∞
∑

`=1

∑̀

m=0

(

r

a

)`

(qm
` cosmφ+ sm

` sinmφ)Pm
` (cos θ)
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Vi
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Ve
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r
�
θ
�
φ
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m
«b²
gm

`

�
hm

`
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qm
`

�
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`
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`
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Viono(r, θ, φ) = a
∞
∑

`=1

∑̀

m=0

(

r

a

)`

(cm` cosmφ+ dm
` sinmφ)Pm

` (cos θ),
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Viono(r, θ, φ) = a
∞
∑

`=1

−

(

`

`+ 1

)(

a+ h

a

)2`+1(
a

r

)`+1

·
∑̀

m=0

(cm` cosmφ+ dm
` sinmφ)Pm

` (cos θ)
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R` = (`+ 1)
∑̀

m=0

[

(gm
` )2 + (hm

` )2
]
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Kp(t) <= 1+; Kp(t +/− 3) <= 2−; local time 22h/6h
Kp(t) <= 1+; Kp(t +/− 3) <= 2−; Sun 5 deg below horizon
Kp(t) <= 2o; Kp(t +/− 3) <= 2+; local time 22h/6h
Kp(t) <= 2o; Kp(t +/− 3) <= 2+ ; Sun 5 deg below horizon
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Our candidate main field model for DGRF 2000.0 has been calculated from all 
available vector and scalar data of ∅rsted satellite, over 1999-2002 period.

Data Selection criteria

1) From April 1999 to September 2002, the number of data is really important and 
allows us to apply strict data selection criteria:

• vector data are used below ±50° absolute geomagnetic latitude,
• scalar data are used above ±50° absolute geomagnetic latitude or when vector data 

are missing,
• outliers are removed using methods based on first and second time derivatives 

(Langlais et al., 1999).

2) In order to minimize the contributions of external fields, two more selection 
criteria have been applied:

a- Data corresponding to periods characterized by the following geomagnetic 
indices are kept:

• Kp(t) ≤1+ and Kp(t ±3) ≤ 2 -
• |Dst(t)| ≤ 5nT and |dDst(t)/dt| ≤3nT/hour

b- We do not use any selection in local time but in order to avoid the 
disturbances produced by the Sun (temperature, particles) on the satellite, we 
decided to keep only the measurements made in the 'real shadow side' of the Earth 
(Chambodut et al., 2003).

Modeling Parameters
After the selection, the data distribution is homogenized. An equiangular grid of 3

°x3° is defined: a maximum of ten measurement locations per bin are randomly sorted 
from each dataset. A geographic weighting scheme is applied on satellite datasets, as in a 
near-polar orbit satellite, there are much more data near the pole than near the equator. 
Such an uneven coverage can be counterbalanced by using normalized weights in 
sin(θ(i)) for each data i at the latitude θ(i). We combined this geographic scheme to 
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another one based on the attitude uncertainty related to a poorer determination of the 
rotation angle around the pointing axis of the Star IMager (SIM) (Holme, 2000).

Modeling 
A first rough model is computed up to degree/order 29 for internal field, 10 for 

secular variation and 2 for external field, with a first degree/order Dst dependence. The 
coefficients are estimated by an iterative least-squares fit and are applied to determine the 
residuals on all the data, which have been selected before homogenization. This model is 
only a preliminary one and allows us to apply a new selection of data; indeed, in the next 
step, only data with residuals inferior to 5 nT, on each component, are kept.

Thus, we obtained a new set of data to which we applied the homogenization 
procedure. Distributions of the homogenized data in space and time are shown on Figures 
1 and 2. The poor number of data during the year 2000 is counterbalanced by the good 
coverage before and after this period during the years 1999 and 2001/2002.

Figure 1: Geographical distribution of scalar (black) and vector (red) ∅rsted satellite 
data used in the computation of the final model (after homogenization).

Figure 2: Temporal distribution of scalar (black) and vector (red) ∅rsted satellite data  
used in the computation of the final model.
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The number of scalar and vector data, after the various selection criteria applied 
for the preliminary and final models, may be resumed in the following table:

Vector Scalar      
after main selection (Dst, Kp,                           1 570 107                                    1 236 184 
'real shadow side'...)
after reduction of the number of data      48 301      38 497  
at random À
after homogenization À         39 093       25 723  
after test on residuals ≤ 5nT ­         55 090      52 460  
after homogenization ­         39 366      27 243  
     (À preliminary model , ­ final model)                                                                             

 Finally, the spherical harmonic analysis is developed up to degree/order 20 for 
internal field, 10 for secular variation (free up to 8; imposed for degree/order 9 and 10) 
and 2 for external field, with a first degree/order Dst dependence. 

Misfits
The RMS residuals found after three iterations, sufficient for convergence, are:

X  RMS  :   2.49019   nT
Y  RMS  :   3.00761   nT
Z  RMS   :   2.74100   nT

vector total RMS :  2.64766    nT  
scalar total RMS  :  2.75956    nT
         total  RMS  :  2.66898    nT  
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S U M M A R Y

The International Association of Geomagnetism and Aeronomy has recently released the 9th-

Generation International Geomagnetic Reference Field—the latest version of a standard math-

ematical description of the Earth’s main magnetic field used widely in studies of the Earth’s

deep interior, its crust and its ionosphere and magnetosphere. The coefficients were recently fi-

nalized at the XXIII General Assembly of the International Union of Geophysics and Geodesy,

held at Sapporo in Japan in 2003 July. The IGRF is the product of a huge collaborative effort

between magnetic field modellers and the institutes involved in collecting and disseminating

magnetic field data from satellites and from observatories and surveys around the world.

Key words: geomagnetic field model, geomagnetic reference field, IGRF, secular variation.

The IGRF is a series of mathematical models of the Earth’s main

field and its annual rate of change (secular variation). In source-free

regions at the Earth’s surface and above, the main field, with sources

internal to the Earth, is the negative gradient of a scalar potential V ,

which can be represented by a truncated series expansion

V (r, θ, λ, t) = R

nmax
∑

n=1

(

R

r

)n+1 n
∑

m=0

[

gm
n (t) cos mλ

+ hm
n (t) sin mλ

]

Pm
n (θ )

where r , θ and λ are geocentric coordinates (r is the distance from

the centre of the Earth, θ is the colatitude, i.e. 90◦-latitude, and λ

is the longitude), R is a reference radius (6371.2 km); gm
n (t) and

hm
n (t) are the coefficients at time t and Pm

n (θ ) are the Schmidt semi-

normalized associated Legendre functions of degree n and order

m. The coefficients are functions of time and for the IGRF they

are assumed to vary at constant rates for 5-year intervals. For more

details on main-field modelling the reader is referred to Chapman

& Bartels (1940) and Langel (1987).

The coefficients of the 9th-generation IGRF are listed in

Table 1 and are available in digital form from the IAGA web site

www.iugg.org/IAGA and the World Data Centers listed at the end

of this paper, along with software to compute magnetic field val-

ues from them. The new coefficients are the main-field coefficients

for 1995.0 and 2000.0 (these are now definitive) and the secular-

variation coefficients for 2000.0–2005.0. The previous (8th) gen-

eration IGRF was determined by a Task Force at the end of 1999

rather than at IUGG in 1999 July so that as many Ørsted satellite

∗Corresponding author: British Geological Survey, Murchison House, West

Mains Road, Edinburgh EH9 3LA, UK. E-mail: smac@bgs.ac.uk

data could be incorporated as possible (IAGA Division V, Work-

ing Group 8, 2000). Since then, much progress has been made on

producing models of the Earth’s magnetic field with the unprece-

dented amount of good quality satellite data available during the

first half of the International Decade of Geopotential Research. In

order to ensure that the accuracy of the IGRF reflects the high qual-

ity of available data, IAGA decided in 2001 that the 9th-generation

IGRF should be determined at the IUGG meeting in 2003, and that

for 2000.0 the main-field coefficients should extend to degree 13

and be quoted to 0.1 nT precision (to reflect improved instrument

resolution).

As it is unusual to have a revision of the IGRF in a year not close

to the epoch of a constituent main-field model and as this is the

first generation of the model where a definitive set of main-field

coefficients is followed by a set of secular-variation coefficients,

there is a need to update the nomenclature used. Table 2 gives the new

nomenclature that should be used henceforth, and gives a summary

of the history of the IGRF.

It is recommended not to use the term IGRF without reference to

the generation, as then it is difficult to establish which coefficients

were actually used. For example, one cannot recover the original

full-field data from an aeromagnetic anomaly data set in order to

tie it with adjacent surveys if one does not know which generation

of the IGRF was used. It is also recommended that the full name

be used, so that it is more apparent whether the output values are

‘predictive’ and are therefore less accurate.

The International Astronomical Union 1966 spheroid has been

recommended for coordinate transformations when using the IGRF

until now. The parameters of IAU66 are a = 6378.160, b =

6356.775 km. However, the World Geodetic System 1984 datum and

spheroid are more widely recognized as a standard (a = 6378.137,

C© 2003 RAS 1051
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Table 1. Spherical harmonic coefficients of the 9th-generation IGRF (revised 2003).

g/h n m 1900.0 1905.0 1910.0 1915.0 1920.0 1925.0 1930.0 1935.0 1940.0 1945.0 1950.0 1955.0 1960.0 1965.0 1970.0 1975.0 1980.0 1985.0 1990.0 1995.0 2000.0 SV

g 1 0 −31 543 −31 464 −31 354 −31 212 −31 060 −30 926 −30 805 −30 715 −30 654 −30 594 −30 554 −30 500 −30 421 −30 334 −30 220 −30 100 −29 992 −29 873 −29 775 −29 692 −29 619.4 13.3

g 1 1 −2298 −2298 −2297 −2306 −2317 −2318 −2316 −2306 −2292 −2285 −2250 −2215 −2169 −2119 −2068 −2013 −1956 −1905 −1848 −1784 −1728.2 11.6

h 1 1 5922 5909 5898 5875 5845 5817 5808 5812 5821 5810 5815 5820 5791 5776 5737 5675 5604 5500 5406 5306 5186.1 −21.2

g 2 0 −677 −728 −769 −802 −839 −893 −951 −1018 −1106 −1244 −1341 −1440 −1555 −1662 −1781 −1902 −1997 −2072 −2131 −2200 −2267.7 −14.4

g 2 1 2905 2928 2948 2956 2959 2969 2980 2984 2981 2990 2998 3003 3002 2997 3000 3010 3027 3044 3059 3070 3068.4 −3.7

h 2 1 −1061 −1086 −1128 −1191 −1259 −1334 −1424 −1520 −1614 −1702 −1810 −1898 −1967 −2016 −2047 −2067 −2129 −2197 −2279 −2366 −2481.6 −22.7

g 2 2 924 1041 1176 1309 1407 1471 1517 1550 1566 1578 1576 1581 1590 1594 1611 1632 1663 1687 1686 1681 1670.9 −3.6

h 2 2 1121 1065 1000 917 823 728 644 586 528 477 381 291 206 114 25 −68 −200 −306 −373 −413 −458 −11.1

g 3 0 1022 1037 1058 1084 1111 1140 1172 1206 1240 1282 1297 1302 1302 1297 1287 1276 1281 1296 1314 1335 1339.6 −1.1

g 3 1 −1469 −1494 −1524 −1559 −1600 −1645 −1692 −1740 −1790 −1834 −1889 −1944 −1992 −2038 −2091 −2144 −2180 −2208 −2239 −2267 −2288 −3.5

h 3 1 −330 −357 −389 −421 −445 −462 −480 −494 −499 −499 −476 −462 −414 −404 −366 −333 −336 −310 −284 −262 −227.6 5.6

g 3 2 1256 1239 1223 1212 1205 1202 1205 1215 1232 1255 1274 1288 1289 1292 1278 1260 1251 1247 1248 1249 1252.1 −1.2

h 3 2 3 34 62 84 103 119 133 146 163 186 206 216 224 240 251 262 271 284 293 302 293.4 −4.5

g 3 3 572 635 705 778 839 881 907 918 916 913 896 882 878 856 838 830 833 829 802 759 714.5 −8.5

h 3 3 523 480 425 360 293 229 166 101 43 −11 −46 −83 −130 −165 −196 −223 −252 −297 −352 −427 −491.1 −8

g 4 0 876 880 884 887 889 891 896 903 914 944 954 958 957 957 952 946 938 936 939 940 932.3 −2.7

g 4 1 628 643 660 678 695 711 727 744 762 776 792 796 800 804 800 791 782 780 780 780 786.8 2.2

h 4 1 195 203 211 218 220 216 205 188 169 144 136 133 135 148 167 191 212 232 247 262 272.6 1.7

g 4 2 660 653 644 631 616 601 584 565 550 544 528 510 504 479 461 438 398 361 325 290 250 −8

h 4 2 −69 −77 −90 −109 −134 −163 −195 −226 −252 −276 −278 −274 −278 −269 −266 −265 −257 −249 −240 −236 −231.9 1

g 4 3 −361 −380 −400 −416 −424 −426 −422 −415 −405 −421 −408 −397 −394 −390 −395 −405 −419 −424 −423 −418 −403 4.5

h 4 3 −210 −201 −189 −173 −153 −130 −109 −90 −72 −55 −37 −23 3 13 26 39 53 69 84 97 119.8 5.1

g 4 4 134 146 160 178 199 217 234 249 265 304 303 290 269 252 234 216 199 170 141 122 111.3 −1.9

h 4 4 −75 −65 −55 −51 −57 −70 −90 −114 −141 −178 −210 −230 −255 −269 −279 −288 −297 −297 −299 −306 −303.8 −0.3

g 5 0 −184 −192 −201 −211 −221 −230 −237 −241 −241 −253 −240 −229 −222 −219 −216 −218 −218 −214 −214 −214 −218.8 −1.4

g 5 1 328 328 327 327 326 326 327 329 334 346 349 360 362 358 359 356 357 355 353 352 351.4 0.7

h 5 1 −210 −193 −172 −148 −122 −96 −72 −51 −33 −12 3 15 16 19 26 31 46 47 46 46 43.8 −0.3

g 5 2 264 259 253 245 236 226 218 211 208 194 211 230 242 254 262 264 261 253 245 235 222.3 −2.6

h 5 2 53 56 57 58 58 58 60 64 71 95 103 110 125 128 139 148 150 150 154 165 171.9 1.5

g 5 3 5 −1 −9 −16 −23 −28 −32 −33 −33 −20 −20 −23 −26 −31 −42 −59 −74 −93 −109 −118 −130.4 −1.2

h 5 3 −33 −32 −33 −34 −38 −44 −53 −64 −75 −67 −87 −98 −117 −126 −139 −152 −151 −154 −153 −143 −133.1 2

g 5 4 −86 −93 −102 −111 −119 −125 −131 −136 −141 −142 −147 −152 −156 −157 −160 −159 −162 −164 −165 −166 −168.6 0

h 5 4 −124 −125 −126 −126 −125 −122 −118 −115 −113 −119 −122 −121 −114 −97 −91 −83 −78 −75 −69 −55 −39.3 3.8

g 5 5 −16 −26 −38 −51 −62 −69 −74 −76 −76 −82 −76 −69 −63 −62 −56 −49 −48 −46 −36 −17 −12.9 −0.2

h 5 5 3 11 21 32 43 51 58 64 69 82 80 78 81 81 83 88 92 95 97 107 106.3 −0.5

g 6 0 63 62 62 61 61 61 60 59 57 59 54 47 46 45 43 45 48 53 61 68 72.3 0.4

g 6 1 61 60 58 57 55 54 53 53 54 57 57 57 58 61 64 66 66 65 65 67 68.2 0.3

h 6 1 −9 −7 −5 −2 0 3 4 4 4 6 −1 −9 −10 −11 −12 −13 −15 −16 −16 −17 −17.4 −0.7

g 6 2 −11 −11 −11 −10 −10 −9 −9 −8 −7 6 4 3 1 8 15 28 42 51 59 68 74.2 0.7

h 6 2 83 86 89 93 96 99 102 104 105 100 99 96 99 100 100 99 93 88 82 72 63.7 −1.8

g 6 3 −217 −221 −224 −228 −233 −238 −242 −246 −249 −246 −247 −247 −237 −228 −212 −198 −192 −185 −178 −170 −160.9 1.9

h 6 3 2 4 5 8 11 14 19 25 33 16 33 48 60 68 72 75 71 69 69 67 65.1 −0.2

g 6 4 −58 −57 −54 −51 −46 −40 −32 −25 −18 −25 −16 −8 −1 4 2 1 4 4 3 −1 −5.9 −1.7

h 6 4 −35 −32 −29 −26 −22 −18 −16 −15 −15 −9 −12 −16 −20 −32 −37 −41 −43 −48 −52 −58 −61.2 −0.4

g 6 5 59 57 54 49 44 39 32 25 18 21 12 7 −2 1 3 6 14 16 18 19 16.9 −0.5

h 6 5 36 32 28 23 18 13 8 4 0 −16 −12 −12 −11 −8 −6 −4 −2 −1 1 1 0.7 −0.2

g 6 6 −90 −92 −95 −98 −101 −103 −104 −106 −107 −104 −105 −107 −113 −111 −112 −111 −108 −102 −96 −93 −90.4 0.7

h 6 6 −69 −67 −65 −62 −57 −52 −46 −40 −33 −39 −30 −24 −17 −7 1 11 17 21 24 36 43.8 1.5

g 7 0 70 70 71 72 73 73 74 74 74 70 65 65 67 75 72 71 72 74 77 77 79 0.2

g 7 1 −55 −54 −54 −54 −54 −54 −54 −53 −53 −40 −55 −56 −56 −57 −57 −56 −59 −62 −64 −72 −74 −0.1

h 7 1 −45 −46 −47 −48 −49 −50 −51 −52 −52 −45 −35 −50 −55 −61 −70 −77 −82 −83 −80 −69 −64.6 0.7

g 7 2 0 0 1 2 2 3 4 4 4 0 2 2 5 4 1 1 2 3 2 1 0 −0.3

h 7 2 −13 −14 −14 −14 −14 −14 −15 −17 −18 −18 −17 −24 −28 −27 −27 −26 −27 −27 −26 −25 −24.2 0.3

g 7 3 34 33 32 31 29 27 25 23 20 0 1 10 15 13 14 16 21 24 26 28 33.3 1.1

h 7 3 −10 −11 −12 −12 −13 −14 −14 −14 −14 2 0 −4 −6 −2 −4 −5 −5 −2 0 4 6.2 0.1

g 7 4 −41 −41 −40 −38 −37 −35 −34 −33 −31 −29 −40 −32 −32 −26 −22 −14 −12 −6 −1 5 9.1 0.7

h 7 4 −1 0 1 2 4 5 6 7 7 6 10 8 7 6 8 10 16 20 21 24 24 0.3

g 7 5 −21 −20 −19 −18 −16 −14 −12 −11 −9 −10 −7 −11 −7 −6 −2 0 1 4 5 4 6.9 0.5

h 7 5 28 28 28 28 28 29 29 29 29 28 36 28 23 26 23 22 18 17 17 17 14.8 −0.8

g 7 6 18 18 18 19 19 19 18 18 17 15 5 9 17 13 13 12 11 10 9 8 7.3 −0.3
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Table 1. (Continued.)

