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Abstract. The Coimbra Magnetic Observatory (International estimating the level of inhomogeneity of the studied series
Association of Geomagnetism and Aeronomy code COI) inbut also detecting the highly probable homogeneity break
Portugal has a long history of observation of the geomag-oints. These points have been cross-checked with the meta-
netic field, spanning almost 150yr since the first geomag-data, and the COI series have been compared with refer-
netic measurements in 1866. These long instrumental geocence series from the nearest geomagnetic stations and, in the
magnetic records provide very important information aboutcase of declination series, from the recent geomagnetic field
variability of geomagnetic elements and indices, their trendamodel COV-OBS to set up the required correction factors. As
and cycles, and can be used to improve our knowledge on tha result, the homogenized series measured in COI are consid-
sources that drive variations of the geomagnetic field: liquidered to be essentially free of artificial shifts starting from the
core dynamics (internal) and solar forcing (external). second half of the 20th century, and ready to be used by the
However, during the long life of the Coimbra Observa- scientific community.

tory, some inevitable changes in station location, 'nStru'Keywords. Geomagnetism and paleomagnetism (time vari-

ment's park and electromagnetic enwro_nment have taker}:\tions, secular and long term; instruments and technique)
place. These changes affected the quality of the data col-

lected at COI causing breaks and jumps in the series of geo-
magnetic field components and local K index. Clearly, these
inhomogeneities, typically shift-like (step-like) or trend-like, 1 Introduction
have to be corrected or, at least, minimized in order for the
data to be used in scientific studies or to be submitted to inHistorical instrumental records provide valuable informa-
ternational databases. tion about the variability of different geophysical parame-
In this study, the series of local K index and declination of t€rs, their trends and periodicities. This information is sig-
the geomagnetic field are analysed: the former because it aPificant both to study past variations and to predict future
lows direct application of standard homogenization method<°0"n€s. There is a varie;y of pos_siblg uses for geomagnetic.ob—
and the latter because it is the longest continuous series pr&ervations, from practical applications related to geophysical
duced at COI. For the homogenization, visual and statisticaProspection, directional drilling, aviation, prediction of space
tests (e.g. standard normal homogeneity test) have been ap_,gueather events, to more fundamental research related to the
plied directly to the local geomagnetic K index series (from Earth’s core dynamics. Monthly and annual means of obser-
1951 to 2012). The homogenization of the monthly average/atory measurements are, in fact, used for modelling the ge-
of declination (from 1867 to 2012) has been done using vi-omagnetic secular variation (first time derivative of the geo-
sual analysis and statistical tests applied to the time serie§'agnetic field, SV — secular variation), which is believed to

of the first differences of declination values, as an approx-P€ generated by fluid flows at the top of the earth's core (e.g.
imation to the first time derivative. This allowed not only Jackson and Finlay, 2007). Greatimportance was attached to

sudden changes of the geomagnetic field derivative, called

Published by Copernicus Publications on behalf of the European Geosciences Union.



20 A. L. Morozova et al.: Correction of artificial jumps in the historical geomagnetic measurements

geomagnetic jerks, that were identified in the time series ofcause trends, shifts and jumps. The origin of such breaks
geomagnetic observatories (e.g. Mandea et al., 2010), whoseould be related to changes in instruments, instrument po-
occurrence has been impeding a more efficient prediction asitions, measurement procedures and calculation methods
decadal timescale (Maus et al., 2008; Beggan and Whalend similar. Such HBs, which we call “artificial”, without

2010). a doubt, have to be identified, listed in metadata and, if pos-

For more than 10yr now, several satellite missions havesible, corrected before data series may be used in scientific
taken place with scalar and vector magnetometers on boarstudies. The task of detection and correction of the artificial
low-Earth-orbiting satellites. Satellite data have brought ahomogeneity breaks is complicated by the fact that not all de-
new impetus for geomagnetic field modelling, due to hightected breaks are of non-natural origin. Statistical tests often
accuracy and to high global spatial and temporal resolutionsused to find the homogeneity breaks are constructed in a way
But observatory ground data continue to be essential, bethat they detect a change of the baseline or running mean of
cause they properly separate local time variations from ada series. They cannot distinguish natural trends from artifi-
vective variations, are outside of electrical current source re<ial ones; besides, they could, for instance, pick the natural
gions and provide the continuity of time series (e.g. Olsenperiodicities as a sequence of growing and declining trends.
et al., 2010). This last point cannot be overstated, in a periodrherefore, the artificial HBs have to be separated from oth-
when, due to the end of CHAMP satellite mission in Septem-ers, and this task can be done using the metadata — a record
ber 2010 fttp://op.gfz-potsdam.de/champéand SWARM  of the station history, instrument replacements and repairs,
satellite constellation launch in November 2013, the geomagehanges of the measurement and calculation methods, re-
netism community now faces a 3yr gap in vector satellitelocation, environmental changes that could affect measured
data. data, etc.

The present global network of magnetic observatories is In this paper we perform the homogeneity analysis of two
not only of main importance to complement and sometimedong-term series of geomagnetic parameters measured in the
compensate for the lack of satellite data. In the case of historCoimbra Magnetic Observatory: a series of monthly means
ical observatories, they provide a very long continuous serie®f declination ) of the geomagnetic field for the period
of more than 150 yr and are of great importance for the long-from July 1867 to October 2012 (07/1867-10/2012), and a
term geomagnetic field models. The same motivation led Ko-series of monthly means of daily sums of the local geomag-
rte et al. (2009) to carry out the compilation of a large numbernetic K index (Ki) for the period from October 1951 to De-
of direct and indirect historical measurements of declinationcember 2012 (10/1951-12/2012) — see Sect. 2.2 for the de-
for southern Germany and surrounding areas, in order to imscription of the K index. We then suggest corrections for the
prove historical geomagnetic field models for this region. In artificial HBs found.
our study, we assess directly the influence of Coimbra datain Section 2 gives an account of the history of the COI obser-
the COV-OBS geomagnetic field model recently computedvatory and of the different instruments and routines that have
by Gillet et al. (2013) using global observatory data sincebeen in use; Sect. 3 explains the main procedures of homog-
1840 together with satellite records since 1999 to cover conenization tests; Sects. 4 and 5 give a detailed account of the
tinuously the whole 1840-2010 time period. The employ- procedures applied to the Ki and to theseries, respectively;
ment of Coimbra Magnetic Observatory (COIl) data changedinally, Sect. 6 draws the main conclusions.
significantly the model prediction for Coimbra region during
the 19th century (see Sect. 5). . . .

The longest time series from historical observatories car? 1€ magnetic observatory of Coimbra — history and

also provide information on geomagnetic indices that are ~Metadata
proxies of the solar activity for periods when accurate ob—_l_he Magnetic Observatory of Coimbra (International As-

servations of the Sun surface were still lacking. For in- sociation of Geomagnetism and Aeronomy code COI) is
stance, Svalgaard and Cliver (2010) introduced a new index g y

IDV, which correlates with the strength of the interplane- presently run by the Geophysical and Astronomical Obser-

tary magnetic field (IMF). As this index is computed from vatqry of the University of Cplmpra and has been in op-
X eration for almost 150 yr. During its long history two main
hourly mean values of the horizontal componéhtmea-

. . eriods can be recognized on the basis of two different op-
sured at magnetic observatories, they could reconstruct the ~_ . o ; i ,
- . . €rating sites: the first period extends from the observatory’s
IMF backwards in time until 1835. As for Vokhmyanin and o / o
; s foundation in 1864 to its relocation in 1932 and refers to the
Ponyavin (2013), they reconstructed the IMF polarities un-

. . : Cumeada site (402.4'N, 8°25.4' W; 140 ma.s.l.); the sec-
til 1844 from the difference between the mean diurnal curveond eriod extends from 1932 to the present and refers to the
and the daily variation of thé& (D) component at the obser- P P

: o ) second site Alto da Baleia (403 N, 8°25.3 W; 99 ma.s.l.).
vatories of Helsinki and Saint Petersburg. .
. o Nonetheless, and as presented below, other shorter periods
Unfortunately, most of long-term series contain inho- . . :
- . ) » _can be noticed because of instrumental and/or operational
mogeneities or homogeneity breaks (hereafter “breaks” or

“HBs”) caused by a number of non-natural sources that Canchanges.
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2.1 Site of Cumeada magnetic field induced by electrical currents circulating in
the tram railways (which started being installed in Coim-
Although the first magnetic measurements date from 1864pra since 1911) was significant and superposed to the nat-
the observatory’s regular functioning started two years laterural field, disturbing especially the variograph of which
(June 1866) with the absolute observations of inclinatign ( was finally stopped in November 1914 (Ferraz de Carvalho,
and horizontal field ). These were complemented with the 1920). The horizontal{, D) variographs were kept in use
absolute values of declinatioD] in July 1867. The first  until March 1933, despite the strong perturbations caused by
instrumentation set included as absolute instruments a Gibthe installation in 1929 of a new tram line only 50 m away
son (no. 4) unifilar magnetometel (and D measurements) from the variograph house. These changes ultimately dic-
and an inclinometer of Barrow (no. 37) (measurements). tated the re-location of the magnetic observatory.
For the continuous recording of magnetic variationg/ofD In spite of the long series of magnetograms obtained with
andZ (vertical) components, a set of Adie variographs (Kew the Adie variographs (1867—1932), their reduction (i.e. the
pattern) was also installed in July 1867. All these first in- calculation of hourly means) only started in January 1919
struments were brought from England after calibration in the(Ferraz de Carvalho, 1920). Before this year all published
Kew Observatory by Jacinto de Sousa, the first director of themonthly values are based uniquely on the absolute measure-
Meteorological and Magnetic Observatory of the University ments ofH, D and! components.
of Coimbra (Sei¢a e Santos, 1995).

