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Abstract. Taking advantage of 9 years of the CHAMP
(CHAIllenging Minisatellite Payload) satellite mission
(June 2000-August 2009), we investigate the temporal
evolution of the observatory monthly magnetic biases.
To determine these biases we compute X (northward), Y
(eastward) and Z (vertically downward) monthly means
from 42 observatory 1min values or hourly values, and
compare them to synthetic monthly means obtained from
a G field model (Lesur et al., 2015). Afterwards, the average
of biases at all observatories over 9 years is calculated
and analyzed. Both the long-term trends and short-period
variations (hereafter € variations) around these averages are
then investigated. The simple oscillatory pattern of e, found
at all observatories and in each component over the entire
considered period, indicates that the crustal field has not
changed. A comparison with both MAGSAT and @rsted bi-
ases given for epochs 1979.92 and 1999.92 which are based
on 2 single months (November and December) of MAGSAT
and Qrsted satellite data, respectively, further shows that
the crustal field has probably remained constant over last 3
decades. The long-trend seen in e reflects the changes within
the solar cycle 23. The short period variations observed in
the € time series are related to the external field. The ampli-
tudes of these variations are found to be in phase with solar
cycle periods, being remarkably larger over 2000-2005 than
2006-2009. Furthermore, clear semi-annual variations are
observed in €, with larger extremes appearing mostly around
October and November, and around May and June of each
year in X, and vice versa in Y and Z. A common external
field pattern is found for the European monthly biases. The
dependence of the bias monthly variations on geomagnetic
latitudes is not found for non-European observatories. The

results from this study represent a base to further exploit
the magnetic biases computed for observatories and repeat
station locations together by using data from the new satellite
mission Swarm.

1 Introduction

Measured at any point on Earth’s surface the magnetic field
is a combination of several magnetic contributions generated
by various sources. These fields are superimposed on and in-
teract with each other. A dominant part of Earth’s magnetic
field, the core field (Jacobs, 1987; Merrill et al., 1998), is in-
ternal in origin and is due to the electric currents in Earth’s
outer fluid core. This part of the field varies over timescales
of some months to decades and longer. The crustal field, re-
lated to the remanent and induced magnetization of rocks
within the crust (e.g., Mandea and Thebault, 2007), is also
internal in origin. The magnitude of the crustal field varies
from fractions of nanoteslas (nT) to hundreds of nanoteslas
but can reach values as high as several thousands of nanotes-
las. The external fields are produced by ionospheric and mag-
netospheric current systems (e.g., Campbell, 2001). The val-
ues of those fields at Earth’s surface are of a few tens of nan-
oteslas and even of a few hundred to thousands of nanoteslas
during magnetic storms. The external fields vary in time with
periods from less than a second to the well-known solar cycle
(~ 11 years) and its harmonics. For an accurate determina-
tion of the core field and its temporal variation, it is essential
to use geomagnetic observatory data, reprocessed for reflect-
ing as well as possible the core contribution. Thus, contribu-
tions of other sources have to be determined and taken into
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account. Note that omitting the possible crustal field contri-
butions may already lead to errors of about 10 % of the field
for the large scales (Langel and Hinze, 1998).

Over the last years two different methods have been used
to determine the observatory biases. One is to estimate the
biases directly as additional unknowns during the fitting pro-
cess when inverting observatory and satellite data for a spher-
ical harmonic model (Langel et al., 1982; Sabaka et al.,
2002). The other method is to compare the magnetic com-
ponents measured at the observatory to values predicted by
a model obtained from satellite data only (e.g., Gubbins and
Bloxham, 1985; Bloxham and Gubbins, 1986). Most of the
published biases are related to specific epochs, being com-
puted from 1 or several months of satellite data (Mandea
and Langlais (2002) and the references therein). Neverthe-
less, some studies also investigated the temporal changes of
the observatory biases over longer periods, by comparing the
observatory annual means with models that cover different
epochs (Verbanac et al., 2007a).

In this study we analyze monthly observatory bias evo-
lutions of the X (northward), Y (eastward) and Z (vertically
downward) magnetic components at 42 observatories. We fo-
cus on any temporal changes in the biases and examine their
evolution over several years to 3 decades (long-term trends)
as well as their variations on a timescale of a several months
to 1 year (short period variations). We consider that the long-
term trends (changes in the crustal magnetization or induc-
tion effects in the lithospheric conductivity anomalies) are
likely internal in origin, while the short term variations are
related to the external field contribution. The influences of
the different phases of the solar cycle 23 on the observatory
biases are also examined.