g/h n m 1900.0 1905.0 1910.0 1915.0 1920.0 1925.0 1930.0 1935.0 1940.0 1945.0 1950.0 1955.0 1960.0 1965.0 1970.0 1975.0 1980.0 1985.0 1990.0 1995.0 2000.0 SV

h 7 6 −12 −12 −13 −15 −16 −17 −18 −19 −20 −17 −18 −20 −18 −23 −23 −23 −23 −23 −23 −24 −25.4 −0.1

g 7 7 6 6 6 6 6 6 6 6 5 29 19 18 8 1 −2 −5 −2 0 0 −2 −1.2 0.5

h 7 7 −22 −22 −22 −22 −22 −21 −20 −19 −19 −22 −16 −18 −17 −12 −11 −12 −10 −7 −4 −6 −5.8 0.2

g 8 0 11 11 11 11 11 11 11 11 11 13 22 11 15 13 14 14 18 21 23 25 24.4 0.1

g 8 1 8 8 8 8 7 7 7 7 7 7 15 9 6 5 6 6 6 6 5 6 6.6 0.2

h 8 1 8 8 8 8 8 8 8 8 8 12 5 10 11 7 7 6 7 8 10 11 11.9 −0.2

g 8 2 −4 −4 −4 −4 −3 −3 −3 −3 −3 −8 −4 −6 −4 −4 −2 −1 0 0 −1 −6 −9.2 −0.5

h 8 2 −14 −15 −15 −15 −15 −15 −15 −15 −14 −21 −22 −15 −14 −12 −15 −16 −18 −19 −19 −21 −21.5 0.1

g 8 3 −9 −9 −9 −9 −9 −9 −9 −9 −10 −5 −1 −14 −11 −14 −13 −12 −11 −11 −10 −9 −7.9 0.2

h 8 3 7 7 6 6 6 6 5 5 5 −12 0 5 7 9 6 4 4 5 6 8 8.5 0.3

g 8 4 1 1 1 2 2 2 2 1 1 9 11 6 2 0 −3 −8 −7 −9 −12 −14 −16.6 −0.4

h 8 4 −13 −13 −13 −13 −14 −14 −14 −15 −15 −7 −21 −23 −18 −16 −17 −19 −22 −23 −22 −23 −21.5 0.4

g 8 5 2 2 2 3 4 4 5 6 6 7 15 10 10 8 5 4 4 4 3 9 9.1 0.2

h 8 5 5 5 5 5 5 5 5 5 5 2 −8 3 4 4 6 6 9 11 12 15 15.5 0.1

g 8 6 −9 −8 −8 −8 −7 −7 −6 −6 −5 −10 −13 −7 −5 −1 0 0 3 4 4 6 7 0.5

h 8 6 16 16 16 16 17 17 18 18 19 18 17 23 23 24 21 18 16 14 12 11 8.9 −0.3

g 8 7 5 5 5 6 6 7 8 8 9 7 5 6 10 11 11 10 6 4 2 −5 −7.9 −0.7

h 8 7 −5 −5 −5 −5 −5 −5 −5 −5 −5 3 −4 −4 1 −3 −6 −10 −13 −15 −16 −16 −14.9 0.4

g 8 8 8 8 8 8 8 8 8 7 7 2 −1 9 8 4 3 1 −1 −4 −6 −7 −7 0.4

h 8 8 −18 −18 −18 −18 −19 −19 −19 −19 −19 −11 −17 −13 −20 −17 −16 −17 −15 −11 −10 −4 −2.1 0.4

g 9 0 8 8 8 8 8 8 8 8 8 5 3 4 4 8 8 7 5 5 4 4 5

g 9 1 10 10 10 10 10 10 10 10 10 −21 −7 9 6 10 10 10 10 10 9 9 9.4

h 9 1 −20 −20 −20 −20 −20 −20 −20 −20 −21 −27 −24 −11 −18 −22 −21 −21 −21 −21 −20 −20 −19.7

g 9 2 1 1 1 1 1 1 1 1 1 1 −1 −4 0 2 2 2 1 1 1 3 3

h 9 2 14 14 14 14 14 14 14 15 15 17 19 12 12 15 16 16 16 15 15 15 13.4

g 9 3 −11 −11 −11 −11 −11 −11 −12 −12 −12 −11 −25 −5 −9 −13 −12 −12 −12 −12 −12 −10 −8.4

h 9 3 5 5 5 5 5 5 5 5 5 29 12 7 2 7 6 7 9 9 11 12 12.5

g 9 4 12 12 12 12 12 12 12 11 11 3 10 2 1 10 10 10 9 9 9 8 6.3

h 9 4 −3 −3 −3 −3 −3 −3 −3 −3 −3 −9 2 6 0 −4 −4 −4 −5 −6 −7 −6 −6.2

g 9 5 1 1 1 1 1 1 1 1 1 16 5 4 4 −1 −1 −1 −3 −3 −4 −8 −8.9

h 9 5 −2 −2 −2 −2 −2 −2 −2 −3 −3 4 2 −2 −3 −5 −5 −5 −6 −6 −7 −8 −8.4

g 9 6 −2 −2 −2 −2 −2 −2 −2 −2 −2 −3 −5 1 −1 −1 0 −1 −1 −1 −2 −1 −1.5

h 9 6 8 8 8 8 9 9 9 9 9 9 8 10 9 10 10 10 9 9 9 8 8.4

g 9 7 2 2 2 2 2 2 3 3 3 −4 −2 2 −2 5 3 4 7 7 7 10 9.3

h 9 7 10 10 10 10 10 10 10 11 11 6 8 7 8 10 11 11 10 9 8 5 3.8

g 9 8 −1 0 0 0 0 0 0 0 1 −3 3 2 3 1 1 1 2 1 1 −2 −4.3

h 9 8 −2 −2 −2 −2 −2 −2 −2 −2 −2 1 −11 −6 0 −4 −2 −3 −6 −7 −7 −8 −8.2

g 9 9 −1 −1 −1 −1 −1 −1 −2 −2 −2 −4 8 5 −1 −2 −1 −2 −5 −5 −6 −8 −8.2

h 9 9 2 2 2 2 2 2 2 2 2 8 −7 5 5 1 1 1 2 2 2 3 4.8

g 10 0 −3 −3 −3 −3 −3 −3 −3 −3 −3 −3 −8 −3 1 −2 −3 −3 −4 −4 −3 −3 −2.6

g 10 1 −4 −4 −4 −4 −4 −4 −4 −4 −4 11 4 −5 −3 −3 −3 −3 −4 −4 −4 −6 −6

h 10 1 2 2 2 2 2 2 2 2 2 5 13 −4 4 2 1 1 1 1 2 1 1.7

g 10 2 2 2 2 2 2 2 2 2 2 1 −1 −1 4 2 2 2 2 3 2 2 1.7

h 10 2 1 1 1 1 1 1 1 1 1 1 −2 0 1 1 1 1 0 0 1 0 0

g 10 3 −5 −5 −5 −5 −5 −5 −5 −5 −5 2 13 2 0 −5 −5 −5 −5 −5 −5 −4 −3.1

h 10 3 2 2 2 2 2 2 2 2 2 −20 −10 −8 0 2 3 3 3 3 3 4 4

g 10 4 −2 −2 −2 −2 −2 −2 −2 −2 −2 −5 −4 −3 −1 −2 −1 −2 −2 −2 −2 −1 −0.5

h 10 4 6 6 6 6 6 6 6 6 6 −1 2 −2 2 6 4 4 6 6 6 5 4.9

g 10 5 6 6 6 6 6 6 6 6 6 −1 4 7 4 4 6 5 5 5 4 4 3.7

h 10 5 −4 −4 −4 −4 −4 −4 −4 −4 −4 −6 −3 −4 −5 −4 −4 −4 −4 −4 −4 −5 −5.9

g 10 6 4 4 4 4 4 4 4 4 4 8 12 4 6 4 4 4 3 3 3 2 1

h 10 6 0 0 0 0 0 0 0 0 0 6 6 1 1 0 0 −1 0 0 0 −1 −1.2

g 10 7 0 0 0 0 0 0 0 0 0 −1 3 −2 1 0 1 1 1 1 1 2 2

h 10 7 −2 −2 −2 −2 −2 −2 −2 −1 −1 −4 −3 −3 −1 −2 −1 −1 −1 −1 −2 −2 −2.9

g 10 8 2 2 2 1 1 1 1 2 2 −3 2 6 −1 2 0 0 2 2 3 5 4.2

h 10 8 4 4 4 4 4 4 4 4 4 −2 6 7 6 3 3 3 4 4 3 1 0.2

g 10 9 2 2 2 2 3 3 3 3 3 5 10 −2 2 2 3 3 3 3 3 1 0.3

h 10 9 0 0 0 0 0 0 0 0 0 0 11 −1 0 0 1 1 0 0 −1 −2 −2.2

g 10 10 0 0 0 0 0 0 0 0 0 −2 3 0 0 0 −1 −1 0 0 0 0 −1.1

h 10 10 −6 −6 −6 −6 −6 −6 −6 −6 −6 −2 8 −3 −7 −6 −4 −5 −6 −6 −6 −7 −7.4
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Table 1. (Continued.)

g/h n m 1900.0 1905.0 1910.0 1915.0 1920.0 1925.0 1930.0 1935.0 1940.0 1945.0 1950.0 1955.0 1960.0 1965.0 1970.0 1975.0 1980.0 1985.0 1990.0 1995.0 2000.0 SV

g 11 0 2.7

g 11 1 −1.7

h 11 1 0.1

g 11 2 −1.9

h 11 2 1.3

g 11 3 1.5

h 11 3 −0.9

g 11 4 −0.1

h 11 4 −2.6

g 11 5 0.1

h 11 5 0.9

g 11 6 −0.7

h 11 6 −0.7

g 11 7 0.7

h 11 7 −2.8

g 11 8 1.7

h 11 8 −0.9

g 11 9 0.1

h 11 9 −1.2

g 11 10 1.2

h 11 10 −1.9

g 11 11 4

h 11 11 −0.9

g 12 0 −2.2

g 12 1 −0.3

h 12 1 −0.4

g 12 2 0.2

h 12 2 0.3

g 12 3 0.9

h 12 3 2.5

g 12 4 −0.2

h 12 4 −2.6

g 12 5 0.9

h 12 5 0.7

g 12 6 −0.5

h 12 6 0.3

g 12 7 0.3

h 12 7 0

g 12 8 −0.3

h 12 8 0

g 12 9 −0.4

h 12 9 0.3

g 12 10 −0.1

h 12 10 −0.9

g 12 11 −0.2

h 12 11 −0.4

g 12 12 −0.4

h 12 12 0.8

g 13 0 −0.2

g 13 1 −0.9

h 13 1 −0.9

g 13 2 0.3

h 13 2 0.2

g 13 3 0.1

h 13 3 1.8

g 13 4 −0.4

h 13 4 −0.4
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Table 1. (Continued.)

g/h n m 1900.0 1905.0 1910.0 1915.0 1920.0 1925.0 1930.0 1935.0 1940.0 1945.0 1950.0 1955.0 1960.0 1965.0 1970.0 1975.0 1980.0 1985.0 1990.0 1995.0 2000.0 SV

g 13 5 1.3

h 13 5 −1

g 13 6 −0.4

h 13 6 −0.1

g 13 7 0.7

h 13 7 0.7

g 13 8 −0.4

h 13 8 0.3

g 13 9 0.3

h 13 9 0.6

g 13 10 −0.1

h 13 10 0.3

g 13 11 0.4

h 13 11 −0.2

g 13 12 0

h 13 12 −0.5

g 13 13 0.1

h 13 13 −0.9

Table 2. Summary of nomenclature and IGRF history.

Full name Short name Valid for Definitive for

IGRF 9th generation (revised 2003) IGRF-9 1900.0–2005.0 1945.0–2000.0

IGRF 8th generation (revised 1999) IGRF-8 1900.0–2005.0 1945.0–1990.0

IGRF 7th generation (revised 1995) IGRF-7 1900.0–2000.0 1945.0–1990.0

IGRF 6th generation (revised 1991) IGRF-6 1945.0–1995.0 1945.0–1985.0

IGRF 5th generation (revised 1987) IGRF-5 1945.0–1990.0 1945.0–1980.0

IGRF 4th generation (revised 1985) IGRF-4 1945.0–1990.0 1965.0–1980.0

IGRF 3rd generation (revised 1981) IGRF-3 1965.0–1985.0 1965.0–1975.0

IGRF 2nd generation (revised 1975) IGRF-2 1955.0–1980.0 –

IGRF 1st generation (revised 1969) IGRF-1 1955.0–1975.0 –
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b = 6356.752 km). Present-day satellite magnetic data are mostly

positioned using WGS84 but for other data we are often unaware

which datum is used. Differences in output IGRF magnetic field

values at the Earth’s surface are less than 1 nT when the change

of spheroid is made. It is recognized that some software already

in circulation uses WGS84. It is therefore recommended that the

WGS84 spheroid is used for coordinate transformations for the

IGRF.

The 9th-generation IGRF coefficients were computed from can-

didate sets of coefficients produced by the participating members

of IAGA Working Group V-8 listed in this paper. Their institutes

and the many organizations involved in operating magnetic survey

satellites, observatories, magnetic survey programmes and World

Data Centers are to be thanked for their continuing support of the

IGRF project.
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Fig. 8. Representationof the sphericalharmonicl = 9, m = 4 (a) directly and (b) in the basisof the 1000 wavelets(1: North pole of the
sphere,2: Mollweide projection).

generate.However, as the number of wavelets in-
creases,they may becomelessandlessindependent.
A manifestationis seen in the covariance matrix,
which becomesless and less positive-definite.The
simple least-squaresmethodwe have usedcan be-
comenumericallyunstable.But if the collection is a
frame,thenothernumericalmethodsexist to invert the

Fig. 9. Representationof the sphericalharmonic l = 9, m = 4 in the frame of the 200 wavelets (left: North pole of the sphere;right:
Mollweide projection).

datain astableway andthestabilityof thealgorithms
doesnot dependon thenumberof waveletsused.

4.2.2. Approximationof a sphericalharmonic
in thewaveletframe

To approximatea sphericalharmonicin a wavelet
frame is more important,as thereafterit is possible
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Fig. 10. The geographicaldistribution of the 145 observatoriesused(Mollweide projection).

Fig. 11. The total intensity of the geomagneticfield (nT) obtainedfrom a sphericalharmonicmodel,with degree/order10 (Langlaisand
Mioara, 2000) (Mollweide projection).

Fig. 12. The total intensity of the geomagneticfield (nT) obtainedfrom a waveletsmodel of 100 waveletswith a1 = 5 to a100 = 1.25
(Mollweide projection).
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Fig. 13. Residuals between the two models (spherical harmonic analysis-wavelet basis) (Mollweide projection).

Fig. 14. Residuals (observed minus predicted values) between (top) observatory data and spherical harmonic model; (bottom) observatory
data and wavelet model. Code is as follows: red colour for positive differences, blue colour for negative differences; absolute values larger
than 600 nT: full large circles; absolute values between 300and 600 nT: full small circles; absolute values smaller than 300 nT: dots.
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1 bBc�dfe�ghc,ije[klgjm�nRm�o�pJe[q�c�r[sZp�ijkutjq.m�m�iYv�c�wup e[q�c�r[sZp�ixkutyq.m[z|{�}�~U�[�[�[��zQ�MsZt�ijklij�Zi�nRm
v)���Rtyk����Zm�nR��o�wue[d�m�nRm�v�c,gjkut zf�RzZ�Zw�c�� m��[�Ztytykum �Qzf�[�[�[�[��v^c,gxkut���mJnRm����2��z��Rgxc�sZ� m
2 bQc[dfe�gxc,ije2k�gxm�nZm�oEgxc���kuq.p�iygjkum�m�i�o�p e�n��Rs�c�q�k����Zm[zZ��p ��c,gyixm q.m s�i
nRm1o�p e[�Z���Rtyk�����m� ��c,ijk�c�wum�m�i�v�w�c�s�p�ixc�klgjm[zQ{�}�~U���[�[��zQ�MsZt�ijklij�Zi�nZm�v)���Rtyk����Zm1nR� o�wue[d�m�nRm�v�c,gjkut z|�Rz
��w�c�� m��[��tytykum �|zf�[�[�[�[��v�c,gjkut���mJnRm����2��zf�Zgxc�sZ� m
3 bQc�d�e�gxc,ije[klgjm¡nRm�~
mJ�x�Zm�gx�x�Zm�m s¢o�p e�nRpJtykum[zB�MsZt�ijklij�Zi�o�p e[r�gxc��Z�Zk����Zm�£�c,ijkue[sfc�w¤z^�2¥�¦
c��2m s��Zm4§�w�c�kutym0v�c�ty�Jc[w¨z���klixp���m ty��c,gyijm t z�����c�q��Zt�©ªty�Rgj©M}�c,gjs�m[z¡�[�,���[�«}-c,gjsZm�©ªw�c,©¬ c�wuwup m���mJnRm��-��zf�Rgxc�sZ� m
4 ��m ��c,gyijq�m s�iEe�­;®E�Z�ZwukumJn]c�sfn-�Ms�nR��t�iygjk�c�w)}-c,ij�Zm q�c,ixku� t z|{�sZku�2m�gjtykliM�-e�­;v^e�ijtjnZc�q-z
®Eq¯£Em ��m s�v^c�w�c�kut�°J��zZ��©x° �[�2�[��z�v^e�ijtjn�c�q�z�o�m�gjq¡c�s��

±?²^³ ´ µ�¶f·[´
v^e�ijm s�ijk�c�w¹¸fm w�nRt�c,gjm�� w�c�tytyku��c�wuwl��gjm �RgjmJtym s�ixmJn¡e[s?ij�Zm�ty�Z��m�gjm��ZtykusZr1ty���Zm�gjku�Jc�w|��c,gxq.e[sZku� t º» eJ¼;m �2m�gJz�ij�Zkut�nRmJ� e[q.��e[tyklijkue[s]wumJc[nRt�ije¡s��Zq.m�gjku��c�wBnRkl½.� ��wlijkum t�¼��Zm s¾nZc,ixc.ije¡dfm�q�e�nRm wuwumJn

c,gjm]�ZsZm ��m sZwl�(nRkut�iygjkudZ�ZijmJn�e�g¡� e,�2m�g�c¾gxm r[kue[s�c�w�¿ e[sZm[ºÁÀQe'e,�2m�gj� e[q�m�ij�Zkut?n�gxcJ¼�d�c��hÂfz�¼�m
nRm �2m wue[�¾c¡sZm ¼Ágxm �Rgjm tym s�ixc,ijkue[s¾e�­%ij�Zm�q�c�r[sZm�ixku��c�sfn�ix�Zm�r�ghcJ��kliL��¸�m w�nZtEdfc�tymJn]e[s�¼;c��2m wum�i
­Ãgxc�q�m t º
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¼;c��2m wum�i�q.e�nRm wuwukusZr
¼��Zm s ij�Zm��ZtymJn¾q�c�r[sZm�ijku�.e�gYr�gxc���kliM� nZc,ixc�c,gjm�ty��c,gjtym wl� nZkut�iygjkudZ�RijmJn e�gY� e,�2m�g�Ò��Zt�i�c?��m�gy�
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HJI?KLKLM.NPORQSM.TSUWVXQSN?M�OLY[Z�\]M_^a`
U0Tb`cM_^[dRY[N]Z.^eI]`cMfZ.TSNPO6KLYeg?IcOLYeTSN]d+hiKLTSUjOLkcM Z.TSK6MSlSZ.KLI]dAO_lSY[TSN?TmdAn?k?M_KLM1VXN]`
U0VXQSN?M.O6Tmd6n?k?M_KLMXloVXN]`pVXK6Mq`cM_KLYerSMs`�gPtuV�vwTSY[NmOxVXN]VX^etcd6Y[dfTXhyQSKLTSI?N?`bz{g]VSd6Ms`&VXN]`pdLV|O6M_^[^eYeO6MqUWV|QSN?M.OLY[Z
TSg]dAM_KLr}V|OLYeTSN]d_~��wN�`cTSYeN?Q'd6T]l�V�d6M_n]VXKLV|OLYeTSN�TXh O6k?MuU0VXQSN?M.OLY[Z�\?M_^a`�Z�TSNPO6KLY[g?IcO6Y[TSN]d
V|O0n]VXK6OLY[Z.I?^[VXK
M_n�TbZ�k�Y[d4N?MsZ.MsdLd6VXKLtSlcVXN?`�O6k?M_YeK,YeN]VS`cMs�mI]V|OLMxdAM_n]VXK�V|O6Y[TSN�Y[d4TSN?MxTXh�O6k?M�^eYeU0Y�OLYeN?Q
h�VSZ�OLTSK�d�hiTSK1V�U
TSKLM
VSZ.Z.I?K�V|OLM1`cM�OLM_K6U0YeN]V|OLYeTSN0TXh�OLk?MfZ.TSKLM4\]M.^a`	lmTXhoYeOLdJd6M_Z.I?^aVXKyr}VXKLY[V|OLYeTSN�lSVXN]`�TXhoO6k?Mf^eYeO6k?Tmd6n?k?M_KLY[Z4\]M_^[`	~
� k?M dAOLVXN]`?VXK�`�U0M�OLk?Tb`
hiTSKyU0Tb`cM_^e^[YeN?Q%O6k?M,O6k?KLM_Mf`cY[U
M_N]d6YeTSN]VX^?U0VXQSN?M.O6YaZ4\]M_^[`0Y[d�Z_VX^e^[M_`��bn?k?M_KAz

Y[Z_VX^?�fVXKLU0TXN?YaZ4�,N]VX^[tbd6Y[d1���c� � ��~S�wN
O6k?M�hiTS^[^eT|�1YeN?Q OLk?Y[dyU
M.O6k?Tc`�YadRdAI?U0U0VXKLYe�_Ms`	�XhiTSK�OLk?M4O6MsZ�k?N?YaZ.VX^
`cM�O�VXYe^ad_l]d6M.M%g�TbTS�bd,gPt��mVSZ.TSg]d��A�s�S�b�|�4VXN]`&�uM_KLYe^[^4 �¡,¢}£[¤D�A�s�S�S¥m��~ � k?M%Y[NmOLM_KLN?VX^	n]VXK6O,TXh+O6k?M�U0VXQXz
N?M�OLY[Z%\]M_^a`uY[dfOLk?M�N?M_QmV|OLYerSMqd6n]V}OLYaVX^�QSK�VS`cYeM_NmOfTXhJV�dLZ.VX^aVXK,noTXO6M_NPO6YaVX^

VM (r, θ, φ, t)
�,k?Y[Z�k¦dLV|OLY[dA\]Msd

§ VXn?^[VSZ.MS¨ dfMs�mI]V|OLYeTSN�~ ©JVSZ�k�Y[NmOLM_KLN]V|^�\]M_^[`uU0Tb`cM_^RZ�TSU0n?K6Yad6Msd,V�d6M.O TXh�dAn?k?M_KLY[Z_VX^Fk]VXKLU
TSN?YaZ_d.loMsVSZ�k
TXh��1k?YaZ�k�g�M_YeN?Q0VWd6TS^eIcOLYeTSN�O6T § VXn?^[VSZ.MS¨ d4Ms�PI?V|OLYeTSN�ª

VM (r, θ, φ, t) = RE

N
∑

`=1

`
∑

m=0

(

RE

r

)`+1 �«�¬�

(gm

`
(t) cos mφ + hm

`
(t) sin mφ)P m

`
(cos θ)

�1k?M_KLM
RE = 6371.2

�bU­Y[d�O6k?M&U
MsVXN�K�VS`cYeI]dqTXhfOLkcM�©JVXK6OLk�l
r ≥ RE

`cM_N?TXO6Msd�O6k?M�K�VS`cYaVX^
`cY[dAO�VXN?Z.MWhiKLTSU®OLk?M�Z�M_NPO6M_K�TXh�O6k?M�©JVXK6OLk�l

θ
`cM_N?TXOLM_d%OLk?M�QSM.TcZ.M.NPO6KLYaZ0Z.TS^aV|O6YeO6I]`cMSl

φ
`cM_N?TXOLM_d%OLk?M

MsVXdAOf^eTSN?QSY�OLI]`cMSl
t
Yad,O6k?M�O6Y[U
MSl

P m

`
(cos θ)

VXK6M�O6k?Mq�cZ�k?U
Ya`bO d6M_U
Yez�N?TSKLU0VX^[Ye�_Ms`�VSdLd6TbZ.Y[V|OLMs` § M.QSM_Ncz
`cK6M
hiI?N]Z�OLYeTSN]d�TXh4`cM_QSKLM_M

`
VXN]`¦TSK�`cM_K

m
l�V|N]`

gm

`
(t)

VXN]`
hm

`
(t)

VXKLMqOLk?M0Z.TSKLK6Msd6n�TSN]`cY[N?Q�¯xVXI]dLd
Z.TPM.°WZ.YeM_NPOLd_~ � k?M U0V|±cYeUqI?U²d6n?k?M_KLY[Z_VX^�k]VXKLU
TSN?YaZ,`cM_QSKLM.M TXh	OLkcMDM.±cn]VXN?d6Y[TSN�Y[d

N
lP�,k?Y[Z�k�^[MsVX`?dJOLT

N(N + 2)
KLMsVX^	Z�TbM.°WZ.YeM_NmO�d_~

�bY[N?Z.M,O6k?M1UWVXQSN?M.O6YaZ4\]M_^[`
Z�k]VXNcQSMsd�Y[N0d6n]VSZ.M,VXN]`qOLYeU0MXlmU
MsVSdAI?KLM_U
M_NPOLd�N?M_Ms`qOLT%goM,Z.TSNmOLYeNbI]VX^e^[t
n�M_K6hiTSK6U0Ms`
VXN]`�U0Tb`cM_^[dJVXK6M4hiKLMs�mI?M_NPO6^[t�QSM_N?M_K�V|O6Ms`�OLTqVXZ_Z.I?K�V|O6M_^[t�KLM_n?K6Msd6M_NmOROLk?M1U0VXQSN?M.OLY[Z4\]M_^a`0VSd
Y�O1Yad.~ � k?MDYeNPO6M_KLN]VX^�\]M_^a`�V|O�OLkcM�©JVXK6O6k�¨³d1d6I?K6hiVSZ.MxZ.TSNmO�VXYeN]d4Z.^eMsVXKL^et�`cM.\]N?M_`&Z�TSU0n�TSN?M_NmO�d�hiKLTSU²OLk?M
Z.TXKLMqV|OD^eMsVSdAO I?nuOLT�k]VXKLU
TSN?YaZ.d

N = 13
log�M_tSTSN]`u�1k?Y[Z�kuO6k?M_t&goM_QSYeNpOLT�g�MsZ.TSU
M�Z.TSU
n]VXK�VXg?^eM�OLT

O6k?Tmd6MDhiKLTSU´OLk?M%Z.KLI?dAOq���pVXI?M_K�d6g�M_KLQSM.Kslo�_�mµX¥?� § T}�4Msd_lo�s�b�¬¶P��~R·?TSK1k?YeQSk?M_K
N
OLkcM_t�^[Ye�SM_^et&Z�TSNPO6Y[NPI?M

O6Tp`cMsZ.K6MsVSd6M�Y[N¸noT}�4M_KxI?NmOLYe^JOLkcM_t¸VXK6M
d6I?g?U0M.KLQSMs`¦goM_^eT|�¹O6k?M�Z.K6I]dAO�VX^yZ.TSU
n�TSN?M_NmOs~ � k?M�Z�KLI]dAO�VX^
Z.TXU0n�TSN?M_NmO�k]VSd4VqUqI]Z�k�º�V|O6O6M_K1d6n�MsZ�O6K�VX^�h�VX^e^�z{TX»+l?VXN]`�`cTSU0YeN]V|OLM_dJOLk?MxTSg]d6M.KLrSMs`�\]M_^a`�hiTSK

N ≥ 16�1k?Y[Z�k¼Z.TSKLK6Msd6n�TSN]`?dfOLT&dLZ_VX^eM
d6Y[�.Msdxd6UWV|^[^eM_KDOLk]VXN�½SµX¾S¾W�bU¿��·+YeQ]~��¬��~�ÀfT�U0M�OLk?Tb`¼k]VSdDtSM.O�g�M_M_N
hiTSI?N?`&OLT�d6M_n?VXK�V|OLM�Z.TSU
n?^[M�OLM_^et&O6k?M%O«�4T�d6TXI?K�Z.Msd_~ � k?MqQSM.N?M_K�VX^	n?K�VSZ�OLY[Z.M�k]VSd,goM_M.N�OLT�YeQSN?TSKLMxOLk?M
Z.K6I]dAO�VX^�Z�TSNPO6KLY[g?IbOLY[TXN�g�M_^eT|�

N ≈ 13
l?VXN]`�Z.TSKLM�Z.TSU
noTSN?M.NPO,VXg�T|rSM O6k]V|O,NbI?Uqg�M_Ks~

� k?M
`cMsdLZ.KLYeg�Ms`pVXn?n?KLTmVSZ�kpZ_VXN¦VX^[d6T�g�M
VXn?n?^[YeMs`uhiTSKxV�KLM_QSYeTSN]VX^�UWVXQSNcM.OLY[Z%\]M_^[`¦U
Tb`cM_^��PN?T|�1N
VSd�OLk?M d6n?k?M_KLY[Z_VX^]Z.VXnWk]VXKLU
TSN?Y[Z,VXN]VX^etbd6Yad1�Á��H4�f�D��VXN]`�\]K�dAO6^[tqn?KLTSn�Tmd6Ms`�gPt0�fVXY[N?M_d �«�s�S�mµc�?�s�S�S¾m��~
��H�� �ÂnoM.KLU0Y�O�dxOLk?M0I]d6M0TXh�`?V|O�V�hiKLTSU®TSN?^et¦V&n�TSK6OLYeTSN¸TXh�OLk?MW©JVXK6O6k¸�1k?Ye^[M�d6V|OLY[dAhitbYeN?Q&O6k?M�Z�TSNcz
dAO6K�VXYeNPOLd�TXh�n�TXOLM.NPO6YaVX^R\]M_^[`¸OLk?M_TSK6tS~��wN]`cM_Ms`	l�OLk?M�K6M_QSY[TSN¦OLT�goM�d«OLI]`cYeMs`�k]VSdDOLTpg�M�`cM.\]N?M_`�gbt¦V
d6nck?M_KLY[Z_VX^FZ_VXnpVXN]`ud6V|OLY[dA\]Msd,O6k?Mq�_M_KLTWZ.I?KL^�VXN]`u`cYerSM_KLQSM.N]Z.M�Z�TSN]`cYeO6Y[TSN]d.~ � k?M�U
M.O6k?Tc`uY[d Z.^[VXY[U
Ms`
O6TqgoMfr|VX^eY[`WT|rSM_KJVXNPt
d6n?k?M_KLY[Z_VX^�Z_VXn�V|O4VXNbt
VX^�OLY�OLI]`cM VXgoT}rSM,O6k?M ©JVXK6OLk�¨ d4d6I?KAh�VSZ.MS~JÃfNWO6k?M g]VSd6Y[dJTXh
O6k?Msd6MDVSd6d6M_K6O6Y[TSN]d_lm�]H4�f��k]VSdJg�M_M_N��1Y[`cM_^et0I]d6M_`0hiTSK�QSM�O6OLYeN?QqKLM.QSY[TSN]VX^?U0VXQSN?M.O6YaZ1UWVXn?dD�ÁÄ Mx�bVXNPO6Yad
 �¡�¢}£[¤el	�s�X�b�P�S�f��VXN?Q�VXN]`�H�k?M.N�lo�s�S�b�P�XÅ TSK6OLMfVXN]`�� VSVX�olc½|¾S¾S¾m��~+�,T|�4M.rSM_KslXO«�4T��PYeN]`?d4TXhF`cYe°WZ.I?^�z
O6Y[MsdfVXKLM�O6TWg�M�O�VX�SM.N�YeNPO6T�VSZ_Z.TSIcNPO,�1k?M_N¦��H�� �jY[d,n�M_K6hÆTSKLU0M_`	~ � k?M�\]K�dAOfTSN?MSl�Z.KLI]Z.Y[VX^Ál�d«OLKLMsd6d6Ms`
gPt
Ä Mx�cVXNmOLY[dD�A�s�S�X¶P��Z�TSU0MsdRhiKLTSUÇOLk?M,h�VXY[^eI?KLM,TXh	OLk?MDZ�TSKLKLMsZ�O6^[t�U0Tb`cM_^e^[YeN?Q�OLk?MfK�VS`cYaVX^�`cM.noM_N]`bM_N]Z.M
�iY�~ MS~JO6k]V|O1OLk?M�U
Tb`cM_^ad,Z_VXN&N?TXOfg�MqZ�TSNPO6Y[NPI?Ms`�VXN?`�`?V|O�V
VSZ_�mI?YeKLMs`�V|Of`cY�»ÈM.KLM_NPOfVX^�OLY�OLI]`cM_dfZ_VXN&N?TXO
g�M1d6YeUqI?^eOLVXN?M_TSI]d6^et%YeNPrSM_K6OLM_`]��~ � k?M1d6M_Z.TSN]`qYadFOLk]V|OROLkcM_KLM4Y[d�N?TXOyVxd6Y[U
n?^eM�KLM_^[V|OLYeTSN��1YeO6k
O6k?M�QS^[TSg]VX^
d6nck?M_KLY[Z_VX^Rk]VXKLU
TSN?YaZ_d.~&�ÂN?M_�²VXn?n?KLTmVSZ�k¼hiTSKxOLkcM�d6n?k?M_KLY[Z_VX^JZ_VXn�k]VXK6U0TSN?Y[Z�U0Tb`cM_^e^[YeN?Qpk]VSd%g�M_M_N
n?K6TSnoTmd6M_`�gPt � k?É_g]VXI?^�O1M.OfVX^�~,��½X¾S¾|¶P�JY[N&TSK�`cM_K4O6TWd6TS^erSMDOLk?M_d6MDOA��TW`cY�°�Z�I?^eO6Y[Msd.~
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N
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`=0

∑̀

m=0

(

REeq

r

)`+1 Sr}"[

(Cm
` (t) cos mφ + Sm

` (t) sin mφ)Rm
` (cos θ)
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cos θ2 = cos θ1 cos θ + sin θ1 sin θ cos(φ − φ1)
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U6VXW.V!Y�Z(V.[�Z]\5^_[�`badcB\5Y�`Te(e(`Rfhgji#khV!aXclchY�Z]^hibZ]cmV!e6n�ghY2fh`bn�c
oTY�Z(\/fh`Tn�fh`qpMgh`Te(pMgh`Tn�fhZsr
t V.Z(^h`Tn6uvp/gw`be(pMgh`Tn6ib`b^1[�V!Z(^h`Tn6fyxzV.^h^hob`Tn6`bn�[%^h\!aXadob`v{�|~}!�7��}!�����~�����#�����s}!�����m�
�F�<\5^w^mV.�([�Y�`
e0V�W.V!Y�Z(V.[�Z]\5^�n�obiTghe0V!Z]Y�`�fhg�i#kmV!adc�chY�Z(^hiTZ(cmV.e2Y�`bchY�obn�`T^1[�`jgh^h`lfh`bn�Y�V!Y�`Tn�cB\5n�n�Z(�hZ]e(Z][�obn
fyx�oT[�ghfhZ(`TY�e(`Tn�chY�\5chY�Z(oT[�obn2fhgj^h\��1V!g�`7��[�`bY�^h`!�y��cmV!Y�[�Z(Y-fh`qe(VXiT\5aXcB\5n�V!^1[�`qY�V!fhZ0V.e(`Rfhg
i#kmV!adc�`T[-fh`Rn�VqW.V!Y�Z0V.[�Z(\5^�n�obiTghe0V!Z]Y�`.�h\5^�c
`Tgw['�m`T^�`�� `�['�mY�`T[�Y�\5gwW!`bY�e(`Oad\5gwW!`bad`b^1[�fhg
¡ ghZ]fh`¢u£e(Vjn�ghY�¤�V!ib`¢fhg�^h\��1V!g¦¥4W5\!Z(Y§i#kmV!chZs[�Y�`�¨5©���ª!ghn�p/gw`lY�oTib`TaXad`b^1['�«e]`bn§aX\/fh¬Te(`bn
fh`�W.V!Y�Z0V.[�Z(\5^�n�obiTghe0V!Z]Y�`�^ x­\5^1[-Y�`Tc
\!n�oR`���ibe]ghn�ZsW5`TaX`T^M[-pMgh`Rn�gwYKfh`bn�fh\5^w^hob`Tn2fyx�\5�hn�`bY�W!VFr
[�\!Z(Y�`Tnb�%®�V!^wnqib`Xi#kmV!chZs[�Y�`.�*^w\5ghn¯cwY�obn�`b^1[�\!^hnqfh`Tg��°aXV!^hZ]¬bY�`bn,fh`±e²xzV!cwchY�oTkh`b^hfw`bY�³´¥�µ�©
u�cmV!Y�[�Z(YRfh`Tn�fh\!^h^hob`Tn�¤4\5gwY�^hZ]`bn,cmV!YRe(`Tn�\5�wn�`bY�W.V.[�\5Z]Y�`TnOr2fh`§¤�V!¶T\5^·fhZ]Y�`TiT[�`d¸5Y�¹!ib`dV!g��
n�oTY�Z]`bnC[�`TaXcB\5Y�`be(e]`bn6r"`T[2¥²º5©�u�cmV.Y�[�Z]Y�fh`Tn�fh\5^h^wob`bn�¤4\5gwY�^hZ]`bnCcmV.YCe(`Tn�n�V.[�`be(e]Z][�`bn"r6fh`v¤�V!¶T\5^
Z(^wfhZ(Y�`biT[�`O¸5Y�¹.ib`Ru§fh`bn�fhZs� oTY�`b^wib`bn-`b^1[�Y�`RaX\/fh¬Te(`bnKfw`,i#khV!aXc¢Z(^1[�`bY�^w`!�
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cB\5Y�`Te(e(`Tn�fwg°i#kmV!adc°aXV!¸5^ho�[�Z(pMgh`XchY�Z]^hibZ]cmV!e2¥4W!\5Z(Y,e(`Xi#kmV!chZs[�Y�`�Ðw�sµ5�sµ±n�gwYqe(`Tn¯\5�hn�`bY�W!VFr
[�\!Z(Y�`Tn#©7�M®�`bn�n�oTY�Z(`Tn´fw`2ad`bn�ghY�`Tn´n�ghY´cwe(ghn�Z(`bgwY�n«fhZ t V!Z(^w`bnb�5W!\5Z(Y�`�ib`b^1[�V!Z(^h`Tn´f xzV!^w^hob`Tnb�/\5^1[
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U6VKÑh¸5ghY�`«Ò��]µ«ad\5^1[�Y�`�e]`Ci#kmV!adc,a±V!¸!^hoT[�Z(pMgh`Cad`bn�ghY�o�uve�xzÓ��hn�`TY�W.V.[�\5Z(Y�`«ÔlV!¸5^woT[�Z]pMgh`
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|Dst(t)| ≤ 10 nT
`T[ ∥
∥