Concerning the absolute instruments and observational.2 Site of Alto da Baleia
routines, the first inclinometer of Barrow (used since
June 1866) was replaced in September 1876 by a John Dovdio overcome the electromagnetic perturbations due to the
(no. 31) inclinometer, which ended up being used in the abtram lines, a new site was selected approximately 2.5km
solute measuring of until 1935 (see below). The unifilar north of the first location, Alto da Baleia. This relocation sets
magnetometer of Gibson, used in the first observations othe beginning of the second operational period, with mag-
H and D, was replaced in January 1878 by the Elliott & netic observations being resumed in 1932 at the new site.
Bros. (no. 40) magnetometer, which was used for more than To re-equip the new observatory for the continuous record-
75 yr. During the first operational period in Cumeada (1866—ing of magnetic variations, a set of Eschenhagen variographs
1932), the absolute measurementg¢iofnd/ were done ap- made by the Askania house was acquired. Mainly due to in-
proximately three times per month. However, the declination,correct installation of the new variographs, but also due to
which until July 1877 used also to be measured three times$ack of photographic paper and oil during the Second World
per month, started on this date to be measured on a bidailyar, the continuous recordings were perturbed during the
schedule (at 08:00 and 14:00 LT); the difference of declina-first 10 yr and discontinued at the end of 1941.
tion values at 08:00 and 14:00 gives an approximate value for Regarding the absolute measurements, the oversimplifica-
the amplitude of diurnal variation, and the monthly mean oftion of observation routines and the non-negligible pertur-
diurnal variation started being published in this way togetherbations mainly related to the aging and drift of instruments
with the ordinary monthly means of declination (Ferraz de are responsible for apparent low quality of the geomagnetic
Carvalho, 1920). series during the first 20yr in Alto da Baleia. In addition,

Yet regarding the absolute measuremenDofan utmost  the regular measurements bfwhich used to be made with
methodological change occurred in July 1875 that resulted ira John Dover (no. 31) inclinometer until October 1935 and
a clear improvement of data series. Until this date, the geowith a Sartorius earth inductor (no. 2854) afterwards) were
graphical meridian was determined by the hour angle, notingdiscontinued in 1939. On the contrary, theand H absolute
the times of the passages of the sun through the telescopgbservations were made on a regular basis with the magne-
reticule. However, this procedure was changed with the in-tometer of Elliott & Bros. until the end of 1948. However, the
stallation of an azimuthal mark approximately 1km away published annual/monthly means &f and D for the years
from the observatory, allowing for greater ease and accuracyL949 and 1950 were obtained by linear interpolation (Custé-
in the process of determining the geographical meridian.  dio de Morais, 1952).

Concerning the continuous recording, the Adie vari- In 1951, Custddio de Morais, the new director of the Geo-
ographs started running in 1867 and worked more or lesphysical Institute, was responsible for the re-installation of
irregularly (with the main problems occurring in the verti- the Eschenhagen variographs, and the continuous recording
cal component) until September 1883. The variographs weref H, D, and Z components began properly in October of
then disassembled due to construction work and installathat year. These classic variographs were kept in use for more
tion of facilities (Seica e Santos, 1995). After their rein- than 50 yr until August 2006.
stallation, in September 1885, an almost complete set of Together with the variograph re-installation, the construc-
daily magnetograms (recorded on photosensitive paper withion of a new absolute house in 1951 set a new stage in the
a normal running speed of 15.2mm¥) was obtained un-  observatory history. Nonetheless, during 1951 the absolute
til October 1914. By this time, it was recognized that the measurements off, D and ! were still obtained with the
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22 A. L. Morozova et al.: Correction of artificial jumps in the historical geomagnetic measurements

same old set of instruments (the unifilar magnetometer of EI- Starting from October 1951 the good quality of magne-
liott & Bros. for H and D, and the Sartorius earth inductor tograms obtained with the re-installed Eschenhagen vari-
for I). In the beginning of 1952, the absolute measuremenbgraphs allowed the calculation of the local K index, which
of I was abandoned and the measurement wofas adopted is based on the variation range of the horizontal components
instead. Since this year, the measurementd @hdZ have  (H, D) with respect to the regular daily variation. The K in-
been respectively obtained with a quartz horizontal magnedex values, available since October 1951, were hand-scaled
tometer (QHM) and a balance magnetometer zero (BMZ). Induring the period of classic variographs (from October 1951
1955 the old Elliott magnetometer used to measure absoluteo August 2006), and automatically scaled afterwards using
D values was finally replaced by an Askania Werke AG mag-the 1 min digital FGE variometer files and FMI algorithm
netic theodolite (declinometer). Together with the Eschen-(Menvielle et al., 1995). Besides this change in the calcu-
hagen variographs, these new absolute instruments (QHMation methods, the following instrumental and methodologi-
BMZ and Askania declinometer) were kept in use until 2006. cal changes (see also Table 1 of metadata information) could
In relation to the quality of data, this long period (1952— have affected the integrity and homogeneity of the K index
2006) can be separated into two distinct parts (Pais and Miseries: (1) according to the observatory’s logbook, a change
randa, 1995): in the hand-scaled calculation method was applied in May—
. , . June of 1985, though no further information is given; (2) the
1. from 1952 to 1987: the quality o_f geo_magnetlc Series magnet suspension wire (originally of quartz) of tHevar-
is comparable to what was obtained in most observajggranh broke for the first time in December 1979 and was
tories of that epoch, allowing, for instance, the local \gpjaced in the following month by a tungsten wire. This was
identification and quantification of the global jerks of accompanied by a change in the mean sensitivity of the vari-
1969 and 1978; ograph (from~ 4 to~ 2nT mnT1); (3) this suspension wire

2. from 1987 to 2006: the Coimbra data began showingP'oke again in April 1984 and (4) February 1996, though no
some non-negligible artificial perturbations mainly re- apparent changes in the variograph’s sensitivity were regis-

lated to the aging and drift of instruments, technical teréd in logbooks.

difficulties in performing certain types of observations,

as well as with the increasing urban magnetic noise. In o )

particular, the construction of a neighbourhood house3 Homogenization —main procedure
occurred during 1989-1991 only 15 and 30 m away

from the absolute and variation houses, respectively. |"€ré are two main types of homogeneity breaks that ap-

pear most often in geophysical records: (1) step-like jumps
In 2006 the Geophysical Institute of the University of due to for example the change, repair or re-calibration of