The paper is organized as follows. After this introduction,
Sect. 2 describes the theoretical framework of this study and
the considered approach to analyze different signals con-
tained in the monthly observatory biases over the 9 years
of the CHAMP (CHAIllenging Minisatellite Payload) satel-
lite mission (June 2000—-August 2009). These monthly ob-
servatory biases are calculated by comparing the observatory
data to the core field predictions given by the G model (Lesur
etal., 2015). In Sect. 3 the used data sets are described. After-
ward, we present the obtained results and a comparison with
biases based on 2 months of MAGSAT and @rsted satellite
data, related to the 1979.92 and 1992.92 epochs. Conclusions
are given in the last section.

2 Method

We consider that the geomagnetic field at a given time and
observatory location, Bgps, Can be represented as the vector
sum:

Bob5=Bm+Bc,rem+Bc,ind+Be+Berr, (1)
where Bp is the main (core) field, B¢ rem iS the remanent

crustal field, Bc ing is the induced crustal field of both in-
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ternal and external origin, B is the external field and B
are other contributions, which contain any kind of possible
contribution and data errors.

Since it is difficult to make a separation between the rema-
nent and the induced crustal field (Lesur and Gubbins, 2000)
we refer to the sum B¢ rem + Be, ing as the crustal field, Bc.

Now, we define the observatory magnetic bias Bpjas as

Bhias = B¢ + €, 2

where e contains influences from the external field and from
errors in the input data (e = Be + Bery).

With the assumption that in the geomagnetic core models
obtained from satellite data the effects of both external and
crustal fields are minimized as much as possible, we com-
pute the observatory biases (Xpias, Ybias, Zbias) as differences
between the magnetic components measured at a given ob-
servatory (Xops, Yobs, Zobs) and the same components calcu-
lated at the observatory location from a satellite-based model
(Xm, Ym, Zm). The analyzed magnetic field components are
given in geodetic coordinates and the described method is
applied to monthly means of all three components.

To examine the temporal variability of both bias terms as
given in Eq. (2) we apply the following steps. We first com-
pute the average of the bias for each observatory over the
studied period (2000-2009) and analyze the temporal varia-
tions around the average bias. Two different types of tempo-
ral variations around the average bias are possible: (1) sim-
ple oscillatory pattern and (2) long-term changes around the
average bias. The first kind of variation indicates that B.
does not change within the studied time span. In this case,
the average of bias is a good measure of the crustal field
over 9 years studied and the variation around average bias
corresponds to €. The second type of variation suggests that
B has indeed changed over the considered time. Now, the
sum of the average bias and long-term trend in the variation
around average bias would be a representative measure of
the crustal field. Then, the remaining variations around the
crustal field corresponds to €. After performing this analy-
sis, we further examine the long-term trend in e related to
the solar cycle phases, as well as the remaining short-period
variations in e connected to the external field.

3 Data sets

One data set consists of the monthly means computed from
the available continued measurements at magnetic observa-
tories, from June 2000 to August 2009. For all 42 geomag-
netic observatories, the monthly means are calculated from
1 min values or hourly means when the 1 min values are not
available.

The initial data sets were obtained from INTERMAGNET
(http://www.intermagnet.org) and WDC Edinburgh (http://
www.wdc.bgs.ac.uk). We have checked the availability, qual-
ity and continuity of the observatory data over the studied pe-
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riod. Monthly means have been calculated only if more than
90 % of the 1 min or hourly values are available, ensuring the
reliability of our final monthly means data set. All changes
in the observatory locations and data discontinuities (jumps)
reported in their annual mean values are taken into account
by adjusting the geomagnetic measurements to the level
of the most recent epoch. The correction values obtained
from the British Geological Survey (http://www.geomag.bgs.
ac.uk/data_service/data/annual_means.shtml) have been ap-
plied to the following observatories: EBR, ESK, HLP, LER
TRO, WNG, NVS, and PPT.

The second data set is based on synthetic monthly means
estimated for the same observatory locations and for the
same time span as above from a magnetic field model, here
G model. This model is entirely based on data provided by
the CHAMP satellite. We have used the internal field descrip-
tions up to the spherical harmonic degree and order of 14.

4 Results

In the following we present the results on the monthly bi-
ases temporal evolution, the biases estimated as described in
Sect. 2.

