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A detailed description of the main geomagnetic field and of its temporal variations (i.e., the secular vari-
ation or SV) is crucial to understanding the geodynamo. Although the SV is known with high accuracy at
ground magnetic observatory locations, the globally uneven distribution of the observatories hampers
the determination of a detailed global pattern of the SV. Over the past two decades, satellites have pro-
vided global surveys of the geomagnetic field which have been used to derive global spherical harmonic
(SH) models through some strict data selection schemes to minimise external field contributions.
However, discrepancies remain between ground measurements and field predictions by these models;
indeed the global models do not reproduce small spatial scales of the field temporal variations. To over-
come this problem we propose to directly extract time series of the field and its temporal variation from
satellite measurements as it is done at observatory locations. We follow a Virtual Observatory (VO)
approach and define a global mesh of VOs at satellite altitude. For each VO and each given time interval
we apply an Equivalent Source Dipole (ESD) technique to reduce all measurements to a unique location.
Synthetic data are first used to validate the new VO-ESD approach. Then, we apply our scheme to data
from the first two years of the Swarm mission. For the first time, a 2.5� resolution global mesh of VO time
series is built. The VO-ESD derived time series are locally compared to ground observations as well as to
satellite-based model predictions. Our approach is able to describe detailed temporal variations of the
field at local scales. The VO-ESD time series are then used to derive global spherical harmonic models.
For a simple SH parametrization the model describes well the secular trend of the magnetic field both
at satellite altitude and at the surface. As more data will be made available, longer VO-ESD time series
can be derived and consequently used to study sharp temporal variation features, such as geomagnetic
jerks.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The Earth’s main magnetic field changes its strength and direc-
tion in time and space, with its temporal variation termed secular
variation (SV). Knowledge and detailed description of the SV are
essential to constrain the fluid dynamics just below the core-
mantle boundary (CMB) and the coupling mechanism between
the core and the mantle (e.g. Holme, 2015). Secondary sources of
the geomagnetic field are the magnetised crust (crustal field) and
the electrical currents in the ionosphere and magnetosphere,
known as the external field. While the crustal field is static, exter-
nal fields caused by the interaction between the main field and the
solar wind vary on a broad range of time scales. The magneto-
spheric ring current, flowing at distances of a few Earth radii (e.g.
Maus and Lühr, 2005), and the ionospheric currents flowing
around 100 km altitude (e.g. Briggs, 1984) are examples of sources
of short-term variations. The polar regions are dominated by the
field-aligned currents (FAC), flowing along field lines of the ambi-
ent field and connecting the magnetosphere and ionosphere (e.g.
Gjerloev et al., 2011; Lühr et al., 2015, and references therein).
Ionospheric and magnetospheric currents also induce electrical
currents in Earth’s lithosphere and mantle (e.g. Langel and Estes,
1985; Kuvshinov and Olsen, 2006; Civet et al., 2015). The magnetic
field measured at the Earth’s surface or at satellite altitude is the
superposition of all these sources.
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Since the mid-19th century, the strength and direction of the
magnetic field have been continuously measured at ground mag-
netic observatories, locally constraining the SV. However, the lim-
ited number of observatories and their uneven distribution across
the globe (e.g. Bloxham et al., 1989; Brown et al., 2013) hampers
the determination of SV global patterns with high spatial resolu-
tion. For the last two decades scientific satellite missions have been
providing high-precision magnetic field observations at a global
scale. Such missions, like the Danish satellite Ørsted (Neubert
et al., 2001) and the German satellite CHAMP (Reigber et al.,
2002) provided almost continuously magnetic field measurements
with global coverage. The ESA’s Swarm mission (Friis-Christensen
et al., 2006) was launched on 22 November 2013. It consists of a
constellation of three identical satellites in polar orbit at different
altitudes. Two of them (A and C) fly almost side-by-side around
460 km altitude and the third satellite (B) flies about 55 km higher
(Fig. 1). The phase shift increases with time allowing the constella-
tion to survey all local times during its nominal lifetime (Olsen
et al., 2006). The constellation delivers simultaneous magnetic
measurements at two different altitudes. Two magnetic instru-
ments operate on each satellite boom, a Vector Fluxgate Magne-
tometer (VFM), which is combined with a Star Tracker, delivers
vector geocentric measurements, and an Absolute Scalar Magne-
tometer (ASM) providing very accurate 1 Hz absolute scalar mea-
surements for both VFM calibration and scientific studies (Fratter
et al., 2016).

Magnetic field observations at satellite altitude and with global
coverage have allowed the construction of improved global field
models using spherical harmonics (SH). These models must
account for external field contributions, unless they are a priori
minimised. When using ground observatory measurements only
annual or monthly means are usually considered (e.g. Jackson
et al., 2000; Wardinski and Holme, 2006). This aims at averaging
out the short-term temporal variations of the external field, thus
filtering out a large part of geomagnetic variability of external ori-
gin. When using satellite measurements a strict data selection is
done to keep only quiet, local night-time measurements. This
selection is performed according to magnetic activity indices such
as the Dst (e.g. Sugiura, 1964). This reduces the external fields but
also strongly reduces the amount of available data for the inversion
(Olsen et al., 2007).

A direct comparison between ground observations and satellite
data is difficult due to the very different nature of the measure-
ments. Similarly, it is not possible to directly study the SV and its
spatial patterns with satellite data as with ground observatories.
Depending on the satellite’s orbital geometry, the revisiting period
for a particular location ranges between days and months, while at
ground observatories measurements are acquired at a constant
Fig. 1. Daily mean altitude of the three Swarm satellites from November 2013 to
February 2016.
location (Turner and Rasson, 2007). Satellite magnetic measure-
ments are also taken at different, possibly time-dependent, alti-
tudes. As the satellite orbit altitude naturally decreases with time
(e.g. Maus et al., 2007), this leads to an artificial increase of the
measured magnetic field intensity and to a false apparent secular
variation.

A different approach to describe the magnetic field, based on
Virtual Observatories (VO), was proposed by Mandea and Olsen
(2006). It consists in directly extracting the SV information from
satellite data as it is done at ground observatories. A VO is defined
as a volume inside which all available satellite measurements dur-
ing a given time period are taken into account. Olsen and Mandea
(2007) considered five years of CHAMP measurements to construct
a global grid of 5� equally spaced VOs. The measurements acquired
during one month and inside a cylindrical volume were corrected
to a constant altitude. The correction assumes that the measure-
ment residuals (obtained by the subtraction of an a priori known
SH field model) are given by a potential field which varies linearly
in space. Parameters are estimated and used to compute a mean
magnetic field residual for each month and VO. They assumed that
over 1-month interval the contributions of external origin to the
measured field can be neglected. The obtained VO time series were
found to have a very good correlation with the corresponding
ground-based observatory time series (Mandea and Olsen, 2006).

