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Models and predictions of Earth’s magnetic ===

field based on geomagnetic observatory data
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Abstract Observations of the geomagnetic field taken at Earth's surface are processed to construct a set of con-
tinuous models of the geomagnetic field and its secular variation from 1956 to 2033. One of these models,

the parent model, provides candidate main field models for the epochs 2020 and 2025 to the 14th generation

of the International Geomagnetic Reference Field (IGRF). The secular variation candidate model for the period
2025-2030 is derived from a forecast of the secular variation in 2027.5, which results from a multi-variate singular
spectrum analysis of the secular variation from 1960 to 2023. Apart from the parent model, we also derive models
to higher spherical harmonic degrees than ¢ = 14 to study small-scale features of the core field and its temporal
variation. A comparison with a satellite-based field model indicates a good agreement for the core field, but shows
significant differences for the secular variation, which probably could be explained by the different source geom-
etry of the data. Our results suggest a strengthening of the meridional core flow in recent years and the exist-
ence of north—south oriented undulations in the radial component of the secular variation which may be related
to the presence of waves in Earth's liquid outer core.
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1 Introduction

Earth’s magnetic field as it is observed originates from
various sources within and outside Earth. The larg-
est contribution arises from the action of a dynamo
in Earth’s liquid outer core. The magnetization of the
lithosphere also contributes to the observation as well
as different induction processes in the Ocean, iono-
sphere and the magnetosphere. The last two are consid-
ered as external field sources as they lie outside Earth.
However, temporal variations of external field sources
induce secondary magnetic fields in the lithosphere
and the Ocean that appear to be of internal origin
from within Earth. The different source mechanisms
expose differences in their typical timescales. While
the lithospheric field appear to be invariant in time,
external, externally induced and core fields vary from
seconds to millennia and even longer timescales (Con-
stable and Johnson 2005). In between, on annual and
perennial timescales, the temporal variations of these
sources overlap. The screening effect of the weakly
electrically conducting mantle acts as a filter and sets

a limit to the shortest variations of the core field that
can pass through. Variations shorter than a year may
not pass the mantle (Backus 1983; Benton and Whaler
1983; Holme 1998). Variations on millennial and longer
timescales are thought to be affected by the lower man-
tle thermal heterogeneity (Mound and Davies 2023; de
Oliveira et al. 2024; Wardinski et al. 2025).

The wealth of data that have been collected by satel-
lite missions over the past 25 years have led to series of
geomagnetic field models (Olsen et al. 2006; Finlay et al.
2016, 2020; Lesur et al. 2008, 2010, 2015) that capture
fine details of the geomagnetic field and its temporal
variability (Lesur et al. 2022). Recently, such models were
derived from satellite data to spherical harmonic degree
¢ > 14 (Ropp et al. 2020; Finlay et al. 2020) at which
the strength of lithospheric contributions dominates
the core magnetic field. Here, we compile geomagnetic
field observations exclusively taken at Earth’s surface
to construct a set of continuous models of the geomag-
netic core field and its secular variation between 1956
and 2033. Like in the previous versions of our modeling
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approach (Wardinski and Holme 2006; Wardinski and
Lesur 2012; Wardinski et al. 2020) we use secular varia-
tion estimates derived from the observatory data to con-
struct these models. One of these models will serve as a
parent for our candidate models to the 14th generation
of the International Geomagnetic Reference Field (IGRF),
which describes Earth’s main magnetic field and its sec-
ular variation. Previous versions (e.g., Finlay et al. 2010;
Thébault et al. 2015; Alken et al. 2021a) are widely used in
many disciplines of Earth sciences and applied sciences.

A new aspect of our study is the derivation of core field
and secular variation models up to spherical harmonic
degree 18 based only on geomagnetic observatory data.
In principal this should be possible as the small-scale
secular variation is not masked by the magnetization
of the lithosphere as it is the case for the magnetic core
field and may only be subject to the global distribution of
geomagnetic data. We aim to compare our resulting core
field and secular variation models to a satellite-based field
model CHAOS-7 (version 7.18) (Finlay et al. 2020) and
try to identify the source of small-scale field and secular
variation features, which may indicate particular dynami-
cal processes in Earth’s outer core.

This paper is organized as follows. Section 2 outlines
the derivation of secular variation estimates and the
modeling technique to derive the parent geomagnetic
field model for the IGRF candidates. In the third section,
we compare results of our model and the satellite-based
CHAOS-7 model. Section 4 provides forecasts of the
secular variation for the period 2025 to 2033 based on a
multi-variate singular spectrum analysis. The last section
discusses the results and concludes the study.

2 Geomagnetic field modeling

In this section, we present the derivation of the secu-
lar variation estimates from ground-based geomag-
netic observatories and outline our modeling strategies
to derive a parent geomagnetic main field model from
which we deduce different candidate models for the
DGRF 2020, IGRF 2025 and the secular variation forecast
for 2027.5.

The parent model, hereafter C3FM4-P, covers the
period from 1956 to 2025. The model derivation follows
that of Wardinski and Lesur (2012) and Wardinski et al.
(2020) and is a spline-based model of Earth’s core field
and its secular variation. Like in the previous model, c?
FM3, we use order 6 B-splines to parameterize field
coefficients in time. The spline knot spacing is set to be
roughly 1.4 years. The model is constrained to fit a main
field model for the epochs 2001 and 2019 which are based
on magnetic measurements taken by the CHAMP and
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Swarm satellite missions (Ropp et al. 2020). We choose
2019 because it is an epoch which provides good data
coverage by geomagnetic observatories and the Swarm
satellite mission. In general, the data coverage decreases
towards the model endpoint.

2.1 Ground-based geomagnetic observatories data

The upper panel of Fig. 1 maps locations of the ground-based
geomagnetic observatories used in this study. Measurements
taken at this network of geomagnetic observatories are
used to derive estimates of secular variation (Wardinski and
Holme 2006; Wardinski and Lesur 2012; Lesur et al. 2018).
These estimates are obtained by annual differences of obser-
vatory monthly means, where these monthly means are aver-
ages of observatory hourly means. Also, annual means are
used for observatories for which hourly mean values are not
available in the World Data Centers (WDC) or Intermagnet
data sets (World Data Centre for Geomagnetism - Edin-
burgh 2019; INTERMAGNET 2020). These observatory
annual means are part of a compilation that is provided by
the British Geological Survey in Edinburgh (British Geologi-
cal Survey - Edinburgh 2020). Prior to 1957 the number of
observatory monthly means is 51. Over the period 1956—
2025 the number of geomagnetic observatories simultane-
ously in operation that have been providing vectorial hourly
means of North, East and downward components ranges
between 51 and 155. After mid-2020 the number of annual
and monthly means drops below 100. This recent decrease
in the number of observatories poses a severe problem for
geomagnetic field modeling. In the future the geomagnetic
community should set maintenance of geomagnetic surface
observatories as a major priority. Most of the times the num-
ber of annual means is larger than the number of observa-
tory monthly means; see Fig. 1. In the processing of secular
variation estimates, erroneous data were removed when
encountered and data gaps were not filled by interpolations.
Table 2 in the appendix lists the observatories and the statis-
tical properties of their residuals with respect to the parent
model.

2.1.1 Secular variation estimates

We derive secular variation estimates as input for the
geomagnetic field modeling. The technique is applied to
ground-based geomagnetic monthly means. For exam-
ple, the secular variation of the X-component at a given
observatory is estimated as:

dX/dt|; = (X(r +6) — X(z — 6))/dt, 1)

where t denotes a particular month. These are annual dif-
ferences of observatory monthly means. Likewise, obser-
vatory annual means are treated using
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Fig. 1 Locations and the number of available geomagnetic observatories used in this study. The blue squares in the lower panel represent
the number of observatory annual means, while the black curve represents the number of observatory monthly means

dX/dt|e11 = (X(£+ 1) — X (1)) /dt, ) The magnetization of the crust surpasses the strength of
the core field at Earth’s surface from spherical harmonic
where ¢ is in calendar years and dt is 1 year. degree 15 onward. By applying this approach the mag-

netic signature of the crust is reduced or eliminated, as it

Table 1 Specifications of the inversion parameters of the parent model and the field model dedicated to study the small-scale
secular variation. The quantities that are controlling the model's temporal and spatial smoothness (A7, As) are in units nT-2yrandnT =2,
respectively

At s Lmax temp norm [Wb/yr3] spat norm [Wb] Misfit
CFM4-P 3% 1072 7% 107/ 14 5.532% 100 59.027x 10" 0.5385
CFm4-Z 3x1072 7x10~7 18 5.532x10° 59.027x 10" 0.5385

CFMA4-S 3x1072 1x1078 18 5.408x 100 75.027x 10" 0.5354
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Fig. 2 Spectra of main field models (a) and secular variation (b) of C3FM4-7 (solid lines) and CHAOS-7 (dotted lines) for different epochs at Earth’s

surface. Dashed lines represent respective spectra of the differences

can be assumed to be constant with time. This may allow
to study small-scale secular variation. A limiting factor
is the uneven global distribution of geomagnetic obser-
vatories. To this end, the total number of data is 306,774
which correspond to 102,258 vector triplets that are used
to characterize the core field and its secular variation.

