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Key Points:
Globally distributed inclination records were used to characterize the magnetic field configuration.●

The axial dipole moment can be estimated from the magnetic field configuration and the virtual dipole moment by using an empirical
formula.

●

The estimated axial dipole moment is underestimated by approximately three times the virtual dipole moment during the Laschamp
excursion, consistent with the results of paleomagnetic models.

●
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Abstract: The strength and configuration of the geomagnetic field control the average shape of the magnetosphere. The pure dipole
assumption and the virtual dipole moment (VDM), determined by individual records, have been widely adopted to evaluate the strength
of the geomagnetic field in geological time. However, such an assumption might not be valid during geomagnetic transitions, such as
reversals and excursions. The traditional spherical harmonic modeling of the geomagnetic field could be difficult to implement because
accurate global records are lacking. Here, we report that an empirical relationship exists between the ratio of the VDM to the true axial
dipole moment (VDM/ADM) and the ratio of the power of the axial dipole to that of the non-axial dipole (AD/NAD) based on a new
method utilizing globally distributed inclination records. The root mean square global deviation of inclination (RMSΔI) to the standard
inclination distribution of the AD was fitted to the AD/NAD with a cubic polynomial by utilizing a large number of geodynamo
simulations. Tests with geomagnetic field models showed that the AD/NAD derived from the RMSΔI agreed well with that calculated by
using the Gauss coefficients, and the estimated ADM was consistent with the true value. Finally, the application of volcanic records
during the Laschamp excursion showed the VDM might overestimate the ADM by a factor of 3. Our new method will be useful in future
studies that characterize the configuration of the geomagnetic field and the strength of the axial dipole.
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1.  Introduction
Characterizing  the  configuration  and  evolution  of  the  magnetic
field  of  Earth  is  central  to  the  investigation  of  the  habitability  of
the  planet  over  geological  time.  The  geomagnetic  field  not  only
blocks  the  entry  of  interstellar  energetic  particles  that  could
damage the  Earth’s  biosphere  but  also  shapes  the  magneto-
sphere,  which  is  an  extension  of  the  dipole  field  into  space  that
slows  the  rate  of  atmospheric  escape  into  interplanetary  space
(Wei  Y  et  al.,  2014; Tsareva  et  al.,  2020).  During  a  geomagnetic
transition  time,  when  the  strength  of  the  axial  dipole  (AD)
decreases  significantly,  the  interaction  between  the  solar  wind
and  the  magnetosphere  changes  (Gao  JW  et  al.,  2022; Gong  F
et al.,  2022), and the size of the magnetosphere shrinks, allowing
energetic particles to reach the low latitudes of Earth (Vogt et al.,

2007; Grießmeier et al.,  2009; Stadelmann et al.,  2010).  Therefore,
an adequate estimation of the configuration of the paleomagnetic
field and the strength of  the AD form the foundation for  investi-
gating the paleomagnetosphere.

Conventionally,  under  the  geocentric  dipole  assumption,  the
virtual dipole moment (VDM; Smith, 1967) derived from magnetic
intensity  records  is  applied  to  assess  the  strength  of  the  geo-
magnetic  field.  A  common  expression  of  the  VDM  (Merrill  et  al.,
1998) is

VDM =
4πR3

EF

μ0

√
1 + 3cos2θ

, (1)

where RE is the radius of the Earth, and F is the intensity (in tesla)
of the magnetic field observed at magnetic colatitude θ. The VDM
does not represent the true dipole moment but is overestimated
(Korte  and  Constable,  2005).  When  the  geomagnetic  field  is  AD
dominant, the VDM can be an adequate approximation of the AD
moment (ADM). However, the AD becomes weak during geomag-
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netic  transitions  (e.g.,  the  Laschamp  excursion).  The  non-dipole
component  is  as  critical  as  the  AD  (Leonhardt  et  al.,  2009; Korte
et  al.,  2019; Panovska  et  al.,  2019).  In  this  case,  both  the  AD  and
the non-axial dipole (NAD) make comparable contributions to the
VDM,  which  is  no  longer  a  good  representation  of  the  ADM.  A
more  appropriate  way  to  distinguish  the  contribution  of  the  AD
and NAD is through a spherical harmonic analysis. The Gauss coef-
ficients can estimate the amplitudes of the AD and other compo-
nents.  Nevertheless,  calculating  the  Gauss  coefficients  by  fitting
magnetic records is an inverse problem that affects the modeling
strategy, especially when the data are sparsely distributed.