∥

dDst(t±3)
dt

∥
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∥ ≤ 3 nT.h−1 �
r�n�obe(`TiT[�Z(\5^�n�`Te(\5^�e²x­kh`TghY�`Re]\�ibV!e(`q¥�º5º�&*"#"~r@Ò#&4"#"5©��#�
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`T[¯fh¬bn,n�`TnqchY�`TaXZ]`bY�n,Z]^hn�[�V!^1[�n,`b^·W!\5e«fh`bn�chY�\!�he(¬TaX`Tn
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ib\!aXcB\5n�V.^M[�`Ofhg¢i#kmV!adc�ad`bn�ghY�oT`�� &2\!e(ad`!�mº "#"#"��²�
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Y�V!^1[ cmV.n¯che]ghn¯fyx�obiTe0V!Z]Y�iTZ(n�n�`bad`b^1[qn�ghYqe(V
W.V!Y�Z(V.[�Z]\5^°n�obibgwe0V!Z]Y�`_W/g�cmV!Y e]`bn§n�V~[�`be]e(Zs[�`bnT� (�V.YdiT\5^1[�Y�`!�«^h\5ghndchY�obn�`T^1[�\5^hnXe(`_ad\�fw¬be(`
¸5e]\5�mV!e%\5�w[�`b^Mg£u�cmV!Y�[�Z(Y2fh`q[�\5g�[�`bn�e(`bnOad`bn�ghY�`TnOfhZ(n�c
\!^hZ(�he]`bn2fh`bnOn�V.[�`Te(e(Zs[�`Tn.W�Y�n�[�`bf�`�[
�'&2��Ô�( u e0VqfmV~[�`Rfh`Rib`�[�[�`,oT[�ghfh`.�

�<\5adaX`-c
\!ghY<e]`bn<ad\/fh¬be]`bn��hZ(ad`bn�[�Y�Z]`be]n�fw`bnviTY�Z][�¬bY�`bn<fw`�n�oTe(`bi�[�Z]\5^±fh`�fh\5^h^hoT`bnvn�\5^1[
i#kh\5Z]n�Z]n fh`�¤�V!¶b\!^�ujiT\5^hn�`TY�W!`bYdfh`bn§fh\5^w^hob`Tndn�ghY§e�x�`b^1[�Z]¬bY�`�c
oTY�Z]\�fh`_f x­o�[�ghfh`�fh`_aXV!Y�n
µ�!#!A!_u_Ñh^°ºA"A"5Ðw�y�2Z(^hn�Z�� ^w\5ghn,V!chche]Z(pMgh\5^wnOn�ghiTib`bn�n�ZsW5`bad`b^1[±³"gh^h`§n�oTe(`bi�[�Z]\5^�n�`be]\5^�e(`Tn
Z(^wfhZ(iT`bnd¸5ob\5aXV!¸5^woT[�Z]pMgh`bnl¥

Kp(t) ≤ 1−
`�[
Kp(t ± 3) ≤ 10 G |Dst(t)| ≤ 5 nT

`T[
∥

∥

∥

dDst(t±3)
dt

∥

∥

∥ ≤ 2 nT.h−1 ©��«n�obe(`TiT[�Z(\5^�^h\5^�che(gwnXn�`be(\!^�e²x­kh`TghY�`¢e(\/i'V.e(`�aXV!Z(n§V'W!`bilgw^h`
n�oTe(`TiT[�Z]\5^ fh`Tn¢{,fh\5^w^hob`TndY�ob`Te(e(`TaX`T^1[qfh`_^MghZs[K� ¥4i#kmV!chZs[�Y�` �h� º/�]µ5�C�<kmV!aq�B\/fhgw[ `�[dV!e��
�­ºA"#"5Ð��0©�����`baXV!Y�pMgh\!^hn<pMgh`2e(`bn´ibY�Z][�¬TY�`Tn<fh`2n�obe]`bi�[�Z(\!^_V!Z(^wn�ZJi#kh\5Z]n�Z(n´n�\5^1[<che(ghn´Y�`Tn�[�Y�Z(i�[�Z]¤4n
pMgh`RfmV!^hn�e]`Oi'V!n�fh`Tn2ad\�fw¬be(`TnK�hZ(ad`bn�[�Y�Z(`be]nb�
®�V!^wn e(`��hg�[§fh`_fhZ(n�c
\!n�`bY fw`_fh\5^h^hoT`bn§Y�oTcmV!Y�[�Z(`Tn fh`�¤�V!¶T\5^ kh\5ad\5¸5¬T^h`�n�chV.[�Z(V!e(`TaX`T^M[
`T[K[�`badc
\!Y�`be]e(`TaX`T^M[b��gw^h`Rkh\5ad\5¸5ob^wobZ(n�V.[�Z]\5^�fh`Tn�fh\5^h^hoT`bn�n�gwY-e(Vqn�chkw¬bY�`R`Tn�[2V!chche]Z(pMghoT`
V!^h^wob`�cmV!Y¢V!^h^wob`!��(%\5ghY�i#kmV!pMgh` `b^hn�`baq�he]`�fh`�aX`Tn�ghY�`bn¢fh`�i#kmV!pMgh`·n�V.[�`Te(e]Z][�`.�<iTZ(^hp
fh\5^w^hob`Tn¢n�\5^1[¢V!e(obV.[�\!Z(Y�`TaX`T^1[�n�oTe(`TiT[�Z]\5^h^hoT`bn�cmV!Y±gh^hZ][�o fh`�n�gwY�¤�V!iT`jfh`

3◦ × 3◦
� P-^

ad\�fh¬Te(`v`T^±kmV.Y�ad\5^hZ(pMgh`Tn�n�chkwobY�Z]pMgh`bn�`bn�[<fho�W5`Te(\5chcBo ��ghn�pMgyx­V!gdfh`b¸5Y�o��.\!Y�fhY�`�µ�!OcB\5ghY�e]`
i#kmV!adc¯Z]^1[�`bY�^h`!�Mµ�Ð-c
\!ghY*e(VvW!V.Y�Z0V~[�Z(\!^,n�obiTghe0V!Z]Y�`�`T[ !2cB\5ghY6e�x­V!iTibobe]obY�V.[�Z]\5^Rn�obiTghe0V.Z(Y�`.�~U6`Tn
Y�oTn�Z]fhghn�ad\��5`T^hn�n�gwY�e(`Tn2fw\5^h^hoT`bn�n�\5^1[�n�gwc
oTY�Z(`TghY�n�uXib`Tg��l\5�w[�`T^Mghn�cB\5ghY-e(`bn2aX\/fh¬Te(`bn
�hZ]aX`Tn�[�Y�Z(`Te(nb� � e(nKn�\5^1[2Z]ibZy`T^�ad\��5`T^h^h`,fh`

12, 68 nT/mesure
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U6V£Ñm¸!ghY�`lÒw�]µ "£ad\5^1[�Y�`�e]`bn±n�c
`TiT[�Y�`bn±fyx­oT^h`bY�¸5Z(`¢fh`�e0VjW!V.Y�Z0V~[�Z(\!^�n�obiTghe0V!Z]Y�`.��aXV!Z]n
oT¸1V!e(`TaX`T^1[Ke(`On�c
`TiT[�Y�`�f x­oT^h`bY�¸5Z(`Rfh`Re�x­V!iTibobe]obY�V.[�Z]\5^_n�oTibghe(V!Z(Y�`!�

U"`bn�aX\/fh¬be]`bnR`b^·kmV!Y�ad\5^hZ]pMgh`bn,n�chkwobY�Z]pMgh`bnq`�[¯e]`bghY,n�Z]aXcwe(`§ib\5adcmV!Y�V!Z(n�\5^�W�Z]n�gh`Te(e]`
fh`Tn<n�c
`TiT[�Y�`bn´fyx­oT^h`bY�¸5Z(`-¤4\5^1[<�wZ(`b^±V!chcmV.Y�V.�][�Y�`�pMgh`2fh`bchgwZ(n�e(`-aXZ]e(Z(`Tg fh`,µ�!#!#!X¥�fmV~[�`�fw`bn
chY�`badZ(¬TY�`bn,fh\5^w^hob`Tnqfhg°n�V.[�`Te(e(Zs[�`9W�Y�n�[�`bfm©,e0V�W.V!Y�Z(V.[�Z]\5^�n�obiTghe0V.Z(Y�`dn�gwZ][�gh^h`�o�W5\5e]gw[�Z]\5^
pMgmV!n�Zsr e(Z(^wo'V!Z]Y�`!��`T[¢e²xzV!iTiboTe(obY�V.[�Z]\5^ n�oTibghe(V!Z(Y�`jfh`bad`bgwY�`�pMgmV!n�ZQr@iT\5^hn�[�V!^1[�`.�*P-^ n�\5ghfmV.Z(^
n�V!gw[�fh`�e0V�W.V!Y�Z(V.[�Z]\5^ n�oTibghe(V!Z(Y�`K`T[��.\5gdgh^h`-�hY�ghn�pMgh`�V!iTiboTe(obY�V.[�Z]\5^§n�oTibghe(V!Z(Y�`K^h`2cB`bg�W5`b^1[
cmV.n ��[�Y�`�i'V.Y�V!i�[�obY�Z(n�obn�fw`<aXV!^hZ(¬TY�`«chY�obibZ]n�`«[#V!^1[%[�`TaXcB\5Y�`Te(e]`bad`b^1[6pMgh`<n�cmV.[�Z(V!e(`TaX`T^1[*chV!Y
e]`bn"n�`Tghe(`Tn*n�obY�Z(`bn%fh`«fh\5^w^hob`TnCV!g��O\5�hn�`TY�W.V.[�\5Z(Y�`bnb��^wZ1cmV!Y6e(`Tn%n�`bghe]`bn6ad`bn�gwY�`bn%n�V~[�`be]e(Zs[#V!Z]Y�`bn
fh\!^M[�^h\!ghn«fhZ(n�c
\5n�\5^hn´V!iT[�gh`be]e(`TaX`T^M[b�M�<`T[�[�`-ib\5^wn�[#V~[#V.[�Z(\5^§^h\5gwn´V,V!ad`b^ho-uOZ(^1W!`bn�[�Z(¸5gw`bY
e]`bn�cB\5n�n�Z(�wZ(e(Zs[�oTn%\!gwW5`TY�[�`Tn�cmV!Y*e(`bn*^h\5gwW!`be]e(`bn�¸5ob^hoTY�V.[�Z(\5^wn�fh`vad\/fh¬be]`bn%¸5e(\5�hV!g���ib\5^1[�Z(^Mghn
fmV.^hn�e(`�[�`TaXcwn,¥�{d�#�	243B���@?m���w����|!�.2±� 6/���z���h©7�
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[�`TaXcwnK¥4W!\5Z(Y%fmV!^wnCe(`�i#kmV!chZs[�Y�`<chY�obiboTfh`b^1[«e]`bn%aX\/fh¬be]`bn*fh`<i#kmV.aXcq�wZ(ad`bn�[�Y�Z]`be(n6fh`2µ�!#!#!2u
ºA"#"��M©��1Z]em`bn�[<c
\!n�n�Z]�he(`-fh`2ib\5^hn�[#V.[�`bY�n�ghY´fh`bn´c
oTY�Z]\�fh`Tn´cwe(ghn�e(\5^w¸5gh`bnT�Mfh`bn´i#kmV!^h¸5`TaX`T^1[�n
fh`§[�`T^hfmV!^hiT`d[�Y�¬Tn¯Y�V.chZ(fh`TnRfh`XiT`T[�[�`doTW5\!e(gw[�Z(\5^ u¢Z]^1[�`bY�W.V!e(e]`bnOZ(Y�Y�oT¸5ghe(Z]`bY�nb�6�<`dn�\5^1[�e(`Tn
{¯���#�#�~�M�#���#�YC/�#�	2d}�C!� ���²�
Db�m�#�C� �­�<\5ghY�[�Z]e(e(\.[�`T[�V!e²�]�*µ�! R ¨���� T�^£`T�
`T[b�"che(gw[�.![Rfho�[�`bi�[�oT`bn
fmV!^wn�e(`bn�n�obY�Z(`Tn�fh`KaX\��!`b^h^h`Tn«aX`T^hn�gh`Te(e]`bnCfh`Tn�\5�hn�`bY�W.V.[�\5Z(Y�`bnT�5`T[�cwe(ghn�cmV.Y�[�Z]ibghe]Z(¬TY�`bad`b^1[
n�gwY-e(Vqib\5adcB\5n�V!^1[�`YT«n�[ ���he(`Tn-n�`biT\5ghn�n�`bn2¸5ob\5aXV!¸5^woT[�Z]pMgh`bnKcB`bgwW!`b^1[*�T[�Y�`OW�gw`bn-ib\5adaX`
fh`,�hY�gwn�pMgh`bn�i#kmV!^h¸5`TaX`T^1[�n�fw`,[�`b^hfmV.^hib`�fh`¯e(V W.V!Y�Z0V.[�Z(\5^_n�obiTghe0V!Z]Y�`.� �<`Te0V§ib\5Y�Y�`Tn�cB\5^hf
u°fh`Tn�¤4\5^hiT[�Z(\5^wn±fh` [@�/cB` ibY�ob^h`bV!g fmV!^hn_e²xzV!iTiboTe(obY�V.[�Z]\5^�n�obiTghe0V!Z]Y�` \!g `b^hiT\5Y�`ju°gw^h`
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`TY�[�\5Y�Z]ob`bn �­ÔlV!i7r

adZ(e(e(V!^y�/µ�!#!5Ò G �2e(`7�hV.^hfhY�`Tn�iTg�`T[<V!e��s�mµ�!#!!Ò G ®�`�Ô¢Z(i#kh`Te(Z(n�`T[<V!e²�]�mµ�!A!5¨��²�
�*Y�\5Z(n�n�`Tib\5ghn�n�`Tnb�
cmV!Y�aXZ*e(`Tn,cwe(ghnOY�obib`T^1[�`bnT��V.gw[�\5gwYOfh`�µ�! R µ5�*µ�!5¨#"_`�[§µ�!#!wµ5� n�`bY�\5^1[,oT[�gwfhZ(oT`bn,`b^�fhoT[�V!Z(e
fmV!^wn-iT`Ri#kmV!chZs[�Y�`.�

U�x­Z]^M[�`bY�W!V.e(e(`±fyx­\/ibiTghY�Y�`b^hiT`lfh`TnXn�`biT\5ghn�n�`bn�^w`�¤�V.ibZ(e]Z][�`�cmV!n§e(`TghY§fhoT[�`bi�[�Z(\!^y��i'V!Y§e(V
cBobY�Z]\�fw`´fyx�`b^1W/Z(Y�\5^_µ�"�V.^hnC`b^1[�Y�`viT`bn�chkhoT^h\5ad¬b^h`TnCn�`<n�ghcB`bY�c
\5n�`�u�e0V�W.V!Y�Z(V.[�Z]\5^�`7�/[�`bY�^h`
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e²x­gh^w`�e�x­V!gw[�Y�` �­U"` &2g��R`T[*V!e��s�5µ�!A!5¨��²��Ô �TaX`«e0VKibV!Y�V!i�[�oTY�Z(n�V.[�Z]\5^Ofh`Tn*oTi#kh`be]e(`bn6n�cmV.[�Z(V!e(`Tn"fh`
iT`bn<cwkhob^h\!aX¬T^h`bn´^yx­`Tn�[<cmV!n��hZ(`T^±ib\!^h^Mgh`¯³Mn�`TgheBgh^±fhoTi'V!e(V!¸5`�[�`TaXcB\5Y�`Te��1fmV.^hn´e]`bn�fmV.[�`bn
fyx�\/ibibgwY�Y�`T^hib`Tnb�Cf x­`T^MW/Z]Y�\5^�ºlV.^hnq`b^1[�Y�`�e]`bn¯fw`bg��·khobadZ(n�chkh¬TY�`bnqVlchg �T[�Y�`�^w`T[�[�`bad`b^1[
adZ(nv`T^�o�W/Z(fh`T^hib`����2e(`7�hV.^hfhY�`Tn�iTgl`T[2V!e²�]�
µ�!#!5Ò����
(�e(ghn�Z(`TghY�nCk1�/cB\![�kh¬Tn�`Tn�n�ghY�e�x�\5Y�Z(¸5Z]^h`«fh`vib`Tn�chkhoT^h\5ad¬b^h`Tn�\5^1[�Y�oTib`badad`b^1[«oT[�oKV'W!V.^�r

iTob`bnT�6U"`bnRn�`Tib\5ghn�n�`Tn¯¸5oT\5a±V.¸5^hoT[�Z(pMgh`TnOc
\5gwY�Y�V.Z(`b^1[.��[�Y�` Z(n�n�gh`bnRfyx�gh^h`dV!iTiboTe(obY�V.[�Z]\5^jfhg
¡ gwZ(fh`±u e0V�e]Z(adZ][�` ^h\��1V!g�r a±V.^M[�`'V!g ��U"` &2g��·`�[§V!e��s��ºA"#"#"��²� P2^h`_V.gw[�Y�`�oT[�ghfh`�iT\5^hn�ZQr
fh¬TY�`dpMgh`±e]`bnRn�`Tib\5ghn�n�`Tn n�\5^1[�fhgh`bn¯u¢gw^h`±Z]^hn�[�V!�hZ(e]Z][�oqfhg·ad\5gwW!`bad`b^1[�fhg ¡ gwZ(fh`du�e(V
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The rate of secular variation occasionally undergoes a sudden, sharp change, called a geomag-
netic jerk. Such jerks have been detected in geomagnetic time series, centered - over the last four
decades - around 1970, 1980, 1991, and 1999; others have been inferred from historical records.
The geomagnetic jerks represent a reorganization of the secular variation, implying an internal
origin, as established through spherical harmonic and wavelet analysis. However, some charac-
teristics of jerks are not well understood. Here we estimate the occurrence dates for geomagnetic
jerks, as they can be detected from a global geomagnetic model. This choice makes the present
study novel, for two reasons. First, utilizing the comprehensive modelling approach allows for
the use of a secular variation signal free of time-varying external fields and their correspond-
ing induced counterpart, and observatory biases. Second, the model utilizes satellite data when
available, in addition to observatory data. Indeed, POGO (1967 to 1971), MAGSAT (1979 to
1980) Ørsted (1999 to present time) and CHAMP (2000 to present time) satellite measurements
help to separate the different magnetic sources. In this study the CM4 comprehensive model is
used for a global search of geomagnetic jerks and their occurrence dates. Our first result indi-
cates that found geomagnetic jerks might not have been worldwide in occurrence. Moreover, the
obtained dates suggest that jerks detected in the CM4 model over the last four decades occurred
not simultaneously but at slightly different times around 1971, 1980 and 1991.