2.2 Modeling technique

Most geomagnetic field modeling approaches assume
Earth’s magnetic field B(r, 6, ¢, t) to be a potential field
without magnetic sources in the mantle and in the vicin-
ity of satellite orbits. Then the geomagnetic field is deter-
mined as a gradient of a scalar potential, i.e.,

B(r,0,p,t) = —VV(r,0,¢,0), 3)

where the scalar potential of the geomagnetic field can be
represented in a spherical geometry as:
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V(r,0,6,t)=a (f) > (g" (@) cos(mg)
=1 m=0

+ 1" (t) sin(me)) P} (cos 6). (4)

a is Earth’s radius (6371.2 km), (r,6,¢) the geocentric
spherical radial, co-latitude and longitude coordinates
and P;"(cos6) are the Schmidt quasi-normalized associ-
ated Legendre functions with degree ¢ and order m. The
maximum spherical harmonic degree in (4) is chosen
to be €max = 14 for the parent model. Two additional
models are derived to study small-scale structures of the
secular variation. For those, we set £,2x = 18. The Gauss
coefficients {g;", #}"} are expanded in time using order six
B-splines M, (¢), so that:
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Fig. 3 Degree correlation between the models of CFM4-Z and CHAOS-7 for the main field (a) and the secular variation (b) at three different

epochs. Note the different y-scales in the plots
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The objective function ®(m) to be minimized in the
inversion is

om)=(y—Am)' C 'y —Am) +Cn ' +Cr1 ' +Cr2

(6)
where A is an operator which relates the model vector m
containing the Gauss coefficients to the datay.y — Am is
the misfit between data and model, subject to the regu-
larization. A is the (design) matrix which contains deriva-
tives of (4) for the three-field components to derive the
individual Gauss coefficients. Ce and Cy, are the error and
the prior model covariance matrix, respectively. Ce con-
tains the errors of the measurements, at the initial step
diagonal elements of Ce are set equally to 1/5nTyr ™! for
each observation, as we (initially) assume a secular varia-
tion error of 5nTyr L. These elements are re-computed at
each iteration step and represent the individual misfit of
observations to the model of the previous iteration step.
At the last iteration step these elements represent the
misfit to a model derived in a rotated coordinate system
that is given (spanned) by the clean, intermediate and
externally disturbed directions (Wardinski and Holme
2011; Wardinski and Lesur 2012). Cp, is an expres-
sion of the model priors, i.e., the spatial and temporal
regularization.
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Here, we report solutions that are adjusted to mini-
mize the integral of BE over the core surface 2 (c) with the
radius ¢ = 3485 km to obtain a spatial smooth model:

/ Bf dQQ=m' S 'm. (7)
Q()

The matrix S has the diagonal elements

(I +1)? (Z)(21+4)

m forl=1.~~;lmax- (8)

su> 'ty =

c
Like in some previous studies (Lesur et al. 2010; War-
dinski and Lesur 2012), we seek a reliable estimate of the
secular acceleration. Therefore, the temporal model con-
straint is to minimize the integral of the third time deriv-
ative of the radial field component over the core surface
and in the model period between the starting and the end
times tg and £ (1956 and 2025):

4 tE 33B,\ 2
771/ / < 3r> dQdt =m' T 'm.
(e —ts) Jis Jaw \ Of

)
The diagonal elements of the matrix T are the same as
for S, and the time integral is computed using a New-
ton—Cotes formula of a closed type, e. g. Bode’s rule
(Abramowitz and Stegun 1973). Minimization of the
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Fig. 4 The observed secular variation components at differen observatory site, CHAOS-7 (black) and the candidate parent CFM4-P (red),
respectively. Gray points are the observations. Letters indicate reported geomagnetic jerks



Wardinski et al. Earth, Planets and Space (2026) 78:101

Page 7 of 27

20
10
= 0r - =
3 T ] &
o = or z =
3 £ ) £
O s B 3
X 2% s 3
-40
-50 E
-60 H L L I L L L -35 Il L L L i H Lo L -230 i L L L L S
2000 2005 2010 2015 2020 2025 2000 2005 2010 2015 2020 2025 2000 2005 2010 2015 2020 2025
time [calendar year] time [calendar year] time [calendar year]

F G H | J K L F G H
T T T T T T T T

| J K L F G H | J K L
T ARRBRR T T T ARRRRR T T T

dX/dt [nT/Year]
dY/dt [nT/Year]

Hermanus

dz/dt [nT/Year]

. L L L . . . .
2000 2005 2010 2015 2020 2025 2000 2005

. . . . 1 R L N L .
2010 2015 2020 2025 2000 2005 2010 2015 2020 2025
time [calendar year] time [calendar year]

time [calendar year]
F G H | J K L F G H
40 ARaaas T T T T 15 T

dY/dt [nT/Year]
=

Alice Spring
dX/dt [nT/Year]

5 [

| J K L F G H | J K L
T T T T T T T T T

dZ/dt [nT/Year]

30 Lo . L . L . i .
2000 2005 2010 2015 2020 2025 2000 2005
time [calendar year]

Fig. 5 Asin Fig.4 for other observatories.

third time derivative requires placing further conditions
on the second time derivatives of the radial field at the
model endpoints; best results are obtained when these
are set to zero.

The model prior covariance matrix C,, is then given by:

Ct = dsm ST m+ JrmT T m, (10)

where As and Ar control the strength of the spatial and
temporal constraints, respectively. The last terms of (6)
are the constraints to fit given satellite field models in
2001 and 2019, which are

F, = / (B — °B)?dS| ;=001
r=a

lmax l
=Y A+ D" g™ + " = "h) =200,
=1 m=0
(11)
Fy = / (B — °B)*dS|i=2019
r=a
lmax l
=YY A+ DIE" = g™ + 0 = "h) lima019,
=1 m=0
(12)

L e L . o0 Lo . . . Y .
2010 2015 2020 2025 2000 2005 2010 2015 2020 2025
time [calendar year] time [calendar year]

where %g/" and °/}" are the Gauss coefficients of the sat-
ellite geomagnetic main field model. This constraint is
necessary, as our model is based on secular variation data
and it needs a main field model at a given epoch in order
to provide also description of the main field at all times.
Traditionally, we use a main field model that is derived
in an independent study from satellite data. In this study,
we use a satellite-based main field model by Ropp et al.
(2020). The constraint is then written

C !l = ),FmT F'm, (13)

with the damping parameter Ap. We choose Ap; << Apa,
which controls the fit to the satellite-based field models
in £; = 2001 and £, = 2019, respectively. We pose a sig-
nificantly weaker forcing of the model to fit a satellite field
model in 2001. This is not because we doubt the satellite
field model in 2001, but because that equal constraints
might introduce a spurious secular variation. Such an
effect was revealed by the reanalysis of the C3FM (War-
dinski and Holme 2006), where the equal strong forcing
of the model to fit a Magsat-based field model in 1980
(Cain et al. 1989) and a @rsted and Champ-based field
model in 2000 introduced an incorrect secular variation.
The very reason for this was the fundamental differences
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Fig. 6 Comparison of the six largest scale observed and predicted secular variation coefficients, for C3FM4-P (red) and CHAOS-7 (black). Vertical
line labeled as FC marks the beginning of the forecast and * marks the prediction epoch for the IGRF candidate. Different colored lines represent

forecasts by the MSSA truncated at 14 and 40 Eigenmodes

of the orbital geometries of the Magsat and Champ satel-
lite missions. While Magsat was flying on a dawn—dusk
orbit, Orsted and Champ were also flying through local
night time. The exclusive selection of night-time data to
construct field models reduces the external field contri-
butions in these field models significantly (Holme et al.,
2003). Likely, field models derived from @rsted and
Champ differ from those of the Swarm constellation,
because of their different data distribution, therefore
a different forcing Ap; << Apz to fit these models may
prevent us from introducing spurious secular variation.
However, this effect was not studied in full detail.
Solutions are sought iteratively in a very similar
manner as for the previous model, C3FM3 (Wardinski

et al. 2020), by deriving an initial model to re-weight
the observatory data by their residuals to this initial
model. The error matrix C, of (6) is updated to derive
the second-step model. Then, the influence of external
field variation is reduced by a noise-removal scheme,
where residual variability that correlates with the Dgr
-index is suppressed (Wardinski and Holme 2011). This
provides the second and final update of C, to derive the
final model.