Here, we introduce a new method to estimate the ADM from the
VDM  without  using  the  Gauss  coefficients.  Statistical  analysis  of
numerous dynamo simulations demonstrated that the ratio of the
VDM to ADM correlates  well  with the field morphology criterion,
AD/NAD  (Christensen  et  al.,  2010).  The  criterion  AD/NAD,  which
reflects the AD dominance of the magnetic field and characterizes
morphology, can be computed for the Earth’s surface with Gauss
coefficients (gnm and hnm) by using the following formula:

AD/NAD =
P10

P11 +
nmax

∑
n=2

n

∑
m=0

Pnm

, (2)

Pnm = (n + 1)(g2
nm + h2

nm). (3)

In a recent study, Biggin et al. (2020) reported a new approach for
estimating  the  AD/NAD  of  the  time-averaged  field  by  using  the
virtual geomagnetic pole dispersion without Gauss coefficients. In
this study, we explored dynamo simulations and documented an
empirical formula to evaluate the AD/NAD from the global distri-
bution of inclination (I) data. Numerical simulations of the geody-
namo successfully reproduced both the dramatic magnetic rever-
sal  (Glatzmaier  and  Roberts,  1995)  and  the  common  features  of
the paleomagnetic field (Davies and Constable, 2014; Meduri et al.,
2021).  In this  manner,  we can simulate both the transitional  field
and  the  stable  field,  which  means  that  the  magnetic  field
morphology  can  range  from  dipole  dominance  to  multipole
dominance. Thus, these simulated fields provide a good opportu-
nity  to  investigate  the  rule  of  inclination  distribution  with  wide
AD/NAD coverage. Finally, two empirical relationships were estab-
lished to estimate the AD/NAD from I and the VDM/ADM from the
AD/NAD.  These  relationships  became  a  new  tool  for  estimating
the ADM and AD/NAD from paleomagnetic records without using
Gauss coefficients.

In  Section  2,  we  introduce  the  variable  substitution  of  the  AD/
NAD  and  the  measurement  of  the  inclination  distribution,  which
will  help  in  constructing  empirical  relationships.  Errors  from
sampling  the  magnetic  records  are  also  analyzed  in  this  section.
Empirical  relationships  are  then  presented  and  discussed  in
Section  3.  Finally,  in  Section  4,  we  show  how  these  relationships
were  tested  by  using  various  spherical  harmonic  models  and
applied to volcanic records from the last 50 ka. 

2.  Methods 

2.1  Variable Substitution of the AD/NAD
The  AD/NAD  is  the  criterion  that  indicates  the  morphology  of  a

magnetic  field;  nonetheless,  the  AD/NAD  ratio  may  vary  over  a
large range. To normalize the range from 0 to 1, we suggest using
AD/(AD + NAD) instead of AD/NAD to indicate the dominance of
AD. The AD/(AD + NAD) = 1 when the magnetic field is a pure AD.
In the following,  AD/(AD + NAD) was used to build the empirical
formula instead of AD/NAD. 

2.2  Measurement of the Inclination Distribution
In an ideal AD field, the inclination I is determined by the colatitude
θ as

tanI = 2cotθ. (4)

It is difficult to determine such an analytical expression of I when
the  magnetic  field  is  not  an  AD.  To  describe  the  distribution  of
inclinations  observed  from  an  NAD  field,  we  compared  the
observed  inclination  value  with  those  predicted  by  the  AD  and
measured the difference with the root mean square value:

RMSΔI =

√√√√√√√√√√⎷
n

∑
j=1

(I recj − Imod
j )2

n , (5)