Here, we follow and expand the approach of the VOs, but with-
out using an a priori model to perform the data correction for the
variable altitude. Instead, we use the Equivalent Source Dipole
(ESD) technique (Mayhew, 1979; Langlais et al., 2004) to locally
reduce the measurements to a constant altitude at a mean time.
We place dipoles inside the Earth in order to model the internal
field, i.e., the field associated with sources below the satellites.
Another novelty comes from the new data from the Swarm con-
stellation, with three satellites providing simultaneous measure-
ments at three different locations for the first time.

The paper outline is as follows. In Section 2 we present our
modified virtual observatory scheme. It is tested and validated
on synthetic data in Section 3. In Section 4 the approach is applied
to Swarm measurements. A comparison between ground-based
observatory time series and respective VO-ESD time series is per-
formed and a global and homogeneous mesh of VO time series is
constructed. These time series are inverted for SH global main field
models is Section 5, before concluding remarks in Section 6.
2. The VO-ESD approach

The objective of the VO-ESD approach is to compute time series
of internal magnetic field values at a specific location at satellite
altitude, using all available nearby measurements. This is similar
to how magnetic observatory monthly mean values are computed.

All measurements made inside a VO volume and during a given
time interval are considered. We do not attempt to remove the
external field variations (by means of a priori data selection using
external activity indices), nor to explicitly model and describe the
external field. A magnetic field value at the VO location and chosen
altitude is obtained by the Equivalent Source Dipole technique, in
which we use dipoles placed near the core-mantle boundary. A glo-
bal mesh of VO time series can then be built. We describe below
the different elements of this technique.
2.1. Virtual observatory (VO) concept

2.1.1. Spatial and temporal extent
In order to define a virtual observatory at satellite altitude we

consider all Swarm measurements acquired inside a cylindrical
volume during a given time period. The cylinder radius and the
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considered time interval are chosen to fulfil the following require-
ments. The volume has to be large enough and the time interval
long enough to contain sufficient data to constrain the equivalent
magnetisation (see Section 2.2). The volume has to be small
enough so that the spatial variations of the field are limited.
Finally, the considered time interval has to be short so that the
temporal variation of the core field is small and can be neglected.
From these constraints we choose a cylindrical volume with 1.5�
(or 167 km) radius at the surface of the Earth. Measurements are
selected only if their horizontal distance to the axis of the cylinder
are less than or equal to this value (Fig. 2). Periods of 30 days are
considered.

Satellite measurements are acquired at different altitudes due
to satellite trajectories (Fig. 1). To obtain a time series of magnetic
field values as one would obtain at a ground observatory, a correc-
tion has to be made to bring the measurements to a constant alti-
tude. This altitude correction is made by applying the Equivalent
Source Dipole technique for each time interval and VO data volume
(see Section 2.2).

2.1.2. Global mesh
A global mesh of VO at spacecraft altitude is defined as follows.

To obtain an approximately equal area mesh (Fig. 3), the VO cen-
tres are separated in latitude by 2.5� and define 72 latitudinal
bands, with #vo ¼ �1:25�;�3:75�;�6:25�; . . . ;�88:75�. In each
band, the longitude /vo of each VO and the number of longitudinal
divisions, N#vo (rounded up to the nearest integer), are chosen so
that:

N#vo ¼
360
2:5

cos#vo ð1Þ

Hence, immediately north and south of the equator there are
144 virtual observatories, at #vo ¼ �48:75� there are 95 and at
#vo ¼ �86:25� only 10. The resulting mesh contains 6644 VOs. This
Fig. 2. Example of the data distribution within a cylindrical VO volume of 1.5� radius cen
(CLF, 2.26�E 47.83�N) and for a 30-day period, with (left) a random spatial distribution

Fig. 3. (Left) Global mesh of virtual observatories. (Right) Pola
equal area mesh is preferred over an equiangular one
mainly because the latter would introduce a too strong
latitudinal dependency for the number of measurements per VO
volume. Fig. 3 displays the locations of all virtual observatories in
the mesh.

2.2. Equivalent Source Dipole (ESD) technique

The ESD technique was introduced to analyse satellite magnetic
field data acquired on irregular surfaces (Mayhew, 1979). It has
been widely used to reduce data collected at different altitudes
to a common elevation over a small area in order to, for example,
derive crustal field anomaly maps at a given altitude (Purucker
et al., 1996; Dyment and Arkani-Hamed, 1998; Langlais et al.,
2004; Langlais and Purucker, 2007). The method is based on the
expression of a magnetic anomaly caused by a magnetic dipole.
Considering the magnetic moment M of a dipole located at
ðrd; hd;/dÞ, and that there are no sources between the dipole and
a magnetic observation located at ðr; h;/Þ, where r is the radius
and h the co-latitude, the observed magnetic potential is expressed
as

V ¼ �M � r1
l
: ð2Þ

The distance l between the dipole and the observation location
is

l ¼ ðr2d þ r2 � 2rdrcosðfÞÞ
1
2; ð3Þ

with f being the angle between observation and dipole locations,

cosðfÞ ¼ cosðhÞcosðhdÞ þ sinðhÞsinðhdÞcosð/� /dÞ: ð4Þ
The magnetic field at the observation point due to a single

dipole is given by
tred at the location of the ground magnetic observatory of Chambon-la-Forêt, France
and (right) mimicking Swarm orbits positions.

r view of the northern hemisphere, with 30� 6 #vo 6 90� .
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B ¼ �$V ¼ � @V
@r

;
1
r
@V
@h

;
1

rsinðhÞ
@V
@/

� �
: ð5Þ

The magnetic field at a given location is the sum of all magnetic
fields created by all equivalent dipoles, placed at some depth. Then,
using measured magnetic components (X, the horizontal north-
ward component; Y, the horizontal eastward component; and Z
the vertical component positive towards the Earth’s interior) the
equivalent magnetisation (MX ;MY ;MZ) for each dipole of the mesh
is computed by a least-squares fit in an iterative, conjugate gradi-
ent, inversion scheme (Purucker et al., 1996) (see Section 2.3). The
forward (or direct) scheme (following Eq. (2)) is used to predict a
magnetic field value at the VO location and for a given time period,
using the magnetisation of all equivalent dipoles.

There are different solutions (or iterations) of dipole magnetisa-
tions that can explain almost identically the observed magnetic
measurements. This non-uniqueness forces a careful selection of
the ESD modelling technique parameters which have to be a priori
chosen. These are the number of dipoles (Ndip), the geometry and
spatial extent of the dipole mesh, and the depth at which they
are placed. The assumed thickness of the dipole mesh (correspond-
ing to the thickness of the equivalent magnetised layer, which in
this case does not have a physical meaning) does not significantly
affect the results as only the vertically integrated magnetisation is
actually computed (Langlais et al., 2004). On the other hand, to
avoid numerical instabilities related to artificial lateral variations
of the magnetisation, we use ESDs on a mesh which is as homoge-
neous as possible (e.g. Covington, 1993; Purucker et al., 1996;
Katanforoush and Shahshahani, 2003).