4.1 Average observatory biases

We first compute the average of the bias for each observatory
over 9 years (June 2000-August 2009) at different locations.
The averaged biases for all considered observatories with the
corresponding standard deviations (SD) are indicated in Ta-
ble 1. The solid line separates the non-European from the
European observatories. Most of the averaged biases for all
three components are lower than 4200 nT. Generally, for X
and Y components the observatories are characterized by low
biases, and for the Z component by larger biases. Three ob-
servatories have large biases in all components — LRV, PPT
and SBA. The maximum bias in both X and Z appears at
SBA (—2204 and —3748nT, respectively), and in Y at PPT
(—1039nT). Let us note here that the European CM4-based
biases averaged over 42 years (1960-2001) are also typically
lower than £200nT, and the largest values are again found
in Z (Verbanac et al., 2007a).

4.2 Variations around the average observatory biases

We further examine both the long-term trends and the re-
maining short-period variations around the average observa-
tory biases, at all observatory locations. In Fig. 1 we show
two examples of monthly bias time series at the NGK (Fig. 1,
top) and KAK (Fig. 1, bottom) observatories. The average of
each component bias is shown as a dashed line to emphasize
the type of variations around the mean value. Note that the
vertical scales are not the same, due to the large differences
among averaged biases.
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The simple oscillatory pattern around the average biases
are observed in all bias time series, indicating that the crustal
field has probably not changed over the considered time. This
allows us to conclude that the computed average biases re-
flect the crustal field local contributions, B.. Thus, the vari-
ations around the average observatory bias at an individual
location can be equalized with €. In the following we focus
on € time series.

In all € time series, we notice the trend related to the so-
lar cycle. The observed trend reflects the general state of the
heliosphere, namely the decrease of the interplanetary mag-
netic field (IMF) between 2000 and 2009. The decay of the
IMF strength, especially over the late declining phase and
the minimum of the solar cycle 23 (2006-2009), reduces the
external field influences in the observatory biases seen as in-
creasing or decreasing bias values.

Furthermore, for all components short-period € variations
are observed. They clearly show a semi-annual variation pat-
tern, which we assign to the external field contributions. The
other signals that contribute to €, as possible errors in the
input data, are superimposed on the dominant external field
signal. The amplitudes of semi-annual variations are related
to the solar cycle phases, being remarkably larger from 2000
to 2005 than 2006—2009. During the first period they approx-
imately amount for 30-75nT in X, 5-30nT in Y, and 10-
75nT in Z. From 2006 to 2009, the amplitudes reach 10—
40nT in X, 0-20nT in Y, and 5-60nT in Z.

The variation patterns at neighboring observatories are re-
markably similar, although the averaged biases are often very
different, indicating the homogeneous external field contri-
butions within a pretty small region. In order to search for
common patterns and find possible regional effects, we need
to consider a region that is densely covered by geomagnetic
observatories; we chose a region between 40 and 70° geo-
magnetic latitude and between 90 and 120° geomagnetic lon-
gitude. In the following we focus on the European observato-
ries only (see the last 16 observatories listed in Table 1) and
investigate in detail the temporal evolution of €. We display
the monthly e over the 9 years in form of a color-coded ma-
trix for each component (Fig. 2). The observatory e (lines of
the matrices) are ordered by geomagnetic coordinates, with
the most northern one at the top. To underline any pattern
on short timescales, the color scale is limited to 20 nT, the
stronger trends appearing as changes from dark blue to dark
red or vice versa, without information about the real magni-
tude. Clear semi-annual variations can be noticed, with larger
extremes that appear mostly around October and November,
and around May and June of each year. These variations are
especially prominent between 2000 and 2005, the period em-
bracing the maximum and the very early declining phase of
solar cycle 23. Let us note that the peak in fall 2000 and the
spring peaks in 2003 and 2005 have lower values than other
peaks. An extra peak appears in March 2003, also lower than
the common ones. Over the period corresponding to the late
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Table 1. Average of the bias over 9 years (June 2000-August 2009) for X, Y and Z components at 42 observatories, in nanoteslas. The solid

line separates the non-European from the European observatories.

