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Abstract. This paper presents a novel method to determinewithout discarding too much data, so that even low-quality
a baseline for magnetometer data. This baseline consists afata from remote unmanned magnetometers can be made
all magnetic field components not related to ionospheric andsuitable for analysis. This can give valuable contributions to
magnetospheric disturbances, i.e. all field components due tthe database of ionospheric equivalent currents, especially in
solar quiet variations and other background variations, sucltthe area near the polar cap boundary.
as tidal and secular variations, as well as equipment effects.
Extraction of this baseline is useful when the magnetic field
variations due to solar disturbances are analysed. This makes
magnetometer data suitable, for instance, for the calculation
of ionospheric equivalent currents related to geomagneticl
storms and substorms. )
The full baseline is largely composed of two main con- 1-1  Equivalent currents
stituents: the diurnal baseline and the long-term baseline. For
the diurnal baseline, first “templates” are derived, based orfcurrents flowing in the ionosphere are related to the field-
the lowest few harmonics of the daily curves from the qui- @ligned currents in the magnetosphere through ionosphere—
etest days. The diurnal variation of the baseline is obtainednagnetosphere coupling (e.g. Kamide and Baumjohann,
by linear interpolation between these templates; this method993). The magnetospheric currents are strongly dependent
ensures a smooth baseline at all imes, avoiding any discorn solar activity, such as solar wind variations and solar
tinuities at transitions between days. The long-term baselinétorms, and these solar-dependent magnetospheric current
is obtained by linear interpolation between the daily medianvariations are also reflected to the ionospheric currents. Since
values of the data; this way the baseline is ensured to folStrong disturbances in the ionospheric currents can affect
low long-term trends, such as seasonal and tidal variations, a§chnological systems on the ground (e.g. Boteler et al.,
well as equipment drift. The daily median values are calcuy-1998), there is a great interest in the dynamics of these cur-
lated for all days except the most disturbed ones; a procedurtents in relation to solar activity.
for this selection is included. The concept of ionospheric “equivalent currents” models
The method avoids many problems associated with tragithe ionospheric currents as present in a thin shell, usually the
tional baseline methods and some of the other recently pubbighly conductive E layer at 100 km height, and representing
lished methods, and is simpler in procedure than most othePnly the divergence-free, horizontal part of the total currents.
recent ones. As far as can be compared, the distribution of the/nder many circumstances these give valuable information
resulting field after removal of the baseline is largely simi- @bout spatial and temporal characteristics of the actual 3-D
lar to that using other recent baseline methods. However, théonospheric currents (e.g. Untiedt and Baumjohann, 1993),
main advantage of the method of this paper over others i§€SPecially when analysed together with data from other in-

that it removes equipment drift and other artefacts efficientlyStruments, such as rockets, satellites, or radars. The varia-
tions of the equivalent currents can effectively be estimated
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from magnetometer measurements from a two-dimensional
ground-based magnetometer network.

The European Cluster Assimilation Technology (ECLAT)
(http://lwww.space.irfu.se/ECLAT/eclat-web/eclatdetail.
html) project funded by the EU FP7 programme provides
a selection of useful supporting data sets to the Cluster
Active Archive (ttp://caa.estec.esa.int/¢ahaakso et al.,
2009). The work described in this paper has been used in
an ECLAT work package in which ionospheric equivalent
current vectors caused by solar disturbances are computed
in the Fennoscandia region from data from the ground
magnetometer network IMAGE. These source data are
described in the next subsection. In the project, equivalent
currents are to be analysed for an area over Fennoscandia,
over the period 2001-2010. An important motivation for
publishing this paper is to provide for the ECLAT database
users accurate information about the equivalent current
generation procedure used in the service.

For the equivalent current estimate, use is made of the
method of spherical elementary current systems (Amm and
Viljanen, 1999; Pulkkinen et al., 2003). The currents induced
inside the earth are ignored, as they can be assumed to be
relatively small compared to the ionospheric currents. For
the calculation, only the (north) andy (east) components
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of the magnetic field at all ground stations are necessary, akig. 1. Map of the IMAGE magnetometer stations.

only these are related to the divergence-free part of the iono-
spheric currents.

disturbances in solar activity, and transferred to the iono-

1.2 IMAGE magnetometer measurements

sphere via ionosphere—magnetosphere coupling. The latter

are the components of interest for the ionospheric studies.

