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How do core surface flow models vary 
when inverted from IGRF‑14 candidate field 
models?
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Abstract 

The International Geomagnetic Reference Field (IGRF) model is a series of models that describe the large scale 
magnetic field measured at the Earth’s surface. It is used by a wide range of scientists and industries, including in navi-
gation, space weather applications, and resource exploration. The 14th generation, IGRF-14, is the result of an inter-
national collaboration over 19 different lead research groups. This new generation provides a definitive model 
of the main magnetic field (MF) for the epoch 2020.0, a prediction of the MF for 2025.0, and a predicted average 
annual time variation of the magnetic field for 2025.0−2030.0. The first time derivative of the magnetic field, known 
as secular variation, (SV) is linked to the flow at the top of Earth’s outer core. As such, the ensemble of IGRF-14 candi-
date models can be used to investigate predicted core flow variability between 2020.0 and 2030.0. We use the pyge-
odyn Python package using the AR-1 ‘dense’ methodology, the 71% geodynamo prior, and keep all inversion param-
eters fixed to ensure that differences in inferred flow arise solely from variations from the IGRF candidate models. 
Our results demonstrate that while all candidates produce broadly similar flow spectra for all degrees, candidates 
that deviate most from the median IGRF model also show the largest differences in flow. In all cases, the flow speed 
difference remains below 25% of the maximum flow speed of the Huber-weighted mean model in space, with most 
discrepancies occurring at small spatial scales. The greatest flow uncertainty appears over the Pacific and in the polar 
regions, where constraints are weaker. Finally, we assess the impact of the maximum spherical harmonic degree 
truncation of the SV candidate models by comparing two SV candidates truncated at spherical harmonic degree 
13 instead of 8. Increasing the truncation degree of SV alters the flow spectral energy at all degrees and increases 
the maximum flow speed by up to 31%, despite the flow maps remaining highly correlated. This study supports 
the idea of raising the spherical harmonic truncation degree to 13 for the SV prediction component of the IGRF.
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Graphical Abstract

1  Introduction
The Earth’s magnetic field is a constantly changing yet inte-
gral component of Earth’s ability to support life. Beyond 
serving as a protective shield against solar and cosmic radi-
ation, many technological advancements are reliant on it, 
particularly navigation and orientation (Alken et al, 2021; 
Chulliat et  al, 2020; Russell  et  al, 2016). The dominant 
contribution to the Earth’s magnetic field observed at the 
Earth’s surface is the core field, also named the main field 
(MF), which is generated by the convection of liquid metal 
in Earth’s outer core (Olsen et al. 2010). This ‘geodynamo’ 
process is inherently chaotic, arising from the interplay of 
thermal convection, planetary rotation, and compositional 
buoyancy. Due to computational constrains, numerical 
simulations cannot fully replicate the geodynamo under 
Earth-like conditions (Christensen and Wicht 2015; Jones 
2011). Internally generated geomagnetic fields are typically 
represented by spherical harmonics defined in spherical 
coordinates ( r, θ ,φ ) at time t as

where L is the maximum spherical harmonic degree, 
a = 6371.2 km is the Earth’s reference radius, Pm

l  the asso-
ciated Legendre polynomials of degree l and order m, and 
( gml , hml  ) the Schmidt semi-normalized Gauss coefficients 
(Gauss 1838; Goldie and Joyce 1940). Models of the first 
time-derivative, known as secular variation (SV), are 
represented in a similar way with SV Gauss coefficients 
ġml (t) and ˙hml (t).

(1)

Br(r, θ ,φ, t)

=

L
∑

l=1

(l + 1)

(a

r

)l+2

l
∑

m=0

(

gml (t) cos(mφ)+ hml (t) sin(mφ)
)

Pm
l (cos θ),

The International Geomagnetic Reference Field (IGRF) 
model describes the global geomagnetic field at dif-
ferent epochs and is updated every 5 years to reflect 
the latest available observations (Alken et  al. 2021; Fin-
lay et  al. 2010b; Macmillan 2003; Mandea and Macmil-
lan 2000; Maus et  al. 2005; Thébault et  al. 2015). This 
model is widely used in various scientific and industrial 
applications, such as navigation, resource exploration, 
geophysics, and space weather studies, and has three 
components: (i) the ‘definitive’ model of magnetic field 
coefficients for the timing of the last IGRF release, (ii) 
a predictive model of magnetic field coefficients for the 
timing of this IGRF release, and (iii) the predicted average 
magnetic field change for the following 5 years following 
IGRF release. IGRF is produced by a collaborative effort 
of the International Association of Geomagnetism and 
Aeronomy (IAGA) to provide a set of weighted spheri-
cal harmonic coefficients from all submitted candidates, 
which has led to multiple improvements in magnetic 
field modelling including flow inversion methodology, 
data assimilation techniques, and external field model-
ling (e.g. Brown et al. 2021; Gillet et al. 2024; Huder et al. 
2020; Tangborn et  al. 2021; Kloss et  al. 2023). The use 
of extensive data sets from satellite missions like Swarm 
(Olsen et al. 2013), China Seismo-Electromagnetic Satel-
lite (CSES) (Yang et al. 2021), and MSS-1 (Li et al. 2025), 
along with continuous data from ground-based observa-
tories overseen by INTERMAGNET (Rasson 2007b), has 
enhanced the accuracy of these models. The IGRF must 
be updated periodically (every 5 years) using new satellite 
and ground-based data, as long-term forecasting remains 
challenging due to the complex, unpredictable nature of 
Earth’s core processes.