We ran several tests on the dipole mesh parameters. We placed
dipoles at different depths and found that the most consistent
results were obtained for a depth of 2900 km (approximately the
depth of the CMB). After a series of tests, the following parameters
were chosen. The dipole mesh has a hexagonal geometry and it is
centred below the VO centre location. It contains Ndip ¼ 91 dipoles
which are separated from each other with a mean distance of
d ¼ 18� (Fig. 4).

2.3. Inversion

The inverse problem can be written as (Purucker et al., 1996):

b ¼ Dxþ m; ð6Þ

where b is the vector containing 3� Nobs magnetic field observa-
tions; x the vector containing 3� Ndip magnetisation components
to be determined; D the geometric source function matrix relating
x to b; and m the observation noise vector (of zero mean). This is
solved by seeking to minimize the quantity LðxÞ ¼ mTm, which corre-
Fig. 4. Example of a hexagonal dipole grid, with 91 dipoles and 18� of mean dista
sponds to solving DTDx ¼ DTb. The minimum is reached when
rL ¼ Dx� b tends to zero (Press et al., 1992). We use the conjugate
gradient iterative method (Shewchuk, 1994), which at each itera-
tion k gives a new solution written as

xkþ1 ¼ xk þ akpk; ð7Þ
where pk is a direction search vector and ak a scalar that minimizes
Lðxkþ1Þ along the direction of pk, with

ak ¼ rTkrk
pT
kD

TDpk

; ð8Þ

where rk are the residuals after the kth iteration. The change from rk
to rkþ1 is conjugated or perpendicular to all preceding search direc-
tions pk. The root mean square (rms) residual between observed
and predicted field component C is computed for each iteration as

rCk
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNobs
i¼1 ðCi � Ci;kÞ

Nobs

s
: ð9Þ

Ci and Ci;k are the measured and predicted magnetic component
at the location of observation i. The rms residuals for the three vec-
tor components and for the scalar field are computed after each
iteration and used as a convergence criterion. The numerical inver-
sion is stopped when rk < 10�10 nT or after 100 iterations which-
ever comes first. Both this number of iterations and low rk limit
are purposely chosen so that an a posteriori choice of the iteration
number can be made.

For each VO volume and time period i.e., for each inversion, the
rms residuals relative difference between each iteration k and the
previous k� 1 is computed for F (field intensity, computed from

the three field components, F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2 þ Y2 þ Z2

p
),

rFk � rFk�1

rFk

� 100: ð10Þ

The iteration for which this difference becomes smaller than 1.5
% is chosen (this limit was determined empirically). When the dif-

ference is smaller than this value, the ðkþ 1Þth solution does not

significantly change with respect to the previous kth one. We noted
that each distinct time period may result in a different iteration
number, but that one particular number was more frequent for
each VO. For consistency and to avoid possible artificial temporal
jumps between successive solutions due to the different iteration
numbers, we decided to choose the most frequent iteration num-
ber for all periods for a given VO. Then the estimated equivalent
magnetisation distribution is used to predict the magnetic field
components at the VO location (#vo;/vo) and at 490 km altitude.
This altitude corresponds to the mean altitude of all Swarm mea-
nce between each dipole, centred below the CLF observatory location (star).
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surements taken within the considered VO volume and period. The
obtained VO prediction is compared with the values given by the
global SH field model used to generate the synthetic input data
(see below). For each period the difference (DX;DY;DZ) between
the SH model prediction (CSH) and the VO-ESD prediction
(CVO�ESD) is computed as:

DC ¼ CSH � CVO�ESD: ð11Þ
This difference should be as close as possible to zero.
An inversion is performed for every period and VO. This corre-

sponds to estimating 273 parameters (3� Ndip) for each period.
3. Data and validation

3.1. Data

We apply the VO-ESD approach to Swarm data, from the begin-
ning of the mission on 26/11/2013 until 26/2/2016 (Swarm data-
set). The data consists of the release by ESA of Swarm vector
field measurements (X;Y ; Z) with 1 Hz sampling rate (ESA L1 pro-
duct, baseline 0408/0409).

Swarm measurements are released with four flags, Flag_B,
Flag_F, Flag_q and Flag_platform. These flags are associated with
VFM, ASM, attitude and telemetry information, respectively
(Tøffner-Clausen, 2013). Based on such flags a selection of data
was performed:

� Flags_B: 0 or 1 (VFM is nominal or ASM is turned off), or 255
after 2/11/2014;

� Flags_F: 0 or 1 (ASM is nominal or running in Vector mode);
� Flags_q: between 0 and 6, or between 16 and 22 (at least two
Camera Head Units nominal);

� Flags_Platform: 0 or 1 (nominal telemetry or thrusters not
activated).

The excluded measurements correspond to moments when at
least one of the instruments has degraded performance or it is
turned off. Note that the ASM instrument on Swarm C stopped pro-
viding data after 5 November 2014. This resulted in data files from
this satellite with the Flag_B always equal to 255. In this case, the
satellite data was also considered for the dataset.

The time series we compute are also compared to ground time
series. For that purpose we use ground magnetic field measure-
ments acquired at magnetic observatories, termed Ground dataset.
For this dataset we compute 30-day mean values at selected
INTERMAGNET observatories, from their 1-minute values. Means
are defined as an average of all measurements available for these
days. This is slightly different from the commonly defined monthly
mean values which are associated with varying durations between
28 and 31 days. Eight ground observatories are considered, six in
the European area and two in the Southern Hemisphere. The six
European observatories are chosen because they are close to each
other, allowing time series obtained at nearby locations at satellite
altitude to be compared. The other two are chosen as examples
from the Southern Hemisphere and close to the magnetic pole,
where external currents contributions, such as FAC, are important.

For the validation scheme (see subsections below) synthetic
datasets are used. A global geomagnetic field model (Olsen et al.,
2014), based on a spherical harmonic expansion up to degree 13,
is used to predict both synthetic satellite measurements and syn-
thetic time series at the VO location. These input magnetic field
predictions are time dependent and account for the SV, unless
noted.

The first synthetic dataset, Synthetic dataset 1, consists of a VO
data volume centred above the Chambon-la-Forêt magnetic obser-
vatory (CLF) location (#vo ¼ 47:83�;/vo ¼ 2:26�), and rvo ¼ 490 km.
The data points within the VO cylinder are randomly distributed in
latitude, longitude and altitude, with altitudes varying between
463 and 517 km, similar to the two main Swarm altitudes (Figs. 1
and 2). Several consecutive 30-day time intervals are considered
and a different cylinder is generated for each one. Due to the vari-
able data locations each cylinder has a different spatial distribu-
tion. Tests are made with and without adding white noise
generated by a random process to the data, with amplitudes equal
to 5 or 10 nT, and corresponding to standard deviations of 2.9 and
5.8 nT, respectively.