Table 1 lists the inversion parameters of three models.
C3FM4-P is the parent model derived up to spherical har-
monic degree €;,,x = 14. C3FM4-Z results from the same
inversion parameters as C’FM-P, but is extended up to
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spherical harmonic degree £,,,; = 18. C’FM4-S results
from relaxing the spatial constraint and is given to spher-
ical harmonic degree £,,,; = 18. The two latter models
are derived to allow a comparison to CHAOS-7 and to
study small-scale features of the secular variation.

3 Comparisons of main field and secular variation
models

In this section, we provide an initial comparison of our

modeling results with a satellite-based geomagnetic field

model CHAOS-7. First, we analyze the spectral content

of the models and their differences by computing the

power spectra (Mauersberger 1956; Lowes 1966):

2044 ¢
R(t) = (%) €+ > @+ HH?,
m=0
4 2044 ¢ (14
Rs(0) = (E) €+1 Z(@g}”f + (KM,
m=0

where 8g)" = g/ — g/ and likewise 8h}" are the differ-
ences of the compared models. Similarly, (14) can be
applied to the spherical harmonic coefficients of the sec-
ular variation and their differences.

The spectral content of the compared models and
their spectral differences for three epochs are shown in
Fig. 2. The spectral curves of the main field match each
other until £ = 13 and then start to deviate. The spectral
power of their differences is smaller than the power of
the main field itself for £ < 14. Their spectra and those
of their differences do not intersect for £ < 14. The larg-
est deviation is displayed for the epoch 2025, where the
versions of C’FM4 are not controlled by data, but by the

0°
-30°

|

2200 km
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combination of inversion constraints. The main field
power of CHAOS-7 becomes flat from ¢ > 13, while the
power of the C3FM4-Z decreases. The flattening of the
CHAOQOS-7 power is due to the crustal magnetic field,
which is expected to overlay the core signal from ¢ > 13
onward. The decaying of the C3FM4-Z main field power
may be attributed to the removal of crustal signals by
the derivation of the secular variation data, where the
constant crustal signal cancels out at each observatory
location for different epochs. Therefore, our models do
not contain signals of the crustal magnetic field.

The secular variation power spectra (Fig. 2b) start
to deviate for £ = 7. For degrees { = 8 — 14 the power
of the secular variation from C’FM4-Z (and C3FM4-
P) is higher than from CHAOS-7. We will discuss this
runup of the secular variation power in a later section.
At degree ¢ = 14 both powers intersect and the secular
variation power of CHAOS-7 becomes stronger. How-
ever, we note, that relaxing the spatial constraint As by a
factor of 70 (model C®’FM4-S) shifts the intersection of
secular variation spectra to higher degrees, £ = 16 (not
shown).

Furthermore, we derive the degree correlation func-
tion (Toksoz et al. 1969; Arkani-Hamed et al. 1988) to
gain a qualitative comparison of the two models. The

degree correlation, r(£), between the two models is
defined as:

S o @+ IR

VoL@ + G2 (5 _ole™? + 2]
(15)

r(f) =

Fig. 7 Spatial coverage of the secular variation observation at Earth's surface, assuming cones of visibility with angles of 15 degree (yellow) and 30
degrees (blue). The scale represents 2200 km at Earth's surface, that represent the corresponding to a spherical harmonic degree of £ = 18.
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The degree correlations of the two main field and secu-
lar variation models are shown Fig. 3. The main fields are
fairly similar with the degree correlation is greater than
0.9 for spherical harmonic degrees ¢ < 14. However,
when compared to similar Figures derived during the pre-
vious evaluation of IGRF candidate models (Alken et al.
2021b) the degree correlation is mostly higher than 0.95
among satellite-based models. This could be explained by
our processing of the observatory data, where the deri-
vation of secular variation estimates removes the crustal
signal, as it should be constant with time and is expected
to dominate the core signal for £ > 13.

The degree correlation of the secular variation indicates
that the models deviate largely for £ > 6. Again, relax-
ing the spatial constraint allows for more spatial details
of the secular variation of C3FM4-S which deteriorates
the degree correlation of the secular variation for these
degrees largely (not shown). The weakest correlations
are found for the epoch 2025, where no secular variation
data from ground-based geomagnetic observatories were
available at the time of the model derivation, and the
model is controlled by the priors and particularly by the
end-point constraints for which the second time deriva-
tives of the radial field are set to zero at 1956 and 2025.

Figures 4 and 5 compare modeled and observed secular
variation at different geomagnetic observatory sites. We
choose six sites with long and continuous records to rep-
resent the northern and southern hemispheres. Shown
are the three secular variation components for the period
2000 to 2025 to allow an easy comparison. Vertical lines
mark reported geomagnetic jerks (Brown et al. 2013;
Torta et al. 2015; Whaler et al. 2022) and also the pos-
tulated jerk for 2020/2021 (Wardinski et al. 2020; Pavon-
Carrasco et al. 2021). Largest differences in all three
components between the model and the observed secular
variation are found at Godhavn (Greenland) in the north
polar region. Here, signals of short-term external field
variations dominate the secular variation. For the other
observatories, deviations of a few tenths of nT/year are
found for at least one component of the observed secu-
lar variation, mostly in dX/dt. The larger amplitude of
residuals in the dX/dt component can be explained by
the geometry of the magnetospheric ring current that
causes an additional northward directed magnetic field.
These contributions are of external origin and therefore
not described by our models.

The secular variation of the two models mostly agree
with each other, particularly, in Europe, East Asia, Aus-
tralia and Africa. Some differences can be seen in God-
havn and in the dX/dt and dY/dt of Kourou (French
Guyana). CHAOS-7 seems to show temporal details
and captures some of the fainter geomagnetic jerks, for
instance the ditch of dY/dt in Chambon-la-Foret (CLF) at
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2011. In the other two components at CLF actually our
model shows more temporal details. However, we also
note differences of the two models at the model end-
point, where their trends diverge. This is most likely due
to different constraints of the model third time derivative
at the endpoints. Most interestingly, both models equally
describe the very strong secular variation of the vertical
component that is seen at the Kourou observatory, pos-
sibly related to the South Atlantic Anomaly. Such strong
secular variation is unseen in direct observations of
the geomagnetic field during the past centuries (see for
instance Jackson et al., (2000)).

4 Secular variation forecasts

Our forecasting strategy follows closely that of the deri-
vation of the previous IGRF candidate (Wardinski et al.,
2020), where multi-variate time series models of secular
variation coefficients are built from a multi-variate sin-
gular spectrum analysis (MSSA) (Broomhead and King
1986; Plaut and Vautard 1994; Wardinski et al. 2020).
The method avoids the implicit assumption about the
time series stationarity which is unlikely for the tempo-
ral variability of the geomagnetic field (Hulot et al. 2010).
The analysis considers discrete series of secular variation
coefficients

ye:=g¢"mn=1,...,N (16)

consisting in N observations regularly sampled in time.
The sampling time 7y is chosen to be one month. The
multi-variate singular spectrum analysis decomposes the
temporal variability of the series in Eigenmodes (Vautard
et al. 1992; Golyandina et al. 2001; Ghil et al. 2002). The
time-series models are then reconstructions based on
superposition of these Eigenmodes.

If the sample g/"(n),n=1,...,T serves as the time
range for a training set, then the model parameters
are estimated from these observations. The (out-of-
sample) prediction is generated over the time range
T+1,...,T + haccording to the generation mechanism
of the model, i.e., the superposition of Eigenmodes. As in
Wardinski et al. (2020), we consider 10 years as the time
range of the prediction. This sets # = 120 months. Pre-
diction models are derived using the first 22 eigenmodes
obtained by the MSSA of the temporal field variability.

To avoid the influence of the model end-point con-
straint (11), we set the training-interval from 1960.0
to 2022.9. The secular variation forecast is initialized at
2023.0.

Different secular variation forecasts for differently
truncated MSSA are shown in Fig. 6. MSSA_14 rep-
resents the forecast based on the first 14 Eigenmodes
and MSSA_40 is based on 40 Eigenmodes. Generally, a
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Fig. 8 Left, the radial component of the magnetic field at the core surface. Right, the radial component of the secular variation at the core surface.
Black stars mark the observatory locations for which the modeled and observed secular variation are shown in Figs. 4 and 5. The B, = 0 contour

is shown in black in the radial field maps

higher number of Eigenmodes captures more variability
of the secular variation over the training interval, where
the strength of the Eigenmode decreases with increasing
numbers. For instance Eigenmode 14 represents ~ 0.5 %
of the total variability of the secular variation. Or, in other
words, the variance reduction of the residuals derived
from the fit of the MSSA to the observation (training
data) is almost constant from MSSA degree 14. A closer
inspection indicates discontinuities of a few nT/yr at the
beginning of the forecast (marked as FC in Fig. 6) mostly

visible between the red and blue curves in the forecasts
of the secular variation coefficients g{,g;. The cause for
these discontinuities is not clear, but might be related to
the gap of one month between the end of training and the
beginning of the forecast.