The fourteenth generation of the model, IGRF-14, 
covers the period from 1900.0 to 2030.0. It includes the 
Definitive Geomagnetic Reference Field (DGRF) for 
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2020.0, which replaces the preliminary main field esti-
mate for 2020.0 provided by IGRF-13; a prediction of the 
MF in 2025.0; and the average SV for 2025.0 to 2030.0. 
The evaluation of these candidate models was coordi-
nated by the IAGA Working Group V-MOD, which leads 
the dedicated IGRF task force. Readers are referred to the 
papers in this special issue, particularly those evaluat-
ing the candidate models, for further details on the dif-
ferent candidates and their comparative performance. 
This IGRF generation has more candidate submissions 
than ever before. The IGRF task force made all of the 
coefficients publicly available on a IGRF-14 evaluation 
repository on GitHub, allowing users to conduct more 
comparative analysis and supporting the principles of 
FAIR research—making research outputs Findable, 
Accessible, Interoperable, and Reusable (FAIR).

As previously mentioned, the dominant contribution 
to the magnetic field at Earth’s surface originates from 
flow motion in Earth’s outer core. While some IGRF 
candidates incorporate flow models within their con-
struction, the IGRF itself is generally not used for this 
purpose. This is because other geomagnetic field models 
are updated more frequently and offer a higher spherical 
harmonic degree truncation for SV, making them more 
suitable for core studies (e.g. Baerenzung et al. 2022; Fin-
lay et  al. 2020). In this work, we aim to utilise the new 
GitHub repository to investigate the variability of core 
surface flow models inverted from the different IGRF 
candidate field models. This analysis helps to identify 
regions, where flow is least constrained and provide error 
estimates on flow based on using different geomagnetic 
field models that have been constructed for the same 
purpose. In addition, we aim to explore the impact of SV 
truncation degree on the resulting core flow models. The 
last update to the IGRF construction occurred in 2003, 
when the maximum spherical harmonic degree for the 
DGRF and IGRF main field was increased from 10 to 13, 
following a vote by IAGA Working Group V-8 at IAGA’s 
Joint Scientific Assembly with International Associa-
tion of Seismology and Physics of the Earth’s Interior in 
2001 (Macmillan 2003; Macmillan et  al. 2003). We seek 
to evaluate whether improvements in satellite instru-
mentation and increased data coverage now justify rais-
ing the IGRF SV prediction truncation degree above the 
current limit of degree 8, and to assess the impact such 
an increase would have on the resulting core surface flow 
models.

This paper is structured as follows: we begin by 
describing the pygeodyn core flow inversion methodol-
ogy and the candidate field models in Sects. 2.1 and 2.2, 
respectively. In Sect. 3, we present results inverted from 
all 13 candidate field models along with the published 
IGRF coefficients. Then, in Sect. 4, we examine the effect 

of increasing the truncation degree for the SV compo-
nent of the IGRF candidate models on the resulting flow 
models. We conclude with a discussion of our findings in 
the context of IGRF construction in Sect. 5 and our sum-
marize our main findings in Sect. 6.

2 � Methodology
2.1 � Core flow inversion methodology with pygeodyn
When we assume the mantle to be insulating, the MF 
vector B above the core surface (of radius c = 3485 km) is 
entirely defined by its radial component Br , whose evolu-
tion is governed by the radial induction equation at the 
top of the core:

where η is the magnetic diffusivity, uh is the horizontal 
core motion, and ∇h is the horizontal gradient operator 
(e.g. Holme 2015). The high conductivity of the outer core 
permits the use of the ‘frozen-flux’ assumption, whereby 
large scale temporal changes in the magnetic field—
observed over timescales of years to centuries—can be 
treated as a ‘tracer’ of the fluid motion at the core–man-
tle boundary (CMB, Backus and Le  Mouël 1986; Blox-
ham and Jackson 1991). However, flow determination is 
a non-unique problem. As the inversion seeks to estimate 
two unknowns—the northward and eastward flow com-
ponents—from a single observational constraint, the SV, 
additional assumptions are required to reduce this ambi-
guity. (Backus 1968; Roberts and Scott 1965). We refer to 
other studies to describe the changes in flow structure 
when different flow assumptions are applied (for instance 
Amit and Pais 2013; Beggan and Whaler 2008; Finlay 
et al. 2010a; Rau et al. 2000).

Thanks to advances in computational power and mod-
elling techniques, it is now possible to utilise second-
order statistics from free runs of geodynamo numerical 
simulations within a data assimilation framework. This 
allows for the use of physically consistent priors, replac-
ing traditional assumptions about core flow (e.g. Barrois 
et  al. 2017; Fournier et  al. 2011; Sanchez et  al. 2020). It 
is important to note that the geodynamo simulation 
must be run for sufficiently long duration (typically on 
the order of 10  kyr) to generate statistically converged 
outputs suitable for assimilation, and simulations must 
be appropriately Earth-like (Barrois et al. 2017; Sanchez 
et  al. 2020; Rogers et  al. 2025). pygeodyn is an open-
source Python package that performs a sequential data 
assimilation algorithm (an augmented state ensemble 
Kalman filter, see Evensen 2003) to perform core flow 
inversion from geomagnetic observations using prior 
information derived from geodynamo simulations. 
This methodology has been developed over several 