Code?  Long® LatP he Xavg  SDx Yag  SDy Zag  SDz
THL 290833  77.483 57  —5833 10.10 98.36  4.29 37.65 24.64
RES 265105 74690 30 4580 1356 3535 719 10348 21.31
CBB 254969 69123 20 69.45 1759 11445 13.99 102.25 18.08
BLC 263988 64318 30 16370 17.26 ~ —3242 754  —88.35 18.23
BRW 203380 71320 12 17.90 1981  —70.71 822  —2361 1824
YKC 245518 62482 198 ~102 1532  —46.95 419 -16335 1520
FCC 265912 58759 15 —12158 13.95 6328 329 25220 1349
CMO 212140 64870 197 0.88 17.14 ~519  7.65 ~1.03 10.84
MEA 246653  54.616 700 92.31 13.96 1567 372 —13367 8.8
STJ  307.323 47595 100 3208 867 4417 326 3224 6.00
OTT  284.448 45403 75 12246 1014  —133.92 158 14954 7.24
VIC 236580 48520 197 1622 1141 674 261  —26921  8.40
BOU 254767  40.140 1682  —27.13 1158 3218 188 -12536 881
FRD 282633 38210 69 56.86 1009 ~ —51.35 141 137.90  7.47
NVS 83230  54.850 130 4474 1184 5428 202 3463 921
KAK 140186 36232 36  —1480 1301 1007 156  —86.22 454
HON  202.000  21.320 4 -18519 1297 80.80 310 32061 391
MBO 343030  14.380 7 100.71 1154 3871 197 7591 517
ABG 72872  18.638 7 —99.42 1881 43406 7.8 71392 10.75
GUA 144870 13590 140 108.58  13.00 7454 240 4503 439
PPT 210426 -17567 357 —922.02 1529 —1039.73 872 —39855 5.16
GNA 115947 -31.780 60  —3550 1173 —100.83 256 96.53  7.35
CZT ~ 51867 —46.431 155 76184 1266 109213  3.77 14766  6.08
PAF 70262 —49.353 35 43090 976 —141.86 476 32227 6.1l
DRV ~ 140.007 -66.667 30 —15560 13.68 —42001 418 —283861 19.56
SBA  166.763 —77.850 16 220459 893  -970.29 1105 —3748.76 3356
LRV 338300  64.183 5 28062 11.28 60140 395 —487.13 11.08
TRO 18948  69.663 105 30.75 1314 39309 404 14689 16.94
ABK 18823  68.358 380 619 1242 6302 335 4295 11.29
LER 358817  60.138 85 —136.18 841 17622 2.99 57.26 855
ESK 356794 55314 245 109 821 3252 327  -358L 1071
VAL 349750 51933 14 10690 870  —4243 260 -101 832
WNG 9073 53743 50 43.76  9.38 46.63 254 5322 886
HAD 355516  50.995 95  —5L70 874 1834  2.62 91.28  7.88
HLP 18816  54.608 1 3756 1123 16366 285 8599 859
NGK 12675 52072 78  —3160 9.42 099 277  —6228 832
DOU 4599 50100 225 537 970  -1550 278 99.60  8.27
BEL 20789  51.836 173 10520 1059 14015 325 32494 7.72
CLF 2270 48020 145  —8209 967  —1300 290 12478 748
HRB 18190  47.873 120 1112 968  —1834 265  —67.00 7.78
THY  17.893 46900 187  -2892 1066  —1014 275  —40.54 646
EBR 0333 40957 5315 -16.76  12.30 382 570 15721  7.44

@ According to the IAGA convention; b observatory geographic coordinates in degrees; ¢ observatory altitudes in meters.

declining phase of solar cycle 23, from 2006 to 2009, the
semi-annual variations are highly reduced.

4.3 Comparison with MAGSAT and @rsted biases
As the computed average biases represent suitable estima-

tions of the local crustal field over 9 years, we can com-
pare them with MAGSAT and @rsted based biases calculated
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by Mandea and Langlais (2002) for 39 observatories com-
mon to both studies. We aim to gain a better understanding
of the possible crustal field changes over a longer time (3
decades). Since MAGSAT and @rsted biases are given for
epochs 1979.92 and 1999.92, respectively, we further com-
pute average biases over the studied period by using only
November and December values of each year. For most ob-
servatories, the averaged biases are in good agreement with
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Figure 1. X, Y and Z monthly observatory biases over 9 years (June 2000-August 2009) at the NGK (top) and KAK (bottom) observatories,
in nanoteslas. The average bias in each component is depicted by the dashed lines. The points at epochs 1979.92 and 1999.92 represent
MAGSAT- and @rsted-based biases computed by Mandea and Langlais (2002).