The input data for the calculation of the ionospheric cur-

As a consequence, in the measured magnetic field

rents in the project ECLAT are the magnetometer record-the following variations of different timescales can be

ings of the ground magnetometer network IMAGEtf:
lIspace.fmi.filimage/betpViljanen and Hakkinen, 1997).
This network consists of 32 magnetometers over geographic
latitudes from 58 to 79N, which is especially favourable for
electrojet studies. The magnetometers return data at a time
resolution of 10 s. Figure 1 shows a map of the locations of
the magnetometers of the IMAGE network.

1.3 Various magnetic field components: baselines

In addition to the currents caused by solar and magneto-
spheric disturbances (storms and substorms), which are of
interest for the analysis, the ionospheric currents and the
ground magnetic field consist of several other components.
The magnetic field measured at the earth’s surface is a su-
perposition of the field originating from the inner earth, and
that from electromagnetic effects caused by the ionospheric
currents. These ionospheric currents, in turn, contain on the
one hand components due to the dynamo effect of the revolv-
ing magnetic earth inside the conducting ionosphere, whose
conductivity varies, depending (among others) on solar ra-
diation, and on the other hand components due to storms

and substorms caused by coronal mass ejections and other
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distinguished:

the diurnal variations caused by the variation of iono-
spheric conductivity due to solar radiation during quiet
times, usually referred to asS; variations” or “solar
quiet variations”. Although this variation is diurnal, its
characteristics can change from day to day.

lunar variations: variations over a lunar day (24h

50 m), due to changes in the global distribution of the

conducting ionosphere due to lunar attraction. These
are usually referred to ad.“variations”.

seasonal variations: variations with a period length
of one year, due to seasonal changes in the iono-
spheric conductivity (i.e. slow component §f varia-
tions), as well as seasonal changes in the ionosphere—
thermosphere—magnetosphere interactions.

secular (long-term) variations, due to very slow varia-
tions in the earth’s internal magnetic field pattern.

variations due to solar storms and substorms. These
variations are irregular in nature and contain strong
fast fluctuations. Still, the nature of these variations
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can show statistical dependencies on time of day, sea- The magnetically “quiet” days used can be more or less
son, and solar activity. frequent, varying from about one to five quiet days per
) . i i L month. They can be determined in various ways (e.g. based
— in addition to the various field varlatlo_n components, o +ha variations of the data of each day, or using global
some magnetometer data also contain system eﬁeCtﬁwagnetic indices as Kp or Dst). Also, they can be down-

such as equipment drift (see later). loaded directly from a global databasettp://www-app3.

Note that within the time range of days, lunar, seasonal andfz-potsdam.de/kp_index/definitive.hjml
secular variations are much smaller than the solar quiet vari- The baseline method using averages of quiet days leads to
ations and those due to (sub)storms. The various compolnaccuracies in the resulting disturbed data in several ways:

nents of the ground magnetic field are clearly explained k_Jy 1. there may not be any day in the entire month which
Chapman and Bartels (1940). Campbell (1989) gave an in- is completely free from disturbances. In this case, the
troduction on the physics &, andL variations and a short squiet’ day is not really “quiet’ and the data, and e\,/en

overyievy of the research histqry of these, as an 'editorial toa the average value, will still be affected by some distur-
special issue oPure and Applied Geophysicdedicated to bance effects.
Sy andL variations.

In the context where the effects of the solar storms and 2. as mentioned above, the diurnal variation of e
substorms are assessed and analysed by calculating iono-  field is not included in the baseline and will hence be
spheric equivalent currents, all magnetic field components considered as part of the disturbance field.
unrelated to this should be subtracted from ground-based
magnetic field measurements, before further analysis. In this
context, the earth’s main magnetic field, all thg and L
variations, seasonal variations, and system effects in the out-
put data of any magnetometer are here treated together as
“baselines”, indicating the components to be removed. The
remaining component is assumed to contain only the varia-
tions due to solar storms and substorms, and will be referred

3. for two consecutive days, the “nearest” quiet day and
therefore the baseline value can be different, and hence
the baseline may show a discontinuity at midnight be-
tween these two days. If this baseline is subtracted
from other data for a period around midnight (e.g. to
calculate equivalent ionospheric currents), this may
cause an artificial jump in the resulting disturbed data.

