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Three candidate models are produced in response to the call for IGRF-11 models. A main field model around
epoch 2005.0 is based on one year of @rsted and CHAMP measurements, and is proposed for the definitive model
for epoch 2005.0. A main field model around epoch 2009.5, based on two months of CHAMP measurements and
extrapolated to 2010.0, is proposed as a main field model for epoch 2010.0. A secular variation model valid for
2010.0-2015.0, based on the extrapolation through exponential smoothing of observatory monthly mean values,
is proposed as a predictive secular variation model. Comparison of similar extrapolations made for previous
IGRF generations with actual observations are presented and discussed.
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1. Introduction

The International Geomagnetic Reference Field (IGRF)
is a time series of Gauss coefficients, describing the large-
scale part of the Earth’s magnetic field of internal origin.
Since the 9th generation of IGRF (Macmillan et al., 2003)
coefficients are given up to degree and order 13. IGRF mod-
els therefore describe the Main Field (MF) and its Secu-
lar Variation (SV), whose sources are located in the Earth’s
outer core.

The 11th generation of the IGRF model is an update
of the previous generation, with new definitive MF co-
efficients for epoch 2005.0, provisional (and predictive)
MF coefficients for epoch 2010.0 and predictive SV coef-
ficients for epoch 2010-2015 (up to degree and order 8). In
this paper, we present the candidate models that were pre-
pared and submitted by a consortium made of the Institut
de Physique du Globe de Strasbourg, the Laboratoire
de Géodynamique et de Planétologie de Nantes, the
Laboratoire Atmospheres, Milieux, Observations Spatiales
and the Institut de Physique du Globe de Paris. In the fol-
lowing we describe the datasets and the methodology, with
special attention to the predictive SV, by analyzing similar
predictions that were made in the frame of the 8th genera-
tion of the IGRF (Langlais and Mandea, 2000; Mandea et
al., 2000b).

2. Main Field Model for Epoch 2005.0
The MF model at epoch 2005.0 is made of definitive
coefficients and aims at describing the large-scale internal
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part of the magnetic field of the Earth as accurately as
possible for a given epoch within the model limitations.
We computed a parent model, using standard data selection
criteria and model parameterization.

2.1 Data

Our model is based on CHAMP and @rsted satellite mag-
netic field measurements. These spacecrafts were launched
in 1999 and 2000, respectively (Olsen et al., 2000; Reigber
et al., 2002). These successful missions considerably im-
proved the way the magnetic field is described and mod-
eled. Prior to these spacecrafts, and with the exception of
the MAGSAT mission, it was indeed difficult to accurately
describe the main magnetic field, even in the frame of IGRF
models (Lowes et al., 2000).

The dataset spans a twelve-month period, from July 2004
to June 2005. It contains @rsted and CHAMP, vector (north-
ward By, eastward By and downward B field components)
and total field measurements. Data (with 1s sampling rate)
were first decimated along track, keeping only one mea-
surement out of ten. Then a selection scheme was used to
minimize the magnetic fields of external origin. First, only
scalar measurements were considered above 50° absolute
geomagnetic latitude. Second, a local time 22:00-06:00 se-
lection was applied. Third, activity indices were used to
select the quietest measurements.

K -derived geomagnetic indices, and in particular the K,
planetary index, are classically used to achieve this selec-
tion. The success of this approach for estimating external
source contamination in the magnetic data used for internal
field calculations results from the fact that K indices de-
rive from ground-based magnetic variations, thus providing
reliable upper bounds to the mid-latitude, external transient
fields at satellite altitude, as demonstrated by Mareschal and
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Menvielle (1986).