Plots of the secular variation coefficients (Fig. 6) show
a strong oscillation towards the endpoint for some coef-
ficients. We can note a different behavior of CHAOS-7
and C®FM4-P close to the model endpoint, particularly
clear for g¥ where curves of the two models continue in



Wardinski et al. Earth, Planets and Space

(2026) 78:101

Page 12 of 27

N
& ® - e
5 e o
) /J A 7
*
v -30°
’ )
T
—60°

I o

-1.0 -0.5

0.0

0.5 1.0

Fig. 9 Maps of the radial component of the non-dipole magnetic field at the core surface, which is computed from spherical harmonic degrees
2-18 of C3FM4-S in 2023. South and North polar views are given above with red contours marking the tangent cylinder. Black stars mark
the observatory locations for which the modeled and observed secular variation are shown in Figs. 4 and 5

opposite direction. According to CHAOS-7 the dipole
decrease will accelerate, whereas according to C3FM4-P
it will to decelerate. This is caused by the application of
the endpoint-constraint in the derivation of C3FM4-P,
and it displays an imbalance between data availability and
the objective of the constraint to minimize the secular
acceleration. Without data the constraint cannot be bal-
anced. This is the reason why forecasts are initialized 2
years prior to the model endpoint.

5 Results and discussion

In this section, we present results of the core field mod-
eling and the secular variation forecasts. We mainly dis-
cuss findings during the satellite era, i.e., 2000-2023, to
ease the comparison with satellite-based field models. At
the end of this section, we describe the derivation of our
candidates for the definitive geomagnetic reference field

model (DGRF) in 2020, the IGRF candidate model for
2025 and the secular variation forecast for 2027.5.

5.1 Models comparison

Before we discuss models comparison, we would like
to explain why the distribution of geomagnetic obser-
vatories may allow assessments of small-scale secular
variation at £ > 14. Our reasoning is based on results of
Hammer and Finlay (2019), where observed secular vari-
ation at satellite altitude represents a spatial average of
the secular variation within a section at the core surface.
We assume this applies also for geomagnetic observato-
ries. Figure 7 shows the spatial coverage of secular vari-
ation observations at Earth’s surface for differently sized
circular areas at the core surface. Here it is assumed
that the secular variation signal is transmitted through
the non-conducting mantle. It will be observed directly
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Fig. 10 Maps of the radial component of the non-dipole secular variation at the core surface of the CFMA4-S in 2023. South and North polar views

are given above with red contours marking the tangent cylinder

above the point where it is originated, but also at a dis-
tant point away from the central point. We characterize
the distant point by an angle « of 15 degrees (yellow in
Fig. 7, corresponding to a pessimistic view) or 30 degrees
(blue in Fig. 7, corresponding to an optimistic view). The
diameter of the cone is given by:

deone = 2 - htan(a), (17)

where / is distance from the core surface to Earth’s sur-
face. For simplicity, we assume both circular areas cre-
ated by the projection of cones to be perfect. Figure 7
reveals a good coverage of secular variation observations
in the northern hemisphere, but also voids in the obser-
vatory networks with uncertain secular variation obser-
vations, particularly in the Pacific ocean. The maximum
distance between neighboring circular areas to allow the
resolution of secular variation of a given £ can be esti-
mated by:

2nrg
£

~

) (18)

where rg = 6371.2 km is Earth’s reference radius. For
£ > 14 we find A to be smaller than 2800 km. Secular
variation features of £ = 18 limit the maximum distance
A to be smaller than 2200 km at the core surface. We use
2200 km as scale in Fig. 7 to ease the identification of
regions for which the observatory coverage is not suffi-
cient to resolve very small-scale secular variation. Indeed,
the observatory coverage should allow the recovery of
small-scale secular variation to a high degree for most of
the global regions, except under the Pacific and regions
in southern Indian and Atlantic oceans. It should become
evident that spatial gaps in the observatory distribution
will aggravate our knowledge on small-scale secular vari-
ation on decadal and centennial timescales.
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Fig. 11 Maps of the small-scale secular variation (degrees 14-18) of the radial field at the core surface. Compared are maps of the CCFM4-S (left)
and the CHAOS-7 model (right). Note the different scales of the individual maps

After this analysis, we compare CHAOS-7 and
C®FM4-P models. The degree correlation highlights
only minor differences between the main field mod-
els of CHAOS-7 and C3FM4-P for epochs after 2020.
The differences slightly reduce when C3FM4-P is con-
strained to fit a satellite-based main field model in
2019, rather than in 2015. At maximum, these models
can be considered practically identical up to spherical
harmonic degree £ = 12 — 14 with a correlation ~ 0.9.

The degree correlation of the secular variation dif-
fers substantially, reflecting the apparent differences

of the secular variation seen in the spectra (Fig. 2b).
The secular variation power of C3(FM4-P is higher than
of CHAOS-7 at degrees ¢ = 8 — 14. Relaxing the spa-
tial constraint emphasizes the higher secular varia-
tion power of C3FM4 at these degrees even more. The
cause of the higher power in C3FM4-P at these degrees
needs to be explained, but, so far, we can only specu-
late upon reasons. The different source geometries of
satellite and ground-based data may play a role: Sat-
ellite data consider every magnetic field generation
below their orbital sphere to be of internal origin. This
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Fig. 12 Profiles of the azimuthally averaged radial secular variation
at the core surface for four different epochs. TC marks the southern
and northern intersections of the tangent cylinder and the core
surface

might be erroneous as night-time and quiet-time iono-
spheric field generation may also map into these data
as internal sources, whereas in ground-based observa-
tory data these may be regarded as external sources.
On the other hand, ground-based data are closer to the
source of secular variation, but may also sense external
and externally induced magnetic field sources.

5.2 Maps of the radial field and its secular variation

Maps of the radial component of the magnetic field and
its secular variation at the top of the core are shown
in Fig. 8. The radial magnetic field (Fig. 8 left) shows
a dipole-dominated morphology, but with consider-
able small-scale features, such as reversed flux patches
in both hemispheres. For the period from 2005 to 2025
we observe a growth of two reversed flux patches in the
North polar region and the opening and widening of the
corridor that connects the inward flux of the northern
hemisphere and the reversed flux under the South Atlan-
tic. A westward drift of the field features can also be seen
for this period, see e.g., the intense outward flux patches
below South Africa and equatorial Atlantic.

The secular variation at the core surface (Fig. 8 right) is
dominated by small scales. Particular notable features are
low latitude pairs of opposite polarity secular variation fea-
tures which are typical to advection (Amit 2014). Note the
large bipolar pairs of intense patches of the radial secular
variation at high northern latitudes, e.g., under Eastern
Siberia which are consistent with a westward jet (Liver-
more et al. 2017). Overall the secular variation is stronger
in the Atlantic hemisphere than in the Pacific (Hulot et al.
2002; Holme et al. 2011; Colas et al. 2025).

We also provide maps of the core field and the secu-
lar variation where the dipole contribution is omitted; see
Figs. 9 and 10. The non-dipolar radial magnetic field (Fig. 9)
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shows outward intense features in the equatorial region,
inward intense features below the South Atlantic related
to the South-Atlantic anomaly (Terra-Nova et al. 2017)
and normal polarity patches centered around the edges
of the inner core tangent cylinder. These latter features
aligned with the inner core tangent cylinder were used
to infer the size of Mercury’s inner core (Wardinski et al.
2021). In the northern hemisphere the patches are slightly
outside the tangent cylinder whereas in the southern they
are inside the tangent cylinder. The northern high-latitude
normal flux patches are more intense than the southern,
resulting in larger amplitude of polar minima in the north
(Lézin et al. 2023). Close to the locations where intense flux
features in the core exist (Fig. 9) often intense secular varia-
tion features exist (Fig. 10). Most noticeably underneath the
North polar region and North-east Brazil which may imply
either rapid advective motions or shearing (Terra-Nova and
Wardinski 2023).