Imod
j

I recj

I recj

where  is  the  inclination  value  predicted  by  the  AD  by  using

Equation  (4)  at  the  same  latitude  as ,  and n is  the  number  of

observed .  The  RMSΔI  reflects  the  degree  of  deviation  of  the

inclination  distribution  in  the  magnetic  field  relative  to  the  AD
field.  For  example, Figure  1 illustrates  the  inclination–colatitude
distribution  (blue  circles)  calculated  with  the  IMMAB4  model
(Leonhardt  and  Fabian,  2007)  at  the  dipole-dominant  time  (the
end  of  the  reversal  at  765  ka; Figure  1a)  and  the  transition  time
(midpoint of the reversal at 774 ka; Figure 1b). At the dipole-domi-
nant time, the inclination distribution is close to that of AD (black
curve), and the RMSΔI value is small (approximately 6). In contrast,
at the transition time, they are different and the RMSΔI value can
be greater than 60. For a pure AD, the RMSΔI should be 0, by defi-
nition.  Here,  we  systematically  investigate  the  relationship
between the RMSΔI and field morphology.

d = ro − ri ro ri

u(T
(2Ωρμ0η)1/2

d

The most appropriate way to construct a database of geomagnetic
fields  with  various  morphologies  is  through  numerical  dynamo
simulations  that  solve  the  magnetohydrodynamic  equations
describing  the  generation  of  the  geomagnetic  field  from  the
movement of  the conductive fluid in the outer core of  the Earth.
The  geomagnetic  fields  generated  from  the  dynamo  simulations
are  described  well  by  the  spherical  harmonic  method,  and  all
Gauss coefficients are known, which is appropriate for this study.
The dynamo simulations used in  this  study were similar  to  those
used in previous studies (Davies and Constable, 2014; Sprain et al.,
2019; Biggin  et  al.,  2020).  Briefly,  a  rigid  spherical  shell  that
contains an incompressible and electrically conducting Boussinesq
fluid rotates in the vertical direction with an angular frequency Ω.
The width of the shell is , where  and  denote the outer
and inner boundary radii, respectively. The simulations numerically
solve the equations of evolution for the fluid velocity ( ), magnetic
field  (B),  and  temperature )  with  the  nondimensionalization  of

the physical parameters in the equations. For nondimensionaliza-
tion,  the  magnetic  field  is  rescaled  by ,  the  length  is

rescaled by , the time is rescaled by the magnetic diffusion time,
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τη = d2/η
μ0

ri/ro
,  where η denotes  the  magnetic  diffusivity  of  the  outer

core, ρ is the core fluid density, and  is the vacuum permeability.

In this work, the shell aspect ratio  is set to 0.35. In the dynamo

simulations,  geomagnetic  fields  of  various  morphologies  were

generated  with  the  AD/(AD  +  NAD)  varying  from  3.59  ×  10−9 to

0.95. This broad coverage of the AD/(AD + NAD) ensured that the

empirical relationship would be widely valid.

We  also  explored  the  relationship  between  AD/(AD  +  NAD)  and

VDM/ADM based on the dynamo simulations. The main process of

the study can be described by the following steps:

(1)  For  a  given  geomagnetic  field  from  the  dynamo  simulations,

several  locations  around  the  world  were  randomly  chosen  to

calculate  the  magnetic  inclination  and  intensity  by  using  Gauss

coefficients.

(2)  The  VDM  was  calculated  from  the  magnetic  inclination  and

intensity  with  the  combination  of  Equations  (1)  and  (4)  at  each

location,  and  their  mean  value  as  the  VDM  was  retained  in  this

geomagnetic field.

(3) The inclination data were used to calculate the RMSΔI by using

Equations  (4)  and  (5).  The  ADM  was  calculated  directly  from  the

Gauss  coefficient,  and  AD/(AD  +  NAD)  was  evaluated  by  using

Equations (2) and (3).

(4)  The  above-mentioned  steps  were  repeated  in  all  dynamo

simulation  fields  to  investigate  the  empirical  relationships

between RMSΔI and AD/(AD + NAD) and between AD/(AD + NAD)

and VDM/ADM. In the following section, we discuss the error from

the random selection of data points. 