It is however well established that the intensity of geo-
magnetic activity is statistically more intense during night-
time than during day-time. One way to improve the se-
lection of satellite measurements with respect to magnetic
quietness is therefore to characterize geomagnetic activity
at a regional scale, so that its LT dependence is taken into
account. Menvielle and Paris (2001) proposed a longitude
sector index, the g, index, derived using K indices from the
ap, observatory network. The a; index thus provide a better
selection of magnetic quietness time intervals, and it en-
ables one to achieve a more accurate modelling, as shown
for instance by Cohen and Achache (1990) and Thomson
and Lesur (2007). The reader is referred to Menvielle and
Berthelier (1992) or Menvielle et al. (2010) for further de-
tails on K, and ay, indices.

Another way to improve the selection of satellite mea-
surements with respect to magnetic quietness is to reduce
the duration of the time window over which the geomag-
netic index is computed. Menvielle (1979) showed that
the K index is a proxy of the magnetic energy density re-
lated to the geomagnetic activity, because the time scale of
the observed geomagnetic variations is less than the 3-hour
length of the interval for which K is measured. He however
also showed that such a range index is no longer a proxy
of this energy if the length of the interval over which it is
measured is significantly smaller than 3 hours. Reducing
the length of the time interval over which the index is cal-
culated implies the use of another proxy. Because of the
Poynting theorem, the root mean square (rms) value of the
irregular variations in the horizontal field components is di-
rectly related to the magnetic energy related to the geomag-
netic activity. Indeed, empirical histograms of the range
vs rms distributions at a,, observatories and for 3-hour in-
tervals show that their range is statistically proportional to
the rms value, with a 30-50% dispersion (Menvielle et al.,
2010). In fact, Menvielle (2003) already proposed to derive
new geomagnetic indices based on the rms of the irregular
variations in the horizontal components: the «p,nn indices
(unit: nT), where nn is the length (in minutes) of the consid-
ered time interval. In the present study, we use such rms in-
dices with a 30-minute resolution interval, the ¢, 30 indices.
They are derived from minute values recorded at a network
of about 20 INTERMAGNET mid-latitudes observatories
evenly distributed in longitude in both hemispheres.

In the following, only measurements associated with
om30 ranging between 0 and 4 nT were kept. An additional
selection was done with respect to the Dy geomagnetic ac-
tivity index, with a limit set to | Dy (¢)| < 30 nT and a max-
imum time derivative of |d Dy (t)/dt| < 10 nT/hr. We fur-
ther decimated the dataset, by keeping a maximum of one
measurement in each 1° x 1° bin for each month. Whenever
more that one measurement was present, the one associated
with lowest indices was kept. The final dataset contains
144004 (CHAMP scalar), 88971 (CHAMP vector triplets),
92790 (Drsted scalar), and 13674 (@rsted vector triplets)
measurements. The distribution of the final dataset was
checked: there is at least one measurement in each 3° x 3°
bin.
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2.2 Modeling and results

We used the above described dataset to derive a magnetic
field model for epoch 2005.0. It is computed up to degree
and order 15 for the main field, with a SV up to degree and
order 8. The external field is modeled up to degree and
order 2, with a degree-1 Dy dependency.

Drsted data were weighted using an anisotropic scheme,
to reflect the uncertainty related to attitude provided by the
Star Imager (Holme, 2000). In contrast, as the selected
CHAMP data were all acquired when both CHAMP star
imagers were operating, all CHAMP data were isotropically
weighted. @rsted and CHAMP data were assigned a relative
1/0? weight, with o equal to 2 nT and 3 nT for CHAMP
and Orsted, respectively. For each satellite dataset, equal
weights were given to scalar and vector measurements. A
further sin(@) weighting scheme was applied to counterbal-
ance the denser data distribution near the poles.