Coimbra was finally able to replace completely the set ofthe instrument, the relocation of the instrument or the relo-
old instruments with modern ones. The Askania declinome-cation of the station itself, and (2) trend-like changes of the
ter was the first to be replaced, and in January 2006 thdvase line due to for example gradual changes of the environ-
declination started to be measured by a DI-flux magnetomement condition in populated regions or some continuous in-
ter (consisting of a fluxgate sensor MAG-01H mounted onstrumental drift. Sparse and inaccurate measurements could
MG2KP steel-free theodolite). This change of instrumentsbe also a source of homogeneity breaks because low-quality
was accompanied by the selection of a new azimuthal marldata have more noise and bigger measurement errors. The
and new reference pillar (no. 4 in the absolute house). Thesimplest way to detect such inhomogeneities is a visual anal-
QHM and the BMZ were discontinued in June 2006, and theysis (VA), preferably by an experienced person (Venema et
base lines off andZ started to be determined by means of al., 2012). However, because of its subjectivity, this analysis
absolute values oD, I (using the DI-flux magnetometer ) can be used only as a first and rough guide for the homoge-
and F (Geometrics G-856 proton magnetometer). In Septemnization procedure providing information about “suspicious”
ber 2006 the Eschenhagen variographs were replaced by theeriods. Afterwards, the series has to be examined through
modern digital variometer FGE (version J; DMI), which was the use of objective statistical homogeneity tests (HTSs). In
installed to record the variations of the same geomagnetithis study we applied one of the most commonly used HTs
components (HDZ) with sampling rate of 1 Hz. Finally, in — the standard normal homogeneity test (SNHT; Alexander-
June 2007, the continuous recording of absolute values of Eson and Moberg, 1997). This test supposes that analysed
started, using a new proton magnetometer (the Overhausemlues are independent and identically normally distributed
GSM90-F1, Geometrics). All these changes resulted clearlynull hypothesis). The alternative hypothesis assumes that the
in an increase in baseline stability and in an evident qual-series has a jump-like shift (break). SNHT can be oversensi-
ity improvement of obtained data series (showing a reducedive to the breaks near the beginning and the end of the series
noise level). (Costa and Soares, 2009). Alexandersson and Moberg (1997)

proposed the use of a statistiEgk) to compare the mean of

the firstk years of the record with that of the last{) years,
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Table 1. A list of possible homogeneity breaks in COI Ki series for the period 1951 to 2012 found using metadata, visual analysis and
statistical homogeneity tests. The last column shows valuesXK > monthly Used to correct detected breaks in COI Ki series, computed

from comparison of TOL, EBR and COI values for periods between corrected breaks. Since the EBR series starts in January 1975, the
correction value for the earlier period is estimated both using two reference series for the period 01/1975-12/1979 and using one reference
series for the period 09/1951-12/1979. In both cases this correction is zero.

<XZK> monthly

Break  Break Metadata Periods between Correction values for
number  date corrected breaks COEK > monthly
TOL EBR COI
homogeneous period Sep. 2006-Oct 2012 12.3 13.2 135 -
1 Sep 2006 since the 22 September 2006: automatipr 1996-Aug 2006 17.3 17.2 18.9 -1.7
scaling (FMI method) based on 1 min
digital recordings of the FGE variome-
ter
2 Apr1996 replacement of the suspension wire dflay 1985-Mar 1996 18.6 18.2 20.9 —-25
the H variograph
3  May 1985 new method to calculate the K index Jan 1980-Apr 1985 19.4 19.1 26.5 -75
scales
Jan 1985 no specific information in logbooks,
could be related to application of a new
method to calculate Ki or building con- not corrected
struction
May 1984 replacement of the suspension wire of
the H with no apparent changes in the
variograph’s sensitivity
Jul 1982 no specific information in logbooks;
could be related to building construc-
tion
1980-1986 construction of a new hospital (distance
~500m)
4 Jan 1980 replacement of the broken suspensiodan 1975-Dec 1979 16.2 17.1 17.1 0

quartz wire of theHd variograph
no specific information in logbooks
no specific information in logbooks

5 Apr1974-Aug 1975
6 Oct1951-Oct 1952

not corrected

with n the data set length:

T(k)=kzi+(n—kz5, k=1..n, (1)
where
1K (v, —Y
212221_1& ), (2)
1 " Yi—Y
Zo= — Zz—k+ls( ) , (3)
2 1y a2
s _nz(Yl Y) )

Here,Y; andY are theith element and the mean value of
the data set, respectively. If a break is located at the Kear
thenT (k) reaches a maximum near the yéar K. The test
statisticsTp is defined as
To= maxT (k).

1<k<n

(%)

The null hypothesis is rejected #y is above a certain

level, which is dependent on the sample size. Critical val-

Quarda (2007). Therefore, the SNHT is a tool that not only
estimates the level of inhomogeneity of the tested series for
the tested period, but also detects the highly probable break
points.

It has to be kept in mind that the relative amplitudes of
T (k) maxima, in general, do not correlate with the strength
of corresponding HBs. Ratios of the amplitudes depend for
example on the length of the studied period, distance between
the breaks and proximity of the breaks to beginning/end of
the series. Correction of a break can result in changes of the
relative amplitudes of other breaks.

In a previous homogenization study (Morozova et al.,
2012), we also used for geomagnetic data another homo-
geneity test — Buishand’s cumulative deviation test (Buis-
hand, 1982), and verified that its statistics was very similar
to SNHT giving no additional information.

The HTs were applied in relative mode, i.e. to the dif-
ference between the COI series and corresponding refer-
ence series (RS), which are series of measurements of the
same parameter from other stations or from some models.

ues for different data set lengths are given in Khaliq andThe HBs detected by the SNHT were cross-checked with

www.ann-geophys.net/32/19/2014/
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available metadata and logbooks. Only breaks that coincidd Homogenization of local geomagnetic K index

with known dates of instrumental, methodological or some  series

other sort of registered changes in measuring conditions were

corrected. The series of monthly values of the local K index (COI Ki)
The corrections of the HBs have to be applied to the datdor the period from 1951 to 2012 were already subjected to

series backward in time, starting from the most recent breakhomogenization in Morozova et al. (2012). However, new

In this case all data are corrected in line with the conditionsdigital data of COI Ki presently available, as well as new

of the most recent homogeneous part of the data series: a pgeference series obtained in the recent time, allowed us to

riod ranging from the last homogeneity break to the end ofPerform a number of new tests and re-do the homogenization

the series. The most usual way to correct breaks is to calProcedure with, as we hope, better quality results.

culate the means of the studied parameter during some time

before and some time after each of the breaks, and to us&-1 Procedure

the differences between these means as the correction valu

This is a procedure usually applied for homogenization of " : : L
: main scheme described above in Sect. 3. Preliminary anal-
the meteorological data (Morozova and Valente, 2012). Un- . .
sis detected periods of anomalous behaviour of the local

fortunately, this is not always the most adequate procedurt%((i compared to the reference series. These anomalies were

when dealing with geomagnetllc SEeries, que to the.prgsg.ncgross—checked with the COI annual books and logbooks, and
of strong trends (as for the declination series) or periodicities . L

T . e all found miscalculated values were corrected. The statisti-
(as for the geomagnetic K index series). The specific correc-

tion procedures applied in this study depend on the nature c%al homogeneity tests were then applied to the differences

. . tween COI Ki and reference series. The dates of possible
the treated parameters and are described in Sects. 4.1 and 5, :
) . . reaks detected both by VA and HTs were compared with the
for the Ki and for theD series, respectively.

To estimate the “quality” of the correction (Venema et al., COl logbooks and annual books, taking also into account the

2012), the centred root mean square errors (CRMSES, s rgetadata available for the reference series. The significant

. . reaks coinciding with dates of changes in the instruments
e.g. Taylor, 2001) were calculated using reference series. The : .
; or calculating methods were chosen for correction.
CRMSE parameter is calculated as

The correction values were calculated taking into account
CRMSE = 62 + 02 — 20p0Rr, (6) the d|ﬁerences between the original COI Ki series and ref-
erence series from the closest observatories for each of the
whereop and or are standard deviations of analysed and corrected intervals. The corrected COI Ki series was tested
reference series, respectively, ani$ the correlation coeffi-  using VA, HTs and CRMSE test.
cient between analysed and reference series. When CRMSE o
values of corrected series are plotted vs. CRMSEs of orig#-2 Data description
inal ones, dots on or below the bisector indicate the seriesl_ - . . . .
. : . . .~ The original Ki series consists of a humber of values (in-
with unchanged or improved (increased) homogeneity, while ; .
. . : . tegers in the range from 0 to 9), obtained from the largest
dots above the bisect indicate the series with decreased hog- . 1 .
. . : range of geomagnetic disturbancediror H during 3hUT
mogeneity. The reduction of the CRMSE values is used to . ) . 4
. L intervals, using a conversion scale that is approximately log-
confirm that the corrected series is more homogeneous than .. . .
o arithmic (e.g. Menvielle et al., 2011). The daily sum of the
the original one (Venema et al., 2012). . ; .
L . eight 3h Ki values EK) and monthly means of this sum
The homogenization scheme can be summarized as fol; .
) (< ZK > monthly) have been previously used as representa-
lows: : ontaly. : 7.
tive of the irregular geomagnetic activity observed at a cer-
1. visual analysis of the data; comparison to RS (avail- tain station (see e.g. Minamoto and Tagushi, 2009, or Zhang

able series from other stations or models); etal., 2008).
o . _ The original COI Ki series used in this study consists
2. application of homogeneity tests in, preferably, rela- of data measured from October 1951 to October 2012
tive form; (10/1951-10/2012), has no extended gaps, and only a few
3. detection of the HBs and comparison to available daily sums are missing. During the measurement period
) . some changes in the instruments and methodology took
metadata and logbooks; selection of the breaks for cor- : ) . ’
rection: place. They are listed in Table 1. COI Ki is currently available
’ in digital format for the whole period in the form of monthly
4. correction of the breaks: means of daily sums<{ % K > monthiy). Therefore all results

presented here were obtained using this parameter both for
5. examination of the corrected series: VA, HTs, and cOl Ki and for all reference series.