to in this paper as “disturbance field”. _ 4. the magnetometer data generally contain slow vari-
also been used in the context of studyffygvariations, where years, caused by long-term magnetic field variations,
the term represented the relatively long-term variations. For as well as equipment effects (see Sect. 2.2 for exam-
instance, when Matsushita (1968) referred toShstudy by ples of each). As a consequence, the average value of
Price and Wilkins (1963), he used the term "base line” for the quiet day may not be representative of that of other

Although the magnetometer baseline method of this paper
is introduced as the basis of calculating ionospheric equivn spite of its drawbacks, the above-mentioned baseline pro-
alent currents, this method can also be useful for any othegedure is still being used in some applications today, mainly
application where either the disturbance magnetic field or thddecause of its simplicity. Alternatively, many studies have

S, field is to be analysed. also been performed using more elaborate baseline proce-
dures. In particulars, variations (point 2) have been incor-
1.4 Baseline removal porated in baselines by appropriate smoothing of the quiet-

N _ _ day data in one way or the other. Below, a few of the most
A traditional method of removing a baseline from magne- recent baseline procedures are summarised. It should be em-
tometer data of a particular day is to look for a magnetically phasised that this is not intended to be a complete review of

quiet day near the day of interest, and calculate the averaggaseline development, but only to show some examples of
value of the magnetic field of this day. This constant value isthe current state of the art.

used as the baseline, and subtracted from the data for the day janzhura and Troshichev (2008) presented a running au-
of interest, Ieaving only the disturbance field. For inStance,tomatiC method which overcomes some of the pr0b|em3:
Davis and Sugiura (1966) proposed to derive the auroral elecpoint 1 is avoided by looking instead of for quiet days, for
trojet (AE) index from magnetometer data using this as aany quietest bits of data within a 30-day period; point 2 is
baseline method. avoided by only smoothing the quiet daily curve, but retain-
Although it has long been known that this way f)evari-  ing the diurnal variations. Point 4 is only reduced, not en-
ations are not included in the baseline and will therefore bet|re|y removed, by a\/eraging all quiet data over the 30_day
considered as part of the disturbances, it was considered thgferiod.
these variations are small Compared to the disturbance field, However, their method retains point 3, and even introduces
and hence the introduced error is relatively small. more discontinuities. Since the smoothed daily baseline is in
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general at the end of the day not the same as that at the sta2tl Data jumps
of the day, a discontinuity becomes more likely to occur at
every midnight. This can be seen, for example, from Fig. 5Many of the magnetometer time series, especially those from
in the paper by Janzhura and Troshichev (2008) (the valuesemote unmanned stations, exhibit occasional artificial dis-
of the curves at the end of the day do not connect to those atontinuities, or “jumps”, in the data. These can vary in size
the start of the day). from a few nanoteslas to thousands of nanoteslas, and can
More recently, Stauning (2011) presented another versiotbe both positive and negative. The jumps are probably due
of the procedure from Janzhura and Troshichev (2008). Thdéo adjustments and resetting of the equipment, and happen
main difference with their method is that his method care-mostly at midnight, but not only. These jumps, if not taken
fully selects data from similar conditions as the day in ques-care of, will affect the results of the data analysis.
tion, by giving larger weights to quiet data from days close Small discontinuities in the time series need not be a prob-
to the day in question, as well as to data from days approxiem in a statistical analysis of the magnetic field. However,
imately 27 days (one solar rotation) before and after. This isthey do become important when dynamics aspects of geo-
because he finds the highest correlation coefficients for sucimagnetic events are analysed. For example, the results of the
displacement periods. This way, his method further reducesime derivative of the magnetic field will be affected by arti-
point 4 as long as the slow variations are fluctuations ovefficial jumps. Viljanen et al. (2001) analysed the time deriva-
periods of 27 days. In addition, very slow fluctuations are re-tive of the horizontal magnetic field vector from the IMAGE
moved separately in his method. However, his method doesietwork, and found significant correlations between this pa-
not take care of unexpected fluctuations, such as instrumerameter and geomagnetic activity, on various timescales from
drifts over only a few days (see Sect. 2.2). Also, it is not hours up to years, as well as a significant directional variabil-
certain whether any midnight discontinuities (due to point 3, ity of this parameter, which in turn also depends on location
or those as introduced by Janzhura and Troshichev (2008)and time. Plausible relations were found with, among other
remain. things, ionospheric currents, pulsations, and geomagnetically
Gjerloev (2012) described the automatic data preprocessnduced currents. Because of this, it is evidently important
ing procedure of the worldwide magnetometer network Su-to avoid the measured time derivative being contaminated
perMAG, which also involves a baseline removal technique.by artificial discontinuities. (For the same reason, the artifi-
Acknowledging the problems associated with the identifi- cial jumps in magnetometer data introduced by the baselines,
cation of quiet days, he avoids using these altogether, thuge. problem 3 in Sect. 1.4, should also be avoided.)
avoiding point 1. Instead, he averages the data from several Furthermore, the data jumps will also affect the baseline
days around the day of interest (3 days in case of relativelydetermination described in this paper, which involves, among
quiet periods; longer in disturbed periods), to obtain a dailyother things, some curve fitting and calculation of standard
trend, and applies appropriate smoothing, avoiding point 2deviations (see later). Because of this, as a first step in the
Point 4 is taken care of by separately determining seasondiaseline procedure, these jumps need to be removed from
variations (referred to as “yearly trend”), although it is not the measured data.
clear how well this works to capture relatively fast and irreg-  The jumps are removed as follows. A software module has
ular equipment drifts. Also here it is not clear whether the been designed which detects and displays suspected discon-
midnight discontinuities remain. tinuities in the data. The software lets the user examine each
In this context it is good to note that all of the above meth- discontinuity and decide whether it is artificial, in which case
ods were designed to work for rather well-controlled stableit is listed in a file. Based on this information, a jump baseline
instrumentation, in which case point 4 represents only slowB;(¢) is generated, separately for thendy components of
and regular variations, which are well taken care of by thesehe field, which contains all the jumps found in the data in
methods. the form of a superposition of step functions, and is other-
In this paper, however, a method is described which overwise constant. This jump baseline is subtracted from the raw
comes all problems in the list above, including in the casedata, before any further processing as described in the fol-
of unstable instrumentation, and in addition is simpler thanlowing sections.
the other methods described above. The procedure will be
described in the next section. 2.2 Long-term baseline