2.3  Error from Record Quantity
One  realistic  scenario  is  that  finite  discrete  magnetic  records

around  the  world  could  be  collected  to  evaluate  the  RMSΔI  and

VDM. Therefore, a concern is acquiring the appropriate number of

records to obtain a reliable RMSΔI and VDM. Here, a record refers

to a vector observation or record of the geomagnetic field (includ-

ing the intensity, inclination, and declination) at an arbitrary loca-

tion point on the surface of the Earth. Consequently, we calculated

the  RMSΔI  with  record  number n varying  from  1  to  100  with  an

interval of 1. Specifically, at each time, we randomly chose n loca-

tions on the surface of the Earth to calculate the magnetic inclina-

tion  from  the  Gauss  coefficients  and  evaluate  the  RMSΔI.  This

process was repeated 20 times to obtain the mean value and stan-

dard deviation of  the  RMSΔI  for  the  same n value. Figures  2a–2c

illustrate the variations in the mean value, standard deviation (SD),

and  standard  error  (SE)  of  the  RMSΔI  with n value,  respectively,

and  two  geomagnetic  field  morphologies  for  dipole  dominated

(AD/(AD + NAD) = 0.79; in blue) and for multipole dominated (AD/

(AD + NAD) = 0.08;  in red).  As shown in Figure 2,  both the mean

RMSΔI  and  its  fluctuation  amplitude  (i.e.,  the  SD  and  SE)

converged  with  an  increase  in  the  number  of  records  for  both

field morphologies. Figure 2d depicts the variations in the relative

SE (RSE) of the RMS∆I (the ratio of the SE to the mean RMS∆I) with

the  number  of  records  and  AD/(AD  +  NAD).  The  relative  SE  of

RMS∆I was found to be less than 5% when n exceeded 25 and less

than 1% when n was larger than 100 for all morphologies, indicat-

ing  that  a  large  sample  size  was  not  needed  to  obtain  accurate

results. 

3.  Results 

3.1  Empirical Relationship Between AD/(AD + NAD) and

the RMS∆I
Here, n = 1,500 records were used to calculate the RMS∆I, and the

corresponding SD  and  RSE  were  less  than  1%  and  0.1%,  respec-

tively. The AD/(AD + NAD) values of the geomagnetic fields from

the dynamo simulations varied from 3.59 × 10−9 to 0.95,  and the

corresponding values of the RMSΔI varied from 80.90 to 7.38. The

AD/(AD  +  NAD)  and  RMSΔI  cross-plot  exhibited  a  significant

inverse correlation (Figure 3a).  The data were least-squares fitted

to the following cubic polynomial (Figure 3a):

AD/(AD + NAD) = p1RMSΔI
3 + p2RMSΔI

2 + p3RMSΔI + p4, (6)
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Figure 1.   Inclination–colatitude distribution of the IMMAB4 model during (a) the dipole-dominant time and (b) the transition time. The blue

circles indicate data obtained from the model. The black line is the inclination–colatitude relationship according to the axial dipole. RMSΔI, root

mean square global deviation of inclination.
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where p1, p2, p3, and p4 equaled 2.67 × 10−6, −2.978 × 10−4, −5.757 ×

10−3,  and 1.004, respectively. The 95% confidence limits for these

four parameters were (2.506 × 10−6, 2.835 × 10−6), (−3.192 × 10−4,

−2.764 × 10−4), (−6.594 × 10−3, −4.920 × 10−3), and (0.9944, 1.014),

respectively. The adjusted r2 value of the fit was 0.97, indicating an

ideal inverse correlation between AD/(AD + NAD) and the RMS∆I.

Empirical Equation (6) predicted that AD/(AD + NAD) would equal

1.004 when the RMSΔI reduced to 0, and this prediction was close

to the theoretical value of 1. It should be noted that a zero RMSΔI

value  indicates  that  a  pure  AD  geomagnetic  field  and  AD/(AD  +

NAD) should equal 1. 