(2)
∂Br

∂t
= −∇h · (uhBr)+

η

r
∇

2(rBr),
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years (Barrois et al. 2018; Gillet et al. 2024; Huder et al. 
2019; Istas et  al. 2023), and has been applied by multi-
ple authors to provide insights into dynamics in the core 
(including wave-like motions), variations in the length of 
day, and the development of geomagnetic field forecasts 
(e.g. Gillet et al. 2019, 2022, 2024; Huder et al. 2020; Sut-
tie et al. 2025). The augmented state ensemble Kalman fil-
ter enables the joint estimation of the state of a dynamical 
system, such as the core flow field, and the evolution of 
auxiliary variables (some unknown) that influence it. All 
fields are expanded in the spectral domain using spheri-
cal harmonics, and Eq. (2) in matrix form becomes:

where ˙b , b , u and e are vectors that store the spheri-
cal harmonic coefficients for the radial main field, the 
radial Secular Variation (SV), the core surface flow and 
the Errors of Representativeness (ER), respectively. The 
errors of representativeness matrix encompasses the dif-
fusion and unresolved small-scale flow (Gillet et al. 2019) 
and the Gaunt–Elsasser matrix ( A(b) ) relates the flow to 
the SV (Whaler 1986).

To enable a fair comparison between the field models, 
we adopt the same AR1 ‘dense’ methodology and keep 
the choice of prior (71% prior described in Aubert and 
Gillet 2021). This identical setup ensures that any dif-
ferences arise from the choice of candidate field model, 
rather than from the choice of prior or methodology 
(Rogers et  al. 2025). We perform the flow forecast with 
an ensemble of 200 models in 1-month steps and con-
duct the flow analysis in 1-year increments over the 
period 2020.0−2030.0. The maximum truncation degree 
of flow ( LU ) and MF ( LB ) are chosen to be 15 and 13, 
respectively. To mitigate noise arising from empirical 
covariance estimation, the graphical Lasso parameter 
(described in Istas et al. 2023) is set as 0.15. The choice of 
LB follows directly the truncation degree of the IGRF. In 
contrast, the choice of LU is somewhat arbitrary, chosen 
as a trade-off between a risk of aliasing and the wish to 
limit the dimension of the unknown vector (flow coeffi-
cients of degrees much larger than LB being unresolved, 
see Baerenzung et  al. 2016; Barrois et  al. 2017). The 
matrix for the errors of representativeness is truncated to 
the same spherical harmonic degree as the SV, discussed 
in the next section.

2.2 � Field models

We consider all 13 candidate groups that submitted the 
three constituent models to the IGRF repository: a DGRF, 
IGRF and SV. In addition, we include the published IGRF 
model constructed from the median of the candidate 
DGRF models and the Huber-weighted in mean space for 

(3)˙b = A(b)u + e,

IGRF and SV candidates. Table  1 provides a brief sum-
mary of the 14 models we compare. For further details on 
each model construction and data selection, we refer the 
reader to the relevant papers in this special issue.

Each considered candidate model provides Gauss coef-
ficients describing the MF model truncated at degree 13 
( LB = 13 ) in 2020.0 and 2025.0 as well as a prediction of 
the average SV for 2025.0 to 2030.0 truncated at degree 
8 ( LSV = 8 ). To produce yearly data points we follow 
the procedure illustrated in Fig. 1, assuming a steady SV 
between the DGRF and IGRF epochs (2020.0 and 2025.0) 
and again from 2025.0 to 2030.0, consistent with the end 
of the SV prediction period (2030.0). As DGRF and IGRF 
LB = 13 , the steady SV we model for 2020.0−2025.0 has a 
maximum truncation degree of 13, but a maximum trun-
cation degree of 8 for the prediction between 2025.0−
2030.0. As a steady SV enters into our flow modelling, 
the resulting flow model also acts similar to a steady flow. 
The pygeodyn code requires that LSV ≥ LB . To satisfy 
this constraint when LSV < LB , we set the SV coefficients 
to zero for degrees l = 9 to 13 and assign them extremely 
large uncertainties (order of magnitude larger than the 
largest coefficient value), effectively removing their influ-
ence on the solution.

In Sect. 4 we examine the effect of increasing LSV  for 
the SV prediction over the period 2025.0−2030.0. To do 
this, we compile the SV coefficients for the DTU candi-
date (also known as CHAOS–8.1) and TUB candidate 
(also known as Kalmag) at LSV = 13 , using data from 
their respective online repositories. This process is sim-
plified by the fact that DTU defines the SV prediction as 
instantaneous value of SV at 2024.0 and TUB defines it as 
the instantaneous value of SV at 2025.0. The coefficient 
values of the MF between 2025.0 and 2030.0 are the same 
for l = 1− 8 for LSV = 13 or LSV = 8.

3 � Comparing flow models from all candidate 
models

First, we compare the flow model outputs from the 
pygeodyn core flow inversion code using the various 
IGRF-14 candidate models. Figure 2 presents the spatial 
spectra at Earth’s surface of the SV and errors of repre-
sentativeness (as defined by Lowes (1974), left) as well as 
flow spectra (as defined by Le Mouël et al. (1985), right) 
for all candidate models in 2020.0 (top), 2025.0 (middle) 
and 2030.0 (bottom). These three dates correspond to the 
DGRF epoch, the IGRF epoch and the end of the SV pre-
diction period, respectively.