Synthetic dataset 2 consists of magnetic field values predicted
along Swarm orbit locations during the first thirteen months of
the mission (from November 2013 to December 2014), and
selected using the above mentioned flags. Fig. 2 shows an example
of the spatial distribution of Swarm orbits within a VO volume
again at the same location as Synthetic dataset 1. For different peri-
ods the spatial distribution of the synthetic data points can change
significantly, with Nobs ranging from 437 to 1151. Tests are made
with or without adding white noise, similarly to the Synthetic
dataset 1 case.

3.2. Tests with synthetic data at random locations

In this and the following subsection, we present the results of
tests we performed on the synthetic datasets to validate the VO-
ESD approach. The validation scheme is presented in Fig. 5. The
ESD technique is used to reduce all VO synthetic measurements
within a 30-day period to a single magnetic vector value at the
VO centre.

In this subsection, we present the results for the case with ran-
domly distributed data over the VO, for Synthetic dataset 1, with or
without noise. For the ideal case (i.e., without noise), r varies from
0.4 to 1.5 nT for the three magnetic components and field intensity.
These rms residual values are significantly different from zero. This
can be explained by (1) the spatial variation of the field within the
VO volume and (2) the temporal variation of the field during the
30-day period. The temporal variation has the most important
effect. This is confirmed with a test performed without taking into
account SV to generate the predictions. In this case, r was smaller
than 0.1 nT. When a noise is added (amplitude 5 nT) the rms resid-
uals increase to about 3 nT, which is very close to the standard
deviation of the added noise. Similar results are observed when
noise of 10 nT is added, with rms residuals increasing to about
5.9 nT.

Fig. 6 shows the differences between the input field and that
predicted by our approach (Eq. (11)) for the three magnetic compo-
nents and twelve periods, for the cases without and with a 5 nT
amplitude white noise. These differences are always within
�0.1 nT in the noise-free case. The smallest differences are found
for the Y component. When noise is added (5 nT amplitude), differ-
ences are larger but stay below �0.5 nT, even when the rms resid-
uals of the ESD inversion are of the order of 3 nT. The vertical
component DZ shows slightly higher differences (more than
0.4 nT). The differences are always lower than �2.5 nT when
10 nT amplitude noise is added (not shown). We conclude that
the addition of noise to the data influences the final rms residuals
and differences. However, the differences are still small considered
the added noises, and always below �0.1 nT without noise.

3.3. Tests with synthetic data along Swarm orbits

We next apply the VO-ESD approach to Synthetic dataset 2.
Again, a prediction is obtained for every period at the centre of
the VO. The obtained rms residuals are found to range from 0.1
to 1.3 nT, varying slightly for different periods. The Y component



Fig. 5. Validation scheme of the VO-ESD approach. The starting point is shown on the left, with the input of an SH field model.

Fig. 6. VO-ESD predictions (red) for the three geomagnetic field components at the VO location for each 30-day period, (a) without and (b) with 5 nT white noise added. Also
shown are the predictions of an SH model at the middle of the time period (blue) and the differences between the model and the VO-ESD predictions (green), with
corresponding axis in green. (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this article.)
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presents larger rms residuals than X and Z. As with the Synthetic
dataset 1 (Section 3.2), rms residuals from all the periods lie inside
a small interval, with no extreme values. Thus, they are not signif-
icantly affected by the spatial distribution of the orbit positions.

Tests are also made with white noise of 5 nT or 10 nT amplitude
added. As expected, rms residuals increase with noise. For 5 nT
amplitude white noise, rms residuals are of the order of 3.2 nT
for the three magnetic components and 5.5 nT for the field inten-
sity, which is consistent with the considered noise. Similar results
are obtained for 10 nT amplitude noise.

Fig. 7a shows the differences between the field model and the
VO-ESD prediction (Eq. (11)) for the thirteen periods. Differences
vary from �0.1 nT to �0.5 nT. The X component exhibits the small-
est differences (very close to zero), while Z presents the highest dif-
ferences (closer to 0.5 nT). These differences remain small and
confirm that the variable spatial distribution of the input data does
not significantly affect the results.

The same result is found for the case of synthetic orbits with
added noise (Fig. 7b). 5 nT amplitude white noise slightly increases
the differences at the VO centre. Nevertheless, they remain smaller
than �0.7 nT. For 10 nT amplitude white noise (not shown) the dif-
ferences increase to �1.0 nT. However, this is still considered
satisfactory.

The tests performed show that all satellite magnetic measure-
ments, acquired within a VO volume and during a 30-day time
interval, can be adequately reduced to a single magnetic field mea-
surement at a mean fixed altitude by the VO-ESD approach. This
approach can then be used to treat satellite magnetic field mea-
surements, acquired at different altitudes, to obtain virtual obser-
vatory time series.
4. VO-ESD results

4.1. Application to selected locations and comparison with ground
observatories

Before applying the VO-ESD approach to a global mesh of VO,
we first apply it to carefully selected locations and compare the



Fig. 7. VO-ESD predictions (red) for the three geomagnetic components at the VO location for each 30-day period, (a) without and (b) with 5 nT white noise added, for the
case of synthetic data on Swarm orbits. Also shown are the predictions of an SH model at the middle of the time period (blue) and the differences between the model and the
VO-ESD predictions (green), with corresponding axis in green. (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of
this article.)
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derived VO time series to the corresponding ground observatories.
The purpose is to investigate the agreement between temporal
variations at the Earth’s surface and at satellite altitude as recov-
ered by the VO-ESD approach. For this comparison purpose, only
ground based (Ground dataset) and Swarm measurements (Swarm
dataset) acquired during 2014 are considered. Twelve periods of
30 days from the Swarm dataset are constructed to compare the
resulting VO-ESD predictions with corresponding ground observa-
tory 30-day means, constructed from the Ground dataset.

We first investigate the VO time series and associated statistics.
The rms residuals (Eq. (9)) obtained for the eight considered VOs,
for all time periods and field components are always larger than
2.5 nT. They can be as high as 189 nT (for F) for the DRV location,
and 96 nT (for F) for the other seven locations. The rms residual
mean values (for all eight locations) are 22.8, 21.9, 13.7 and
36.1 nT for rX ;rY ;rZ and rF , respectively. The VO above DRV pre-
sents the largest rms residuals, with minimum value of 12.8 nT. For
some periods r for this VO is as large as 189 nT for F and 153 nT for
Y. These larger rms residuals may be related to the high latitudinal
location of the VO. At high latitudes external field features such as
FACs add significant contributions to the measured field. These
contributions are not explicitly modelled by our approach, because
we only consider internal sources, and make no parametrization
for external sources. These larger values are thus not to be seen
as a weakness of our approach. On the contrary they may prove
that external fields do not enter into the model. This issue will
be discussed further, in Section 5.2.