1. Introduction

The magnetic field, observed on the surface of the Earth, is mainly generated in the external core.

Known as the core field, this is the largest component of the magnetic field, which is believed to be

caused by electrical currents flowing in the Earth’s fluid outer core. In addition to sources in the Earth’s

Copy right c© The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan;
The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
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2 CHAMBODUT AND MANDEA: GEOMAGNETIC JERKS AND COMPREHENSIVE MODELS

core the magnetic field has a sizable contribution from the lithosphere and crust, both from induced

magnetisation from the core field, and also from permanent remnant magnetisation (field frozen into

rocks at the time of their formation). The external magnetic field is generated from magnetic sources

outside the Earth, and is mainly produced by tidal motions in the ionosphere and interactions of the

Earth’s magnetosphere with the solar wind. Another source is the externally induced field by currents

flowing within the Earth’s crust and mantle.

The geomagnetic field varies on a range of scales, both in space and time domains. The external

fields vary on a much shorter time scale than the core field, temporal variation of which is known as

the secular variation. Although the secular variation usually occurs as smooth time changes of the core

field, episodes of abrupt changes have occurred in the past. These are known as geomagnetic jerks or

geomagnetic impulses (Courtillot et al., 1978). A serious limitation regarding the investigation of these

internal processes with time-scales of months to a few years is the effect of geomagnetic variations of

external origin, since they contribute significantly on these time-scales. An immediate consequence is

that some fundamental characteristics of a jerk are not completely identified and still not agreed upon

by researchers; among those are occurrence dates, duration, and their global or local character.

The last topic has been addressed recently (Bloxham et al., 2002). They suggested that jerks can be

explained by a simple model of core dynamics that includes torsional oscillations, and that these events

are strongly dependent on the local magnetic field at the top of the core. To support this hypothesis

Bloxham et al. (2002) referred to the secular variation of the magnetic field at Niemegk (Germany)

and Macquarie Island (Australia) observatories for the period 1950 to 2001. Geomagnetic jerks can be

clearly observed in the East component of the secular variation at Niemegk observatory. At Macquarie

Island, which is approximately antipodal to Niemegk, the secular variation is much less apparent, with

little or no evidence of geomagnetic jerks. The authors claimed that the fact that jerks are most readily

observed at European observatories, are largely confined to one component of the field, and are abrupt,

argues for a local origin, perhaps a magnetic field instability.
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CHAMBODUT AND MANDEA: GEOMAGNETIC JERKS AND COMPREHENSIVE MODELS 3

Clearly, the global or local character of geomagnetic jerks and their simultaneity or lack thereof are

important features of these phenomena. In order to make a systematic study of jerks, without any a

priori assumption on their existence, location or form, a wavelet analysis was applied to the monthly

mean series provided by geomagnetic observatories (Alexandrescu et al., 1995; Alexandrescu et al.,

1996). One of the advantages of this analysis is the possibility to detect and date singularities in a

signal, as impulses in monthly mean series. In Alexandrescu et al. (1996), it was shown that the

1969 and 1978 events display an intriguing space-time behavior, consisting of an early occurrence in

the Northern hemisphere, followed by a later one in the Southern hemisphere, generally speaking. In

Nagao et al. (2002), jerks were detected objectively and automatically using the third order spline

function for a geomagnetic time series trend model at a given observatory, and applying this model to

monthly means of each local time obtained from hourly means at 124 observatories. The authors also

showed that the occurrence time for an impulse is slightly different between the Northern and Southern

hemispheres. A much easier method to determine the date when a jerk occurs is to approximate secular

variation time series by straight lines and to consider the intersection point of such lines as the date of an

event (Chau et al., 1981; Stewart and Whaler, 1995). This method was also applied by De Michelis et

al. (1998) and their analysis also showed that on a global scale geomagnetic jerks are not simultaneous.

The above studies generally confirm that geomagnetic jerks are detected with a time lag of a few

years in occurrence dates in the two hemispheres. However, such events have only been witnessed in

ground-based observatories so far, because none have occurred during the effective life time of recent

magnetic satellite missions (Ørsted or CHAMP). The lack of continuous satellite observations of the

geomagnetic field is an important limitation in elucidating where and when a geomagnetic jerk has

occurred. To overcome this problem we used a time varying core field model to describe geomagnetic

jerks. Recently, two geomagnetic models covering long-time periods have been published. One of

these models (Jackson et al., 2000) is based on a new compilation of historical observations, and

covers four centuries. Recently, another available model has been produced by Sabaka et al. (2004)
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4 CHAMBODUT AND MANDEA: GEOMAGNETIC JERKS AND COMPREHENSIVE MODELS

covering the time-span 1960-2002. Due to its advantages (see below) this model is chosen in the present

investigation. The initial phase of this kind of comprehensive modeling was first reported in Sabaka and

Baldwin (1993) and the second phase in Langel et al. (1996). A brief description of the last available

model proposed by Sabaka et al. (2004) is given in the following.

The Comprehensive Models (CMs) are constructed from ground-based and satellite geomagnetic

observations. The last published model, denoted CM4 is an extension of CM3 (Sabaka et al., 2002),

and solves simultaneously for core and crustal field, for ionospheric and magnetospheric contributions

(plus their induced counterparts), and for the toroidal magnetic field produced by electrical currents

at satellite altitude. The internal (core and lithospheric) fields are represented by a degree and order

65 internal spherical harmonic expansion, with the secular variation represented by cubic B-splines

through degree and order 13 and a knot spacing of 2.5 yr and extended through mid-2002. The

CM4 model has been derived from the observatory hourly means closest to 01:00 h local time on the

quietest day per month (1960-2000) and hourly means every 2 hr on these quiet days during the POGO

and MAGSAT missions. The quiet time POGO (1967-1971), MAGSAT (1979-1980), Ørsted (1999-

2002), and CHAMP (2001-2002) satellite observations are also used. The use of ground-based and

satellite data together facilitates separation of the various field sources and their spatial and temporal

sampling extents. This is especially helpful when considering, as in the present paper, a core source for

geomagnetic jerks. The comprehensive modeling approach proposed by Sabaka et al. (2004) presents

two major advantages for our analysis, as it covers a recent period of time, when jerks are already

well-detected in observatory data and fits the observatory data in their finer temporal details.

In the following we illustrate how well the CM4 model estimates the geomagnetic data by comparing

the monthly means provided by the magnetic observatories and those computed from this model for the

observatory locations. Thereafter, we search for geomagnetic jerks in time series of monthly means

provided by observatories and in synthetic data computed all over the globe. We focus on the three

well-documented last jerks, detected in 1969, 1979 and 1992 (Le Huy et al., 1998). Finally, maps
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CHAMBODUT AND MANDEA: GEOMAGNETIC JERKS AND COMPREHENSIVE MODELS 5

indicating jerk occurrence dates over the 1960-2002 time-span are presented and discussed.

2. Data

Two datasets are used in this study. The first one is composed of the monthly mean series provided

by magnetic observatories distributed worldwide1. The length of these series is different from one

observatory to the other; but for the period we are interested in, we updated the existing series with

the most recent published data, getting monthly means up to the end of 2003. A wavelet analysis was

carried out on this dataset in order to determine the occurrence dates for different events.

The second dataset consists of synthetic data. To estimate the magnetic field components at a given

location for a given epoch and for given magnetic conditions (here quiet conditions), we used the

CM4 associated code. This code returns the local X, Y, Z (North, East, Vertical down) components

of the ~B field of the various contributions (core, crust, primary magnetospheric, secondary (induced)

magnetospheric, primary ionospheric, secondary (induced) ionospheric, toroidal magnetic field due to

in-situ radial currents at satellite altitude). In our study only the core field is considered by using the

spherical harmonic expansion up to degree/order 13.

To analyze geomagnetic jerks it is essential to check how well the CM4 model fits the data pro-

vided by observatories. Available observatory monthly means for X, Y, and Z field components are

compared with the synthetic means estimated for the observatory locations. For this comparison all

observatories providing minimum five-year series between 1960 and 2002 are kept. This amounts to

146 observatories shown in Fig. 1.

In the following examples of comparisons between real and synthetic monthly means for six obser-

vatories denoted by their IAGA codes (FRD, GNA, HER, KAK, LER, SIT) and located in different

regions (see Fig. 1 and Table 1) are given. Fig. 2 shows that some nearly-constant differences appear

in synthetic values with regard to the real ones (see for example, the X component for LER, Y for GNA

http://obsmag.ipgp.jussieu.fr
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or LER, and Z for GNA, KAK and SIT). They are due to crustal biases, as only the core field at the

observatory locations is computed. The differences observed in Fig. 2 agree well with the published

crustal biases (Mandea and Langlais, 2002), as shown in Table 1.

One simple way to avoid the crustal field signature is to directly estimate and analyse secular

variation, computed here as the centered difference between two consecutive values:

Ẏ (ti+ 1

2

) =
Y (ti+1) − Y (ti)

ti+1 − ti
. (1)

For secular variation comparison only observatories with continuously series between 1960 and 2002

are kept: only 39 out of the 146 observatories providing data in this time span meet this requirement

(Fig. 1). For these 39 observatories the secular variation has been computed, and thereafter the Ẏ (ti+ 1

2

)

series have been smoothed with a simple 12-month running average to get rid of most of the external

disturbance fields. The results obtained for the same six observatories are presented in Fig. 3. The

secular variation comparison also shows the good agreement between real data and synthetic data

computed from CM4 model. The resemblance, although imperfect – and there is little reason to expect

it to be perfect as the core field computed from CM4 model is compared with real data containing all

sources – is striking. The jerks are particularly clear in the Y component of the secular variation, which

is supposed to be the least affected by the external disturbance fields.

3. Method of analysis

In the following, in order to estimate the secular variation trend for each point on the Earth’s surface,

we assume that in a given time interval [tbegin, tend], a geomagnetic jerk occurs at time t0. We need some

a priori information about the mean epoch for each event and the choice of the [tbegin, tend] interval. To

find the mean epoch for each event we considered the results obtained in detection and characterisation

of geomagnetic jerks in observatory monthly series using the wavelet analysis method. Indeed, the

mean epochs for the 1969 and 1978 jerks have been determined from Alexandrescu et al. (1996),

where a clearly bimodal distribution of the dates of occurrence for these events is shown. For the so-
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called 1969 event a first group of dates is centered on 1969.5 +/- 0.5 and another one 1972.1+/-0.5; their

merging date being around 1971. The dates for 1978 event split into a first group centered on 1977.9

+/- 0.6 and a second one centered on 1981+/- 0.5, with a merging date around 1980. For the 1991

jerk, we applied the same wavelet analysis to monthly mean series beyond 2000, and we obtained an

intriguing bahaviour, consisting of an early arrival in the European and African observatories, followed

by a later arrival at the remaining observatories. The mean epoch is 1990.6 ±1.6 yr. Thus, we consider

1991 the center of the third time interval.

The time interval has been chosen as twice the maximum time lag in the occurrence dates (Alexan-

drescu et al., 1996), [tbegin, tend] = 6 yr. This a priori information is used in the following algorithm.

For the full interval covered by CM4 model we consider the time-span 1965-2000. The first five

years are not kept for the analysis as the synthetic series seems to be more noisy. The year 2000 is

the end of the studied interval, because of possible jerk at the end of the 20th century (Mandea et al.,

2000). So, we focus on the three well-known 1969, 1978, and 1991 events. Each of these jerks is

searched separately, using the best fit by piecewise linear functions over the four intervals. The first

jerk occurring at t01
is searched within the first interval [tbegin, tend] = [1968, 1974]. The Ẏ secular

variation component is approximated by two straight-line segments (from 1965 to 1977, the beginning

years for the real or synthetic monthly series, and for the second interval containing a jerk, respectively)

which best fit the data in the least-squares sense before and after the date t01
:

Ẏ (t) = a1t + b1 for: t ≤ t01
, (2)

Ẏ (t) = a2t + b2 for: t ≥ t01
. (3)

To determine the occurrence time t01
of a jerk, the algorithm searches for a clear change of the slope in

the straight-line segments. Thereafter the algorithm finds the best estimate of the secular variation by

two straight-line segments (in the RMS sense). For example, for the first line segment, the quantity to
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be minimized is:

∑
t |Ẏ (t) − (a1t + b1)|

Nb
−→ minimum (4)

where 1965 ≤ t ≤ t01
and Nb the number of values on this interval.

The same method is applied for the other two investigated intervals. For the second one the chosen

interval is [tbegin, tend] = [1977, 1983] and the straight-line segments have to give the best fit between

the first obtained occurrence date t01
and the beginning of the third interval, i.e. 1988. The last time-

span over which a jerk has been searched is [tbegin, tend] = [1988, 1994]. Finally, three occurrence dates

t01
, t02

and t03
could be obtained for characterizing the three considered jerks.

4. Results

4.1 Analysis at observatory locations

The linear approximation method is applied to the secular variation of the Y component for the 50

observatories, providing continuously monthly means between 1965-2000. We consider it useful to

show again a few comparisons between the results obtained when using real and synthetic data. Fig. 4

shows, for the same six observatories, the secular variation from the real data and its approximation by

straight-line segments (upper panel for each observatory), and the secular variation estimated from the

CM4 model and its corresponding approximation (lower panel).

FRD and GNA are situated at nearly antipodal locations. For both observatories only one event

is very well-defined, the two others being more difficult to be defined. For FRD, the first and third

events are not detected (the series provided by this observatory has an unusual behaviour between

1987-1988). At GNA observatory, the signature of the external field makes it difficult to identify the

two last geomagnetic jerks. HER observatory is situated in an area with a considerable secular variation

rate. Since the establishment of this observatory in 1941, the total field intensity has decreased by 20%,

which is larger than the decrease at any other magnetic observatory. Even in this very dynamic region

approximation by straight-line segments is similar for real and synthetic data.
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In the Northern hemisphere, KAK observatory is located in an area with less secular variation.

The first two impulses are well-defined, the last one is suffering from the superimposed external

contributions. LER observatory is a typical example for a region where all three events have been

well determined. Indeed, in the European area, real and synthetic data present the same behaviour, with

the well-known V-shaped pattern for all three jerks. For SIT observatory, in Northern America, the

V-shaped is less accentuated; however, two on three expected jerks have been detected.

The results obtained for these six chosen observatories, applying different techniques (i.e. linear

approximation or wavelet analysis) are summarized in Table 2. The dichotomy noted by Alexandrescu

et al. (1996) in the occurrence dates of jerks, is confirmed: in the Southern hemisphere the first two

jerks seem to occur clearly later than in the Northern hemisphere. For the last jerk, we are not able to

conclude about a such ordering, as the available series, mainly for the Southern hemisphere are not long

enough. With the available series, we observed an intriguing spatio-temporal behaviour, consisting of

an early arrival in the African and European regions.

The above examples indicate some limitations of the linear approximation method in detecting jerks,

comparing with some other methods proposed by Alexandrescu et al. (1996), or Nagao et al. (2002).

However, this linear approximation technique is less complicated, perfectly agrees with the common

definition of jerks, and for synthetic data, as those obtained with the CM4 model, the knots of the

temporal splines used in inversion scheme modeling are not detected (as in the wavelet analysis are).

4.2 Global analysis

The same linear approximation method is applied for a global analysis. We consider the whole

Earth gridded by 1
◦
× 1

◦. In each obtained location at the Earth’s surface, the same approximation by

straight-line segments is applied on Ẏ component of synthetic data. Fig. 5 shows a region of the Earth,

situated between 60
◦N/60

◦S and 80
◦/120

◦E, with plots corresponding to every 20
◦ location. One of

the best detection of jerks is shown in the graph corresponding to 40
◦N /120

◦E, which clearly indicates

the three events. In some other plots only two events are clearly detected (0◦/120
◦E), or even only
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one (40◦S/120◦E). These examples also indicate that some events either do not appear in CM4 model,

or are not clearly detected. This remark is supported by previous results when observatory data have

been analyzed (see again Fig. 4). We can define some “blind” zones, where jerks are not detected. In

order to delimit these areas we computed the difference δ = a2 − a1, for each t0. The obtained range

for δ is ±15 nT/yr2, with a zero-line indicating no change in the straight-line segments tendency. We

considerer that 10% of this extrema interval represents a reasonable limit in defining zones with no

change or too small changes in the straight-line segments tendency. The areas characterised by values

of −1.5 nT/yr2 < δ < 1.5 nT/yr2 are defined as “blind” zones.

The final result of the present study is presented in Figs. 6, 7 and 8. For each interval [tbegin, tend] the

dates detection has been done automatically. The three obtained maps show the occurrence dates for

the events centered on 1971, 1980 and 1991. On these maps the geomagnetic jerk dates obtained from

real observatory monthly means when wavelet analysed, are also plotted. The number of observatories

for which the dates have been obtained is 48 for the first event, 46 for the second, and 34 for the third

one. Generally speaking, for all three events, the dates obtained from observatory monthly means

using wavelet analysis agree with those attributed to the respective area using the linear approximation

method. Some differences of ±1 year appear. This is not surprising as monthly means are used and two

different methods applied.

The global distribution for the first geomagnetic jerk (Fig. 6) shows a clear dichotomy, separating,

grossly speaking, the two hemispheres, as was previously claimed (Alexandrescu et al., 1996; De

Michelis et al., 1998). The gray shadowed areas underline the missing information about occurrence

dates, indeed the above defined “blind” zones. For the second event, the occurrence dates seem to be

much more scattered, defining a few regions (Fig. 7). However, a general separation appears between

two large areas, one being centered over the African continent. More surprising is the last map (Fig. 8),

where the dates seem to indicate a change in occurrence tendency, with an early occurrence in so-called

“European/African” region.
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5. Conclusions

The CM4 model embodies our most detailed knowledge of how the geomagnetic field has varied in

both space and time during the last four decades. The information it contains has, however, not yet

been fully exploited. In particular, little attention has been paid to the secular variation description

associated with this model. However, the authors of CM4 model, emphasize the advantage of the

strengths of their model in jerk studies (Sabaka et al., 2004). Here, we investigate the behavior of the

CM4 comprehensive model since 1960 and determined changes in the secular variation trend, showing

a clear evidence for geomagnetic jerks. The inclusion of Ørsted vector and scalar data, and CHAMP

scalar data in the CM4 model improved our analysis of the 1991 geomagnetic jerk. In this study

the geomagnetic jerks do not appear in some geographically regions, perhaps because (1) they might

not have been worldwide in occurrence or (2) the model contains limited spread data over the four

decades beyond the existing observatory data. We also estimated occurrence dates for geomagnetic

jerks detected in Sabaka et al. (2004) model. This result could be obtained because the CM4 model is

able to separate the various field sources.