Figure 11 shows maps of the small-scale radial secular
variation derived from the C3’FM4-S and the CHAOS-7
models related to the Gauss coefficients from spherical
harmonic degrees ¢ = 15 — 18. First we notice that the
intensity of the features derived from C3FM4-S is weaker
than of the features in CHAOS-7 model. This might be
explained by the strength of the spatial damping, /s.
Relaxing this may yield stronger features. Further, we
notice the different orientations of the features of the two
models. Broadly, the features of C3FM4-S align in north—
south direction, whereas features of the CHAOS-7 model
align in east-west oriented features are persistently seen
in the three epochs of Fig. 11. Strongest features of C3
FM4-S appear in the Eurasian section, close to North
pole, while the strongest features of the CHAOS-7 model
exist in the equatorial region under South America and
Africa. These features of CHAOS-7 may not be robust,
and are likely introduced by the regularization in the
derivation of CHAOS-7 (Finlay. C. C., personal com-
munication 2025). Both models show intense features
for 2005 underneath East India, but apart from these
no further features can be identified commonly. This is
also reflected by the secular variation degree correlation,
which is mostly below 0.5 for these degrees (see Fig. 3).

We also plot profiles of the azimuthally averaged
radial secular variation; see Fig. 12. The epochs 2005
and 2015 show almost the same profile, whereas at an
earlier epoch, 1965, and a later epoch, 2023, profiles
largely differ. This indicates that secular variation mor-
phology largely changed between 2015 and 2023. The
significant difference of the profiles during the satel-
lite era suggests a reconfiguration of the secular vari-
ation almost at all latitudes except inside the northern
tangent cylinder. We spot several features in the maps
of Fig. 8 that emerged around 2023 and that may have
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altered the shape of the profile in 2023, substantially.
For instance the two blue patches west of South Amer-
ica, or the re-organization of patches inside the south-
ern tangent cylinder. In this context, Lesur et al. (2022)
reported short lived secular acceleration features that
occurred between 2015 and 2020 at the equator and
which drifted westward by 20° until 2020. We note the
off-phase relation between the 2023 zonal profile to
those of 2005 and 2015. This off-phase strongly indi-
cates meridional motion of field features.

Both maps (Figs. 8 and 11) and zonal profiles (Fig. 12)
at different epochs indicate that the secular variation
throughout the model period underwent considerable
changes. An efficient way to represent azimuthal dis-
placements of magnetic field features at a given latitude
were proposed by Finlay and Jackson (2003); Dumberry
and Finlay (2007). We apply these longitude—time plots
to the radial component of the core field and its the secu-
lar variation; see Figs. 13 and 14. We select three latitude
bands, both intersections of the tangent cylinder with the
surface of the outer core and the equator, as these regions
may accommodate different types of geodynamo actions
(Christensen et al. 1998; Aubert et al. 2008).

Radial field features in Fig. 13a and c are slightly tilted,
which can be interpreted as a westward drift of these fea-
tures, as proposed by Finlay and Jackson (2003); Dumb-
erry and Finlay (2007). This westward drift signature is
particularly evident at the edge of the northern tangent
cylinder.

Similarly, this can be drawn from the longitude—time
plots of the secular variation of the radial field. A west-
ward motion of the secular variation features in Fig. 14a
and c can be concluded from tilted red and blue bands
in the map. Secular variation features in the equatorial
region do not show an apparent azimuthal motion, rather
a varying intensity of features with time (Fig. 14b), which
might be interpreted as signatures of standing waves.
Moreover, we note that the Pacific region shows an epi-
sode of very weak secular variation during 1960-2000,
and then a recent strengthening.

5.3 Derivation of candidate models

Now, we want to outline the derivation of candidates
models for the IGRF-14. Our candidate models for the
DGRF 2020, IGRF 2025, and the secular variation for
the period 2025 to 2030 are derived from C3FM4-P and
its respective forecast. We derive the candidates for the
DGRF 2020 and IGRF 2025 by the main field model in
2020.0 and 2025.0, respectively, truncated at spherical
harmonic degree 13, in nT with two decimal places. The
candidate of the secular variation model is given by the
forecast for the epoch 2027.5 which is meant to represent
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the secular variation between 2025 and 2030 truncated at
spherical harmonic degree 8.

6 Conclusion

We derive a set of three continuous field models for the
period 1956 to 2025 from ground-based geomagnetic
observatory data. The models present the geomagnetic
field, its secular variation and acceleration and are con-
structed using a classical field modeling approach that
provides an optimal fit to secular variation observations.
By fitting the models to satellite-based main field mod-
els in 2001 and 2019, they also model the core field for
the period 1956 to 2025. The three individual models dif-
fer by their maximum spherical harmonic degree £,,;x
and the strength of the spatial smoothness constraint in
their derivation. C(FM4-P from which we determine the
IGRF candidates is derived up to £,,,, = 14, C3FMA4-Z is
derived to £,ux = 18. C’FM4-P and C3FM4-Z are iden-
tical up to £ = 14. The third model, C’FM4-S, is also
derived to {;.x = 18, but the spatial constraint is sig-
nificantly relaxed to attribute more spectral power to the
Gauss coefficients, particularly to those of spherical har-
monic degrees { = 14 — 18.

In this study, we apply forecasting schemes that rely on
analyses of multi-variate time series (MSSA) of all secular
variation coefficients from the C*FM4-P model between
1960 and 2023. Time series models of the field variability
are derived for different numbers of Eigenmodes of the
multi-variate series. The maximum number of 14 Eigen-
modes of the time series models are shrewdly selected to
perform 10-year forecasts of the secular variation coef-
ficients. The forecast of secular variation coefficients for
2027.5 presents our candidate for the secular variation
for the period 2025 to 2030.

To evaluate the acceptance of our core field and sec-
ular variation models, we compare them to the satel-
lite-based CHAOS-7 model. The comparison reveals a
large similarity between the core field of CHAOS-7 and
our models. There are differences in the secular varia-
tion between our model and CHAOS-7 for £ > 7. This
could be due to insufficient data coverage by ground-
based geomagnetic observatories. However, Fig. 7
demonstrates that the data coverage is sufficient, and
that only a few regions are not covered. Alternatively,
the small-scale secular variation of CHAOS-7 might
not be robust due to the applied model regularization.
Our core field models indicate a recent intrusion of the
magnetic equator (Fig. 8). Profiles of azimuthally aver-
aged radial secular variation display an off-phase zonal
secular variation for different epochs (Fig. 12) that can
be interpreted as a strengthening of meridional core
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flow. Based on the discussion of Fig. 7, we note that a
decimation of geomagnetic observatories will cause a
loss to our understanding of geophysical processes in
Earth’s core on decadal as well as other time scales.

Appendix A: Observatory statistics

See Table 2.
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Table 2 Observatory statistics, i.e, number of secular variation estimates (Ny, Ny, N,), mean deviation (my, my, m,) and standard deviation
(o, 0y, 07) from C3FM4-P for the individual components. The observatory code follows the BGS-naming of observatories which are listed in

alphabetical order

Observatory code Ny my Oy Ny my oy N, my 0z
AAA 570 049 1297 570 0.26 7.21 570 017 7.28
AAE2 585 3.29 17.88 585 -0.36 11.81 585 0.52 13.28
ABG 813 —1.00 2155 813 0.24 791 813 —0.81 19.29
ABK 736 0.19 10.81 736 0.18 4.08 736 0.61 9.82
AGN 147 —144 10.61 147 0.00 4388 147 0.82 12.08
AlA 710 —145 7.38 710 -0.25 3.16 710 0.28 6.21
ALE 420 -1.12 15.24 420 —0.01 15.94 420 -1.02 30.01
ALM 63 3.72 9.64 63 0.19 5.04 63 215 991
AML 129 0.70 851 129 0.25 469 129 0.12 6.92
AMS 345 0.82 10.61 345 —0.05 251 345 —0.51 6.35
AMT2 64 -3.18 10.02 64 0.28 3.66 64 —1.46 6.27
AMU 6 1.99 18.65 —0.05 8.95 6 —20.49 13.22
ANC 4 —3.52 5461 338 10.55 2.68 9.84
ANK 7 362 2033 72.35 8233 315 1735
ANN 420 -1.01 2392 420 —0.68 24.85 420 6.77 25.79
API 743 -1.09 16.57 743 0.10 7.25 743 —0.24 7.22
AQU 588 0.53 9.86 588 -0.22 3.63 588 0.95 6.12
ARC 173 -1.99 10.85 173 -1.96 12.24 173 —0.20 7.90
ARK 36 7.03 11.38 36 036 3.86 36 469 8.24
ARS 477 -0.70 8.68 477 -0.28 6.72 477 1.30 6.44
ASC 333 504 11.88 333 —-031 337 333 0.10 221
ASH 359 147 13.86 359 -042 853 359 0.53 12.63
ASO 18 6.56 15.29 18 —2.05 217 18 —4.84 6.09
ASP 366 0.19 9.98 366 —-0.06 1.68 366 032 334
AVE 2 7.67 1.08 2 -1.96 233 2 —-040 0.01
BDE 6 —6.67 9.83 6 2.96 8.84 6 14.12 12.95
BDV 526 —0.06 7.83 526 0.07 2.68 526 -0.12 5.65
BEL 693 -0.19 734 693 048 3.03 693 0.00 551
BFE 624 -043 6.98 624 —042 3.04 624 —-0.59 6.86
BFO 179 -0.33 5.10 179 -0.34 2.03 179 0.62 3.28
BGY 242 4.54 13.26 242 -1.52 7.63 242 2.58 6.64
BGY2 5 6.56 556 5 -0.33 0.92 5 0.81 239
BIN 17 0.99 13.14 17 -3.30 15.03 17 142 9.35
BJI 493 1.38 14.71 493 -0.12 3.07 493 —-1.20 594
BIN2 357 -0.87 10.55 357 0.18 7.75 357 1.75 14.35
BLC 700 0.54 12.55 700 0.04 7.65 700 -134 18.81
BLT 6 —3.69 9.46 6 339 3.39 6 —1.51 10.24
BMT 322 052 10.37 322 -1.04 3.07 322 0.96 543
BNG 583 -1.94 16.91 583 -0.71 9.50 583 0.28 11.51
BOU 668 —0.05 8.82 668 0.05 215 668 0.77 5.94
BOX 431 0.24 8.13 431 .11 430 431 -0.17 6.46
BRD 117 -2.53 6.02 17 -1.72 2.89 117 0.38 6.23
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Table 2 (continued)