CRMSE.

The homogenization procedure for the Ki series followed the
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Fig. 1. Original COI Ki serieqa) and references series: Kp), TOL Ki and EBR Ki(b), and SOD Ki and KIR Ki(c). Vertical lines mark
periods of possible homogeneity breaks for COI data (see Table 1).

4.3 Reference series to the differences between TOL Ki and series of Ki from the
closest stations (EBR, COI and the Italian AQU station — see

he local K ind s f ¢ ic ob Table 2) for short homogeneous periods (different for each
The local K index series from four geomagnetic observato- ,q stations) around 1998. These HTs (Fig. 2, thin lines)

rie; and the planetary I_<p index series were used as referen%ehowed a significant break around January 1998. This break
series (hereafter RS-Ki). The reference observatories are tWR also clearly seen through VA (not shown here): in January

closely located _Spanish stations (Toledo — T_OL and Ebro 1998 there is a jump of Ki of about 2 units. We corrected this
EBR) and two distant northern European stations (Sodankylg,, The corrected TOL Ki series shows no significant ho-

— SOD —in Finland and Kiruna - KIR —in Sweden). The pe- mogeneity break (see Fig. 2, thick lines; see also Sect. 4.6 for

_nods of measurements .and a"a'!a.b'e metada_ta are pres?mg\ﬁditional discussion). Hence, all the results presented below
in Table 2 for all RS-Ki. The original COI Ki and RS-Ki were obtained using the corrected TOL Ki series.

series are plotted in Fig. 1. The Spanish stations were pre- All reference series were used for relative homogeneity

ferred for their proximity to the COI station anticipating a analysis so that the series of differences between COI Ki and

strong similarity in the Ki variations. The Kp series was cho- the five RS-Ki (three of these difference series are presented
sen because it describes global mean variations of the loc Fig. 3) were studied both with VA and with HTs. Also, the

K'indices and has been widely test(_ed_. The series from th%\bsolute HTs (HTs applied to the series themselves) were
northern Epropean stations are sufficiently long to test thecarried out to obtain and compare the internal variability of
homogenesity of the_ CO_I early me_asuremer_ﬂs_. They were aIsQ( indices due to geomagnetic activity cycles. They are dis-
used to_te_st the latitudinal effect in the variations of the 9€0-.,ssed in Sects. 4.4 and 4.6.
magnetic indices.

Inevitably, a number of instrumental changes and statiory. 4 Homogeneity breaks
re-locations occurred in all observatories. The application of
necessary corrections is specified in the station metadata (sées one can see from Fig. 1, the Ki series have a signif-
links in Table 2 and Menvielle et al., 2011, for Kp). Unfor- icant variability both on month-to-month and on decadal
tunately, the series from one of the closest and one of theéimescales. The latter depicts the quasi-11-year solar cycle,
most useful stations (TOL) has at least one significant arti-especially the last three cycles. However, geomagnetic ac-
ficial break in 1998, possibly associated with the transitiontivity peaks seen in Fig. 1 do not coincide with the max-
from manual to automatic methods of Ki calculation. The ima of sunspot numbers, which occurred around 1980, 1990
preliminary COIl Ki homogenization procedure showed theand 2000 for cycles 21, 22 and 23, respectively. In fact, the
need for correction of this break in TOL Ki series. The homo- strongest events of the geomagnetic activity take place dur-
geneity tests were applied to TOL Ki series itself as well asing the declining phase of the solar activity or close to the
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Table 2. A list of reference series used for COI Ki homogenization.

Station Station Country  Latitude, Longitude, Available data,
name code deg min deg min comments
1 Toledd TOL Spain 3933 0421 Jan 1951-Dec 2011
metadata: 1982- re-location; from1998 onwards- automatic
calculation of Ki
no correction applied
2 Ebrd EBR Spain 40 48 00 30 Jan 1975-Dec 2011
gap: Jan 1989 no data, linear interpolation
metadata: 2000- digital format
3 Sodankyld SOD Finland 67 22 26 38 Jan 1914-Feb 2012
gap: Jun 1953- no data, linear interpolation
metadata: 1936, 1986, 2063changes of instruments; correc-
tions are applied
4 Kirung KIR Sweden 67 50 2025 Jan 1962—Apr 2013
gap: Feb 1970-Dec 1970 no data
5 Kp5 Kp planetary - - Jan 1932-Dec 2010
6 LAquila® AQU Italy 42 23 1319 Jan 1988-Dec 2010

note:Jan 1996—Mar 1996 — outliers; origin is not identified

Metadatal http:/Awww.ign.esfign/resources/geomagnetismo/observatorios/RESENA_SAN_PABL Oyitf./www.obsebre.es/php/geomagnetisme;, php
3 http://www.sgo.fi/Data!Magnetometer/magnHistory.pﬁpttp://www.irf.se//Observatory/?link[Magnetometers]zDescription

5 http://www-app3.gfz-potsdam.de/kp_index/index.htmhttp:/isgi.cetp.ipsl.fr/deskp_ind.html

6 http://[roma2.rm.ingv.it/en/facilities/geomagnetic_observatories/14/l-aquila_magnetic_observatory
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Fig. 2.Homogeneity test statistics for TOL Ki in relative (compared to Ki from Q&) EBR(b), AQU (c)) and in absolutéd) modes around
the 1998 epoch. Thin lines — before correction; thick lines — after correction. Significance levels are marked by horizontal lines. Vertical grey
line shows the break date for TOL series.

minimum (Du, 2011). Besides, Love (2011) showed an in-a sequence of periods of upward/downward trends, HT statis-
crease of the mean level of geomagnetic activity over the padtics peaks somewhere between minima and maxima of the
141 yr. These features are seen not only in the Ki series iteyclic series. This makes the absolute HTs less efficient in
self (Figs. 1 and 3) but also in the homogeneity test statisticsletecting artificial homogeneity breaks of geomagnetic pa-
(Fig. 4). As quasi-regular cycles are considered by the HTs asameters than in the case of meteorological ones. Besides,
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Fig. 3. Original (red dashed lines) and corrected (black solid lines) series for C@)Kand for differences between COI Ki and reference
series: Kp(b), TOL Ki (c) and EBR Ki(d). Vertical lines mark the dates of the breaks (see Table 1).

since the amplitude of the local Ki variations depends notintermediate homogeneity tests of partly corrected COI Ki
only on the sensitivity of the local instruments but also on series (not shown here).

the local geomagnetic environment, which in turn depends

on the latitude, the relative variations of the local Ki from 4.5 Correction of the breaks

distant stations could depend on time and increase during the

maxima of the geomagnetic cycle. Therefore, even the relaThe four homogeneity breaks (numbers 1, 2, 3 and 4) were
tive HTs could pick up the features related to the quasi-11-chosen for correction. Other events listed in Table 1 are ei-
year geomagnetic cycles. This effect is expected to be weakeher not seen in the VA and HTs simultaneously or do not
for relative HTs, when data from close positioned stations arecoincide with known changes in the instruments or measure-
used, than when one uses data from more distant stations. iIment/computation procedures (breaks #5 and #6). The HB
any case, when applying the HTs to the Ki series, one has té6, for instance, could be related to the early period of about
keep in mind that some of the detected HBs may be due td2 months when the procedures for the measurement and cal-
natural cycles. culation of Ki were not fully established.