Fig. 8a to c presents the individual differences between each
Swarm measurement and the corresponding ESD prediction, as a
function of time and location, for three different VO locations.
The nearby CLF and DOU VOs present similar time dependence of
differences. The third VO on the Southern Hemisphere (DRV) dis-
plays higher differences than the other two examples. In DRV the
horizontal components (X and Y) present larger differences than
Z and F. Differences for X and Y can be as large as 530 nT, whereas
for Z and F they are always under 130 nT.
All three VO examples show an increase of the differences
around the 2nd, 3rd or 4th and also for the last period. At DRV, this
time dependence of the differences is more clearly seen for X and Y
than for Z and F. The timing of these large differences may have
two explanations, related to either geomagnetic field events or
data quality. Fig. 8d shows the Dst geomagnetic index during
2014. Strong variations are visible over March, May and Septem-
ber. These variations correspond to events of enhanced solar activ-
ity and associated intensification of external field currents and the
occurrence of geomagnetic storms (e.g. Le et al., 2016). This inten-
sification of external field affected Swarm observations and as a
consequence also the VO-ESD time series. This may be the cause
for the larger residuals correlated in time for all three VOs seen
around March and May. The event during September occurs prior
to the large differences seen in the last periods, for the three
VOs. The second reason for the observed time dependence may
be the orbital manoeuvres on the three Swarm satellites. During
the first months of the mission several manoeuvres were applied
to the satellites, especially from the end of January to the beginning
of March (see Fig. 1, see also https://earth.esa.int/documents/
10174/1568455/Swarm_manoeuvres). These manoeuvres as well
as torque corrections may have biased the magnetic measurements
taken during that period.

30-day mean ground observatory time series are compared to
those obtained by the VO-ESD approach in Fig. 9, showing compa-
rable general trends. In CLF and DOU ground observatory time ser-
ies, X increases during the first half of the year, and then decreases
until the end of the year. The corresponding VO-ESD time series
reflects this change of behaviour at the middle of the year. How-
ever, the VO time series shows an increase followed by a decrease
of the field of the X component between the 9th and the 11th peri-
ods. This change in X is not seen at CLF and DOU ground observa-
tories time series. For the DRV ground observatory the X time
series behaves differently, with a slow decrease between the 2nd
and the 10th periods. The VO-ESD derived time series for the same
component and location shows more short-term variations with an

https://earth.esa.int/documents/10174/1568455/Swarm_manoeuvres
https://earth.esa.int/documents/10174/1568455/Swarm_manoeuvres


Fig. 8. Residuals (differences) between Swarm measurements and the correspond-
ing ESD prediction at satellite altitude, for the three magnetic field components and
field intensity, at three VOs above the ground observatories (a) CLF (Chambon-la-
Forêt, France), (b) DOU (Dourbes, Belgium) and (c) DRV (Dumont d’Urvile,
Antarctica); and (d) hourly Dst geomagnetic time series.

D. Saturnino et al. / Physics of the Earth and Planetary Interiors 276 (2018) 118–133 125
increase of the field during the 6th and the 7th periods, not seen at
the ground. CLF and DOU show for both ground and VO-ESD time
series an increase of Y over the entire year. At DRV, time series vari-
ations seem anti-correlated for Y, i.e., when Y decreases before the
6th period at satellite altitude, it increases at the ground, and con-
versely for the last two periods, with DRV Y ground values increas-
ing and VO-ESD values decreasing.

The vertical component shows a similar behaviour at CLF and
DOU ground observatories, with a small increase of the field during
the first periods and a sharper increase from the 6th period until
the last. At DRV the ground time series shows two decreases of
the field during the first three periods and in the 8th. All VO-ESD
Z time series show a sharp increase of the field during the last peri-
ods, as well as short-term variations of the field during the first
eight periods. These are only partially correlated with DRV ground
time series and not correlated with CLF and DOU time series. In
general VO-ESD time series contain more short-term temporal
variations than the corresponding ground time series.

Table 1 presents the Pearson’s correlation coefficient (e.g. Press
et al., 1992) between ground observatories and the corresponding
VO-ESD time series. These correlations were also estimated
between time series computed at the ground and at satellite VOs
altitude from an SH model (the same one used during the valida-
tion process), without taking into account any external field. The
obtained correlations (not shown) are larger than 0.999 for all
three magnetic components. Any deviation from a perfect correla-
tion could then be due to external field contributions affecting dif-
ferently the VO time series and the ground time series. Generally,
ground observatory and VO time series are strongly correlated.
The Y component appears to be the most correlated, with correla-
tion coefficients always equal or greater than 0.85, except for the
DRV observatory. These smaller correlations for DRV may be
related to the proximity to the magnetic pole, where the FACs sig-
nificantly affect the horizontal components of the field. Correla-
tions for the X component are low. Overall, higher latitude
observatories are associated with smaller correlations with corre-
sponding VO-ESD time series.
4.2. Geomagnetic field time series on a global mesh of VO-ESD

A global mesh of virtual observatories is constructed at satellite
altitude by applying the VO-ESD approach described above to
Swarm measurements. Time series of 27 magnetic values are
derived at each VO location The full process thus involves 6644
VOs and 27 periods of 30 days, summing up to 179 388 inversions.

Due to the orbital manoeuvres which took place at the begin-
ning of the mission (see Fig. 1), the range of altitudes of measure-
ments during the first months does not comprise the mean altitude
of the measurements after these manoeuvres (around 490 km). An
inversion using the ESD technique should only be used to predict
the field within the volume in which the actual observations were
acquired. Thus, modelling the magnetic field at a constant altitude
for all VOs for the first months of the Swarm mission is not ade-
quate. Therefore, for each VO we search for an altitude which
always lies (during the time interval of the available measure-
ments) within the altitude range of the measurements during the
first two months of the mission. The selected altitude is always
within the altitude range of the following months of the mission.
All predictions for a given VO are made for the chosen altitude.
With this approach each VO has a different altitude, ranging
between 482.56 and 507.19 km. The VOs altitude decrease from
the Southern Hemisphere to the Northern Hemisphere.

Fig. 10 displays the rms residuals associated with each VO and
period, as a function of VO (dipole) geomagnetic latitude. Both
hemispheres present similar patterns. High latitude (> j50j�) VOs
show larger X and Y rms residuals. The difference between high lat-
itudes and mid latitudes rms residuals is especially strong for Y. In
general, rms minimum values increase when the VO centre loca-
tion geomagnetic latitude is above j70j�. The rms residuals for Z
are larger at low latitudes, increasing towards the magnetic equa-
tor. For F there are large rms residuals both at equator and high lat-
itudes. These observations may be explained first at polar latitudes
by FACs, as these contributions dominate compared to those of the
main field there. Around the magnetic equator, the ionospheric
equatorial electrojet (EEJ) is associated with a day side structure
(Baumjohann and Nakamura, 2007), which may explain the
observed larger Z residuals.

Fig. 11 shows the VO-ESD time series obtained for four VOs, at
different locations on the globe (and different altitudes). CHAOS-



Fig. 9. 30-day mean value time series of the three magnetic components at CLF, DOU and DRV ground magnetic observatories (gray circles, left axis) and corresponding
values given by the VO-ESD approach (blue pluses, right axis). Note that the difference between maximum and minimum in the vertical axis is the same both at the ground
and satellite altitude, for each magnetic component and location.