The inverse problem was linearized and solved using a
least square method (Cain et al., 1967). The choice of
the model for the first iteration has no importance on the
final result (Ultré-Guérard, 1996). We did not use any
regularization. Convergence was reached after 3 iterations.
The final rms differences for the twelve-month model are:

Drsted: 4.14 nT (scalar)

Grsted: 3.41 nT (Bp), 11.43 nT (B,), 6.77 nT (B3).
CHAMP: 7.87 nT (scalar)

CHAMP: 4.87 nT (By), 4.86 nT (By), 5.22 nT (By)

As expected, @rsted rms differences are larger in the di-
rection that is perpendicular to the field and the Star Imager
bore sight (B ), and lower in the direction of the field (Bg)
and in the third complementary direction (B3). CHAMP
rms differences are larger than those of @rsted, but this is
likely related to the lower altitude of the spacecraft, which
orbited closer to unmodeled ionospheric sources. Although
those rms differences could have led us to modify our data
weighting scheme, we decided not to do so, for simplicity.
Our candidate model for IGRF-11 epoch 2005.0 is the trun-
cated (to degree and order 13) and rounded (to the nearest
0.01 nT) version of the model based on our twelve-month
dataset.

3. Main Field Model for Epoch 2010.0

The IGRF-11 describes the magnetic field of internal ori-
gin up to degree and order 13 at epoch 2010.0. We com-
puted this predictive model in two steps. First, we devel-
oped an internal field model based on very recent CHAMP
satellite magnetic measurements. Second we extrapolated
this model to epoch 2010.0 using by-products of the SV
model series as described in Section 4.
3.1 Data

In order to minimize the errors related to model extrap-
olation, we chose to build our model using the most recent
available magnetic measurements. We used CHAMP scalar
and vector data between June and July 2009, which was the
last period when both vector and scalar data were available
when this model was produced.

Very similar criteria to those used in Section 2 were ap-
plied. Only the activity index criteria changed. The fol-
lowing limits for the Dy index were applied: |Dg(?)| <
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Fig. 1. CHAMP data distribution used in the elaboration of the main-field model for epoch 2010.0: red points correspond to vector triplets data and

black points to scalar measurements.

5 nT and a maximum time derivative of |dDg(¢)/dt| <
3 nT/hr; and for the planetary index: K,(f) < 1+ and
K,(t £ 3hr) < 2—. The magnetic sectorial index a,30
we used for the 2005.0 model was not considered here, as it
was not yet available.

The data distribution was finally homogenized as much
as possible, keeping a maximum of 10 measurements per
3° x 3° bin. When a bin contained more than 10 mea-
surements, the furthest ones from 00:00 local time were
withdrawn. The global geographical distribution of data
was checked: there are at least two measurements in each
4° x 4° bin over the entire surface (Fig. 1). The final dataset
consists of 66027 scalar measurements and 55111 vector
triplets. This large number of measurements (for a two-
month period, and when compared to the twelve-month pe-
riod of the previous section) may be explained by the fact
that June/July 2009 was a very quiet magnetic period at the
end of a solar minimum.

3.2 Modeling and results

The dataset described is used to derive a main field model
up to degree and order 15, without any secular variation, but
with an external field up to degree and order 2. Because we
set a much narrow range for the Dy selection than for the
2005.0 model, no Dy dependency was introduced. Equal
weights were given to scalar and vector measurements. A
sin(f) weighting scheme was used to counterbalance the
denser data distribution near the poles.

We used the same inversion method as in Section 2.2.
The final rms differences are 10.18 nT for scalar data, and
6.60, 4.05 and 11.90 nT for the By, By and Bz components,
respectively.

The model we computed has a mean date equal to
2009.485. We extrapolated this model to 2010.0. We used
two annual SV models (each one valid for one year and cen-
tered on the first day of the year, as described in Section 4):
SV2009 (multiplied by 0.015, i.e. the time difference be-
tween the model date and 2009.5) and SV2010 (multiplied

by 0.5, i.e. the time difference between 2009.5 and the fi-
nal model date 2010.0). Only terms for degree lower or
equal to 8 were extrapolated, terms for higher degrees were
unchanged. The 2010.0 model may therefore contain some
error associated with (1) the extrapolation for degree n < 8§
and (2) the non extrapolation of higher degree terms. Our
candidate model for IGRF-11 epoch 2010.0 is the trun-
cated (to degree and order 13) and rounded (to the nearest
0.01 nT) version of this extrapolated parent model.