Figure 4 shows the SNHT statistics for the relative and The corrections for the above-mentioned HBs were cal-
absolute homogeneity tests (lines with and without dots, re-culated using the closest stations of TOL and EBR as ref-
spectively). The most significant HBs are coincident with erences and based on the assumption that the difference of
known changes in the COI Ki measurement routines: re-< XK > monthly between so closely located stations would
placement of the broken wire in 1980 (break #4), change ofnot exceed 1-1.5 (which is clearly true for the pair TOL—
the calculation method in May 1985 or June 1985 (break #3) EBR — see Table 1). The exact correction values in Table 1
change of the variograph wire in 1996 (break #2) and start ofare chosen so that the corrections for the monthly sums of
automatic Ki calculation in 2006 (break #1). These breaks arexK (30x < XK > monthly) are integer values. The corrected
seen in the absolute HTs of COI Ki as well (Fig. 4c). Unfor- series of COI Ki is shown in Fig. 3 together with the differ-
tunately, not all events listed in Table 1 (column “metadata”) ences between the corrected COI Ki and three RS-Ki series.
are clearly seen in HT statistics being either (1) relatively Relative homogeneity tests performed on corrected series
small or (2) close to the maxima of geomagnetic cycle. How-(Fig. 4, thick lines with dots) show that, relatively to the clos-
ever, they are seen quite well in VA (Fig. 3) and appear inest Spanish stations of TOL and EBR, the corrected COI

Ki series has no significant homogeneity breaks around the
known dates of instrument or procedure changes. However,
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Fig. 4. Homogeneity test statistics of COI Ki in relative (compared to TOL&)i EBR Ki (b), SOD Ki (d), KIR Ki (e) and Kp(f)) and
absolutg(c) modes for the period from 1975 to 2010. Absolute test statistics are shown by lines without dots. Thin lines — before correction,
thick lines — after correction. Vertical lines mark periods of possible homogeneity breaks for COl data (see Table 1). Significance levels are
marked by horizontal lines.

there still exist homogeneity breaks found by absolute teststhese features as the difference in the geomagnetic field re-
which could be associated with the coming out features ofsponse to the developing geomagnetic cycles between COI
the geomagnetic cycles (Fig. 4, thick lines without dots). Theand higher-latitude stations such as SOD, KIR and those used
differences between corrected COI Ki and the distant north+to calculate Kp. This hypothesis is supported by the similari-
ern European stations (SOD and KIR) Ki series as well as thdies between the statistics of relative and absolute HTs (thick
Kp series also show a significant homogeneity break aroundines on Fig. 4).

2005 (Fig. 4, thick lines with dots), which, additionally, co-

incides with a peak of the absolute HT statistics. We interpret

Ann. Geophys., 32, 1940, 2014 www.ann-geophys.net/32/19/2014/



A. L. Morozova et al.: Correction of artificial jumps in the historical geomagnetic measurements 29

TOL, SOD, Kp - 1951.10-2010.12 1.0 —
EBR,KIR - 1975.01-2010.12 TOLcor SoD
3.5 o
o . KIR
[m]
m]
0.9 - TOLorig . COlIcor
o . ju]
n o KIR / cotorg /3 = vsKp (1951-2011)
= ®S0D ‘E‘ [ o /i o vs Kp (1975-2011)
E 5 :
S 5 ;
m = 08 ;
%] 3] i
= S i "
2.5 ;
o e Kp 5
=07 o
® TOI g b
3 & ‘
2.0 i o
| 1
0.6 ° .
®EBR i 4
15 ‘ ‘ . ® vsaa (1951-2010)
15 20 25 3.0 35 { o | o vsaa (1975-2010)

0.5
CRMSE orig.

Fig. 6. Correlation coefficients between the local Ki series from five

stations and two global geomagnetic indices, Kp (squares) and aa

(circles), calculated for two periods: 1975-2010/2011 (open sym-

bols) and 1951-2010/2011 (filled symbols). Results using the orig-
The CRMSE values were calculated to estimate theinal and corrected series of both COI Ki and TOL Ki are shown.

change of the homogeneity level after applying the correc-

tion (Fig. 5). As one can see, the homogeneity level of COI _ _ _

Ki series increased after correction relatively to all referencereaching the highest level around 2005. When comparing se-

Fig. 5. CRMSE of corrected vs. original COI Ki series.

series. ries from different observatories, the cycles disappear if the
observatories are close in latitude, but the 2005 maxima re-
4.6 New information provided by the homogenized main present if they are not, in agreement with previously
series observed latitude dependence of the increasing geomagnetic
activity.

The increasing trend of the aa index during the 20th century In Fig. 6 we compare variations of the original and cor-
has been widely discussed and considered representative gdcted (both COI and TOL) Ki series with the changes
a gradual increase in geomagnetic activity (e.g. Martini andof two global geomagnetic indices: Kp and aa (the lat-
Mursula, 2008; Love, 2011). Analysis was also made directlyter is available for example aftp.ngdc.noaa.gov/STP/
on K index series, leading to a similar conclusion that geo-GEOMAGNETICDATA/INDICES). The correlation coeffi-
magnetic activity has increased over the past 141 yr, althoughkients between corrected local and global indices increase
not monotonically (Love, 2011, Love et al., 2012). Since so-compared to the correlation coefficients for uncorrected se-
lar cycle 14 in the beginning of the 20th century, a gradualries. Figure 6 also shows results for the other three observato-
increase until 1960 and then a strong dropout in the earlyies used in this study — EBR, SOD and KIR. The correlation
1960s have been reported, followed by a weaker increasingetween Kp (or aa) and corrected COI Ki is still lower than
trend from around 1963 until nowadays (Martini and Mur- for other local indices. The reason for that is seen in Fig. 7
sula, 2008; Love, 2011). Furthermore, it has been noticedshowing the running correlation coefficients between local
that the observed increase varies with latitude, being largesihdices and Kp for a window of 132 months. Although the
at high latitudes, smaller at low latitudes and smallest at mid-corrected COI Ki (Fig. 7a) has no longer dramatic decreases
latitudes (Martini and Mursula, 2008). We expect that the Ki of correlation as was the case for the original one (Fig. 7b),
corrected series for COI, and the corresponding differenceshe correlation between the COI Ki and Kp is still quite low
relative to reference series may confirm or even bring furtherduring the 1970-1990 period. This can be due to the presence
details to these results. of unregistered (and therefore impossible to correct) changes
Figure 4 shows statistics of absolute HTs of all RS-Ki andin the instruments during this period, as shown in Table 1.
COl Ki series (thick lines without dots). The peaks of statis-  Another interesting feature is the period of very low cor-
tics mark maxima around 1985, 1995 and 2005, which seemelation between TOL Ki and Kp around 1965-1968. This
to correlate with global maxima of geomagnetic activity as low-correlation period is also seen in COI data though not as
seen in the aa index series (e.g. see Fig. 3 in Du, 2011)prominent, and it is practically absent in SOD data. Whether
Moreover, the prolonged minimum of the geomagnetic activ-it is a result of some local mid-latitude effect is not known.
ity that took place in 1960s—-1970s is also present as a periogiso note the improvement of the correlation between TOL
of relatively small peaks of the HT statistics. The rising of the Ki and Kp around 1998, after applying to the original TOL
peaks’ amplitude to the end of the 20th century, quite prob-series the correction discussed in Sect. 4.3.
ably, reflects the growing strength of the geomagnetic cycles
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Fig. 7.Running correlation (window width 132 monthsl1 yr) between the Ki series from five stations and &):corrected COl, corrected
TOL, EBR, SOD and KIR Ki seriegb) original COI and original TOL Ki series. Vertical lines mark periods of possible homogeneity breaks
for COl data (see Table 1).

5 Homogenization of local geomagnetic declination 1. as a difference between two consecutive months
series (“month-to-month”  derivative, hereafter “m2m
dD/dt"):

5.1 Procedure
m2m dD/dr (year, month)= (D(year, month)

The D component monthly series obtained at COl is, among — D(year, month- 1)) /(1/12). @)
all other local geomagnetic elements series, the one with
fewer breaks since the beginning of COI activity. As typ- >
ical for geomagnetic elements time series on centennial
timescales, it shows a strong trend, linear at first sight (see
Fig. 8, top panel). This makes this kind of series very dif-
ferent from both meteorological parameters to which homo- y2y dD/dr (year, month)= (D(year, month
geneity tests have been largely applied and from Ki series,

. as a difference between the same months of two
consecutive years (“year-to-year” derivative, hereafter
“y2y dD/dt"):

described in Sect. 4. The almost linear trend does not al- — Dyear—1,month)/1. ®)
low one to use the homogeneity tests Drseries, because For all data series that originally have annual resolu-
it will dominate all possibly existing inhomogeneities, mak- tion, the first time derivative ob is calculated as

ing them undetectable by the HTs. It is possible, of course,

to detrend theD series, but we decided instead to use a pa- y2y dD/dt (year)= (D(yeal

rameter that has a well-known physical meaning: the “secular — D(year— 1))/1 9)

variation” (SV) of D, which is the first time derivative ab,
usually calculated for annual data series as the time series of and then linearly interpolated to monthly timescale.
differences of consecutive values.