In 2020, the SV spectra are nearly identical for all 
degrees up to degree 10, with deviations becoming more 
apparent at higher degrees. These differences are likely to 
be due to the choice of data selection and candidate con-
struction for DGRF and IGRF models, affecting the small 
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scale features in the MF models. Notably, the spectra of 
the errors of representativeness (which account for sub-
grid induction and diffusion) exhibit greater variability 
than the SV spectra, even at low degrees. Some aliasing 
may have occurred when co-estimating the errors of rep-
resentativeness with the flow using the augmented state 
ensemble Kalman filter. To mitigate this and in the light 
of the low truncation of LSV  we opted for a lower LU than 
has been used in some previous studies (e.g. Gillet et al. 
2022; Rogers et al. 2025).

The ITES model shows the largest variations in SV 
spectra above degree 5, and we also observe that the 
WHU candidate shows increased energy in degrees 
8–13. ITES is solely based on ground observatory data, 
which highlights the importance of satellite observa-
tions on constraining higher degree SV, as it is the model 
with the largest deviation from the candidate mean in 
the IGRF. The WHU model is also an outlier model in 
both the IGRF and DGRF, with larger deviations  in the 
magnetic field concentrated near the geomagnetic poles 
and in clear zonal bands. These features may be due to 
the choice of satellite data, as WHU is the only candidate 
incorporating data from GRACE Follow-On, though this 
requires further investigation. Surprisingly, the CSES, 
ISTERRE, and USTHB candidates show no deviations in 
the flow spectra below degree 11, despite appearing to be 
far from the candidate median in DGRF and IGRF. This 
may be because the models were constructed in the same 
way for both 2020.0 and 2025.0, leading to a constant 
model offset from the Huber weighted mean and result-
ing in a similar SV to the other models.

At 2025.0 and 2030.0, the SV spectra are identical 
and truncated at LSV = 8 as both epochs use the same 
LSV = 8 SV prediction. The SV spectra show greater 
spread among the different candidate models across all 
degrees, which we attribute to the different forecasting 
methods and the lack of data constraints. GFZ shows 
the lowest SV spectral energy, particularly noticeable 
at degrees l = 1− 2 . The variation between candidate 

models increases with spherical harmonic degree and is 
largest at degree 8. The ITES model is one of the most 
dissimilar, the large variation seen in 2020.0 is no longer 
observed. Although the SV is identical between 2025.0 
and 2030.0, the spectra for the errors of representative-
ness are not. The errors of representativeness increased 
slightly between 2025.0 and 2030.0, potentially reflecting 
the compounding of the aliasing due to the large error 
values assigned to SV degrees 9–13 over time.

The flow spectra of all candidate models at epoch 
2020.0 exhibit a similar overall trend, though they show 
greater variability compared to the SV spectra. As in the 
SV case, the ITES model stands out as a clear outlier, dis-
playing low flow spectral energy at l = 1 , but elevated 
kinetic spectral energy at degrees higher than 2. The 
WHU model shows low flow spectral energy in degrees 
2–4 and high spectral energy at degrees 10–15. The 
USTHB is an outlier for certain degrees (3–6, 10, 13–15), 
though to a lesser extent than ITES and WHU mod-
els. The flow spectra in 2025.0 and 2030.0 differ slightly 
from each other; however, they remain very similar due 
to assumption of steady SV between 2025.0 and 2030.0. 
These later epochs show less variation than 2020.0, with 
the GFZ model displaying the lowest kinetic spectral 
energy, and the WHU and ITES models continuing to 
show significant disparities relative to the other models. 
The flow energy at low degrees ( ≤ 8 ) decreases progres-
sively from 2020.0 to 2025.0 to 2030.0, as a result of the 
lower LSV  used in later periods.

In Fig.  3, we present the flow maps of the Huber-
weighted mean model in space at each epoch, along 
with the difference of each candidate with respect to 
the Huber weighted model in the 2030.0 epoch (equiva-
lent maps for 2020.0 and 2025.0 epochs are provided 
in Appendix  1). Most candidate models are similar to 
the Huber weighted model at all epochs, with many 
showing flow speed differences less than 5% of the 
maximum flow speed of the Huber weighted model. 
In 2030.0, all models show high correlation coefficient 

Fig. 1  Schematic showing how the yearly values for the Secular Variation (SV) and Main Field (MF) were calculated from the DGRF, IGRF and SV 
prediction for each candidate model. The IGRF and DGRF are given as Schmidt semi-normalized Gauss coefficients with SV and MF values 
between 2020.0 and 2025.0 truncated at degree 13. Between 2025.0 and 2030.0, the predicted SV is truncated at degree 8 and the MF for degrees 
9–13 is held constant
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Fig. 2  Spectra of the Secular Variation (SV, solid) and Errors of Representativeness (ER, dashed), left, and the inverted flow model (U), right, for each 
candidate model for 2020.0 (DGRF epoch, top), 2025.0 (IGRF epoch, middle) and 2030.0 (end of SV prediction epoch, bottom)
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Fig. 3  Predicted flow for the 2030.0 timestep for the published Huber-weighted mean model in space IGRF model (shown within grey dashed box) 
along with the difference between each candidate model and the published IGRF model. The number in the brackets after each candidate name 
indicates the correlation coefficient between the Uφ of the flow model inverted from the Huber-weighted mean model in space and Uφ of that of 
the corresponding candidate model. The colorbar for all models are consistent and shown for in the bottom right corner, except for the weighted 
mean model in space which is shown in its own grey dashed box
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values ( ≥ 0.82 ), though the models become less corre-
lated at the IGRF ( ≥ 0.74 ) and DGRF ( ≥ 0.73 ) epochs. 
Although this may seem counter-intuitive, the lower 
LSV  for 2030.0 reduces the spectral energy for the flow 
and suppresses small-scale differences, leading to more 
similar flow structures across the candidate models.