The geomagnetic jerk occurrences are highly asymmetric in their geographical distribution. This

“asymmetric” behaviour, already underlined by Alexandrescu et al. (1996) and De Michelis et al.

(1998) is far from simple. The obtained results clearly show that these events are not simultaneous.

The average epochs are around 1971, 1980 and 1991, with an intriguing behaviour for the last two

events. Their occurrence dates are, for the very dynamic region centered over African continent, after

the average epoch for the 1980 jerk and before the average epoch for the 1991 jerk.

Geomagnetic jerks, influencing the secular variation years or even decades after they have occurred,

are usually quite difficult to observe. Up to now, they were detected only in observatory data. Recently,

we have shown that the north magnetic pole position, which involves the field as a whole, and

its velocity provides a nice indicator of jerks (Mandea and Dormy, 2003). The geomagnetic jerks

themselves are an excellent tool to constrain the lower mantle conductivity (Mandea Alexandrescu
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et al., 1999), or to estimate its possible laterally heterogeneous conductivity (Nagao et al., 2003).

Moreover, the observed patterns, with zones characterized by different occurrence epochs or zones

where no jerks have been detected in the CM4 model, may stimulate the discussion of the role of

torsional oscillations (Bloxham et al., 2002).

To investigate the global or local character of geomagnetic jerks, and to better understand each of

those phenomena and how they relate to one another, an improvement in measurement accuracy and

resolution, in space and time, is needed. Presently, the geomagnetic field is monitored from space

by a fleet of dedicated satellites, Ørsted, CHAMP and SAC-C. The secular variation at decadal scale

or longer, however, cannot be well determined due to the fairly short life-time of these missions.

An important question, therefore, is how well do secular changes derived from satellite data fit the

ground-based measurements, and how geomagnetic jerks can be detected in satellite data. By ensuring

long-term space observations with a better spatial resolution the multi-satellite Swarm mission2 (Friis-

Christensen et al., 2004), scheduled for launch in 2009, will improve secular variation models all over

the Globe. And, if a geomagnetic jerk occurs during the course of satellite missions its characteristics

could be investigated in much more detail than was previously possible with just ground-based data or

global models.
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Alexandrescu, M., D. Gibert, G. Hulot, J.-L. Le Mouël , and G. Saracco, Worldwide analysis of geomagnetic jerks, J. Geophys. Res., 101, 21975-21994,

1996.

http://www.esa.int/esaLP/swarm.html



� � ��� ���S��� ��� �#����� �A��� �	� ������� � 
 ��� �D� �^��� �
��� � �U�

CHAMBODUT AND MANDEA: GEOMAGNETIC JERKS AND COMPREHENSIVE MODELS 13

Bloxham, J., S. Zatman, and M. Dumberry, The origin of geomagnetic jerks, Nature, 420, 65-68, 2002.
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SIT 
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Fig. 1. Distribution of observatories used in the present study. Black diamonds: 146 observatories with minimum five-year monthly means between

1960 and 2002; gray circles: 39 observatories with continuously monthly mean series between 1960 and 2002. The IAGA codes are given for the six

observatories chosen as examples.
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Fig. 2. Monthly means for the X, Y and Z field components (solid curve: real data, dashed curve: synthetic data given by the CM4 model).
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Fig. 3. Monthly means for X,Y and Z secular variation components (solid curve: real data, dashed curve: synthetic data given by CM4 model).
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Fig. 4. Monthly means for Y secular variation component. For each observatory the upper panel represents the linear approximation (dashed curve) of

real data (solid curve); the lower panel represents the linear approximation (dashed curve) of synthetic data given by the CM4 model (solid curve).
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Fig. 6. Occurrence dates obtained from the CM4 synthetic data for the geomagnetic jerk centered on 1971. The same scale is used for dates given by

wavelet analysis on observatory monthly mean series (full colored circle). The shadowed areas indicate the so-called “blind” zones where no jerk is

detected.

Fig. 7. Occurrence dates obtained from the CM4 synthetic data for the geomagnetic jerk centered on 1980. The same scale is used for dates given by

wavelet analysis on observatory monthly mean series (full colored circle). The shadowed areas indicate the so-called “blind” zones where no jerk is

detected.
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Fig. 8. Occurrence dates obtained from the CM4 synthetic data for the geomagnetic jerk centered on 1991. The same scale is used for dates given by

wavelet analysis on observatory monthly mean series (full colored circle). The shadowed areas indicate the so-called “blind” zones where no jerk is

detected.
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Table 1. Crustal biases comparisons.

Codea λ b ϕc model Xcc
d Ycc

e Zcc
f

M 48 -75 131

Fredericksburg FRD 38.210 282.630 Ø 38 -59 142

CM4 40 -55 114

M -3 -135 108

Gnangara GNA -31.783 115.950 Ø -37 -107 102

CM4 -22 -110 98

M 19 13 10

Hermanus HER -34.425 19.225 Ø 3 15 11

CM4 3 12 30

M -26 7 -83

Kakioka KAK 36.230 140.190 Ø -26 2 -85

CM4 -20 7 -90

M -123 172 34

Lerwick LER 60.133 358.817 Ø -133 164 55

CM4 -132 173 47

M -12 -19 -49

Sitka SIT 57.058 224.675 Ø -11 -14 -69

CM4 -2 -20 -61

a According to the IAGA convention.

b Latitude of the observatory, in degrees.

c Longitude of the observatory, in degrees, positive eastward.

d,e,f Crustal biases, using MAGSAT model (M), Ørsted model (Ø), and CM4 model (CM4), in

nT.
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Table 2. Date of occurrence of geomagnetic jerks (year/month).

Codea Event b Wavelet c Linear (real data)d Linear (synthetic data)e

1 1969/06 N.D.∗ N.D.

FRD 2 1978/02 1979/01 1980/04

3 1993/08 N.D. N.D.

1 1972/08 1971/11 1972/09

GNA 2 1980/12 N.D. N.D.

3 N.D. N.D. N.D.

1 1972/06 1972/07 1972/07

HER 2 1982/01 1981/06 1982/01

3 1987/05 1988/01 1988/01

1 1969/06 1969/08 1970/07

KAK 2 1977/11 1977/06 1977/01

3 N.D. N.D. N.D.

1 1969/02 1969/05 1970/01

LER 2 1977/12 1977/08 1977/06

3 1990/04 1990/03 1991/05

1 1969/09 1970/03 1970/04

SIT 2 1977/09 1977/12 1977/03

3 N.D. N.D. N.D.

a According to the IAGA convention.

b Considered geomagnetic jerks around: 1971 (1), 1980 (2) and 1991 (3).

c Date of occurrence given by the wavelet analysis on real Y data.

d Date of occurrence given by the linear approximation on real Ẏ data.

e Date of occurrence given by the linear approximation on synthetic Ẏ data.

∗ N.D. - Not Detected.
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fh`qe(V±fhoTY�Z]W!ob` n�`bib\!^hfh`§fhgji#kmV!adcjaXV!¸5^ho�[�Z(pMgh`�c
\!ghY�fho�[�`bY�aXZ]^h`bY2e0V±Y�obcmV.Y�[�Zs[�Z]\5^ u�e(V
n�gwY�¤�V!iT` fhg �Re]\5�B`�fh`TnOn�`Tib\5ghn�n�`Tn�aXV!¸5^ho�[�Z]p/gw`bnb�y�<`T[�[�` Y�oTcmV!Y�[�Z][�Z(\5^�`bn�[Oib`Te(e(`¯\5�w[�`T^Mgh`
u·cmV.Y�[�Z]YXfw`bn�ad\�fw¬be(`TnXfw` i#kmV!adc�aXV!¸5^ho�[�Z(pMgh`�fh`�[@�/cB` {��#�	243B���@?m���w����|!� 2±� 6/���M�
�
�2\!ghn«^h`Kfh\5^h^w`bY�\!^hn´chV!n�che(gwn�fh`�fhoT[�V!Z(e]nCn�ghY«iT`T[�[�`�aXo�[�kh\/fh`!�!i'V!Y«`be]e(`v`Tn�[�fhoTibY�Zs[�`KfmV.^hn
e�x­V!Y�[�Z(iTe(`§�<khV!aq�B\�fhg�[¯`�[qV!e²� �zº "#" � �«n�ghZ]W.V!^1['����gh`Te(pMgh`bn�Y�oTn�ghes[#V.[�n�adobY�Z][�`T^1[�[�\5gw[�`�¤4\5Z(n
fyx �T[�Y�`,V"��\5gw[�obnT�

U"`bn-i'V!Y�[�`bn�fh`,e0V¯Ñh¸5ghY�` R � & aX\5^1[�Y�`b^1[-e�x­V!iTibobe]obY�V.[�Z]\5^_n�oTibghe(V!Z(Y�`Ofh`Re0V ib\5adcB\5n�V!^1[�`
T�n�[KaXV!¸5^woT[�Z]pMgh`�u�fh`bnvfhV.[�`Tnvi#kh\5Z]n�Z(`TnKV'W.V!^1[v`T[vV!chY�¬bnvgh^w`�fmV.[�`�ib\5^w^/gw`�fyx�\�iTibghY�Y�`b^wib`
fh`�n�`biT\5ghn�n�`Oa±V.¸5^hoT[�Z(pMgh`.�wU"`bn´Ñm¸5ghY�`bnviT\5^1[�`b^Mgh`Tn�fmV!^hnve²xzV.Y�[�Z]ibe]`-n�\5^1[KY�oTc
o�[�oT`bnKZ(iTZ V~Ñm^
fh`«cB`bY�ad`T[�[�Y�`�gw^h`´ad`bZ]e(e]`bghY�`Ce(`TiT[�gwY�`!�FU"`Tn*\5�wn�`bY�W.V.[�\5Z]Y�`Tn%aXV!¸5^woT[�Z]pMgh`bn6\��,e(`Tn%n�`biT\5ghn�n�`bn
¸5oT\5a±V.¸5^hoT[�Z(pMgh`Tndn�\5^1[�fho�[�`TiT[�oT`bn�n�`�n�Z][�gh`b^1[�fhV!^hnde0V�n�ghY�¤�V!ib`¢�mV!e(V��!ob`Tn±cmV!Yde0Vje]Z(¸5^h`
d2Y/dt2 = 0

�
�*\!gw[�`Tn,e]`bnRi'V.Y�[�`TnRY�`bcwY�obn�`b^1[#V.^M[�e(`TnRi#kmV!^h¸5`TaX`T^1[�nRfh`§n�Z]¸5^h` fh`§e�x­V!iTibobe]obY�V.[�Z]\5^jn�o7r

ibgwe0V!Z]Y�`�uOe0VOn�gwY�¤�V!iT`2fh`�e(V �%`bY�Y�`-n�\5^1[�`b^wn�ghZs[�`-Y�obn�ghadob`bn´V!gdaX\��!`b^±f x­gh^w`2Z]^M[�ob¸5Y�V!e(`<fh`
n�gwY�¤�V!iT`!� � e6`bn�[2[�\5g�[�`T¤4\!Z(nK^hoTib`bn�n�V!Z]Y�`�fh`�iT\5^hn�[#V!adaX`T^1[�n�`�Y�oT¤4obY�`bY2V!g��¢ibV!Y�[�`bn�g�[�Z(e]Z(n�ob`bn
fmV!^wn�e]` i'V!e]ibghe«fh`§n�V�W.V!e(`TghYb�6U"`bn,obcB\/p/gw`bn,\�� gw^h`Xn�`biT\5ghn�n�`_V�`bg·e]Z(`Tg£n�\5^1[�W/Z]n�Z(�we(`bn
cmV!YKfw`Oe0V!Y�¸5`bnKo�[�`b^wfhgh`bnT�Bu§e(Vqn�ghY�¤�V!ib`Rfh`Re(V �*`TY�Y�`Rn�gh�hZ(n�n�V!^1[-e(`�i#kmV!^h¸5`TaX`T^1[2fw`,n�Z(¸5^w`
fh`,e�x­V!ibiTobe]obY�V~[�Z(\!^¢n�obiTghe0V!Z]Y�`.�BÔlV!Z(n�fh`Tn�cBobY�Z(\/fh`bn�che]ghnq{�ibV!e(ad`bn��¢cB`bgwW!`b^1[Oob¸5V!e(`TaX`T^M[
¤�V!Z]Y�`2V!chcmV!Y�V.�([�Y�`-fh`bnKaXV~��Z(a¯ghaXn«e]\�ibV!g��Xfh`�iT`bnviT\5ghY��B`bnT�mU"`bnvn�ghY�¤�V.ib`bnKiT\5gwW!`bY�[�`bnKcmV.Y
e(`TnKi#kmV!^h¸!`bad`b^1[�n-fh`Rn�Z]¸5^h`bn�^h`Rn�\5^1[�V!e]\5Y�n<p/gw`�e(Vqn�\5adaX`Ofw`,cB`T[�Z][�`bn�n�ghY�¤�V!ib`Tn2ad\5Y�ib`�r
e(oT`bnR`b^�Ñm^h`Tn��hV!^hfh`Tnb�%�<`bn�V!Y�[�`T¤�V.iT[�nRn�\5^1[�cwY�Z(^wibZ(chV!e(`TaX`T^M[�fhghn�V!g��£V!cwchY�\'��Z(aXV.[�Z]\5^hn
^MghadobY�Z]pMgh`bnCfhV!^hnCe]`<i'V.e(ibgwewfh`TnCfhobY�Z]W!ob`bn�n�ghibiT`bn�n�Z]W!`bnT�/aXV!Z]n*oT¸1V!e(`TaX`T^1[�u�e(V2[�Y�\5^hi'V~[�ghY�`
fhg_ad\�fw¬be(`2Z(^hZs[�Z(V!em`b^_kmV.Y�ad\5^hZ(pMgh`Tnvn�cwkhobY�Z(pMgh`bnT���2\!ghnKe(`TnKV!n�n�Z(adZ(e]\5^hn�uqgh^_^hZsW5`'V.g_fh`
�hY�ghZ][b�=P-^�V!gw[�Y�`¯aXV~��Z(aqgwa n�`qY�o�W5¬Te(` ��[�Y�`qV!chcmV!Y�`badaX`T^1[�gh^h` n�`biT\5ghn�n�`bnR^h\5^jY�obcB`bYHr
[�\!Y�Z(oT`RV!gw[�\5ghYKfh`§µ�!5¨!Òw�J�<`T[-o�W5¬b^w`bad`b^1[�`Tn�[2fhZ(n�ibgw[�oRfmV!^hn�e(`Oi#khV!chZ][�Y�`R¨w�
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Geomagnetic jerks in the comprehensive magnetic field models:
their Earth’s surface distribution

Aude Chambodut, Céline Eymin1 and Mioara Mandea

Institut de Physique du Globe de Paris, Laboratoire de Géomagnétisme,
4 place Jussieu, 75257 Paris Cedex 05, France.

Abstract. Modifications in the magnetic field characterized by an abrupt change
in the secular variation or a step-like in the secular acceleration have been named
“secular variation impulses” or “geomagnetic jerks”. Three geomagnetic jerks
occurred during the time-span covered by the recently published comprehensive
model CM4. In order to analyze these events all over the world, synthetic time
series were obtained from CM4 model between 1960-2002. Geomagnetic jerks
are detected in these series as a change of sign in the second field derivative
of the Eastern component. Maps showing these changes indicate that the three
geomagnetic jerks detected in CM4 model might been not worldwide phenomena.
This study is followed by a second one where a correlation between geomagnetic
jerks and their signatures at the top of the core is shown.

1. Introduction

The spatial and temporal scales of various constituents
of the geomagnetic fi eld overlap, making it diffi cult to sep-
arate their effects from samplings of the observed fi eld. A
successful approach is the “comprehensive modeling”, re-
cently developed to overcome this problem [Langel et al.,
1996; Sabaka et al., 2002]. The comprehensive models en-
tail the parameterization and co-estimation of fi elds associ-
ated with the internal and external sources, thus including
those of core and lithospheric origins, and those of magne-
tospheric and ionospheric origins along with the associated
induced contributions. For the present study it is important
to note that the secular variation is represented by cubic B-
splines through degree and order 13, with the knot spacing
at 2.5 years. A detailed description of these comprehensive
models is given by Sabaka et al. [2002, 2004] and a com-
parison between the last two versions (CM3 and CM4) is in
Sabaka and Olsen [2002].

For the present study, the used model is CM4 [Sabaka
et al., 2004]. One of the strengths of the comprehensive
modeling approach is its ability to properly defi ne the sig-
nals from the various fi eld sources. The fi eld contribution we
are interested in is the core fi eld and its temporal variations.
The shortest periods of internal origin are found in the so-
called “secular variation impulses” or “geomagnetic jerks”
[Courtillot et al., 1978; Malin and Hodder, 1982]. The ge-
omagnetic jerks are expressed in the fi eld component as two
second degree polynomials of time with a sudden change in

1Now at Laboratoire de Géophysique Interne et Tectonophysique, Uni-
versité Joseph Fourier, BP53, 38041 Grenoble Cedex 9, France.

curvature at the time of the event; the corresponding secular
variation (the fi rst time derivative of the geomagnetic fi eld)
is a V-shaped graph, the second time derivative is step-like,
and the third time derivative is a Dirac distribution [Cour-
tillot et al., 1984]. In order to make a systematic study of
jerks which have occurred over the period covered by CM4
model (1960-2002), we analyzed in details the behavior of
the second time derivative, obtained from the Sabaka et al.
model developed in spherical harmonics, only for the inter-
nal fi eld (i.e. up to degree/order 13). The advantage of this
analysis is its special sensitivity to localized events defi ned
by a change of sign of the second derivative over the whole
sphere. In this fi rst paper, we focus on the global behavior
of geomagnetic jerks at the Earth’s surface. In particular we
show that the three events detected in CM4 model might not
been worldwide phenomena. In a second paper, we show a
correlation between geomagnetic jerks and their signature at
the top of the core (Eymin et al. [2004], thereafter referred
to as Paper II).

2. Data analysis

In order to use the CM4 model for a detailed study over
the whole Earth’s surface, we fi rst compare the behavior
of the secular variation and secular acceleration of the fi eld
from magnetic observatory data and synthetic data provided
by the comprehensive model for the same observatory lo-
cations [Chambodut and Mandea, 2004]. Secular variation
from observatory monthly means or from CM4 model is cal-
culated as simple differences between consecutive values:

Ė(t) =
E(t2) − E(t1)

t2 − t1
, (1)

1
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Figure 1. Secular variation for X, Y and Z components at
Chambon la Forêt (CLF) observatory (left) and Apia (API)
observatory (right) from: real data smoothed with a 12-
month running average fi lter (solid curve) and synthetic data
obtained from CM4 model (dashed curve).

where t = (t1 + (t2 − t1)/2) and E(t) represents one of the
magnetic fi eld component (X – Northern, Y – Eastern and
Z – Vertical downward) at time t.

Figure 1 shows two examples: one for Chambon la Forêt
(CLF) observatory situated in Europe (48.023◦N ; 2.260◦E),
the other one for Apia (API) observatory located in Pacifi c
area (13.807◦S; 171.775◦W ). For both locations, the real
and synthetic Ẋ, Ẏ , Ż are plotted. The agreement is nearly
perfect for the Ẏ component; however, for Ẋ and Ż compo-
nents, much larger discrepancies are observed between the
real data and the smoother representation given by model.
Due to the external fi eld contributions on the Northern com-
ponent, and to the fact that previous analysis generally have
been done on the Eastern fi eld component [Alexandrescu
et al., 1996], in the following, we focus on this last one, only.