Table 1
Ground magnetic observatories locations and the correlation coefficient (q) between
their time series and the respective VO-ESD time series.

Observatory # (�) / (�) qX qY qZ

CLF 47.83 2.26 0.56 0.97 0.93
DOU 49.91 4.60 0.52 0.95 0.86
FUR 47.97 11.28 0.60 0.95 0.96
ESK 55.14 356.80 0.62 0.94 0.92
HAD 50.81 355.52 0.71 0.95 0.94
LER 59.97 358.82 0.40 0.87 0.80
DRV �66.53 140.01 0.62 0.14 0.83
CZT �46.24 51.87 0.72 0.90 0.98
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5_v4 (Finlay et al., 2015) time series (accounting for both internal
and external fields, in this case only the magnetospheric field) at
each 30-day value are also plotted for comparison. This model is
Fig. 10. Rms residuals between Swarm measurements and the ESD predictions given by
VO (dipole) geomagnetic latitude.
an example of the typical SV values on these locations. Our purpose
is to determine if the two models show similar long term trends;
and also to examine how much external field contributions are
present in the VO-ESD time series.

In general the VO-ESD time series follow the same trend as the
predictions of CHAOS-5_v4. The latter model exhibits smoother
variations, except for X in Fig. 11c and d, where the CHAOS-5_v4
model variations are larger than in the VO-ESD time series. For a
VO closer to the magnetic pole (Fig. 11a) the CHAOS-5_v4 model
shows much smaller short-term variations in X and also in Z than
the VO-ESD prediction.

For all examples, there is a seasonal cycle with one-year period
in the Y component, especially in Fig. 11a and b. It may be related
to the external field annual cycle. Other examples of possible exter-
nal field contributions to VO-ESD times series are as follows. The
high latitude VO (Fig. 11a) shows several short-term temporal vari-
the solution at the selected iteration for all 27 periods and VOs, as a function of the
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Fig. 11. Example of VO-ESD time series (blue) and CHAOS-5_v4 predictions at each 30-day period mean time (gray) for four VOs. Each VO location is indicated on the X
component plot, and a scale of 20 nT is displayed at each plot, for comparison between VOs.
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ations, coincident for the three magnetic components. One exam-
ple is around epoch 2015.0, where all three magnetic components
show variations of approximately 50 nT. The X component shows a
sharp variation at the 2nd period of the time series, of more than
25 nT. Closer to the magnetic equator in Fig. 11c, X shows several
fast short-term variations of up to 30 nT. The Y component shows
fast short-term possibly repeating variations overlapping a general
increasing trend. The large Z component rms residuals around the
equator do not result in fast or large short-term variations for that
component, which increases over the whole period.
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Fig. 12 shows a close-up over Europe of the Y component of the
magnetic field as predicted by the VO-ESD approach at satellite
altitude (mean value of 495 km) and for twenty-seven 30-day con-
secutive periods (results for the X and Z components are displayed
in Figs. S1 and S2 of Supplementary Material). For clarity we plot
only one out of ten VO time series. The Y component increases in
all VOs over the considered area. There are however some spatial
variations. For example, the VO on the south-west part of the
map shows an increase of about 110 nT over the 27 time periods,
whereas the central VO increases by less than 90 nT and the
north-east VO by less than 50 nT. Actually, from the south-west
to the north-east, the temporal variation becomes weaker. Nearby
VOs show similar features, such as sharp short-term variations at a
given time. Two such examples are the large variation during the
second period seen on the south-west VOs; or the large variations
during the last periods at the north-east VOs.
5. Construction of spherical harmonics models from the VO-ESD
time series

Finally, we derive global SH field models from the available VO-
ESD time series. Their main characteristics and terminology are
indicated in Table 2. The construction of these field models is per-
formed using either one, six or all 30-day period magnetic field val-
ues of these time series. Equations describing expansions of
internal and external magnetic field potentials in SH can be found
in various textbooks (e.g. Langel, 1987; Merrill et al., 1998).

The external magnetic field is important at high latitudes,
especially in the horizontal component. As a consequence, only
intensity field measurements (F) are included in the inversion
scheme above 55� geomagnetic latitude, whereas at mid and low
Table 2
Models terminology, maximum Gauss coefficient degree, number of vector (< 55� absolute
and associated rms residuals. For both the 1-period and 6-period models the number of i

Model n maximum Nbr inp

MF SV Ext. Vector

VO-ESD_1.T[01–27] 30 0 2 5433
VO-ESD_6.T[01–22] 30 0 2 32598
VO-ESD_27.30-10-2 30 10 2 146691
VO-ESD_23.30-10-2 30 10 2 104259
latitudes, the three vector components (X;Y; Z) are used (see
Fig. 10).

The first computed models are snapshots of the magnetic field
for only one period, leading to 27 snapshot models, each one based
on 6644 VO-ESD values. These models provide a first test of the
VO-ESD derived time series, as such models are easier to compare
with other SH models than VO-ESD time series. The internal field is
considered static up to degree 30 and the external field is described
up to degree 2. The snapshot models for one period are denoted
VO-ESD_1.TW, where W is the number of the model mean period,
from 01 corresponding to a mean epoch of 2013.956 to 27 for
2016.126, respectively.

Second, we compute models using data from six consecutive
periods. They are denoted VO-ESD_6.TW, where W goes from
01 to 22. VO-ESD_6.T01 corresponds to the first six periods
(from the mean epoch 2013.956 to the mean epoch 2014.369),
VO-ESD_6.T02 contains data from the second period to the sev-
enth (2014.041 to 2014.455 mean epochs) and so on. The secular
variation is neglected, so only the static internal and external
fields are modelled. The fit to the data is thus expected to be
poorer than for single period models. These models aim at fur-
ther testing the temporal variability of the VO derived time
series.

Finally, a model using the full VO-ESD time series (27 periods) is
computed. The internal field is computed up to SH degree 30,
together with a constant secular variation up to degree 10. The
external field is computed up to degree 2 and with no time depen-
dence. For reasons given below a last model with a similar
parametrization but using only the last 23 periods is also com-
puted. It is denoted VO-ESD_23.30-10-2. In the following subsec-
tions these models are discussed and compared.
magnetic latitude) and scalar (> 55�) input data (corresponding to one value per VO)
nput data given are mean values for all respective models.

ut data r (nT)

Scalar X Y Z F

1211 see Fig. 13a
7266 see Fig. 13b
32697 9.9 6.5 10.2 11.5
27853 8.8 6.2 5.6 11.4



D. Saturnino et al. / Physics of the Earth and Planetary Interiors 276 (2018) 118–133 129
5.1. Analysis of the VO-ESD models