In 2030.0, the TUB candidate model is the most similar 
to the IGRF-14 model inversion, with a root mean square 
error (RMSE) of 0.31 km/year and a correlation coeffi-
cient of 0.999. The WHU exhibits the largest flow devia-
tion, reaching 14.2 km/year, while the RMSE are also 
relatively high for ITES (2.4 km/year), WHU (3.1 km/
year), and USTHB (2.1 km/year). The ITES and USTHB 
primarily show small scale flow variations distributed 
across the entire surface, whereas the WHU flow model 
displays its most intense deviations in the polar regions 
and near the equator in the western hemisphere. The 
BGS, GFZ and ISTERRE models show variations at the 
equator: BGS and ISTERRE exhibit stronger eastward 
flow in the Pacific region, while GFZ shows enhanced 
eastward flow in the Atlantic. These candidate models 
have intense SV differences at the equator compared to 
the Huber weighted mean model, which is reflected in 
their flow outputs.

Figure 4 shows the Huber weighted deviation from the 
mean for the flow in the west–east ( Uφ ), north–south 
( Uθ ) and absolute flow speed components. The flow 
speed uncertainty is greater for the individual scalar 
directions than for the absolute flow speed, and uncer-
tainty is higher for Uφ than Uθ . At the equator, deviations 
are more pronounced in the Pacific hemisphere than 
in the Atlantic, particularly for the absolute flow speed, 
but this does not hold true at higher latitudes. The flow 
direction ( Uφ than Uθ ) is poorly constrained near the 
northern pole, but all weighted flow deviation values are 
small, indicating that the overall flow structure is consist-
ent across most models. In the polar regions, the higher 
uncertainty is instead due to the intrinsic geometric limi-
tations of resolving tangential flow from the available 
field observations and external field contaminations in 
the data. Applying the Huber weighted deviation down-
weight the models that are most dissimilar, meaning that 
the ITES, WHU, and USTHB deviations in Fig. 3 become 
reduced.

Despite the high correlation between all candidate 
models, the maximum Huber weighted deviation from 
the maximum velocity of the Huber weighted mean is 
relatively high for individual directions, 25.1% for Uφ , 

Fig. 4  Spatial Huber weighted mean of the deviation of flow from the flow inversion (shown in Fig. 3) in the west–east direction ( Uφ , top left), 
north–south direction ( Uθ , top right) and absolute flow speed (bottom)
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19.7% for Uθ , but lower for the absolute flow speed, 
5.0%. The Huber weighted deviation is smaller than the 
mean standard deviation of the ensemble members of 
the Huber model (51.1% for Uφ , 35.9% for Uθ , 23.8% for 
absolute flow speed), meaning that the distribution of 
each model is probably overlapping. The time-averaged 
71% path dynamo prior is heterogenously forced but 
the patterns of greatest uncertainty does not match the 

time-average prior. Suttie et  al. (2025) and Rogers et  al. 
(2025) have shown that the choice of prior can influ-
ence flow structure; therefore, future work could inves-
tigate whether these flow uncertainties remain consistent 
when varying the geodynamo prior in the pygeodyn 
methodology.

In Fig. 5, we plot the east–west ( Uφ ) flow speed at the 
equator over time, using a time-longitude diagram. As 

Fig. 5  Time-longitude plots of Uφ at the equator over the 10-year period covered in the study. The numbers after the candidate model name 
indicate the correlation coefficient in 2023 and 2028, for the equatorial Uφ from the candidate flow model to the published Huber-weighted mean 
model in space
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mentioned in Sect. 2.2, we assume a steady SV, because 
we only have two timepoints for the Gauss field coeffi-
cients (DGRF and IGRF) along with a prediction of the 
average SV. This resulting steady flow is evident from the 
consistent vertical stripes between 2020.0 and 2025.0, 
and between 2025.0 and 2030.0 with a sharp transition 
in 2025.0. Part of this transition reflects the weakening of 
the flow speed after 2025.0, due to the decrease in LSV  
from 13 to 8. All time-longitude plots share a similar pat-
tern with the fastest eastward flow at 135◦ and the fastest 
westward flow between 315° and 10°. The ITES candi-
date flow stands out for 2020.0−2025.0 exhibiting intense 
eastward flow near 90◦ and 245◦ which is much weaker in 
the other models.

When calculating the correlation coefficient for the 
equatorial Uφ in 2023 and 2028 for all candidate models, 
two interesting characteristics emerge. First, the correla-
tion for the equatorial Uφ is higher than the correlation 
obtained from comparing global flow maps, indicating 
that the greatest variability among flow models occurs in 
the polar regions—an observation also noted by the IGRF 
task force’s evaluations. Second, some flow models show 
greater variation at the equator in 2028.0 than 2023.0. 

While this might seem to contradict the findings from 
the global flow maps, the correlation remains extremely 
high at both times, and Fig. 4 shows more flow variabil-
ity at the equator compared to mid-latitudes. The lower 
spherical harmonic degree truncation in 2028.0 leads to 
larger spatial scale flow in the time-longitude plots (e.g. 
USTHB).