Observatory code Ny my Oy Ny my oy N, my 0z
BRW 706 0.15 15.52 706 041 10.66 706 0.08 17.84
BSL 409 1.28 31.36 409 —-1.60 2598 409 -0.78 723
BYR1 39 -8.83 12.88 39 —2.24 12.14 39 —6.05 29.69
BYR2 40 -0.33 13.58 40 0.25 1148 40 1.72 14.34
CAO 4 2.00 4.80 4 -1.38 248 4 18.55 29.35
CBB 574 0.53 1141 574 0.07 11.00 574 -1.01 16.86
CBI 519 —-0.06 15.17 519 0.59 5.63 519 0.30 4.59
ccs 357 1.56 12.19 357 -0.61 5.88 357 2.35 24.85
CDP 241 043 10.30 241 -0.81 3.10 241 0.11 3.51
CKI 129 0.12 9.55 129 043 2.80 129 2.30 3.77
CLF 813 -0.37 8.02 813 0.08 3.59 813 0.21 5.86
CMO2 481 0.02 14.19 481 0.59 8.24 481 —-1.00 1451
CMO3 321 —0.20 11.80 321 -0.02 14.62 321 —0.82 746
CNB 526 0.53 9.66 526 0.25 282 526 -0.18 494
CNH1 21 0.89 6.04 21 -0.82 5.82 21 245 5.76
CNH2 119 -0.16 9.44 119 -042 2.99 119 0.52 591
Col 767 0.51 1043 767 —-0.26 8.28 767 -134 11.90
CPA 36 1.07 2597 36 —1.28 15.09 36 3.39 47.73
CRC 4 -1.01 5.77 4 -1.10 262 4 1.36 9.57
CRP 168 0.83 31.69 168 -1.35 17.39 168 2.59 30.92
csy 366 2.08 29.94 366 0.12 1241 366 1.71 35.18
CTA 393 -0.29 12.00 393 -0.04 246 393 -0.04 3.88
TS 323 —-047 10.96 323 030 14.35 323 —0.88 6.50
CWE 370 253 13.63 370 098 8.82 370 0.85 11.65
YG 57 —2.60 11.03 57 1.67 19.77 57 —4.33 15.92
(4] 492 -0.26 824 492 -0.14 397 492 0.39 592
DAL 104 0.71 851 104 0.00 148 104 =115 494
DED 81 —-3.23 9.73 81 —1.60 6.05 81 0.95 11.65
DIK 360 048 12.89 360 -0.09 6.03 360 -0.19 1493
DLN 5 2.81 11.15 5 10.16 41.44 5 0.18 257
DLR 283 0.15 13.01 283 0.50 5.66 283 —0.30 547
DLT 102 142 13.23 102 —-1045 35.05 102 0.11 41.07
DOB2 732 —0.05 7.68 732 -0.13 3.90 732 —048 7.02
DOU 802 -0.04 7.24 802 —-0.01 6.34 802 0.22 8.01
DRV 575 -0.33 12.49 575 -048 11.57 575 312 28.36
DUR 12 —1.50 4.82 12 1.70 1.89 12 -1.39 262
DVS 150 715 2236 150 1.65 18.32 150 -3.63 2727
EBR 633 1.02 8.91 633 0.13 414 633 -1.20 6.25
EGS 8 -9.21 367 8 142 5.04 8 -133 467
ELT 166 0.29 12.14 166 0.76 522 166 —0.52 449
ESA 224 0.18 10.50 224 0.02 1.75 224 -0.21 353
ESK 813 -0.01 6.37 813 0.30 350 813 -0.15 6.09
ETT 35 -1.78 7.76 35 2.28 447 35 2.06 6.18
EYR 524 258 14.77 524 —4.60 23.90 524 -0.38 5.83
FAN 5 14.54 17.82 5 1.84 4.85 5 017 3.72
FCC 687 0.82 1342 687 1.30 845 687 —0.50 15.21
FMC 12 281 433 12 6.37 3.20 12 6.34 4.18
FRD 813 0.19 9.05 813 0.23 19.05 813 —-0.30 5.52

FRN 487 1.37 9.59 487 0.21 2.95 487 0.53 5.34
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Table 2 (continued)

Observatory code Ny my Oy Ny my oy N, my 0z
FUQ 684 0.26 16.71 684 0.55 11.85 684 —0.54 17.87
FUR 813 -0.23 7.90 813 0.04 2.96 813 —-0.00 5.60
GAN 129 036 11.86 129 —4.05 3.70 129 1.39 3.69
GCK 200 0.67 535 200 0.88 3.07 200 0.13 3.55
GDH1 228 -0.19 941 228 —-0.56 6.13 228 -034 18.07
GDH2 537 0.14 8.54 537 -043 4.94 537 0.14 13.67
GLM 181 —045 10.70 181 049 5.97 181 003 408
GLN 151 218 17.27 151 -1.07 10.25 151 —2.54 11.14
GNA 672 —-0.06 9.86 672 —-0.05 355 672 —-0.06 741
GNG 141 0.15 714 141 —0.64 1.81 141 —0.01 3.67
GRM 54 117 9.62 54 —1.06 291 54 -0.16 297
GTV 6 —4.19 6.46 6 —342 5.60 6 278 268
GUA 732 1.96 17.19 732 —0.01 522 732 0.07 555
GUI 337 1.07 10.22 337 084 3.88 337 —-1.55 4.56
GWC 215 —0.68 27.51 215 -1.53 13.83 215 —0.35 16.98
GZH 605 0.90 14.72 605 -0.64 5.89 605 0.54 528
GZH2 5 4.29 5.63 5 0.06 0.60 5 1.98 339
HAD 813 —0.07 6.84 813 0.05 291 813 0.07 547
HBA 116 12.34 18.70 116 -3.29 76.22 116 -37.10 7112
HBK 607 255 14.23 607 —0.65 4.35 607 —046 6.06
HER 813 —0.05 10.98 813 -0.13 344 813 —0.04 3.80
HIS 136 -0.78 11.61 136 -042 933 136 465 20.84
HLL 5 250 3347 5 2044 5545 5 —370.49 1037.68
HLP 789 0.10 7.25 789 0.23 430 789 -0.77 6.37
HNA 20 0.40 1743 20 -2.99 537 20 0.24 342
HON2 48 38.92 88.39 48 10.06 3351 48 78.26 150.75
HON3 707 1.92 12.71 707 0.18 4.29 707 —-044 415
HRB 813 -0.01 9.57 813 035 3.90 813 —0.24 7.04
HRN 528 -0.68 13.29 528 -0.11 7.80 528 0.29 1548
HTY 259 0.26 14.46 259 —0.06 2.80 259 0.68 535
HUA 716 —1.50 14.39 716 —0.65 503 716 —0.22 342
HVN2 9 -0.07 10.27 9 —-0.26 253 9 0.77 1439
HVN3 7 —25.75 69.93 7 -11.20 16.81 7 —2047 72.50
HVN4 3 7.74 14.58 3 -14.18 21.58 3 -11.84 11.57
HYB 523 —0.38 14.19 523 -0.59 13.32 523 —0.58 10.35
IBD 33 —2.64 1846 33 —15.72 99.52 33 —3.38 51.85
IPM 74 -043 13.32 74 045 4.04 74 1.64 8.69
IQA 274 —046 22.26 274 -0.82 2149 274 —3.32 17.87
IRT2 764 -0.86 10.55 764 -0.11 3.39 764 -1.29 836
ISK 465 1.69 11.94 465 0.25 4.04 465 0.72 859
IZN 201 1.13 817 201 1.79 5.71 201 0.32 740
JAI 217 242 15.24 217 -0.76 5.83 217 -0.26 6.84
JCo 172 0.80 839 172 1.39 6.89 172 —-1.69 10.94
JRV 5 —7.29 18.13 5 —3.62 4.80 5 401 6.95
JSS 3 -31.82 5346 3 —24.14 3245 3 —97.21 95.29
KAK 813 0.19 11.94 813 -0.03 1.58 813 —0.08 3.30
KDU 325 0.50 11.77 325 -0.12 2.53 325 0.08 273
KEL 7 1.52 408 7 —240 267 7 2.05 353