Let us remind that the published studies on geomagnetic
impulse characteristics exploited the magnetic fi eld itself
[Alexandrescu et al., 1996; Nagao et al., 2002] or its secular
variation [Macmillan, 1996; Le Huy et al., 1998; De Michelis
et al., 1998; Chambodut and Mandea, 2004]. Defi ned also
as a step-like in the second time derivative implies that a ge-
omagnetic jerk corresponds to a sudden change of sign in
the secular acceleration [Courtillot et al., 1978]. Searching
geomagnetic jerks in the second fi eld derivative has not been
approached until now, mainly because of the noise level in
such series computed from real observatory data. Using syn-
thetic data, provided by CM4 model, the noise contribution
is minimized as the model already takes into account the ex-
ternal fi elds and smooths a large part of their variations. Sec-
ular acceleration, here only for Y component, is calculated
by simple differences between consecutive secular variation
values:

Ÿ (t) =
Ẏ (t2) − Ẏ (t1)

t2 − t1
(2)

where t = (t1 + (t2 − t1)/2). For the same two observatory
locations (CLF and API), the behavior of the second deriva-
tive of synthetic data is depicted on Figure 2.

We now investigate the geomagnetic jerks as a change of
sign of the secular acceleration Ÿ . For CLF observatory, the
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Figure 2. Secular acceleration for Y synthetic component at
Chambon la Forêt (CLF) observatory (left) and Apia (API)
observatory.

fi rst and third noted events, (around 1970 and 1990, respec-
tively) are particularly well defi ned. These dates are also
confi rmed by Figure 1. The second event is dated with an
uncertainty of ±1 year, as the change of sign appears after a
small inflection in Ÿ curve. For API observatory, two jerks
are well defi ned, those noted around 1970 and 1978. The
situation is however more complicated than for CLF obser-
vatory secular acceleration, as a few crossing points of the
zero line appear: (1) a couple of oscillations could be due
to some remaining external or noise effects (mainly over the
fi rst decade); (2) some Ÿ values are very close to zero over
a couple of years around 1985. This last period will be dis-
cussed in Paper II.

3. Global Results

Considering that a change of sign of the secular acceler-
ation is a signature of a geomagnetic jerk, we are interested
to detect such a behavior at the Earth’s surface. In order to
get very detailed information, the whole sphere is gridded by
1◦ × 1◦. For each defi ned location, Ÿ is computed only for
the core fi eld contribution, as modeled by CM4 model. To
fi nd the epochs when the sign of Ÿ changes, for each posi-
tion k corresponding to coordinates (θk, φk) at the surface
of the Earth, the following algorithm is applied:






























if
(

Ÿk(t1) × Ÿk(t2)
)

< 0

→ Ÿ changes of sign between t1 and t2. case (1)

if
(

Ÿk(t1) × Ÿk(t2)
)

≥ 0

→ Ÿ does not change of sign between t1 and t2. case (2)

The locations at the Earth’s surface characterized by the
change of sign of Ÿ = 0 are plotted for each month, so we
obtained 490 maps. Here, we display only four of them, the
whole set of maps is available as auxiliary material.

Figure 3 shows maps indicating positions where the sign
of Ÿ changes for three epochs corresponding to the well-
known geomagnetic jerk dates detected over the last four
decades in (Figure 3 a-c). The last example is chosen for
a period when no geomagnetic impulse has been listed (Fig-
ure 3 d).

Let us discuss in more details these maps. The fi rst one
(Figure 3 a), representative for the 1968-1970 event, shows
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Figure 3. Maps indicating locations where the sign of Ÿ changes at the Earth’s surface (black dots). Three representa-
tive samples (a-c) are shown, corresponding to the well-known geomagnetic impulses (1969.85, 1978.55, 1990.85). For
comparison an example (d) is given for an epoch when no geomagnetic jerk has been listed (1983.25).

that for a large part of the Earth’s surface, the case (1) of
the previously defi ned algorithm is satisfi ed. The points are
mainly situated on continents, European area being very well
covered. The second event is less extended than the previous
one. Again, the European region is very well covered (Fig-
ure 3 b). The last event (Figure 3 c) is signifi cant over two
important regions: Northern America and Europe. The last
presented map (Figure 3 d) shows a clear alignment of points
organized as some thin lines. This picture, plotted for epoch
1983.25 is representative for a period without geomagnetic
jerk.

The presented images are only snapshots of the complete
series of maps over the four studied decades. In order to get
a description over the whole period, we computed the total
area S on the sphere covered by points satisfying condition
(1) for each epoch t:

S(t) =

[

∑

k

δk(t) · sin(θk)

]

·
100

4π
, (3)

where:
{

δk(t) = 1 case (1)
δk(t) = 0 case (2)

at position number k (θk, φk). The obtained graph is shown
in Figure 4.

For the fi rst and the last 2.5 years, the curve are not
plotted as this time-lag represents the knot of temporal B-
splines of the model. Indeed, an event at one end of the

1960 1970 1980 1990 2000
Time (years)

2

4

6

8

10

E
ar

th
’s

 s
u

rf
ac

e 
co

ve
re

d
 in

 1
/1

0 
ye

ar
 (

%
) SP

NA

SA

SP
NP

NA

SA
SA

NA

Figure 4. Percentage of the Earth’s surface covered by loca-
tions where the sign of Ÿ changes. Each circle of the curve
represents the surface calculated for 1/10 year, only. Vertical
lines indicate the epochs corresponding of maps shown on
Figure 3. The used codes are: NA - Northern Atlantic; SA -
Southern Atlantic; NP - Northern Pacifi c; SP - Southern Pa-
cifi c, indicating zones where geomagnetic jerks are mainly
detected (see text for details).
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domain can influence the other end via propagation through
the sequence of splines. This influence is also seen in Fig-
ure 4, as a superposition at the signal we are interested in
with the signature of the knot interval. However, the graph
clearly reveals the existence of three maxima correspond-
ing to 1969.85, 1977.45 and 1988.65. These dates are close
to those already admitted as epochs for geomagnetic jerks
(around 1970, 1978, 1990). For these three epochs a large
part of the Earth’s surface is covered by locations character-
ized by the change of sign of Ÿ . The two maxima observed
before 1968 and also after 1992 are not considered here as
the maps corresponding to these epochs (see the web anima-
tion) do not indicate large areas with a change of sign for
Ÿ , but only small zones situated in polar regions. In order
to discuss in more details the geomagnetic jerks occurrence
zones, we defi ned four areas referred to as:
- Northern Atlantic (0◦ to 90◦ N ; 90◦ W to 90◦ E),
- Southern Atlantic (0◦ to 90◦ S; 90◦ W to 90◦ E),
- Northern Pacifi c (0◦ to 90◦ N ; 90◦ to 270◦ E),
- Southern Pacifi c (0◦ to 90◦ S; 90◦ to 270◦ E).
The fi rst event is mainly seen over the Northern Atlantic
area, followed by a later occurrence in the Southern At-
lantic region. This bimodal behavior between the two hemi-
spheres has already been noted [Alexandrescu et al., 1996;
De Michelis et al., 1998]. The same 2-year time-lag is ob-
served for the second event. For this geomagnetic jerk, it
seems that the occurrence is fi rstly in Pacifi c area followed
by Northern Atlantic and fi nally by Southern Atlantic. The
last event happens in the Southern Pacifi c zone thereafter in
the Southern Atlantic and then in Northern Atlantic .

This very simple representation gives us some clues about
geomagnetic jerks. First, the geomagnetic jerks detected in
CM4 model might not have been worldwide in occurrence.
Second, the covered area by an event is more or less ex-
tended. Epochs for which large zones of the Earth’s sur-
face are well covered correspond to dates when geomagnetic
jerks have been already noted. Moreover, this method re-
veals an event around 1985 which was not previously in-
voked (see Figure 4 and Paper II for more details).

4. Conclusion

A global characterization of geomagnetic jerks is diffi cult
to achieved when only data provided by observatories are
available: they are very unevenly distributed in space, being
concentrated over continents of the Northern hemisphere and
sparser over the oceans and over the Southern hemisphere.
Nevertheless, using these very valuable and long series of
data, and applying different mathematical tools, some ques-
tions have been already addressed about the spatial and tem-
poral occurrence of geomagnetic jerks [Alexandrescu et al.,
1996; De Michelis et al., 1998; Mandea et al., 2000; Cham-
bodut and Mandea, 2004].

In this paper we show that a comprehensive model, as
that published by Sabaka et al. [2002] is a suitable basis to
extract a clear signature of geomagnetic jerks in synthetic

series obtained from it. Here we focus on geomagnetic jerks
spatial occurrence by exploiting the information contained in
the second derivative of Eastern main fi eld component. We
show that geomagnetic jerks might not be worldwide in oc-
currence. The proposed approach is promising, as the results
obtained in the present paper lead us to analyze in more de-
tails geomagnetic jerks and to correlate them with a physical
parameter variation at the top of the core (see Paper II).

Acknowledgments. All maps were plotted using the GMT
software (Wessel and Smith, 1991). This is IPGP contribution
XXXX
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Abstract.
We use the comprehensive magnetic model CM4 recently derived by Sabaka et
al. [GJI, 2004] to look for the signature of jerks in core surface flows. This
model, providing the best temporal resolution between 1960 and 2002 as well as
a fine separation of the different magnetic sources, can be used to study this rapid
phenomena of internal origin. Using this model, Chambodut et al. [GRL, 2004]
characterize the global extension of these events at the Earth’s surface. At the core
surface, the flows we obtain under the frozen-flux and tangentially geostrophic
assumptions do not exhibit any special pattern at jerk times (1969, 1978, 1991,
1999), but a smooth temporal evolution over the whole time period. However,
the mean amplitude of the dynamical pressure associated to these flows present
maxima at each jerk occurence and leads to the identification of a jerk in 1985.

1. Introduction

The internal origin of geomagnetic jerks, these rapid
jumps of the acceleration of the magnetic fi eld at the Earth’s
surface, is widely accepted [Malin and Hodder, 1982]. How-
ever, the phenomena giving rise to these jumps are still enig-
matic. Core surface flow computations may be used to study
these events. Indeed, these computations of the fluid veloc-
ity at the top of the core from observations of the magnetic
fi eld at the Earth’s surface provide partial, but nonetheless
interesting, insights into the dynamics of the outer core.

According to the magnetic induction equation and the
frozen-flux assumption [Roberts and Scott, 1965], the tem-
poral variations of the main magnetic fi eld at the Earth’s sur-
face result from the action of the fluid velocity on the mag-
netic fi eld lines at the core surface. It is thus possible to esti-
mate core surface flows from observations of the main mag-
netic fi eld and its variations [e.g. Le Moüel, 1984]. The valid-
ity of the different assumptions made to compute these flows
is diffi cult to assess properly. However, core surface flows
obtained in this way give an explanation for the decadal vari-
ations of the length-of-day which are not explained by other
processes [Jault et al., 1988]. This argument is a point in
favor of the relevance of these computations.

Some previous studies have already attempted to charac-
terize the behavior of the core surface flows during a geo-
magnetic jerk. All of them agree on the fact that modifi -
cations of the fluid velocity come with these abrupt events

1Now at Laboratoire de Géophysique Interne et Tectonophysique, Uni-
versité Joseph Fourier, BP53, 38041 Grenoble Cedex 9, France.

[Courtillot and Le Mouël, 1984]. However, a stationary
flow is not compatible with these rapid modifi cations of the
magnetic fi eld [Gubbins, 1984; Davis and Whaler, 1993;
Bloxham et al., 2002]. Moreover, Waddington et al. [1995]
and Davis and Whaler [1997] demonstrated that an instanta-
neous change in the flow is not suffi cient to account for the
jerk signal at the Earth’s surface, even if these flows globally
reproduce the observed secular variation. The velocity fi eld
thus has to be time-dependent before and after the jerk oc-
currence. Most of recent studies have searched a particular,
but still unknown, event in the core dynamics that would be
responsible for the geomagnetic jerks. Hulot et al. [1993]
identifi ed a temporal change in the slope of the flow energy
at jerk times. Le Huy et al. [2000] observed similarities in the
pattern of the acceleration of the very large-scale flow during
different geomagnetic jerks. More recently, Bloxham et al.
[2002] showed that a time-dependent flow may at a given
moment and location produce a jerk signal, because of a par-
ticular geometry of the magnetic fi eld rather than because of
a particular dynamical event.

In this study, we use the comprehensive geomagnetic fi eld
model CM4 [Sabaka et al., 2002, 2004], that provides the
best temporal resolution for between 1960 and 2002.5 ever
achieved. Moreover, this model, based on both observatory
and satellite data, provides a fi ne separation of the different
magnetic sources. Chambodut et al. [2004, thereafter re-
ferred to as Paper I], takes advantage of this model to inves-
tigate the distribution of geomagnetic jerks at the Earth’s sur-
face over the last four decades. In this second paper, we con-
centrate on the core surface, using the comprehensive model

1
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CM4 to analyze, more acutely than was previously possible,
the modifi cations of core surface flows linked to the jerks
that occurred around 1969, 1978 and 1991 [see Paper I for
references].

2. Core surface flows from 1962 to 2000

A standard spectral method [e.g. Gire and Le Mouël,
1990] is used to compute core surface flows. This method
relies on the magnetic induction equation, written at the top
of the core, in which the magnetic diffusion is neglected ac-
cording to the frozen-flux approximation [Roberts and Scott,
1965] :

∂Br

∂t
= −∇H · (uBr), (1)

Br being the radial component of the magnetic fi eld, u the
fluid velocity, assumed horizontal, and ∇ H = ∇ − ∂/∂r.
To reduce the non-uniqueness of Equation (1) the flow is as-
sumed to be tangentially geostrophic [Le Mouël, 1984]. The
radial magnetic fi eld Br and its secular variation ∂Br/∂t ob-
served at the Earth’s surface are downward continued to the
surface of the core [e.g. Blakely, 1995]. The velocity fi eld
u is estimated by inverting, with a Bayesian inverse method
[e.g. Menke, 1984], a matrix-form of Equation (1) obtained
by using spherical harmonic expansions of the magnetic and
velocity fi elds. The obtained flow model represents the flow
fi tting the observed secular variation as well as possible –
given the observational uncertainties –, with as few small
scales as possible [a detailed description of the method and
used parameters is given by Pais and Hulot, 2000]. Core sur-
face flows are then estimated each 0.1 year between 1962.5
and 2000 (as noted in Paper I, the fi rst and last 2.5 years of
the time period covered by CM4 are to take with caution be-
cause of possible artefatcs). Each flow model is independent
from the others and no special condition is imposed at jerk
times.

The obtained velocity fi elds at the core surface are in good
agreement with previous computations. The flow pattern
evolves slowly and no special modifi cation of the flow is
visible at jerk times. Figure 1 shows the velocity obtained
for 1970 and 1990 epochs. The three main structures ap-
pearing in most of core surface flow computations [Jault,
1990; Eymin, 2004] also exist in our models. They indeed
exhibit the Atlantic westward current, as well as the two an-
ticyclones located beneath Northern America and Southern
Indian Ocean. As these structures are visible in most of the
recent flow models computed with different methods and un-
der different assumptions [Holme and Whaler, 2001; Amit
and Olson, 2004; Pais et al., 2004; Eymin and Hulot, 2004],
they can be considered as the most reliable at the core sur-
face.

Each individual flow model, corresponding to a given
date, reproduces as well as possible the instantaneous sec-
ular variation. The fact that each flow model is independent
from the others does not insure that the time series obtained
by juxtaposing the instantaneous flow models correctly ex-

a

30km/yr

b

30km/yr

Figure 1. Core surface flows in (a) 1970 (b) 1990 obtained
from the CM4 magnetic model. Arrow sizes are proportional
to the fluid velocity

plains the jerk signals [see Davis and Whaler, 1997]. Any-
how, fi gure 2 shows that the flow time series correctly fi ts
the global jerk characteristics. Indeed, the observed and pre-
dicted areas concerned by a jerk at the Earth’s surface (iden-
tifi ed as a change of sign of the acceleration of the Eastward
component of the magnetic fi eldŸ , see Paper I) are similar.

3. Pressure maxima and jerks

As already mentioned, the global pattern of the velocity
fi eld exhibits no special feature during jerk events. However,
we observe an intriguing behavior considering the mean
pressure amplitude < |p| >, defi ned as:

< |p| >=
1

S

∫
S

|p|dS, (2)

S being the surface of the core and p the dynamical pressure
associated to the flow (the velocity and pressure fi elds are
linked by ∇Hp = −2ρ(Ω∧u), Ω being the Earth’s rotation,
because of the tangentially geostrophic assumption). Figure
3 indeed shows that each maximum of the mean pressure
amplitude happens at or just before each geomagnetic jerk of
the considered time-period, excepting a maximum in 1985.

In order to better link up geomagnetic jerks and pressure
maxima at the core surface, we have to investigate whether
a jerk, not yet identifi ed, happened in 1985. We globally
searched the region concerned by a possible impulse in 1985
using the technique presented in Paper I. Indeed, we have to
fi nd out if there is a large part of the Earth’s surface covered
by a change of the sign of Ÿ , the acceleration of the East-
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Figure 2. Jerk extension predicted by the time series of core surface flows in 1969.85 (left), 1977.45 (middle) and 1989.95
(right). Shaded areas correspond to locations where the sign of Ÿ changes during a 6-months period centered on the men-
tioned date. Gray areas: changes predicted by the flow models, black areas: changes present in model CM4 (see paper I for
more details). The three presented epochs correspond to maxima of the area concerned by a jerk-signal (fi gure 4 of Paper I).
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Figure 3. Mean amplitude of the dynamical pressure at the
core surface. Vertical lines indicate the occurrence epochs of
the widely recognized geomagnetic jerks: 1969, 1978, 1991
and 1999. The fi rst and last 2.5 years are omitted because of
a possible artefacts (see Paper I).

Figure 4. Map indicating locations where the sign of Ÿ
changes at the Earth’s surface (black dots), corresponding
to 1985.45, epoch when no geomagnetic jerk has been listed
before.

ward component of magnetic fi eld. Figure 4 and fi gure 4 of
paper 1 clearly shows that a signifi cant portion of the Earth’s
surface is concerned.

Magnetic data provided by different observatories located
in the indicated area (API, PPT, FRD, DOB, see fi gure 4 for
their locations) confi rm the existence of a jerk signal around
1985. The fact that a very few observatories operate in the
Southern Pacifi c, where the change of sign of Ÿ is mainly
noted at this epoch, explain why this event has not been no-
ticed when magnetic observatory data have been analyzed.