4. Internal Field Secular Variation for Epoch
2010.0 to 2015.0

The last model that is proposed for the IGRF-11 is the
secular variation one. This model aims at describing the
time evolution of the magnetic field between 2010.0 and
2015.0, assuming a constant rate of change. It is therefore
a predictive model, based on the extrapolation of past vari-
ations. One method (as used by other groups, e.g. Thébault
et al., 2010, this issue) is to jointly model the magnetic
field and its secular variation, using temporal splines or lin-
ear/quadratic variation. An alternative choice is to model
only magnetic time variations as observed in magnetic ob-
servatories. This is the approach we chose here, because it
allows the temporal variations of the magnetic field to be
better identified and separated from the geographical vari-
ations, thanks to the observatory database. It also mini-
mizes possible contamination by the primary ionospheric
field since observatories are located below the ionosphere.
4.1 Data

Our approach is similar to that of Langlais and Mandea
(2000) which they used to propose a candidate SV model
for IGRF-08. However, whereas Langlais and Mandea
(2000) computed SV models by first difference of succes-
sive MF models, we directly computed annual SV models
from the difference of observatory annual means, bypassing
in fact the intermediate computation of MF.

Hourly mean values since 1980 were collected from the



748

180" 270°
90"

o

A. CHAMBODUT et al.: CANDIDATE MODELS FOR IGRF-11

90°

180" 270°

o

Fig. 2. The 96 geomagnetic observatories used to calculate the secular variation model series.

World Data Center C1 in Edinburgh, and monthly mean
values were computed. We disregarded observatories for
which time series were shorter than 11 years. Out of a
gross total of 200 observatories providing hourly mean val-
ues between 1980 and 2008, only 96 observatories were se-
lected for this study. Many of them were rejected because
they ceased operations before (or did not provide data after)
2007, some others were rejected because of very long data
gaps. Time series were plotted and individually checked to
disregard possible outliers, which were removed.

The obtained monthly mean values were compared with
two other datasets: the IPGP monthly means database
(Chulliat and Telali, 2007), and the values computed (un-
til 1998) by Langlais and Mandea (2000). This dual com-
parison allowed some spurious jumps to be identified and
eliminated. The final dataset consists of 96 observatories
(list available on request; see the geographical distribution
on Fig. 2), providing monthly mean values at least between
1997 and 2007 or 2008 (inclusive). In some cases, missing
values were linearly interpolated, the longest gap being 24
months.

These 96 x 3 time series were extrapolated until the end
of 2015, using an exponential smoothing scheme, which is
described as (Gardner, 2006):

S =« (Xz - It—p) + A=) (S +Ti-1)
Ii=y S —=S-0D)+U-y)Ti—
L=6X,—S)+(1—=8)Ti—p

th =S +mT; + Ii—pim

At a given time ¢, the smoothed signal S depends on the
observed signal X, on the estimated seasonal component
I (of period p), as well as on the estimated additive trend
T . The relative importance of these terms is determined by
the smoothing parameters «, y and §, which describe the
relative importance of the previous observation, of the ex-
ponential trend and of the seasonal part, respectively. The
period of the seasonal signal was set to twelve months.

These parameters were automatically adjusted, by mini-
mizing the rms difference between true observations and
smoothed ones. The best fit was automatically computed
for each time series and component, using the Statistica
software ((©)Statsoft). Series are then extrapolated in time
using the previously derived smoothing parameters, to ob-
tain X during m time increments. In the vast majority of the
cases, § was found to be equal to 0, i.e. the seasonal part was
kept constant throughout the whole time series. Most of the
time, y was also found to be small, close to 0.05, meaning
that the previously observed trend was only slowly varying.
The last smoothing parameter « had larger values, between
0.5and 1.