Given that the available CQD data have monthly resolu- Both m2m and y2y derivatives have unities of “degree per

tion, we calculated the first time derivative using the monthly year’. The m2m derivative shows rapid variations on the
D series in two ways: monthly timescale, and its outliers mark sudden changes in

the D slope. In this series, the ratio of noise to SV signal is
very high. The y2y derivative (Fig. 8, bottom panel) gives a
better account of the SV signal, with monthly time resolu-
tion. It is equivalent to applying a 12-month moving average
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Fig. 8. Original (red dashed lines) and corrected (black solid lines) series oDQ@lp panel) and its SV (bottom panel) from 1867 to 2012.

to the m2m series. In this way, the annual variation associ- The correction procedure was applied using bbtland
ated with external currents is filtered out though the monthlydD /dr series in order to determine more accurately the HB
resolution is kept (see e.g. Olsen and Mandea, 2007). Thislates and calculate more reliable corrections. When the cor-
series does not have dominating trends and can be used mection was applied to d/dr series, theD series was re-
statistical homogeneity tests. While making the homogene-calculated from the corrected first derivative monthly series
ity analysis with derivatives, one has to keep in mind that thestarting from the most recent data back to the beginning of
physical meaning of the breaks in the studiedcomponent the series.

series itself and the breaks in the first derivative are differ-

ent. In the former case, the breaks detected by the HTs caR-2 Data description

be associated with trends or shifts, and as already explained

natural trends are expected in theseries. In the latter case, The D component series used in this study consists of
the HBs can be related also to outliers (sudden changes dfaté measured from July 1967 to October 2012 (07/1867—

the slope of theD series) and changes of the trend of the 10/2012). The original series has 21 gaps having a total of

derivative (change of the curvature of theseries). 31 monthly data missing (1.78 % of the whole series length).
In the case oD series, the quality of the data does not al- | Nere are three big gaps 3 months long, four gaps 2 months

low us to correct the breaks that took place before 1951 (seéong and 14 one-month-long gaps. All gaps were linearly in-

Sect. 2 for the history of the COI observatory). As one canterpolated. During the measurement period, some changes in
see in Fig. 8, there are two periods of high amplitude ran-the instruments and one station relocation took place. These

dom fluctuations in y2y B /dr: from the beginning until ca. €vents are listed in Table 3. The originaland y2y & /dr

1876 and between 1930 and 1950, due to noisy and unreliS€"€S are shown in Fig. 8 by dashed lines.

able D data. We note that the fluctuations shown in Fig. 85.3 Reference series

are far greater than the expected scatter due to limited preci-

sion of the instruments: the gnifilars magnetometers of Gib-,q types of reference series were used to homogenize the
son (1867-1875) and of Elliott (1875-1955) had errors of ;; component data series: annual mean®aheasurements
~8x 107 degrees, and the Askania declinometer had erfom 16 African and European geomagnetic observatories
rors of~ 3 x 10~° degrees. The DI-flux presently in use has ang two series of annual values bf calculated for Coim-
associated errors of onky 3 x 1074 degrees. These fluctu- 5 ysing geomagnetic field models. The observatories are
ations do not allow us to calculate consistent corrections Oljisted in Table 4. These data were obtained from the British
even base line foD series before the 1951. Therefore, in Geological Survey databaskti:/Amww.geomag.bgs.ac.uk/
this study the breaks that took place before 1951 were 'efHata_service/data/annual_means.shtrﬂ'lhe selected sta-
uncorrected. tions have at least 20-year-long series of th&eomponent
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Table 3. A list of possible homogeneity breaks in C@I series for the period 1867 to 2012 found using metadata, visual analysis and
statistical homogeneity tests. Only breaks after January 1951 were corrected. Correction values and correction methods for the periods
between breaks are indicated in columns 5 and 6.

Break Break Metadata Periods between Series used for Correction values
number date corrected breaks correction calculations Dfaonin
homogeneous period Jan 2006-Oct 2012 -
1 Jan 2006 new instrument was installed in Jun 2006; thgr 1994-Dec 2005 D series —6

correction of—6' was applied to the data start-
ing in Jan 2006

2 Jun 2003 change of the suspension wire; correction al-
ready applied not corrected
3 Jan 1998 no specific information
4 May 1994 change of the suspension wire Jul 1990—Mar 1994 ni2pddseries -3
5 Jun1990-Jul 1990  small instrumental problems and constructidpr 1951-May 1990 m2m dD/dr series —7.55
in the nearby area Jun 1990 —5.025
6 May 1989 same as previous not corrected
7 Jun 1983 no specific information
8 Sep 1977 no specific information
9 Jul1955 installation of a new declinometer (Askania) —
after comparison with former Elliott no signifi-
cant differences were found
10 Oct 1951 reinstallation of variographs; new routines for
absolute measurements;
11 Jan1951-Mar 1951 end of interpolation period Mar 1951 D series -5.7
Feb 1951 —5.85
Jan 1951 -5.1
12 Oct 1948-Dec 1950 no measurements, data in the annual books were
interpolated
13 Jul1937-Oct 1941  no specific information is found, but data are
noisy; in Jan 1938 the new procedure to com-
pute the data was applied Jul 1867-Dec 1950 no other corrections —7.55
14 Jan 1932 re-location of the magnetic observatory
15 Jan 1930 no specific information, may be related to tram
line installation
16 Jan 1919 new procedure to compute the data was applied
17 Jan 1878 Unifilar magnetometer of Elliott was installed
18 Jul? 1875 new method to calculalewas applied; new

azimuth mark was calculated

19 Jul 1866-Jun 1874 no specific information, but data are noisy,
probably, due to inaccurate local azimuth deter-
mination (see text)

and do not show undocumented homogeneity breaks. Somiereafter called “COV-OBS w/o COI”, was computed by
of these series originate from a set of closely located ob-N. Gillet for this study, and differs from COV-OBS only in
servatories (cases 2, 5 and 9) or have breaks due to instrihat the input data set excludes COI data. The first deriva-
ment changes. In such cases the necessary corrections, pitdes of annual values produced by both COV-OBS w COI
vided by the same database, were applied, and individual seand COV-OBS w/o COI were calculated using Eq. (9). The
ries were combined into composite ones. The first derivativegesulting two series, interpolated to monthly timescale, are
(SV) were calculated for all reference series from the annualised as the second type of reference serie¥, ®8-D and
means using Eq. (9), and a final referenék/dr series (here- RSY° COL_D respectively (see lines with dots in Fig. 10).
after “R¥PS-D") was computed as the mean of all 16 indi- Al reference series (R8%-D, RS¥ CO_p and
vidual SV series interpolated to monthly timescale (Fig. 9RS"° CO_p) show good agreement with COI y2y
and thick blue line in Fig. 10). dD/dr variations in Fig. 10. Most significant dissimilarities
Two geomagnetic field models were used to obtain awere found for two periods: from 1867 to 1876 and from
second type of reference series: (1) the COV-OBS modell930 to 1950. TheD data for these periods have significant
(Gillet et al., 2013), hereafter called “COV-OBS w COI”, month-to-month variations as already said (see mZ¥icd
was computed using data of observatory annual means fon Fig. 10, top panel, and als® series in Fig. 8, top
the 1840-2010 period, COI values included, provided by thepanel). There are also a number of outliers in m2Byd:
World Data Center for Geomagnetism; (2) a second modelgcorresponding to shifts in y2ydl/d: series. Most of these
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Table 4.A list of European and African stations used to obtain the reference series fap C&ime stations have changes in the instruments
and/or were re-located. The first and last years of each whole set are in bold, and intermediate dates are in italic.

Station Station  Country Latitude, Longitude, Measurement
name code deg min deg min period
1 Bouzareah BZR Algeria 3648 301 1900-1943
2 Parc Saint-Maur (Paris) PSM France 48 49 230 1883-1900
Val Joyeux VLI France 48 49 201 1901-1936
Chambon-la-Forét CLF France 48 01 2 161936-1956; 1957-1967; 1968—-1982; 192811
3 Nantes NTS France 47 15 358 26 1923-1958
4  Perpignan PER France 42 42 02 53 1886-1901; 190#1910
5 Toledo TOL Spain 3953 355 27 19471981
San Pablo de los Montes  SPT Spain 3933 355 39 19812011
6 Ebro (Tortosa) EBR Spain 40 49 030 1909-1937; 1943-1983; 1992009
7 Logrofio LGR Spain 42 27 357 30 1957-1976
8 Madrid MDD  Spain 4025 356 19 1879-1901
9 San Fernando SFS Spain 36 28 35348 1880-1963; 1964-1969; 1970-1979
San Fernando SFS2 Spain 36 30 35353 19912005
10 Helsinki HLS Finland 60 10 24 59 1845-1878; 1883-1890; 1893909
11 Oslo OSL Norway 59 55 1043 1843-1930
12 Prague PRA Czech Republic 50 05 14 25 1830-1926
13 Eskdalemuir ESK UK 5519 356 48 1908-2011
14  Greenwich GRW UK 5129 00 1840-1925
15 Clausthal CLZ Germany 5148 10 20 1845-1918
16  Munich MNH Germany 48 09 1137 1841-1886; 18991926
Lisbon* LIS Portugal 3843 35051 1858-1900

* LIS station was not used as a reference series for HTs, only for VA.

dates (marked by grey vertical lines) correspond to changes As one can see, the HTs show a number of possible breaks.
in instruments, measuring and calculating routines, statiorSome of them are seen only in HT statistics, but others coin-
re-location, etc. mentioned in the station logbooks andcide with known dates of instrument changes (Table 3). All
annual books (Table 3). of them are shown in Fig. 11, with grey vertical lines.