3.2  Empirical Relationship Between AD/(AD + NAD) and

VDM/ADM
We  used  the  same  magnetic  records  from  the  preceding  section

to study the  empirical  relationship  between AD/(AD + NAD)  and

VDM/ADM. As shown in Figure 3b, the VDM/ADM of the geomag-

netic  field  exhibited  a  significant  power  law  for  AD/(AD  +  NAD).

This  empirical  relationship  could  be  expressed  by  using  the

following power equation:

VDM/ADM = a[AD/(AD + NAD)]b, (7)

where a and b were fitted to 1.045 and −0.4943, respectively, with

an adjusted r2 up to 0.99. The 95% confidence bounds of a and b
were  (1.042,  1.049)  and  (−0.4949,  −0.4938),  respectively.  This

empirical relationship showed that the VDM would be higher than

the  ADM  when  the  AD/(AD  +  NAD)  is  less  than  0.1,  whereas  the

VDM  was  close  to  the  ADM  even  though  the  power  of  the  AD

component  accounted  only  for  50%  of  the  total  power  of  the

geomagnetic field (i.e., AD/(AD + NAD) = 0.5). 
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Figure 2.   Variations in the (a) root mean square global deviation of inclination (RMS∆I), (b) standard deviation (SD), and (c) standard error (SE) of

the RMSΔI versus the record number. The blue curves indicate dipole dominance (AD/(AD + NAD) = 0.79), whereas the red curves indicate

nondipole dominance (AD/(AD + NAD) = 0.08). (d) Contour plot of the relative SE (RSE) of the RMSΔI versus record number and field morphology

criterion AD/(AD + NAD).
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Figure 3.   (a) Relationship between the root mean square global deviation of inclination (RMSΔI) and AD/(AD + NAD). The red curve represents

the best fit to the cubic function in Equation (6). (b) Relationship between the axial dipole/non-axial dipole (AD/NAD) and virtual dipole moment/

axial dipole moment (VDM/ADM). The red curve represents the best fit to the power function in Equation (7). The adjusted r2 values are indicated

in the upper right corners.
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4.  Testing the Empirical Formulae and Their
Applicability to the Volcanic Records 

4.1  Tests with Magnetic Models
Here, the two empirical equations mentioned above were further
tested  by  using  different  geomagnetic  models  to  verify  their
performance  and  applicability.  To  test  geomagnetic  fields  with
various morphologies, models covering both stable and transition
times  were  chosen,  including  IMMAB4  (Leonhardt  and  Fabian,
2007),  LSMOD.2  (Korte  et  al.,  2019),  GGF100k  (Panovska  et  al.,
2018),  TK03.GAD  (Tauxe  and  Kent,  2004),  and  the  International
Geomagnetic  Reference  Field  (IGRF13; Alken  et  al.,  2021).  The
IMMAB4 simulates  the  latest  geomagnetic  reversal  at  approxi-
mately  780  ka,  and  the  LSMOD.2  mainly  models  the  Laschamp
excursion at approximately 40 ka. The TK03.GAD is a Giant Gauss
Process type statistical  model  of  the geomagnetic field based on
paleomagnetic  data.  The  GGF100k  is  a  paleomagnetic  model  for
the past 100 ka,  and the IGRF13 mainly covers the recent dipole-
dominant period. Thus, these five models included most geomag-
netic field situations.

For  each  geomagnetic  model,  the  RMS∆I  and  mean  VDM  were
calculated  from  the  inclination  and  intensity  at  100  randomly
chosen locations on the surface of the Earth. The AD/(AD + NAD)
and ADM values were then calculated by using Equations (6) and
(7) and compared with the values derived from the Gauss coeffi-
cients. The results of these calculations are shown in Figure 4. The
blue  dashed  diagonal  line  represents y = x,  and  symbols  with
different shapes represent different models. In Figure 4a, the esti-
mated  AD/(AD  +  NAD),  represented  by  the  gray  symbols,  is
normally  distributed  around  the  diagonal.  The  linear  regression
(black  line)  of  the  symbols  is  1.015,  with  an  adjusted r2 value  of
0.96, further demonstrating that the RMSΔI applies to geomagnetic
field models with different morphologies. Figure 4b demonstrates