4 � Choice of spherical harmonic degree truncation 
on core flow inversion

We have already noted that the lower LSV  for 2025.0−
2030.0 results in reduced spectral energy for the flow 
spectra  and slower maximum flow speeds in the flow 
maps. The DTU and TUB candidates (also known as 
CHAOS–8.1 and Kalmag, respectively) publish coef-
ficients on their respective websites and, allowing us 
to compare the effects of truncating the SV prediction 
coefficients to degree 13 against the published IGRF 
coefficients (truncated at degree 8). Figure  6 shows the 
resulting flow models and spectra for these two can-
didates at LSV = 8 and LSV = 13 in 2030.0. We do not 
repeat the flow inversions in 2020.0, as LSV  is already 13 

Fig. 6  Difference in the flow maps (a) and the SV and flow spectra (b) for the DTU and TUB candidates truncated at spherical harmonic degree 
8 and 13 for the 2030.0 epoch. The colorbar for (a) is constant for all subplots. In panel (b, bottom) we also show the ITES candidate truncated 
at LSV = 8 for comparison with the spectra shown in Fig. 2
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at that epoch, nor for 2025.0, due to the similarities in 
spectra and flow maps with those discussed in Sect. 3.

First, Fig.  6(a) shows that increasing LSV  to 13 
increases the flow speed of the model. The difference in 
flow between LSV = 13 and LSV = 8 is larger than that 
between the different candidates in Sect.  3. Specifically, 
the maximum absolute flow speed increases by 4.0 and 
30.8% for DTU and TUB, respectively. Increasing the 
DTU LSV  primarily enhances eastward flow in the equa-
tor, whereas increasing the TUB LSV  strengthens west-
ward flow at the equator, resulting in a more pronounced 
increase in the maximum absolute flow speed. Despite 
these differences, the correlation coefficient between the 
LSV = 8 and LSV = 13 maps remains high (0.783 and 
0.871 for DTU and TUB, respectively).

Figure  6(b, top) indicates that the SV spectra and the 
corresponding errors of representativeness differ in 
behaviour for the DTU and TUB candidates when trun-
cated at LSV = 8 and LSV = 13 . The TUB SV model for 
LSV = 13 perfectly matches the values of TUB LSV = 8 
for l = 1− 8 , extended to L = 13 . Despite this appar-
ent agreement, the errors of representativeness for TUB 
LSV = 13 differ from the TUB LSV = 8 , particularly 
at l = 1 and l = 7 . Meanwhile, the DTU SV model and 
errors of representativeness for LSV = 13 vary from the 
LSV = 8 model. It is also worth noting that in DTU model 
the errors of representativeness for l = 10− 13 comprise 
a large proportion of the SV, which is not expected to be 
realistic in the core (Backus and Le  Mouël 1986; Gillet 
et al. 2019). These observations suggest that aliasing may 
have been introduced, likely due to the proximity of LU 
to LB (Barrois et  al. 2017). As previously discussed, the 
choice of LU is arbitrary, except from the requirement 
that LU > LB . Low-degree LSV  coefficients can differ 
during the inversion due to coupling with higher degree 
terms with both the SV and ER terms. The degrees at 
which the SV spectral energy deviate correspond to the 
degrees at which there is a change in the spectral energy 
of ER, leading to the observed differences. Determining 
an optimal value for LU becomes particularly challenging 
when LSV  is low, especially when comparing the candi-
date models ( LSV=8) and attempting to keep the values 
consistent between our two studies.

Figure  6(b, bottom) shows that, despite the differ-
ences in the flow map presented in panel (a), the overall 
shape of the flow spectra remains similar, with two key 
differences. First, the LSV = 13 models have a notice-
ably higher energy in the lowest spherical harmonic 
degrees ( l = 1− 4 , particularly l = 1 ) which are the 
dominant degrees in the spectrum, resulting in the faster 
flow speeds observed in Fig. 6(a). Second, the LSV = 13 
models have more kinetic energy in the smallest spatial 
degrees ( l = 13− 15 ). It is important to note that the 
large and small scale flow and magnetic field features 
interact to produce SV at all spatial scales (Pais and Jault 
2008). Increasing the SV prediction increases the result-
ing MF in 2030.0, thereby affecting the flow inversion at 
all spatial scales. However, increases in small scale SV are 
more likely effective to increase the energy of small scale 
flows.

Finally, we also include the ITES LSV = 8 candidate in 
the flow spectra of Fig. 6(b) as it was previously identified 
as an outlier in Sect. 3. The ITES candidate continues to 
stand out as it has low spectral energy in degrees 1 and 
2. In fact, its differences from the TUB LSV = 8 model 
are often greater than the two TUB models themselves. 
This is only true for some degrees of DTU ( l = 10− 12 ). 
These observations suggest that data selection and SV 
model construction play roles as significant as the choice 
of the maximum truncation degree in the resulting flow 
model. The correlation coefficient of LSV = 8 ITES to 
LSV = 8 Huber-weighted mean model in space (0.934) 
is higher than the LSV = 13 models (DTU = 0.786 and 
TUB = 0.866). Notably, the TUB LSV = 13 model shows 
a greater correlation to the Huber weighted model than 
the WHU LSV = 8 candidate in 2030.0 (0.824).