5.4 Homogeneity breaks 5.5 Correction of the breaks from 1951 to 2012

The relative HTs were applied to differences between th

®The visual analysis applied to tHe and dD/dr COI series
y2y dD/dt for COI and the first derivatives of R&-D, 4 PP /

directly and to series of differences between those and refer-
col jo COI ;

R_SN _ﬁ_ alr_ld NS —D. Tge rr]esults are show_rk; N ence series, as well as results of HTs, allowed us to select 11
Fig. 1.1 (thin mes)_. As expect_e , the greatest gontrl L.Jt'onpossible homogeneity breaks during the period from 1951 to
to the inhomogeneity level is given by the two noisy periods 5415 They are listed in Table 3, together with the metadata
at the end Of, the 19th century am_j by the mid-20th CeNtUrY.4nd for this period. Table 3 also shows HBs and metadata
As was menUoned above, we decided to corregt only the hOTor the period from June 1874 to January 1951, to which we
mogenglty _breaks Fhat occurred after 1951, since we hav‘?:hose not to apply corrections as explained above. Only four
no precise information from metadata to compute the Propels e HBs the period from 1951 to 2012 were chosen for
corrections for earlier period. Therefore, we calculated thecorrection' breaks #1, #4, #5 and #11. These breaks (1) are
HT statistics for the period from 1951 to 2012 exclusively clearly seen in bott a,nd (b/dt data series, (2) are detected
(Fig. 11). by the HTs, (3) the metadata provide clear artificial sources
for these breaks, and (4) unambiguous correction values can
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Fig. 10. (a) Month-to-month derivative (m2m®/d:) of COIl D series.(b) Year-to-year derivative (y2y d/dt) of COl D series (thin
black line) together with first derivatives of R&-D (thick blue line), RY ¢CL-D and R¥/® COL_p (red line with open and filled circles,
respectively). Vertical lines mark periods of possible homogeneity breaks for COI data (see Table 3).

be calculated to correct the breaks. For the remaining possiseries and its y2y B /dr are shown in Fig. 8 to be compared
ble breaks, one or two of these conditions are not fulfilled.with the original ones. The correction values fdrare given
Figure 12 shows the original and corrected serie®afnd in Table 3.

dD/dr for the period 1951-2012. The whole corrected
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Fig. 11. (a—c)SNHT statistics for series of differences between first derivatives of COIl (¥24dd and reference series (R@—D — left

panel, R¥ COI_p and R¥"° COL_p _middle and right panels, respectivelfg—f) Same but for the period from 1951 to 2012. Significance

levels are shown by horizontal lines. Results for original series are shown by thin lines, and results for corrected series are shown by thick
lines. Vertical lines mark periods of possible homogeneity breaks for COI data (see Table 3).

Focusing now on the corrected breaks, we see that breakwas applied only between January and June 2006. We here
#1 (December 2005-January 2006) arises from the installaapplied the correction from January 2006 backward in time.
tion of a new instrument in June 2006 and the introduction of Break #4 (April 1994) coincides with a change of the mag-
a related correction in January 2006. It is clearly seen as amet suspension wire which was broken. The m2m/dr
outlierin m2m d>/dr series and as a period of shifted values value for this month was substituted for the mean value
in the y2y dD/dt series. The difference between the mea-for the next four months, and the whol® series was re-
surements obtained with old and new devices was calculatedalculated from the newld/d: series.

in 2006 and is equal to 6 arcmin. Previously, this correction
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Fig. 12. Original (red dashed lines) and corrected (black solid lines) seri@&s(tdp left panel), first derivatives (m2miy/dr — bottom left
panel; y2y d/dt — top right panel) and differences between first derivatives of COI series and reference series (bottom right panel) from

1951 to 2012. Breaks (see Table 3) are marked by vertical lines.

Break #5 (June 1990-July 1990) is probably associatedhe measurements and inaccurate local azimuth determina-
with a number of perturbations caused by building construc-tion. This can be concluded from Fig. 13, which shows COI
tion in the nearby area. The break was corrected with substiD series (monthly, both original and corrected, and annual
tution of the m2m @ /dr values for these points by the mean calculated from corrected monthly data) alongside anfual
values computed from preceding and following periods of 80series from Lisbon Observatory (LIS, see Table 4). The LIS
months, and the whol® series was re-calculated from the and COI stations were located200 km from each other; as
new dD/dr series. a result, the two series db are expected to be very similar.

Break #11 (January 1951-March 1951) arises due to imNevertheless, early CQb data show clearly different trend
portant methodological changes in the observation procecompared to LISD series during the period from July 1867
dures and the end of the period of interpolated data fromto about August 1871. COD data for this period have to
October 1948 to December 1950. This break was correctethe marked as unreliable for any model based on historical
by linear interpolation of theD series between those two geomagnetic measurements.
epochs. The differences between the corrected C@I/d: series

As was mentioned before, the HBs found for the periodand RSs were subjected to statistical HTs, similar to the
from July 1867 to December 1950 (see Fig. 8) were left un-original ones. The results are presented in Fig. 11 as thick
corrected since the quality of the data does not allow us tdines. Figure 11 shows the HT statistics for the time period
calculate reasonable correction values. However, some conwhen corrections were applied. In this figure, differences be-
ments have to be made about the quality of the data fotween corrected COIH/dr and RSPS-D (left panel) still
this period. The period of interpolated data (January 1949-show highly significant homogeneity breaks around 1991—
December 1950) is clearly seen in the m2mydr variations 1999 and 2003—-2007. For the rest of the time period, there
as a period of very regulard/d: variations. It was preceded are no breaks with significance greater than 90 %. The HTs
by a period of low-quality measurements (October 1937—of the corrected COI B/d: differences to R¥° €°'_p and
October 1941) with highly variable m2m and y2y derivatives. RS¥ ©'—D (Fig. 11, middle and right panels) are very sim-
The period from 1875 to 1937 contains data of fair qual-ilar to each other and show only one break around 1951—
ity but with a number of possible breaks listed in Table 3. 1952, which is nevertheless significant at more than 95 %.
The data before 1875 are of low quality due to irregularity of This is an indication that the estimations for COI site from
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Fig. 13.Comparison of COD (monthly and annual) and annual LIS series for the early measurement period. Vertical lines mark epochs
of changes in the instruments and initial period of unreliable data for 2Ol

“COV-OBS w/o COI” model are rather well constrained by different series for COI. Accordingly, the HT statistics for the

all the other European observatories. When including locatwo geomagnetic field models are clearly different, as shown

data, the resulting “COV-OBS w COI” gives similar esti- in Fig. 11 (middle and right panels). The effect of correct-

mates and, accordingly, similar HT statistics. In this context,ing the four breaks #1, #4, #5 and #11 in the more recent

valid for regions very densely sampled as is the case of modperiod is now to enhance the HBs in the older period, which

ern Europe, geomagnetic field models are only weakly senwere left uncorrected (thicker curves with higher peak am-

sitive to the HBs that may have occurred in one station. Asplitudes than thinner curves). Unfortunately, we cannot use

aresult, they can be used to produce reference series and azenfidently neither R$“°'—D (which is “contaminated” by

efficient in identifying HBs in that particular station. It can COl HBs) nor R%"® €OLp to help identify possible old

be argued from analysis of Fig. 11 that '#&5°°'—p and HBs, since as we see in Fig. 11 some produced peaks appear

RSY CO_D are not able to detect the HBs around 1991-at periods of regular running of the observatory, as far as we

1999 and 2003-2007, which are detected byRD. We know (e.g. around 1895). It is probably safer to get confir-

think this is an indication that those HBs are related to peaksmation of old HBs from reference series ®S-D (Fig. 11,

of global geomagnetic activity, as we already noticed for theleft panel), although as already discussed we then encounter

Ki series. An external component is in fact expected to bethe difficulty of separating peaks due to geomagnetic activity

present in geomagnetic raw data from observatories, but natycles.