that  the  ADM  estimated  using  Equation  (7)  (gray  points)  is  very
close to the true ADM, and the gray symbols are located near the
y = x line.  These gray points can be fitted by a black line with an
adjusted r2 value  of  0.99.  However,  the  mean  VDM  values  (the
calculation is similar to step (2) in Section 2.2, although using the
models  mentioned  in  this  section),  which  are  denoted  by  red
symbols  that  scatter  away  from  the y = x line,  especially  for  the
IMMAB4  model,  indicate  that  the  VDM  cannot  be  an  adequate
approximation  of  ADM  during  times  of  magnetic  reversal.  The
above-mentioned  comparisons  with  the  five  geomagnetic  field
models showed that the two empirical formulae in Section 3 were
effective and could play an important role in accurately estimating
the ADM from the VDM, particularly during the geomagnetic tran-
sition time. 

4.2  Implications for the Paleomagnetic Field
Here, we apply the two empirical formulae to the volcanic records
of the GEOMAGIA50.v3 data sets (Brown et al., 2015) to investigate
the evolution of the magnetic field of the Earth over the past 50 ka.
The GEOMAGIA50.v3 is an open database that includes published
archaeomagnetic,  volcanic,  sedimentary,  and  chronological  data
(https://geomagia.gfz-potsdam.de/).  Considering  that  the  dating
errors of  the volcanic records vary from several  hundred years to
several  millennia,  the  following  calculation  was  performed  on  a
5 ka time average.  In every 5 ka time interval,  inclination records
with α95 (95% angular confidence limit around the mean direction)
less than 5° were selected and temporally averaged at their loca-
tions. Figure  5a shows  that  the  AD/(AD  +  NAD)  curve  (in  blue)
evaluated  from  the  volcanic  records  dropped  dramatically  at
approximately  25.5–30.5  and  40.5  ka  before  present  (BP),  which
relates  to  the  Mono  Lake  (Cassidy  and  Hill,  2009)  and  the
Laschamp  excursion  (Guillou  et  al.,  2004),  respectively.  The  AD/
(AD + NAD) derived from three paleomagnetic models, GGF100k,

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

AD/(AD+NAD)

E
st

im
a

te
d

 A
D

/(
A

D
+

N
A

D
)

(a)
R2 =0.96

0 2 4 6 8 10
x1022

0

2

4

6

8

10

x1022

ADM (A·m2)

E
st

im
a

te
d

 A
D

M
 (

A
·m

2
)

(b)

R2 =0.99
GGF100k

IGRF13

IMMAB4

LSMOD.2

TK03

y=x

linear fitting

 
Figure 4.   Test of the empirical relationship between (a) the root mean square global deviation of inclination (RMSΔI) and AD/(AD + NAD) and

(b) the AD/(AD + NAD) and virtual dipole moment/axial dipole moment (VDM/ADM) with different models. The x axis represents the true AD/(AD +

NAD) in (a) and ADM in (b) from Gauss coefficients, whereas the y axis represents the estimated values with the empirical equations from the

corresponding magnetic field. In both panels, the gray points with different shapes are values predicted by the empirical formulae versus the

values derived from Gauss coefficients. The different shapes represent different models. The red points in (b) denote the mean VDM versus the

true ADM, the blue line is y = x, and the black line is a linear regression for all models. The different models are denoted in the legend. The

temporal resolutions used for GGF100k, IGRF13, IMMAB4, and LSMOD.02 were 500, 5, 100, and 1,000 years, respectively, for the data points in

both panels.
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LSMOD.2, and GGFSS70 (Panovska et al., 2021), are plotted as red,