We present in Fig. 13a the rms residuals of all 1-period mod-
els. Most values are between 2.5 and 5 nT. Two periods, corre-
sponding to the VO-ESD_1.T02 and VO-ESD_1.T04 models, have
the largest rms residuals values. For the VO-ESD_1.T02 model
all three vector components rms residuals exceed 13 nT, the Z
component rms residual is above 33 nT, and the scalar compo-
nent r is close to 8.5 nT. The VO-ESD_1.T04 model Z component
rms residual is 13.6 nT. For the other models, rms residuals are
generally between 2.2 and 7.3 nT, except for VO-ESD_1.T01 and
VO-ESD_1.T05 which display relatively large r, with for example
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Fig. 13. Rms residuals of models (a) VO-ESD_1.TW and (b) VO

5 10 15 20 25 30
Degree

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15

16 17 18 19 20

21 22 23 24 25

26 27

101

103

105

107

109

En
er

gy
 (n

T2 )

a

5 10 15 20 25 30
Degree

10−1

101

103

105

107

109

En
er

gy
 (n

T2 )

c

VO−ESD_27
VO−ESD_23

CHAOS−5_v4
IGRF−12

CHAOS−5_v4 − VO−ESD_23
IGRF−12 − VO−ESD_23

VO−ESD_23 − VO−ESD_27

Fig. 14. Geomagnetic energy power spectra at the Earth’s surface and epoch 2015.0, for
period models VO-ESD_6.TW, and (c) VO-ESD_27.30-10-2, VO-ESD_23.30-10-2, CHAOS-5
shown in (d). Also shown in (c) and (d) are the differences between CHAOS-5_v4, IGRF-12
and VO-ESD_23.30-10-2 models. Note that some curves are practically identical and he
those for VO-ESD_1.T01 around 7.0 nT and for VO-ESD_1.T05 of
8.7 nT. VO-ESD_1.T19 also has horizontal components rms resid-
uals above 7 nT.

Fig. 14a shows geomagnetic power spectra (Lowes, 1974) for all
1-period models. All models have similar power spectra up to
degree 13. Beyond this degree, there are considerable differences.
The second and fourth 1-period models show power spectra with
significantly more energy at small scales. VO-ESD_1.T04 is signifi-
cantly different from the other 25 models, for degrees 13 to 20. The
other 25 models show very similar power spectra, with variations
spanning half an order of magnitude, with a small increase towards
the higher degrees.
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-ESD_6.TW, where W is the number of the model period.
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(a) all twenty-seven 1-period snapshot models VO-ESD_1.TW, (b) all twenty-two 6-
_v4 and IGRF-12 models. Secular variation power spectra of models shown in (c) are
and the VO-ESD_23.30-10-2 model, and the difference between VO-ESD_27.30-10-2
nce overlap.



Fig. 15. Residuals between the VO-ESD time series used as input data and the
models (top) VO-ESD_27.30-10-2 and (bottom) VO-ESD_23.30-10-2 at epoch
2015.041.
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Fig. 13b presents the rms residuals for the 6-period models. The
first two models, VO-ESD_6.T01 and VO-ESD_6.T02, have the lar-
gest rms residuals for the Z component, above 19 nT. Their X com-
ponent rms residuals exceed 10 nT, and Y and F component rms
residuals values are between 8.4 and 9.3 nT. VO-ESD_6.T03 and
VO-ESD_6.T04 models Z rms residuals exceed 11 nT, the horizontal
components r are closer to 8 nT and the scalar component is close
to 9.5 nT. For VO-ESD_6.T08 to VO-ESD_6.T22 models, rms residu-
als for F are in general larger than vector components rms residu-
als, spanning 9.8 to 14.3 nT. Note that rms residuals of 6-period
models are higher than the ones from 1-period models, as
expected, as they do not take into account the SV.

Fig. 14b shows the geomagnetic power spectra of the 6-period
models. The two first 6-period models (VO-ESD_6.T01 and VO-
ESD_6.T02) power spectra differ significantly from the others at
degree 29. All models power spectra are practically identical up
to degree 13 (Fig. 14b). The power spectra are less dispersed than
for 1-period models (Fig. 14a); 1-period may be too short to con-
strain the field above degree 13.

The first four 30-day periods i.e., VO-ESD_1.T01, VO-ESD_1.T04,
VO-ESD_6.T01 and VO-ESD_6.T02, show the largest residuals and
significantly different power spectra. This indicates that predic-
tions by the VO-ESD approach are poorer for these periods. These
larger rms residuals may be due to Swarm manoeuvres which
adjusted the altitude of the three satellites during these periods.

Initially, we computed a model termed VO-ESD_27.30-10-2
using all 27 available periods. However, considering the observed
different behaviour during the first four periods, a model from just
the last 23 periods was computed, VO-ESD_23.30-10-2. With the
subtraction of the first four periods, rms residuals are slightly bet-
ter for F and Y, decreasing from 11.5 to 11.4 nT and from 6.5 to
6.2 nT, respectively. There are larger reductions for X, from 9.8 to
8.8 nT, and even more for Z from 10.2 to 5.6 nT (Table 2).

Figs. 14c and d show the main field and secular variation power
spectra of the VO-ESD_27.30-10-2 and VO-ESD_23.30-10-2 mod-
els, as well as differences between power spectra. For the main
field the two power spectra overlap up to degree 13. Their differ-
ences are in general below 1 nT2. The differences for each coeffi-
cient are always smaller than 0.8 nT (not shown). For the secular
variation (Fig. 14d) the power spectra of the differences between
VO-ESD_27.30-10-2 and VO-ESD_23.30-10-2 is of the order 5 and

3 ðnT:yr�1Þ2 for degrees 1 and 2, respectively, decreasing to approx-

imately 1 ðnT:yr�1Þ2 for the other degrees.
Fig. 15 shows the differences at the Earth’s surface and epoch

2015.041 (corresponding to W ¼ 14), between VO-ESD time series
and models VO-ESD_27.30-10-2 or VO-ESD_23.30-10-2 predic-
tions, respectively. Spatial patterns are similar for both models,
such as larger differences along the geomagnetic equator for X.
For Y, the residuals are negative in the Pacific zone, contrary to pos-
itive ones elsewhere. For Z there is an opposite signal between
equatorial and mid-latitudes. Differences over polar areas, for the
field intensity (geomagnetic latitude above 55�) are always larger
than for other components and latitudes, as it is often the case
for satellite based models (Finlay et al., 2015). These spatial biases
in the residuals are comparable to those found by Beggan et al.
(2009) when looking at residuals based on core flow models
derived from SV at virtual observatories.
5.2. Comparison with other models and discussion

We compare the power spectra of our models with those of
IGRF-12 (Thébault et al., 2015b) and CHAOS-5_v4 (Finlay et al.,
2015). We recall that IGRF-12 is constructed for n 6 13 for the
main field (MF) and n 6 8 for the SV, from a spatial mean of several
candidate models (Thébault et al., 2015a), built from ground obser-
vatory and satellite measurements. CHAOS-5_v4 uses splines to
express the time dependence of Gauss coefficients up to n 6 20
for the main and lithospheric fields, and it is constructed from both
satellite and ground observatory measurements from more than
ten years.