5 � Discussion
A key milestone in the IGRF model’s history occurred 
with the release of IGRF-9 in the year 2000 (Macmillan 
2003; Macmillan et al. 2003), when the maximum degree 
of the spherical harmonic expansion for the MF was 
increased from 10 to 13. This enhancement significantly 
improved the model’s ability to capture smaller scale 
features of the Earth’s magnetic field, reducing the mini-
mum resolvable wavelength at the Earth’s surface from 
roughly 4000 km to approximately 3000 km (Mandea and 
Macmillan 2000; Lowes 2000).
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The increase in resolution for both the IGRF and 
DGRF was enabled by several developments. First, the 
improved data quality, especially due to the Ørsted sat-
ellite (launched in 1999), which provided high-precision, 
global measurements of the geomagnetic field (Olsen 
et al. 2000). As noted by Mandea and Macmillan (2000), 
the integration of satellite observations into the IGRF 
significantly enhanced its accuracy and spatial detail, 
marking a shift in both methodology and expectations 
for geomagnetic reference models. Second, expanded 
coverage from ground observatories, offering a more 
reliable global data set in the frame of INTERMAGNET 
programme (Rasson 2007a; Kerridge 2001). Finally, sig-
nificant advances in computing power allowed more 
complex inversion techniques and the robust estima-
tion of higher degree spherical harmonic coefficients 
(Lesur et al. 2008). The adoption of degree 13 has since 
remained a standard in all subsequent IGRF releases, 
reflecting a well-judged balance between spatial resolu-
tion and model reliability.

While the IGRF models the MF up to spherical har-
monic degree 13, its representation of SV remains lim-
ited to degree 8. This disparity reflects a historically 
conservative approach to modeling temporal changes, 
largely justified by earlier limitations in data resolution 
and global coverage. The last formal vote on increas-
ing the LSV  was in 2009 (Finlay et al. 2010c). Silva et al. 
(2010) found that increasing LSV  to at least degree 10, or 
even 12, could produce predictive SV models with com-
parable skill to the existing degree 8 forecasts. Moreover, 
they found that degrees beyond 8 contribute relatively lit-
tle to total spectral power, and their omission introduces 
less error than the uncertainties already present in the 
lower degrees, consistent with the red spectral character 
of Earth’s SV at the surface. However, Silva et al. (2010) 
placed strong caveats on this finding, including: (i) con-
tinued availability of high-quality data provided by on-
going satellite missions coverage (in this case CHAMP); 
and (ii) the model must be restricted using past SV over 
a short enough period of time. These conditions suggest 
that models built on solely observatory data (e.g. IEST 
candidate model) would be down-weighted in future 

IGRF releases relative to satellite and observatory-based 
models. While observatory-only models may not resolve 
the full spatial complexity achievable with satellite data, 
observatory measurements continue to play a crucial role 
in model validation, long-term continuity, magnetic indi-
ces, and capturing rapid field variations at specific loca-
tions (Olsen et  al. 2010; Matzka et  al. 2021; Olsen and 
Mandea 2007).

Dedicated geomagnetic satellite missions over the last 
two decades and ongoing advancements strongly sup-
port the need to revisit the constraint of the trunca-
tion degree for the predicted SV. In particular, the ESA 
Swarm mission has enabled continuous, high-resolution 
monitoring of MF and SV at finer spatial and temporal 
scales than previously possible (Friis-Christensen et  al. 
2006; Olsen et al. 2017; Sabaka et al. 2018; Kloss and Fin-
lay 2019). Beyond Swarm, a new generation of missions 
is further expanding our capabilities. The CSES satellite 
and its successors provide complementary data in Sun-
synchronous orbits, improving high-latitude and diurnal 
coverage (Yang et  al. 2021). The Macau Science Satel-
lite-1 (MSS-1), launched in 2023, is equipped with high-
sensitivity magnetometers and has further improved data 
quality over the equatorial and low-latitude regions (Li 
et al. 2025). Looking forward, ESA’s NanoMagSat mission 
is expected to continue high-resolution magnetic field 
observations using low-cost nanosatellite technology 
(Deconinck et  al. 2025; Hulot et  al. 2018). With poten-
tial constellation configurations, NanoMagSat could fur-
ther improve temporal sampling and spatial coverage. In 
addition, platform magnetometers aboard non-geomag-
netic dedicated scientific satellites such as CryoSat and 
GRACE-FO are now being utilised to improve tempo-
ral coverage of the geomagnetic data (Stolle et  al. 2021; 
Olsen et al. 2020; Olsen 2025).

Despite these multiple advances that suggest the 
truncation degree of SV in the IGRF model should be 
increased, there are some important considerations to be 
addressed. Firstly, the IGRF is the product of an interna-
tional collaboration, and any modification to its construc-
tion must be approved by the IAGA V-MOD working 
group. Furthermore, all IGRF models contain a ‘health 
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warning’ and previous magnetic field forecasts have been 
re-released due to failing to meet success criteria due to 
the unpredictable and chaotic nature of core dynamics 
(Lowes and IAGA Working Group V-MOD 2022; Chul-
liat et  al. 2019). IGRF’s predictions are not designed for 
core flow inversions and must remain appropriate for 
their intended use. There is also ongoing work to esti-
mate uncertainties of the IGRF and its candidate models 
but with mixed results. Some candidates use hindcasting, 
standard deviation or previous IGRF performance to cal-
culate the uncertainty in IGRF coefficients (e.g. Beggan 
2022; Brown et  al. 2021; Lesur et  al. 2010; Lowes 1990; 
Lowes and Olsen 2004; Lowes 2000). While the IGRF-14 
call encouraged the inclusion of uncertainty estimates, it 
was not a strict requirement. It may be timely to revisit 
the SV degree investigations of Silva et  al. (2010) using 
new data constraints and compare the findings with those 
derived from improved uncertainty estimates. Finally, 
any proposed changes to the IGRF construction must 
also demonstrate long-term sustainability, with contin-
ued international commitment to managing geomagnetic 
observatories and dedicated geomagnetic satellites.