KEP 152 0.44 5.97 152 =127 2.33 152 0.14 3.13
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Table 2 (continued)

Observatory code Ny my Oy Ny my oy N, my 0z
KGD 255 212 2391 255 047 16.01 255 0.44 1344
KHB 102 2.01 8.39 102 -043 1.72 102 0.64 4.10
KIR 258 0.50 10.79 258 -0.85 451 258 0.86 12.74
KIV1 60 -2.16 14.61 60 351 744 60 -1.92 7.36
KIV2 402 017 8.89 402 -0.04 4.84 402 037 723
KMH 177 —0.56 8.04 177 -045 3.01 177 —0.23 290
KNY 783 0.03 1248 783 0.12 1.52 783 —-0.01 287
KNZ 628 0.09 12.55 628 -0.07 1.89 628 -0.14 444
KOD 310 -331 1947 310 -0.11 15.09 310 —2.62 25.96
KOR 17 553 16.92 17 249 4.66 17 4.24 12.18
KOU 317 533 12.11 317 0.1 2.02 317 -0.13 3.17
KPG 64 -7.09 2254 64 2.16 12.34 64 034 7.88
KRC 125 -2.03 30.90 125 9.01 28.51 125 —1.37 30.75
KSA 14 0.60 13.03 14 0.10 545 14 —2.52 4943
KSH 166 —0.05 9.90 166 3.69 12.33 166 1.04 440
KUY 6 —1.00 30.14 6 —4.53 15.60 6 1.66 27.74
KZN 341 -0.92 11.26 341 —-1.60 9.23 341 —3.85 22.00
LAS 411 —1.06 2845 411 030 2517 411 1.39 12.74
LEN 14 23.57 16.61 14 -52.20 871 14 -8.99 11.77
LER 813 —0.06 6.27 813 0.14 3.58 813 0.04 6.36
LGR 47 259 8.77 47 -0.18 3.84 47 —4.44 15.63
LIV 257 —-0.20 6.52 257 —-0.06 2.16 257 -042 436
LMM 154 133 14.601 154 1.00 9.26 154 —042 11.04
LNN 411 030 753 411 =117 492 411 0.36 7.29
LNP 240 -0.28 15.90 240 0.26 6.56 240 -1.01 742
LON 135 0.75 6.64 135 0.55 2.70 135 0.02 353
LoV 532 0.05 645 532 0.18 2.89 532 0.07 6.30
LPB 2 -5.59 7.96 2 4.14 6.29 2 69.14 2501
LOA 119 2.70 18.26 119 0.02 4.02 119 391 12.29
LRM 408 -047 1242 408 -0.52 6.25 408 —0.30 521
LRV 768 —0.09 9.75 768 0.45 465 768 —0.79 10.29
LSA 31 282 8.98 31 -1.71 353 31 —-0.10 721
LUA3 96 6.17 22.34 96 0.12 11.46 96 835 18.98
LW 739 1.06 1045 739 -0.93 6.91 739 -0.76 9.68
LWI I 415 12.10 I 0.55 3.31 11 0.25 252
LYC 153 0.54 6.13 153 1.14 261 153 0.71 496
LZH 690 092 13.15 690 0.16 3.87 690 -1.27 744
MAB 450 0.17 734 450 -0.02 3.14 450 —0.08 6.06
MAW 758 0.58 941 758 0.11 10.13 758 -1.30 18.19
MBC 407 0.24 10.62 407 0.09 10.08 407 —1.22 19.64
MBO 740 -1.57 13.93 740 0.53 393 740 0.26 461
MCP 9 -10.23 13.02 9 -1540 10.97 9 -32.87 22.79
MCQ 813 -0.93 11.44 813 -0.44 8.77 813 -0.54 12.90
MEA 807 0.25 14.26 807 —0.05 6.75 807 -0.17 13.28
MFP 85 2.16 14.18 85 0.19 5.76 85 -0.54 348
MGD 485 -0.72 11.73 485 041 6.09 485 —2.18 1448
MID 10 017 11.79 10 -0.18 276 10 0.22 2.78
MIR 369 -1 16.73 369 1.18 16.03 369 4.00 2744

MiZ 447 0.57 12.39 447 0.04 2.25 447 -0.17 452
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Table 2 (continued)

Observatory code Ny my Oy Ny my oy N, my 0z
MLT 41 —5.68 17.89 41 —3.56 9.67 41 10.50 46.62
MMB 796 027 10.97 796 -0.06 1.96 796 043 4.64
MMK 258 —2.21 11.24 258 -0.07 11.19 258 -3.15 16.98
MNK 468 033 8.91 468 -0.37 6.09 468 0.26 9.17
MOL 139 3.80 14.65 139 -0.29 10.25 139 —-8.30 27.60
MOS 721 1.63 10.99 721 0.81 553 721 —1.60 8.99
MRI 7 275 2276 7 8.54 15.76 7 -11.01 23.08
MRN 21 554 12.90 21 18.79 12.21 21 835 15.68
MUT 150 -0.11 1643 150 097 11.77 150 2.88 12.66
MZL 215 -1.02 8.61 215 0.02 1.83 215 0.24 4.59
NAI 21 -091 8.74 21 -0.84 7.39 21 11.45 15.68
NAL 36 -0.02 9.94 36 —-0.59 16.08 36 003 11.14
NAQ 500 -043 10.99 500 —0.06 5.88 500 —149 15.38
NCK 507 —-0.66 10.16 507 0.25 6.93 507 1.13 26.03
NEW 693 -2.16 43.87 693 -0.72 12.01 693 —4.78 125.71
NGK 804 -0.09 7.09 804 0.06 261 804 -0.12 5.50
NGP 21 293 14.51 211 —241 18.76 21 0.36 793
NKK 133 237 12.78 133 0.20 12.94 133 —0.16 859
NMP2 101 498 1533 101 -0.96 747 101 4.44 473
NUR 780 034 6.24 780 0.09 3.20 780 —-041 6.11
NVL 193 -1.33 13.19 193 1.29 16.52 193 0.74 20.59
NVS 633 -0.87 9.64 633 —1.54 7.01 633 -0.02 6.46
OAS 6 —25.12 20.95 6 8.82 12.77 6 —7.23 11.72
ODE 572 0.50 1972.03 572 0.84 176.25 572 0.75 417173
ORC 100 —2.78 9.53 100 2.81 2091 100 0.78 8.03
oTT 630 -0.07 8.67 630 038 324 630 -0.27 6.22
OuL 16 098 549 16 0.21 1.51 16 0.07 384
PAB 37 1.30 749 37 -0.63 546 37 0.80 444
PAF 664 —-0.20 9.75 664 0.20 6.35 664 -0.17 642
PAG 788 0.69 10.27 788 0.53 3.53 788 0.22 6.83
PBQ 262 -0.15 14.12 262 -1.12 587 262 —0.57 12.26
PEGI1 21 3.02 797 21 0.08 892 21 3.08 1327
PEG2 104 -091 8.01 104 237 3.90 104 0.39 7.50
PET1 36 415 9.11 36 5.84 7.01 36 -0.84 550
PET2 498 -0.14 9.23 498 -040 487 498 —0.34 6.68
PHU 194 143 11.87 194 —0.60 497 194 —0.38 3.06
PIL 425 -0.19 13.16 425 0.26 315 425 -0.07 9.24
PIO 8 —76.16 111.94 8 4.05 41.06 8 59.70 167.74
PLR 69 -3.28 20.76 69 -137 645 69 -141 12.95
PMG 398 -1.62 15.08 398 0.06 349 398 —0.02 442
PND 213 -0.12 1248 213 -3.83 13.84 213 —2.25 8.77
POD 198 0.14 10.85 198 143 4.31 198 -0.57 824
PPT 632 1.59 14.20 632 -042 5.67 632 0.05 4.00
PRU 42 -0.61 732 42 5.05 7.78 42 275 8.70
pPST 277 223 9.29 277 -1.31 13.16 277 -0.13 5.63
PTU 22 —144 14.70 22 —-11.24 21.64 22 —65.54 51.71
PTY 2 —346.98 438.29 2 29.35 39.94 2 -1332 57.13
QGZ 98 142 9.73 98 0.23 3.10 98 0.66 294