Differences between VO-ESD_23.30-10-2 model power spectra
and both IGRF-12 and CHAOS-5_v4 power spectra (Fig. 14) are sim-
ilar, but not identical. Beyond degree 15, differences between VO-
ESD_23.30-10-2 and CHAOS-5_v4 become of the same order of
magnitude as the models power spectra themselves. Significant
differences exist for degrees 1 and 5, compared to the other
degrees. This is especially visible when looking at the differences
coefficient by coefficient, as shown in Fig. 16. For the main field,
differences between VO-ESD_23.30-10-2 and IGRF-12 are larger

than 1 nT for coefficients g0
1;h

1
1; g

1
2; g

0
5 and h1

5. The differences from
the CHAOS-5_v4 model are similar.

Fig. 17 shows the differences, at the Earth’s surface and epoch
2015.041, between the IGRF-12 and VO-ESD_23.30-10-2 truncated
at n ¼ 13. Note that the differences to the CHAOS-5_v4 model
(Fig. S3, Supplementary Material) are very similar and are not fur-
ther discussed. The main characteristics are large differences in
polar areas, an equatorial antisymmetric difference in Z and an
antisymmetric difference between the Atlantic and Pacific areas
in Y. The X component also presents significant differences along
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Fig. 17. Differences between predictions of IGRF-12 and VO-ESD_23.30-10-2
models, truncated at n ¼ 13 (top). Magnetic field components predicted by the
differences of the g0

1; h
1
1; g

1
2; g

0
5 and h1

5 coefficients between IGRF-12 and VO-
ESD_23.30-10-2 models (bottom). All maps are plotted at the Earth’s mean radius
and for epoch 2015.041.
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the geomagnetic equator. The five largest coefficient differences

from IGRF-12 (g0
1;h

1
1; g

0
2; g

5
0 and h1

5) explain around 67% of the sig-
nal of the differences, as can be seen in Fig. 17.
The spatial patterns of differences (Fig. 17) may be related to
model parametrization and used data set. This is illustrated when
looking at some IGRF-12 candidate models (Thébault et al., 2015a)
at epoch 2015.0. All used different data sets as well as different
modelling strategies. Here we compare some of the candidate
models to our models because they were constructed with similar
choices. For example, the IZMIRAN teammodel was the only model
using both day and night time magnetic field measurements. It has
large differences (close to 2 nT) from the mean of the candidate
models at low SH degrees, such as degree 2 or 5 (see Fig. 5 of
Thébault et al., 2015a). It also differs from the mean model in the
polar areas and along the magnetic equator. It was suggested that
these spatial structures along the dip equator result from a con-
tamination of external ionospheric fields, such as the EEJ. As we
use day and night time data too, it is likely that ionospheric EEJ

leaks into the internal field model and affects the g0
5 and h1

5 coeffi-
cients as well. The ISTerre team model (Gillet et al., 2015) presents
a significant deviation from the mean model for SH degree 1
(Thébault et al., 2015a). This candidate model is derived from a
rather complex parametrization for the internal field, but its exter-
nal field is explained by a single coefficient, the axial dipole in geo-
magnetic coordinates, without any Dst dependence (see Eq. (2) of
Saturnino et al., 2015). Our VO-ESD derived model does have an
external contribution parametrization up to degree 2, but without
data selection or Dst dependence. These choices may be the reason
for the observed differences at degree 1 between our models and
IGRF-12 or CHAOS-5_v4 models.

Ignoring the first four periods of the input data, with VO-
ESD_23.30-10-2 model, leads to a slight increase of the difference
between the model and both IGRF-12 and CHAOS-5_v4 for the sec-
ular variation power spectra (Fig. 14). This can be related to the fact
that the time interval to describe the SV is shorter, leading to a pos-
sibly poorer SV description. Differences from CHAOS-5_v4 are
lower for degrees 4, 8 and 10. No particular coefficient shows a lar-
ger difference than others. An interesting point is that coefficients
with higher differences are not the same for IGRF-12 and CHAOS-
5_v4 models, as seen in Fig. 16. Between VO-ESD_23.30-10-2 and
CHAOS-5_v4, differences are higher than 1 nT for coefficients _g0

2

and _g0
5; and very close to that value (higher than 0.8 nT/yr) for

_h1
1; _g

0
5;

_h1
5 and _g0

7. It contrasts with the differences from the IGRF-
12 model which are higher than 1 nT/yr for several coefficients
and even higher than 2 nT/yr for _g1

1 and _g0
2 coefficients. Secular

variation is constrained as constant and up to SH degree n ¼ 10
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with the available 27 (or 23) points of the VO-ESD time series. Pos-
sibly, this period is too long to consider the secular variation as
constant. The parametrization could be improved using for exam-
ple a B-spline description for the temporal variation.
6. Concluding remarks

In this study a new approach to process magnetic satellite mea-
surements is proposed, validated and applied to the first two years
of Swarm data. We show that our VO-ESD technique is able to pro-
cess magnetic field measurements acquired on board orbiting
spacecraft and directly extract time series analogous to those at
ground observatories. VO volumes are defined as vertical cylinders
with vertical extent defined by the altitude of the measurements.
No data selection is applied to the measurements. The reduction
of the measurements to a common altitude at each VO is done
using the Equivalent Source Dipole technique. The measurements
inside a VO are fitted by dipole sources homogeneously distributed
on an hemispherical mesh placed at the depth of the core-mantle
boundary.

When applied to Swarm measurements we find a very good
resemblance between ground observatory 30-day means and VO-
ESD time series. Computed correlations between VO and surface
observations are high, especially for Y component, confirming that
the VO-ESD approach is able to extract magnetic field time series
similarly to ground observatories.

A global and homogeneous 2.5� resolution mesh of virtual
observatory time series is obtained. As at ground observatories,
VO-ESD time series display some external field contributions.
Despite the very different technique employed to analyse the mag-
netic field measurements of the Swarm mission, the global SH
model we derive is very comparable to previously published mod-
els. We notice however that both ionospheric and magnetospheric
fields leak into the magnetic field models derived from VO-ESD
time series.

The approach could be improved by taking into account
external field contributions. One option is to perform prior data
selection, by keeping only night time and/or quiet-time measure-
ments. This option has the disadvantage of reducing the number
of observations contributing to a given VO. This could be overcome
by considering a larger VO volume or a longer time interval.
Another option would be to use an a priori correction for the exter-
nal field with or without a dependence on geomagnetic indices,
such as the Dst.

The VO time series we derive should not (yet) be considered as
better inputs for SH models. The VO-ESD approach offers nonethe-
less very promising perspectives. As more magnetic satellite mea-
surements are made available, longer time series can be derived.
These can be used, for example, to analyse the global patterns of
short-term SV and study sharp temporal variation features such
as geomagnetic jerks. In addition, these series could be used to
downward continue field and SV to the CMB in order to infer core
flows, provided that external magnetic fields are correctly
accounted for (Beggan et al., 2009). The VO-ESD approach could
also be applied to past (or future) satellite mission measurements,
such as CHAMP and Ørsted.
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