Time series of true, interpolated and extrapolated data
were plotted and individually examined. In some cases
where the result of the extrapolation appeared odd, extrapo-
lations were compared with provisional hourly means (ob-
tained from observatories or from INTERMAGNET), to
validate extrapolated trends. All of them were visually in-
spected, confirming the relevance of the smoothing and ex-
trapolation scheme for recent changes. Annual means were
thereafter derived from the monthly means, between 1980.5
and 2015.5. We then computed annual differences at each
observatories, from 1981.0 to 2015.0.

Predicting the time variations of the magnetic field is
challenging. The accuracy of our extrapolations cannot be
tested for now, but we can test the level of confidence of the
method by comparing past predictions to actual observa-
tions. Langlais and Mandea (2000) used a similar scheme
when they extrapolated observatory monthly mean values
over intervals of two to three years until the end of 2000.
They considered 93 observatories in their study. Because
some of them were closed, and the data at some others were
degraded, we were able to compare their predictions to ac-
tual monthly mean values at only 54 observatories.

The length of the predicted interval ranged between 24
and 36 month. We computed rms differences between ob-
served and predicted monthly mean values. They vary be-
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Fig. 3. Comparison of observed (solid black line) and predicted (solid gray line) monthly mean values for Chambon La Forét (CLF) and Kanoya (KNY)
observatories by Langlais and Mandea (2000). Differences (dashed gray line) are shown on the right axis.

tween 3.82 and 22.33 nT for By, 1.77 and 17.58 nT for
By, and 3.59 and 35.39 for B;. The average rms difference
is 8.8, 6.1 and 11.45 nT for the three components, respec-
tively. Only 2 or 3 resulting annual means were extrapo-
lated, and it is not possible to derive robust statistics for
these.

We show on Fig. 3 two examples of such extrapolations,
made by Langlais and Mandea (2000). The first one is
in Chambon La Forét (CLF-France), and represents well
other observatories in Europe, where predictions matched
observations relatively well. The second one is in Kanoya
(KNY-Japan), and is one of the observatories where the
predictions failed. There is a clear change in the trend of
all three components around 1998, which is not reproduced
by the extrapolation. At the end of the 3-year extrapolation
interval, errors on field components reached up to 60 nT.

The abrupt change observed around 1998 at KNY may
be related to a geomagnetic jerk, occurring at or near epoch
2000 (Mandea et al., 2000a; Maus et al., 2005). At CLF,

this jerk occurred in 1998.0, i.e. prior to the extrapolation
period. An abrupt change also happened at KNY around the
same period, but this occurred during the extrapolation pe-
riod. Clearly, abrupt changes in the secular variation trend
can not be predicted by our method. On the other hand, the
physics associated with magnetic jerks is still poorly un-
derstood, and it is not possible to accurately predict these
events (Jackson and Finlay, 2007).
4.2 Modeling

This approach allows us to model the temporal evolution
only without having to take local crustal field values into
account (Mandea and Langlais, 2002). Annual differences
based on observations and/or on extrapolations were used
to compute SV models for each year between 1980 and
2015. Gauss coefficients for the internal field up to degree
and order 8 were computed, as well as up to degree 1 for
the external field. The degree-one modeling of the external
field was performed to take into account the possible year-
to-year variations of the mean magnetospheric field.
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Fig. 4. Temporal evolution of the rms differences associated with the
annual SV models. Models posterior to 2009 are based on extrapolated
data.

The same modeling scheme as previously was used. Each
individual observatory annual mean (based on real observa-
tions or on extrapolated ones) was weighted accordingly to
the inverse of the mean distance to the four closest observa-
tories in the four NW, NE, SE and SW quadrants, as detailed
in Langlais and Mandea (2000). The fit to the BX, By and
B field component differences varies from one year to the
next one (Fig. 4). Prior to 2008.0 (i.e., for models based
on true observations), rms errors ranged between 2.50 and
4.92 nT.yr~! for By, 2.21 and 5.20 nT.yr~! for By, and 2.35
and 4.43 nT.yr~! for B. After 2008 (i.e. for models based
on extrapolated data), errors on field component variations
ranged between 2.89 and 3.72 nT.yr~! for By, 3.23 and 3.88
nT.yr~! for By, and 2.77 and 3.34 nT.yr~' for By.