magenta,  and  cyan,  respectively.  For  the  Laschamp  excursion  at

approximately  41  ka,  the  results  estimated  by  Equation  (6)  are

close  to  the  values  obtained  from  the  LSMOD.2  and  GGFSS70

models.  The AD/(AD + NAD) ratio from GGF100k was larger than

that of the other three, and this finding could be attributed to the

smoothness of this model. However, for the Mono Lake excursion,

AD/(AD  +  NAD)  evaluated  from  volcanic  records  using  our

method was lower than all the model values. During 25.5–30.5 ka,

GGF100k  and  LSMOD.2  also  showed  a  dip  in  AD/(AD  +  NAD),

although their values significantly exceeded the estimation made

directly  from  the  volcanic  inclination  by  using  the  method

described above. More efforts are needed to clarify the timing and

characteristics  of  the  Mono  Lake  excursion.  With  respect  to  the

VDM  and  ADM  values, Figure  5b shows  that  from  the  volcanic

records, all the VDM values (in black) evaluated by Equation (1) are

an overvaluation of the ADM (blue), especially during the excursion

times.  However,  the  ADM  estimated  by  using  our  new  method

exhibited good  consistency  with  the  values  of  the  three  paleo-

magnetic models during the Laschamp excursion time, whereas it

was  not  significant  during  the  Mono  Lake  event.  This  result

showed  that  the  VDM  from  the  volcanic  records  was  larger  than

the  ADM  values  obtained  from  all  the  models  for  the  Laschamp

excursion.  According  to  our  calculations,  the  overestimation  of
the VDM by the ADM was approximately a factor of 3. 

5.  Discussion and Conclusions
We  introduced  two  empirical  formulae  that  could  estimate  the
AD/NAD  and  ADM  from  magnetic  inclination  and  intensity
records  by  statistical  analysis  of  the  inclination  distribution  and
the  VDM/ADM  magnitude  of  numerous  magnetic  fields  from
dynamo  simulations.  Tests  of  the  two  formulae  with  magnetic
models  demonstrated  their  effectiveness  and  helped  accurately
estimate the ADM during geomagnetic transition times. Applying
these formulae to the volcanic records of the Laschamp excursion
showed that the VDM was an overvaluation of the ADM.

These empirical formulae reflected the basic features of the incli-
nation  distribution,  depending  on  the  morphology  of  the
geomagnetic  field;  thus,  it  is  a  useful  tool  for  characterizing  the
morphology and ADM of the magnetic field over geological time
without  Gauss  coefficients.  Compared  with  the  spherical
harmonic method, the empirical formulae required fewer calcula-
tions.  However,  this  empirical  method  requires  the  number  of
magnetic  records  to  be  at  least  20  to  obtain  stable  and  reliable
results. One solution is to expand the time interval to allow study
of a sufficient number of records during the time period; however,
this  solution  sacrifices  temporal  resolution.  Considering  the
present  collection  of  records,  this  method  could  play  a  role  in
investigating the magnetosphere over the past tens of thousands
of years because the magnetic records were relatively rich during
this period.

The RMSΔI is notably influenced by the quality and spatiotemporal
distribution of the records. To better characterize the global struc-
ture of  the geomagnetic  field,  globally  widespread data distribu-
tion  is  necessary.  Otherwise,  the  RMSΔI  might  reflect  only  the
characteristics of the regional geomagnetic fields.

We  noticed  that  an  inversion  algorithm  developed  recently  by
Rong et al. (2021) was able to quantitatively evaluate the deviations
of  a  recorded  field  from  a  dipole  field.  However,  their  method
requires that the field strength and orientation be recorded in the
data set with the negligible effect of continental drift.

Because the dipole field plays an essential role in solar wind–Earth
interactions, our new approach to depicting the basic morphology
of the geomagnetic field will  potentially benefit  investigations of
the space environment and biological evolution in deep geological
time with the accumulation of more paleomagnetic records. 
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Figure 5.   (a) The axial dipole/non-axial dipole (AD/NAD) ratio

estimated from volcanic records (in blue) and paleomagnetic models

GGF100k (in red), LSMOD.2 (in magenta), and GGFSS70 (in cyan). (b)

The virtual dipole moment (VDM; in black) was derived from the

volcanic records, and the axial dipole moment (ADM; in blue) was

estimated from the combination of the AD/(AD + NAD) and VDM. The

ADM from GGF100k, LSMOD, and GGFSS70 are denoted by the same

color as that in panel (a). The green dashed lines represent the upper

and lower bounds for one standard deviation in all panels. DM, dipole

moment.
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