On balance, we argue that given the growing wealth 
of high-quality satellite data, there is a strong ration-
ale for raising the maximum spherical harmonic degree 
of the IGRF SV model from 8 to 13, aligning it with the 
MF model. In addition, advances in computational tech-
niques and methodological improvements (e.g. data 
assimilation) enable robust estimates of SV at higher 
degrees by mitigating the risk of overfitting, leading to 
physically meaningful results. Increasing LSV  would 
enhance IGRF ability to better capture localized, time-
varying geomagnetic features, including regional features 
and rapid SV events such as geomagnetic jerks (Brown 
et  al. 2013; Gillet et  al. 2022; Whaler et  al. 2022), and 
improve forecasts of the geomagnetic field, which are 
critical for satellite navigation, space weather prediction, 
and broader Earth system science.

6 � Conclusions
This study has investigated core surface flow variabil-
ity when inverted from the IGRF-14 candidate models 
with the pygeodyn methodology. While differences 
exist among the resulting flow models, their inter-model 
correlations remain high ( ≥ 0.73 ). This is particularly 
true when considering Uφ at the equator ( ≥ 0.95 ). Areas 

where the flow models deviate from the model inverted 
from the published IGRF model can be attributed to the 
data and model choices in the construction of the candi-
dates. These deviations highlight regions where candidate 
submissions diverge, notably in the polar regions and the 
equatorial Pacific, as shown by the Huber-weighted mean 
in space of the deviations.

Also, we have investigated the effect of the SV trun-
cation degree on the core flow inversion. All candidate 
models show reduced flow speed and spectral kinetic 
energy at the transition at 2025.0, where LSV  is reduced 
from LSV = 13 to LSV = 8 . To investigate this further, 
we collated the DTU and TUB candidate coefficients at 
LSV = 13 . Figure 6 shows that the LSV = 13 models dis-
play greater absolute flow speed and more variation from 
the published Huber-weighted IGRF model than the 
LSV = 8 candidate flow models. Nonetheless, the cor-
relation for the LSV = 13 models show greater correla-
tion (DTU = 0.786 and TUB = 0.866) than some LSV = 8 
candidates to the Huber weighted mean at the IGRF 
and DGRF epochs ( ≥ 0.73 ). Notably, both the DTU and 
TUB models are close to the candidate mean for all three 
parts of the IGRF model construction. However, increas-
ing the LSV  may mean that correlation coefficients could 
decrease with outlier models, particularly those con-
structed using only observatory data. In conclusion, we 
recommend that members of the IAGA V-MOD work-
ing group consider revising the construction of IGRF 
to enhance the model’s utility. Specifically, we suggest 
evaluating whether the IGRF-15 should evolve to include 
lSV = 9− 13 to better align with the MF model and 
reflect advancements in global geomagnetic observation 
capabilities.

Appendix 1: Flow maps in 2020.0 and 2025.0

Figures 7 and 8 show comparisons of flow model inver-
sions in 2020.0 (the DGRF epoch) and 2025.0 (the IGRF 
epoch) in a similar style to Fig. 3. The number in brack-
ets after each candidate name is the correlation coeffi-
cient between the Uφ of the flow model inverted from the 
Huber-weighted mean model in space and Uφ of the flow 
model of the candidate.
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Fig. 7  Predicted flow for the 2020.0 timestep for the published Huber-weighted mean model in space IGRF model (shown within grey dashed box) 
along with the difference between each candidate and the published IGRF model. The number in the brackets after each candidate name indicates 
the correlation coefficient between the Uφ of the flow model inverted from the Huber-weighted mean model in space and Uφ of the flow model 
of the candidate. The colorbar for all models are consistent and shown for in the bottom right corner, except for the weighted mean model in space 
which is shown in its own grey dashed box
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Fig. 8  As with Fig. 7 but for epoch 2025.0. The colorbar for all models are consistent and shown for in the bottom right corner, except for the 
weighted mean model in space which is shown in its own grey dashed box
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Abbreviations
a	� Earth’s reference radius
AR	� Auto-regressive ASM Absolute Scalar Magnetometer
B	� Vector of magnetic main field
Br	� Radial magnetic main field
c 	� Radius of core surface
CMB	� Core-Mantle Boundary
CSES	� China Seismo-Electromagnetic Satellite
DGRF	� Definitive Geomagnetic Reference Field
ER	� Errors of Representativeness (unmodelled diffusion and small-

scale flow)
gml   and  hml 	� Schmidt semi-normalized Gauss coefficient for main field

ġml   and  ˙hml 	� Schmidt semi-normalized Gauss coefficient for SV
IAGA​	� International Association of Geomagnetism and Aeronomy
IGRF	� International Geomagnetic Reference Field (number corre-

sponds to particular generation)
L	� Maximum spherical harmonic degree
l 	� Spherical harmonic degree
m	� Spherical harmonic order
MF	� Main field
MSS-1	� Macau Science Satellite 1
r 	� Radius of model
SV	� Secular variation, first time-derivative of the magnetic field
U	� Core surface flow
uh	� Horizontal core motion VFM Vector Field Magnetometer
θ	� Colatitude
η	� Magnetic diffusivity
φ	� Longitude
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