Interestingly, there is an apparent correlation between the
rms errors for each field component differences. Rms max-
ima are observed in 1992-1993, 1998, and 2003. These
actually correspond to periods when jerks were observed
(Chambodut and Mandea, 2005; Chulliat ez al., 2010).
There is a last occurrence over 2007-2009. It might be ar-
tificial in our study, because the computed rms differences
are based on a mix of observed and extrapolated annual dif-
ferences, but a jerk was nonetheless observed in 2007 and
2008 at some observatories, mostly at mid-latitude (Chulliat
etal., 2010).

4.3 Results

Our series of models is made of 35 SV models, from
1981.0 to 2015.0. This long time series allowed us to check
the validity of the modeled secular variation prior to epoch
2008. We averaged the last six models, with a weight of
1/2 for SV2010 and SV2015, and 1 for the others. Our final
candidate model is therefore centered on 2012.5. Individual
coefficient errors associated with the averaging process (i.e.

A. CHAMBODUT et al.: CANDIDATE MODELS FOR IGRF-11

based on the rms differences between the final candidate
model and the six models above mentioned) are very small
and meaningless, and do not represent the possible time
evolution of the SV. We chose instead to compute the
rms differences between SV2005, SV2006, SV2007 and
SV2008 models on one hand, and their arithmetical mean
on the other hand. These individual coefficient rms are
actually proportional to the observed changes of the SV (i.e.
the secular acceleration) during these four years.

Our SV candidate model for IGRF-11 (valid for the pe-
riod 2010.0-2015.0 and centered in 2012.5) is a rounded
(to the nearest 0.01 nT/yr) version of this model, up to de-
gree/order 8, with associated rms errors.

5. Discussion and Conclusion

We presented three candidate models for IGRF-11.
These models were computed using very simple
parametrization, without regularization or temporal
splines. Our model for epoch 2005.0 is based on one year
of satellite measurements, and the parent model has a trun-
cated linear secular variation up to degree and order 8. The
parent model of our candidate model for epoch 2010.0 is
based on only two months of CHAMP measurements, then
extrapolated with a predictive SV. Our predictive secular
variation model for epoch 2010.0-2015.0 is built with
observatory annual differences based on the extrapolation
of observatory monthly means.

The comparison of past predictions to actual observations
sets the limits of our approach. As expected, time extrapo-
lation of monthly (or annual) mean series is valid provided
that these variations remain more or less linear. Differences
between our extrapolated annual means and the observed
ones at a given observatory may be larger than 100 nT at the
end of the considered 2010-2015 period. These relatively
large errors have to be compared to the differences between
the IGRF-8 and IGRF-9 at epoch 1995.0 or at epoch 2000.0
(definitive coefficients for these epochs were adopted for
IGRF-9), which reached 200 to 300 nT in many locations at
the surface of the Earth (Chambodut et al., 2005).

During the past decade, the successful @rsted and
CHAMP satellite missions have allowed major break-
throughs in the description and understanding of the mag-
netic field of the Earth (Hulot et al., 2007). The upcom-
ing SWARM mission will include two spacecrafts flying
side-by-side at a low altitude, and a third one at a higher
orbit (Friis-Christensen et al., 2006). This configuration
will help to better characterize the small scales of the mag-
netic field, which include the time evolution of the field.
However, this mission will be fruitful only if the efforts in
promoting and maintaining surface magnetic observatories
are pursued. The recent or scheduled closure of such mag-
netic observatories is worrying, because the success of the
SWARM mission partly relies on the long term observation
of the current magnetic field.
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