4. Discussion

The localization of a geomagnetic jerk around 1985 in the
Pacifi c zone may bring some questions about the real exis-
tence of this event. Indeed, in Paper I and in this study, a
jerk is defi ned by a large area of the Earth’s surface con-
cerned by a jerk signal (a change of sign of the Eastward
acceleration of the magnetic fi eld Ÿ ). As only few mag-
netic observatories operate in the Southern Pacifi c Ocean,
the comprehensive model CM4 has few constraints to ex-
trapolate the jerk signal effectively present in the available
observatory data. It is thus possible that CM4 overestimates
the real area concerned by a jerk signal (fi gure 4). In any
case, the correlation between geomagnetic jerks and pres-
sure maxima remains valuable, since flow models are com-
puted from the comprehensive model that do exhibit a jerk.
If CM4 overestimates the extension of this event then the as-
sociated pressure maximum is probably not relevant for the
core. Let us also remind that geomagnetic jerks have only
been witnessed in ground-based magnetic series so far, be-
cause none has occurred during the effective life time of the
last magnetic satellite missions. Observing such an event
in magnetic satellite data will bring a real benefi t in globally
characterizing geomagnetic jerks. Indeed, their geographical
extension will be more precisely determined and the length-
ening of the detailed time series will give more weight to the
geomagnetic jerk-pressure correlation exposed in this study.

This link between pressure maxima and jerk occurrences
may appears, at fi rst sight, similar to modifi cations of the
flow energy associated to geomagnetic jerks [Hulot et al.,
1993]. Nevertheless, this is not exactly the case. Even if
the pressure and velocity fi elds are related by the tangential
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geostrophic assumption, pressure and energy maxima do not
always appear simultaneously in our flow time series. As
a result, the signature of a geomagnetic jerk in the flow en-
ergy is less clear than in the dynamical pressure: each energy
maximum does not correspond to a jerk, and each jerk does
not correspond to an energy maximum (or to a change of the
energy slope [Hulot et al., 1993]). The existence of pressure
maxima during geomagnetic jerks is not contradictory with
the result of Bloxham et al. [2002]. Pressure maxima indeed
result of a smoothly time-varying flow that do not exhibit
other special feature at jerk times. The flow models we ob-
tain are more complex than those of Bloxham et al. [2002]
but they do explain a more complex signal: the global extent
of geomagnetic jerks at the Earth’s surface.

Understanding the physical meaning of the observed pres-
sure maxima is an open and interesting question. Indeed,
they can either be related to a special event in the bulk core
dynamics or just represent usual temporal fluctuations of the
geodynamo. Answering this question will help in elucidat-
ing the origin of geomagnetic jerks: which are the processes
requiring secular variation to vary so abruptly at some given
epochs, or alternatively, why does secular variation evolve
linearly between these events?

Acknowledgments. All maps were plotted using the GMT
software (Wessel and Smith, 1991). This is IPGP contribution ....
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`���chY�Z(adobn-`b^ Y�V!fhZ(V!^hn-`T[�\!^M[2gh^h`�chY�oTibZ]n�Z(\!^lfh`�e�x�\5Y�fhY�`�fw`
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Y�V!fhZ(V!^hnT� T�^wÑh^y�
e]`bn

chkhoT^h\5ad¬b^h`TnRfh` chY�oTib`Tn�n�Z]\5^y�"^Mgw[�V.[�Z]\5^j`T[RY�oT¤4Y�V.iT[�Z]\5^ fh` e(V�e(ghadZ(¬TY�`�^h` n�\5^1[RcmV.nOchY�Z]n
`b^¢ib\!aXcw[�`OfmV!^hn�iT`T[2V!e(¸!\5Y�Zs[�khad`!�
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 \5Z]`b^1[%e(`Tn%iT\�\!Y�fh\5^w^hob`Tn%[�`badc
\5Y�`be]e(`bn"fhV!^hn6e(`«i'V.e(`b^wfhY�Z]`bY"¸5Y�ob¸5\5Y�Z(`T^�`T^,[�`badchn P �-���
fh\!^h^hob`Tn2chV!YKe(`On�V.[�`Te(e(Zs[�`2c
\5gwY-i#khV!pMgh`�ad`bn�ghY�`§³

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A :
V!^h^hoT`

M :
aX\5Z]n

J :
��\5ghYKfmV!^wn-e]`OaX\!Z(nviT\5^hn�Z]fhobY�o

H :
kh`bghY�`

M :
aXZ]^/g�[�`

S :
n�`biT\5^hfh`

 \5Z]`b^1[Xe(`bn§iT\�\5Y�fh\5^h^wob`bnd[�`TaXcB\5Y�`Te(e]`bn Z(^1[�`bY�adobfwZ0V!Z]Y�`bn cB\5ghYde0V�fmV.[�` ��gwe(Z(`T^h^h`�Y�`7r
i#kh`TY�i#khoT`±³


















y :
V!^h^hoT`

m :
aX\5Z]n

d :
��\5ghY







 Z
(M > 2)

��U*Ó �  
(y = A

T �
m = M) Z

(M = 1)
Ó.P

(M = 2)
��U%Ó �  

(y = A− 1
T �

m = M + 12)

¥
�2\5ghn�iT\5^hn�Z]fhobY�\5^hn2V!Z(^wn�Z"pMgh`,e(`bn�ad\5Z(nKfw` ��V!^1W/Z(`TY�`T[�¤4oTW/Y�Z]`bY�n�\!^M[2e(`
13e

`T[
14e

ad\5Z]n
fh`Re²xzV!^w^hob`OchY�obiTobfh`T^M[�`!�z©

P2^w`±V!^w^hob`X`bn�[��hZ]n�n�`7�/[�Z(e]`§n�Z�`be(e]` `bn�[qfhZsW�Z]n�Z]�he(`qchV!Y���`T[�^h\5^£cmV!Ydµ�"#"w�6U"`Tn ��\5gwY�n
n�ghchche]obad`b^1[#V!Z]Y�`Tn,Z]^1[�Y�\/fhghZs[�n�chV!YRib`bn�V!^h^wob`bn,n�\!^M[¯V!fhfwZ][�Z]\5^h^hoTnb� �-\5ghn,^h\![�\5^hn

E(X)e(VqcmV!Y�[�Z(`O`T^M[�Z(¬TY�`Rfh`Re0V¯W.V!Y�Z0V!�he]`
X

³

d = 2 − E(y/100) + E(E(y/100)/4)

T�^wÑm^y�me]` ��\5ghY���ghe]Z(`b^_^w\![�o
JD

`Tn�[�[�`Te"p/gw`d³

JD = E(365.25y) + E(30.6001(m+ 1)) + J + 1720994.5 + d
¥��¯�sµF©

+(3600H + 60M + S)/86400
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365.25 :
^h\5aq�wY�`Rfh` ��\5ghY�n-fhV!^hn�gh^h`,V!^h^wob` ��ghe(Z]`b^h^w`

30.6001 :
^h\5aq�wY�`Rfh` ��\5ghY�n-fhV!^hn�gh^¢aX\5Z]n ��ghe]Z(`b^

1720994.5 :
^h\5a¯�hY�`Rfh` ��\5ghY�n���ghe(Z]`b^hnv`T^1[�Y�`,e(`Ofwob�hgw[-fhg¢i'V.e(`b^wfhY�Z]`bY
��ghe(Z]`b^_`T[-e]`Ofhob�hg�[2fwg�ibV!e(`T^hfhY�Z]`bYK¸5Y�ob¸5\!Y�Z(`T^y�

P2^�cB\5Z(^1[§fh`�Y�`Tc
¬TY�`_[�`TaXcB\5Y�`bevche]ghn§chY�\/i#kh`�fh`�^h\![�Y�`�obcB\/p/gw`¢cB`bg�[�r,��[�Y�`¢g�[�Z(e]Z(n�o
iT\5aXad`�Y�oT¤4obY�`b^hiT`!�BU"` ��\5ghY ��ghe]Z(`b^¢º � ��"'"#"A"qib\5adaX`T^hib`,u adZ(fhZ
e(`,º!Ð aXV!ZCµ�!5Ò!¨w�
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U"`¢[�`badchnXn�Z(fhoTY�V!eK`Tn�[±aX`Tn�ghY�o�`T^ ��\5ghY�n§n�Z(fwobY�V.g��
�´pMghZ�n�oTcmV!Y�`b^1[�fh`Tg���cmV!n�n�V!¸5`Tn
ib\!^hn�oTibgw[�Z]¤4nqfyx�gh^h`±a9�TaX`XoT[�\!Z(e(`XV!g°aJ�bad`±adobY�Z(fhZ]`b^y�%U"`X[�`badchnqn�Z(fhoTY�V!e�ib\5Y�Y�`Tn�cB\5^hf
uje�x�Z(^1[�`TY�W.V!e]e(`dfh`�[�`TaXchn oTib\5gwe(o_fh`TchghZ(n§e]`�fh`bY�^hZ(`TY cmV!n�n�V!¸5`_fwg�cB\5Z(^1[qW!`bY�^mV!e,¥�cB\5Z]^M[
fyx�Z(^1[�`TY�n�`biT[�Z(\5^¢`b^1[�Y�`¯e²x­oTpMgmV.[�`TghY-`T[-e�x�obiTe(Z(c�[�Z(pMgh`'©vV!g¢aXoTY�Z(fwZ(`b^�fhg�e(Z]`bg�fyx�\5�hn�`TY�W.V.[�Z(\5^y�
��Z]^hn�Z²�we]`�[�`badchn�n�Z]fhobY�V!e"u��RY�`b`T^10�Z]i#k�`Tn�[�[�`Te"pMgh`X³

T0 = 4.89496 + 2301.2167531t
¥���� º!©

V'W5`Ti
t
gh^h`vW.V!Y�Z0V!�he]`<Z]^M[�`bY�aXoTfhZ0V!Z]Y�`2³

t = JD−2451545
365.25

.
U"`v[�`badchn«n�Z(fwobY�V.ewe(\/i'V.ewn�`�fhoTfhghZs[

`b^wn�ghZs[�`§³

Tlocal = T0 −
πφ

180

¥����zÐ5©
\��

φ
`bn�[�e0V£e(\5^w¸5Z][�ghfh`¢fh` e0V£c
\!n�Z][�Z(\5^�fhg�n�V.[�`Te(e]Z][�`�`7�wcwY�Z(adob`�`b^ fh`T¸5Y�oTn�^hoT¸1V.[�ZsW5`7r

ad`b^1[Ru�e�x�`bn�[O`T[RcB\5n�Z][�ZsW5`TaX`T^M[Ou�e�x�\5gh`bn�['� U%V�e]\5^h¸5Zs[�ghfw`
L
fwg  \5e(`TZ(e%`bn�[Ri'V!e]ibghe]ob`qcmV.Y

e�x­V!chcwY�\'��Z(aXV.[�Z]\5^l³

L = 4.89496 + 6.2833197t+ 0.03342 sin(6.2401 + 6.283076t)
¥������1©

+0.00035 sin(6.20 + 12.5662t)

V'W5`Ti,[�\5g���\5ghY�n
t = JD−2451545

365.25

� ¼�� ¾��H¿,Ç6Ê<Í�Æ�Ç"ÃTÅ�Æ � Â�Å,Ã7Ä6ÍÈÍvÄ ÌT¿ � É�Ê<Ì�ÃbÆ�¿RÃbÇ"Å�Æ � Ë �XÅ,Ì�ÍKÃTÌ

� e6`bn�[2fyx­V!�B\5Y�f¢^hobiT`bn�n�V!Z]Y�`,fyx­g�[�Z(e]Z(n�`bYKfh`Tn2iT\�\5Y�fh\5^h^wob`bn2Z(^hfwobcB`b^hfmV.^M[�`bn-fh`,e0V c
\!n�Zsr
[�Z]\5^lfw`qe0VdaX`Tn�ghY�`qn�V.[�`be]e(Z][�V!Z(Y�`!�hi.x­`Tn�[,u±fwZ(Y�`�Z(^hfwobcB`b^hfmV.^M[�`bnOfh`¯ib`qpMgh`qe²x­\!^lcB\5ghY�Y�V!Z][
ib\!^hn�Z]fhobY�`bY ib\!aXad`�e�x�\5�hn�`bY�W!V~[�`bgwY fmV!^hn§^h\![�Y�`_chY�\5�he]¬bad`!�CU"`TndiT\�\!Y�fh\5^w^hob`TndoTpMgmV.[�\~r
Y�Z(V!e(`Tn�n�\5^1[�g�[�Z(e]Z(n�ob`bnT�B®�V!^hn�iT`¯n���n�[�¬TaX`.� e(`Tn2o�[�\5Z]e(`Tn2n�\5^1[�n�gwchc
\!n�ob`Tn.�T[�Y�`�[�Y�¬Tn�e(\5Z]^�fh`
e0V �%`bY�Y�`!�h�<`T[�[�`�fh`TY�^hZ]¬bY�`�`bn�[vfh\!^hi�iT\5^hn�Z]fhobY�ob`�iT\5adaX`�gh^�cB\5Z]^M[´adZ(^Mghn�iTghe(`2V!gXib`b^1[�Y�`
fhg�Y�`Tc
¬TY�`.�6U%V_cB\5n�Zs[�Z]\5^ fh` e²x­o�[�\5Z]e(`!�BZ(iTZCe(`  \5e(`TZ(e²�
`Tn�[,Y�`TchY�oTn�`b^1[�ob`dcmV!YOfh`Tg��£V!^h¸!e(`bn ³
e�x­V!n�ib`b^wn�Z(\!^_fhY�\5Zs[�`

α
`�[�e0VqfhoTibe]Z(^mV!Z]n�\5^

δ
ib\!aXad`�e]`�aX\!^M[�Y�`Oe(V%��Z(¸5gwY�`����]µ!�mU"`bn�fh`bg/�

Y�o�¤4obY�`b^hiT`bn±cB\5ghY§e(V£ad`bn�ghY�`¢fh`¢ib`bnXV!^h¸!e(`bn§n�\5^1[±e²x­oTp/ghV.[�`TghY��<oTe(`Tn�[�`·¥�cwY�\���`TiT[�Z]\5^�fh`
e�x�obpMgmV~[�`bgwY�[�`bY�Y�`bn�[�Y�`�©v`T[-e(`OcB\5Z]^M[KW!`bY�^mV!e��

U�xzV!n�ib`T^hn�Z]\5^lfhY�\5Z][�`
α
`T[-e0V fhoTibe]Z(^mV!Z]n�\5^�fhg  \5e]`bZ]e

δ
n�\5^1[�ibV!e(iTghe(oT`bnv[�Y�Z(¸5\!^h\5adoT[�Y�Zsr

pMgh`bad`b^1[<u,chV!Y�[�Z(Y�fh`�e0VRU"\5^h¸!Z][�gwfh`
L
fhg  \5e(`TZ(eh`�[�fh`2e²x­\!�he(Z]p/gwZ][�o��

ε = 0.4091
Y�V!fhZ(V!^hn
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���� 0 ���(�#���@� N

= 23.44◦
³

α = arctan
(

cos ε sinL

cosL

) ¥4�¯� &5©
δ = arcsin(sin ε sinL)

¥����zÒ5©
U�x­V!n�iT`b^hn�Z(\5^XfhY�\5Zs[�`

α
`bn�[<fho�[�`TY�adZ(^hoT`�u

π
cwY�¬bn´`T[´Z(ew�dV,e(Z]`bg§fh`�W5obY�Z]Ñm`TY´pMgh`-n�VRW.V!e(`TghY

ibV!e(iTghe(oT`O`bn�[-chY�\�i#kw`,fw`,iT`be]e(`Ofh`
L
�
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T�^hn�gwZ][�`.�!^h\!ghnCfh`�W5\5^hn«iT\5^hn�Z]fhobY�`bYCe(V�cB\5n�Zs[�Z(\!^�aJ�bad`<fh`<e0V�ad`bn�ghY�`.�#�2\!ghnCgw[�Z(e(Z]n�\5^wn
gh^ V!gw[�Y�`£n��/n�[�¬bad` fw` iT\�\5Y�fh\5^h^wob`bnT��fhZ][�`bn¢ib\/\5Y�fh\!^h^hob`Tn�iTobe]`bn�[�`bn¢kh\5Y�Z t \!^M[�V!e(`Tnb��U6V
cB\5n�Zs[�Z]\5^ fhoTÑh^hZ(`�ib\!aXad`jib`Te(e(`jfw` e²x­\5�wn�`bY�W.V.[�`TghY�`bn�[�Z(iTZ�`b^ Y�obV!e(Zs[�o e(V cB\5n�Z][�Z]\5^ fhg
n�V.[�`Te(e(Zs[�`OchY�\���`T[�ob`�^h\5Y�aXV!e]`bad`b^1[2uXe0V§n�gwY�¤�V!iT`¯fh`�e0V �*`TY�Y�`.�y®�`Tg��lV!^h¸5e]`bn-n�\5^1[�fhoTÑm^wZ(n
uqcmV.Y�[�Z]Y<fh`OiT`T[�[�`OcB\5n�Zs[�Z(\!^y�wU�x­V t Z]aqgw[ a Z]^hfhZ(pMgh`�e�x­V!^h¸5e]`�fmV!^wnKe(`�che(V!^_kh\5Y�Z t \5^1[#V!e uqe0Vn�ghY�¤�V!iT`�fhg±¸5e(\5�B`�`b^1[�Y�`�e(V,fhZ]Y�`TiT[�Z]\5^±fwg±n�gwf_¸5ob\5¸!Y�V!chkwZ(pMgh`-`T[´e(`  \5e(`TZ(e²�M�<`T[vV!^h¸5e]`2`Tn�[
ad`bn�ghY�oRfh`

0◦
u

360◦
�mcB\5n�Zs[�Zs¤%W!`bY�n2e²x­\5gw`bn�[b�JU6VdkmV.gw[�`TghY

h
`bn�[�e²xzV!^w¸5e(`�`T^1[�Y�`,e�x�kh\5Y�Z t \5^

`�[�e(`  \5e]`bZ]e��wad`bn�ghY�oRfh`
0◦
u

180◦
�

sin(h) = sin
(

π

180
θ
)

sin(δ) + cos
(

π

180
θ
)

cos(δ) cos(H)
¥���� R ©

cos(h) sin(a) = cos(δ) sin(H)
¥4�¯�­¨1©

cos(h) cos(a) = − cos
(

π

180
θ
)

sin(δ) + sin
(

π

180
θ
)

cos(δ) cos(H)
¥���� !5©

\��
θ
`bn�[-e0Vqe0V~[�Z][�ghfh`�fw`,e(V c
\5n�Z][�Z(\5^�fwg�n�V.[�`Te(e(Zs[�`�`7��chY�Z]aXoT`O`b^¢fh`b¸5Y�obnT�
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[�`TY�Y�`bn�[�Y�`.�Ke(`bgwY�n¢V!e][�Z][�ghfh`bn

alt
fh\5ZsW5`b^1[ �T[�Y�`jchY�Z(n�`bn�`b^ ib\5adcw[�`!�KU"`bn�fh\!^h^hob`Tn�fwZ][�`Tn
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(�e(ghn�Z(`bgwY�n�k1��cB\![�kh¬bn�`bn�Y�V!Z(n�\5^h^mV.�he(`Tnvn�\5^1[-¤�V!Z][�`bn�³

•
e0V �%`bY�Y�`R`bn�[-n�ghchcB\5n�oT`�n�chkhobY�Z(pMgh`,fh`RY�V'�5\!^

REarth

�
•
e�x­V!e][�Z][�ghfh`

alt
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