those based on MAGSAT and @rsted data, the differences be-
tween them being within the range of the SD of averaged bi-
ases. At the NVS observatory, biases at 1979.92 and 1999.92
epochs differ significantly from our averaged biases. We have
found that the larger disagreement found at PPT is due to a
discontinuity in data in 2002.2 and, to correct that, we have
applied the corrections of 221, 94, and 479nT in X, Y, and
Z, respectively. Furthermore, we have noted that the biases at
PPT are important because in the vicinity of the sensor there
are large spatial gradients in the magnetic field. At some ob-
servatories the differences between biases are about 10nT
larger than the SD of averaged bias values. Most of them
are found in Z. Let us underline that for some of these ob-
servatories (e.g., ABG, FCC) MAGSAT and @rsted biases,

www.solid-earth.net/6/775/2015/

calculated by Mandea and Langlais (2002), differ from those
published by other authors (e.g., Langel et al., 1982; Gubbins
and Bloxham, 1985; Bloxham and Gubbins, 1986; Langel,
1987). Several possibilities can be invoked to explain these
differences in biases: a different core field description by ge-
omagnetic models, different methods and different observa-
tory coordinates used in the previous studies, data errors or
likely real changes in the crustal magnetization.

5 Conclusions

When using the observatory data for the core field modeling,
it is crucial that the observatory biases are accurately deter-
mined and thereafter applied to the raw data. To study the ob-

Solid Earth, 6, 775-781, 2015
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Figure 2. Variations around the X, Y and Z average monthly bi-
ases of the European observatories over 9 years, from June 2000 to
August 2009, in nanoteslas. The observatories (y axes) are ordered
by geomagnetic coordinates (the northernmost one at the top). The
magnetic field components are expressed in geodetic coordinates.

servatory biases’ temporal evolution over 9 years (from 2000
to 2009), we compute the monthly biases at 42 observatories
by comparing the observatory data to the core field predic-
tions given by the G model, entirely based on the CHAMP
satellite data. We focus on both long-term trends and short-
period variations in biases. For all components at each obser-
vatory we compute the average of biases over 9 years and an-
alyze the variations around these averages. Finally, the com-
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parison with MAGSAT- and @rsted-based biases computed
for epochs 1979.92 and 1999.92 is performed.
The main findings of this study are as follows:

the simple oscillatory pattern around the average obser-
vatory biases indicates that the crustal field has probably
not changed over the considered time;

the computed bias averages are a reliable estimation of
Bc;

the comparison of the average biases computed by us-
ing only November and December values of each year
with both MAGSAT and @rsted biases related to epochs
1979.92 and 1999.92, respectively, indicates that the
crustal field at different locations has probably remained
constant even over the last 3 decades;

since the larger biases averaged over 9 years are mainly
seen in the Z component, and the differences between
biases at various epochs are also observed in this com-
ponent, it seems likely that they may be the signature of
an induced magnetic field (a separate study dedicated to
this issue is in progressing work);

— variations around the average observatory bias at indi-
vidual locations can be estimated by ¢;

— the long-trend seen in e reflects the ~ 11 years of so-
lar cycle influences, related to the general state of the
heliosphere;

— the short-period variations observed in the € time series
are related to the external field (the amplitudes of these
variations are in phase with different solar cycle periods,
being remarkably larger over the period 2000-2005 than
2006-2009);

— clear semi-annual variations are observed in € time se-
ries, with larger extremes appearing mostly around Oc-
tober and November, and around May and June of each
year in X, and vice-versain Y and Z;

— a common external field pattern is found for European
monthly biases; a dependence of the bias monthly vari-
ations on geomagnetic latitudes is not found for non-
European observatories.

Finally, let us note that the superposition of several signals
with varying periods in each of the observatory bias compo-
nents suggests that the involved processes which create com-
plicated spatial and temporal behavior of biases are far from
simple.

We plan to continue this study by investigating a better
coverage with geomagnetic observatories over geomagnetic
latitudes. A possible improvement would also be to quantify
the different magnetic field contributions by applying meth-
ods presented in our previous studies (Verbanac et al., 2007a,

www.solid-earth.net/6/775/2015/
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b) but using monthly biases instead of annual mean biases.
With the data from the new satellite mission Swarm and the
above proposed extension of our study, we might be able to
get a better insight into the temporal evolution of observa-
tory biases, regarding both long-term trends and short period
variations.
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