QIX 179 -0.14 1091 179 -0.03 1.20 179 -0.17 3.19
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Table 2 (continued)

Observatory code Ny my Oy Ny my oy N, my 0z
QSB 77 3.96 13.92 77 -1.52 4,00 77 0.26 451
QUE 45 —2.63 2273 45 -1.15 33.74 45 =111 36.56
QZH 112 —1.38 10.56 112 042 2.84 112 —0.79 278
REG 12 137 4.05 12 1.94 472 12 —0.39 536
RES 804 039 9.12 804 0.05 735 804 —-0.20 19.16
RKT 24 —3.09 15.25 24 0.95 6.29 24 225 3.03
ROB 9 —7.05 18.73 9 1.31 4899 9 1.02 2452
RSV 300 -0.11 6.19 300 0.05 291 300 —0.62 0.84
SAB 393 0.69 18.75 393 -0.87 1735 393 -097 34.65
SBA 686 037 897 686 0.51 11.96 686 148 19.09
SBL 264 -040 6.18 264 0.72 2.75 264 042 455
SFS1 18 6.24 937 18 322 749 18 234 50.21
SFS2 331 0.69 8.47 331 -0.17 772 331 0.89 496
SHE 136 -091 9.82 136 0.58 2.00 136 —-0.21 140
SHL 108 0.26 16.60 108 932 16.16 108 -1.69 838
SHU 181 0.88 6.08 181 0.66 3.96 181 0.49 3.78
SIL 76 275 12.28 76 2.20 3.16 76 —0.55 7.00
SIT2 768 -0.52 9.86 768 -0.54 451 768 —0.66 6.99
SJG1 96 207 14.58 96 0.06 1.86 96 0.04 5.90
SIG2 666 -1.03 12.69 666 -0.69 327 666 -040 441
SIL 3 -1.17 7.63 3 0.14 443 3 1043 30.07
SMG 21 -2.27 13.08 21 745 38.18 21 6.33 12.24
SNAT 91 —6.38 15.64 91 3.08 11.16 91 —1.54 17.52
SNA2 76 0.79 10.56 76 9.25 3260 76 -042 16.83
SNA3 m 3.15 12.07 1 3.56 2249 111 0.21 9.71
SOD3 768 -0.02 10.12 768 -0.09 352 768 —0.30 831
SON 21 —-5.30 11.63 21 372 422 21 1.75 443
SPA 144 -3.83 17.21 144 —6.21 16.89 144 —6.17 43.61
SPG 24 127 6.45 24 -1.16 321 24 -349 532
SPT 512 0.53 9.40 512 -0.07 3.52 512 0.77 520
SRE 86 -044 8.55 86 0.30 6.14 86 —13.90 53.19
SSH 564 034 14.58 564 038 3.03 564 0.90 6.49
SSO 213 -0.74 13.70 213 0.02 437 213 —143 10.95
ST 592 -1.06 8.94 592 0.13 6.29 592 0.25 771
STO 17 1.83 341 17 -0.35 6.77 17 —0.70 495
STT 30 -0.93 3.16 30 -1.73 137 30 -1.14 1.66
SUA 755 -0.31 11.57 755 0.73 8.70 755 0.31 10.52
SVD 229 0.56 21.73 229 —1.21 791 229 0.04 0.66
SWI 27 -1.26 6.00 27 -0.39 1.85 27 0.81 1540
SYO 25 -9.49 35.10 25 5.79 2343 25 232 38.73
TAH 3 11.70 18.69 3 —16.94 26.54 3 4.35 571
TAM 374 1.95 11.31 374 -1.08 6.20 374 =371 558
TAN 291 465 15.61 291 1.59 10.55 291 0.31 9.75
TCN 6 7.69 2387 6 -1.35 16.33 6 10.65 17.56
TDC 112 -1.36 7.37 112 -0.69 1.98 112 0.87 2.53
TEH 49 —4.61 3161 49 —1.71 52.24 49 —9.75 79.93
TEN 299 161 19.13 299 041 820 299 0.52 15.86
TEO 463 4.78 38.05 463 -0.12 29.40 463 137 46.72
TFS 531 0.61 13.13 531 -0.14 5.46 531 -0.72 8.15
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Table 2 (continued)

Observatory code Ny my Oy Ny my oy N, my 0z
THJ 214 0.69 11.19 214 042 232 214 0.28 240
THL 792 -0.14 4.87 792 -0.57 3.68 792 0.16 16.56
THY 792 -0.20 9.66 792 0.78 6.68 792 —0.05 838
TIK 246 1.49 13.89 246 0.55 6.83 246 —0.60 2157
TIR 163 -0.14 13.05 163 140 7.07 163 1.40 537
TKH 8 1.21 6.81 8 -0.34 3.98 8 —38.83 12.69
TKT 344 2.14 13.77 344 -0.74 5.04 344 —-0.10 6.32
TMK 11 0.70 6.10 I —3.49 6.24 11 1.62 27.00
TNB 13 1.30 11.24 13 -0.87 16.47 13 -0.81 13.29
TND 78 -1.87 18.02 78 0.14 8.18 78 —2.30 9.05
TNG 71 052 32.99 71 -0.16 20.74 71 15.25 76.80
TOL 81 048 12.84 81 -0.17 397 81 1.65 7.08
TOO 109 —0.09 8.96 109 0.07 3.51 109 0.19 6.23
TRD2 14 548 7.84 14 132 10.97 14 2.59 12.77
TRO 405 —2.27 14.75 405 0.25 4.25 405 -0.16 11.95
TRW 709 0.89 19.86 709 -0.73 1441 709 —044 9.26
TSU 620 —-0.31 13.11 620 317 5.69 620 0.17 4.06
TTB2 211 -3.35 14.12 211 0.01 11.53 211 0.64 9.44
TUC1 432 1.08 12.30 432 043 3.65 432 -0.15 531
TUC2 352 0.65 8.12 352 0.15 12.75 352 -1.20 10.88
TUL 5 —0.06 76.23 5 -5.07 15532 5 -0.22 161.43
TUN 18 233 13.15 18 —-7.33 2094 18 —4.01 21.25
UBA 21 —5.58 11.33 21 -0.03 417 21 244 6.18
ulJ 266 0.19 15.95 266 —2.55 13.15 266 -0.27 9.18
UPS 233 1.13 4.84 233 -0.12 2.31 233 -1.16 455
VAL 744 0.06 6.96 744 0.27 3.31 744 -0.18 6.24
VIC 730 —-0.30 8.15 730 042 3.99 730 0.16 6.55
VLA 352 1.48 16.32 352 4.08 10.58 352 0.80 1044
VNA2 137 -0.59 13.18 137 —6.66 18.25 137 0.30 748
VNA3 96 0.09 530 96 —145 5.58 96 0.31 4.14
VOS 511 2.76 23.99 511 -0.84 34.22 511 0.50 31.20
VSK 198 1.92 1531 198 —2.63 1091 198 —140 25.63
VSS 457 220 24.06 457 -1.34 14.28 457 1.00 16.70
WAT 24 0.10 1249 24 0.61 1.77 24 -5.67 13.15
WHN 579 1.25 13.87 579 -0.07 3.83 579 0.12 5.70
WHS 2 1.39 11.67 2 138 1.88 2 7.39 14.38
WIC 84 045 488 84 0.16 201 84 0.05 323
WIK 639 -043 8.58 639 0.19 3.31 639 —046 6.01
WIL 13 12.28 10.92 13 -043 5.96 13 9.40 15.82
WIT 361 037 6.83 361 0.02 3.01 361 -0.12 567
WMQ 20 1.20 7.51 20 031 252 20 —0.90 453
WNG 778 0.00 6.56 778 -0.01 2.74 778 -0.25 6.02
YAK 559 0.19 10.10 559 -0.32 4.58 559 -043 12.16
YKC2 489 0.48 12.65 489 —0.06 845 489 -0.93 1561
YSS 374 4.25 12.66 374 1.89 9.23 374 —-0.69 740

ZUY 2 0.1 0.39 2 0.60 0.09 2 0.11 1.17
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