in the predicted series from internal geomagnetic field mod- The analysis of the changes in CRMSE values confirms the

els. It also has to be noted that models predict the variationgncrease of the homogeneity of the corrected series. Figure 14

of the geomagnetic components for the particular location,shows CRMSE of corrected COIydr monthly series (us-

whereas the data from relatively close African and Europearing R¥PS-D, RS" €Ol_p and R¥/° COLp as reference se-

observatories can give only the expected mean variations ofies) plotted versus corresponding values of the original se-

the studied parameters over a quite big region. ries. As one can see, the CRMSEs of the corrected series are
For the period prior to the International Geophysical Yearlower than those for the original data, for all RSs, meaning

(IGY) in 1957-1958 (see e.g. Olsen et al., 2010, Fig. 4), repthat the corrected series is more homogeneous.

resented in Fig. 11 and beginning of curves in Fig. 11, the

situation is quite different. The number of observatories be-5.6 New information provided by the homogenized

ing much lower before IGY, the degree of response of geo- series

magnetic field models to data from a single station is higher, ) . ) .

and for the case in study it means that the two models “COVv-"Ve used the homogenizdd series to improve the descrip-

OBS w/o COI” and “COV-OBS w COI” predict significantly tion of the geomagne_tic_ jerks as seen in COI (_juring the Ia_st
~ 150 yr. Geomagnetic jerks are defined as V-like changes in
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0.044 - to superposition of environmental noise, is reduced to more
reasonable values; (2) as a result of this correction, the fol-
lowing event can be more adequately localized at 1999 in

SRS(obs) agreement with other observatories; (3) finally, after homog-
enization, the 2007 event is also seen in COI. This is not in
disagreement with Chulliat et al. (2010), where in their Fig. 2
they plot a positive value fonY in 2007 over the Iberian
Peninsula, though the maximum is centred southern, over the

0.042 4

CRMSE corr.
°
s
5
1

00381 South Atlantic. On the other hand, we confirm that the 2003
eRS(wio CON jerk is not seen in COI declination data, in agreement with
0036 oRS(w COI) Fig. 9 of Olsen and Mandea (2007) whexé is very small
over the Iberian Peninsula. We believe that the homogenized
0,036 0.008 0,040 002 0044 data allow a more correct description of the recent jerks as
CRMSE orig. seen in COI declination data.

Fig. 14. CRMSE of corrected vs. originalldl/dr COI series.
6 Conclusions

the secular variation trend or step-like changes in the secu\-Ne studied the homogeneity of two historical series of the

lar acceleration and occur in a time period of a few monthsgeomagnetlc parameters measured by the Coimbra Geomag-

(e.g. Courtillot et al., 1978). They are more easily seen in thenetiC Observatory, Portugal, from 1867 to 2012 (declination)

. ; : and from 1951 to 2012 (local geomagnetic K index). To this
eastward component'| time series of magnetic observato- .
. S ; . end, we present an extended report of the history of COI
ries and, for small declination values as in COlI, also in the

R ) o magnetic observatory, its instruments and routines. When ap-
declination time series. These are, in principle, the geomagy .- the homoaeneity tests. the Ki series was studied “as
netic field components least affected by the external fields”Y'"9 9 y '

. . ) is”, whereas the first time derivative of thB series was
According to previous work, seven global jerks have beenuseol instead of the ra series, to identify homogeneit
detected in observatories all over the world during the 1867 ’ ' 9 y

2012 peron 1001, 1553 1925, 1960 and 1070 (Aexan D52 118 COTUTE Seres e o 0 e
drescu et al., 1996), in 1991 (Macmillan, 1996) and in 1999. ' P

L . ."in the case of K index, and measurements from other obser-
é“ﬂﬁ‘;_dggme; erﬁezgg?ﬁ) .hgzebggae(r:gggrtlz dn?;rvmzolu;ﬁ%m;rzavatories and data estimated from geomagnetic field models
1978. events, which could have been seen later at 1972 an'crzl1 the case oD>. A number of artificial homogeneity breaks

1082, respectively, in the Southern Hemisphere observator-elated to instrumental changes and station relocation were

ries (Alexandrescu et al., 1996): other features seem to bdetected using both visual analysis and statistical homogene—
i : . . ; y tests. Some of these breaks were corrected depending on
seen only in the observatories of localized regions, as in 193

and 1949 for the Pacific and America areas (Alexandrescu eseTVZ\éa”able metadata and on the quality of the data them-
al., 1996), in 1986 for South Africa and the South Pacific '

(De Michelis and Tozzi, 2005) and in 2003 in a limited area fro-rrr?(e)t(r:](()arrreztsriaseglgt?csgt?sv,\:a?\)gtrgri?snsTlitgrc]:?r/r\évgtg;hsi (;?]t:
near the 90E meridian (Olsen and Mandea, 2007). Chulliat 9 9 ’

et al. (2010) report a local jerk in Africa in 2007 D series were also used to analyse the character of the geo-

Figure 15 shows the SV of the original and corrected COImagnetlc field variations during the second half of the 20th

) ; century. In particular, the analysis of the corrected Ki series
annualD series. The 1901, 1913 and 1925 jerks are clearly onfirms the increase of the geomagnetic activity from the

seen in the original COl data. The noisy period between 193¢° 2 i
and 1950 does not allow confirmation of if the 1932 and themlddle to the end of the 20th century and the latitudinal de

1949 events could be or could not be seen in COI data. Ther1Dendence of this increase. As for the corrediederies, the

the 1969 and 1978 jerks are again clearly identified in COIf’inaIyss of its first derivatives shows that the 1991 and 1999

" . . erks are seen in Coimbra, as in other observatories based on
as already verified by Pais and Miranda (1995). As one Car%Nhich the conclusion of globality for these jerks has been

see, the breaks in the data homogeneity coincide with the " : .
eriods of the jerk in 1991 and between the reported loca reviously drawn. This analysis also shows that although the
P 003 jerk is not seen in COI, because it is centred on the

jerks of 2003 and 2007, around 2005. There is also a HB be- " = . . i
tween two jerks in 1991 and 1999. These inhomogeneitiesme”d'an 90 E, the 2007 jerk can be seen in thecompo

could complicate the detection of the jerks. We see the fol—nent' The analysis of the correctéuseries further suggests

. . . . that this last jerk is seen in COl a little earlier, in 2006.
lowing differences after applying the homogeneity correc-
tions to the declination data series: (1) the amplitude of the
1991 jerk, which was exaggerated in the original data due
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Fig. 15. Secular variation of COD: original data — red dashed line, corrected — black line with dots, smoothed by 5 yr moving averaging —
grey thick line. Vertical lines show dates of global jerks (solid) and possible global jerks (dotted). Stars identify jerks seeid&al
Grey rectangles single out the period of corrected data.

The present study shows examples of the use of statistieolleagues from Toledo and Ebro observatories for kindly provid-
cal homogeneity tests to study time series that show naturahg data and metadata for these two observatories. A. Pais wishes to
quasi-cyc"c variations and |0ng-term trends, uncommon tothank Nicolas Gillet for kindly computing the COV-OBS w/o COI
meteorological series to which these tests have been Iargel?‘Odel to use in_this study. Th_e authors would also like to thank_two
applied. We solved these difficulties by applying relative ho- anonymous reviewers for their helpful comments and suggestions.
mogeneity tests to series from neighbouring magnetic sta- _1oPical Editor L. Blomberg thanks M. Mandea and one anony-
tions using the closest Spanish stations, in the former casen,10us referee for their help in evaluating this paper.
and by applying homogeneity tests to first derivatives of time
series in the latter case.

This study also draws attention to the importance of cor-

recting HBs in geomagnetic field series from observatories
g g 9 Alexandersson, H. and Moberg, A.: Homogenization of swedish

in order to produce gOOd_quahty geomagnetic m(.)dels’ on temperature data. Part I: Homogeneity test for linear trends, Int.
the one hand, as yvell as to the importance of h_avmg good- Climatol., 17, 25-34, 1997.

quality geomagnetic models to help identify HBs in observa- pjexandrescu, M., Gibert, D., Hulot, G., LeMougl, J.-L., and
tory series, on the other hand. In regions densely sampled as saracco, G.: Worldwide wavelet analysis of geomagnetic jerks,
is the case of Europe since the IGY, geomagnetic field mod- J. Geophys. Res., 101, 2197521994, 1996.

els seem to be efficient in identifying HBs in one particular Beggan, C. and Whaler, K.: Forecasting secular variation using core
station. However, they lose this ability if strongly “contam-  flows, Earth Planet. Space, 62, 821-828, 2010.

inated” by the HBs themselves. A common effort could be Buishand, T.: Some methods for testing the homogeneity of rainfall
planned between the most ancient magnetic observatories in fecords, J. Hydrol., 58, 11-27, 1982.
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