Next, to determine the baseline, first the part is considered
which consists of the long-term variations in the magnetic
. . field (i.e. variations over periods longer than 24 h): on the
The baseline procedure is performed for each magnetometer L .
i . . ; .Scale of days, months, or years. These variations will be rep-
station separately. The following sections describe the vari- : ; -
L resented in the baseline by determining from every day of

ous steps in this procedure. . o . . .
data a single daily “background” value. For this value, it

might be considered to use the average of the measured data.

2 Procedure
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Fig. 2. Daily median values of magnetometer data (blue), demonstrating the long-term variations. Top left panel: secular vasiation in
Uppsala over the full 10 yr period; top right panel: seasonal variatiol im Uppsala over 2008—-2009; bottom left panel: tidal effects in
By in Uppsala in autumn 2007 (raw data included in red); bottom right panel: equipment dBiftimSgraya in December 2009 (raw data

in red).

However, rather than this, the median is considered more sta-
ble, being less sensitive to extreme values during moderately
disturbed days.

Figure 2 shows this daily median calculated over various
periods of data, and demonstrates the long-term variations
revealed by it. This graph shows that these variations consist
of, among others, the following components:

— Secular variationsdue to very slow variations in the
earth’s internal magnetic field pattern, thandz com-
ponents of the magnetic field at all stations steadily
increased, at a rate of slightly over 35nTVr dur-
ing the period 2001-2010. (Thecomponent did not
change significantly.) The upper left-hand panel of
Fig. 2 demonstrates this fd, in Uppsala.

— Seasonal variationsthe seasonal changes in the
ionospheric conductivity and in the ionosphere—
thermosphere—magnetosphere interactions result in
variations in all magnetic field components with a pe-
riod length of one year. As an example, the upper
right-hand panel of Fig. 2 shows th&t, in Uppsala

www.geosci-instrum-method-data-syst.net/2/289/2013/

oscillated at about 10 nT peak-to-peak within the years
of 2008 and 2009.

— Tidal variations variations with periods of about
27 days can be observed, which are the result of in-
terference betweesi, and L variations. As an exam-
ple, the lower left-hand panel of Fig. 2 shows that
B, in Uppsala varied at this frequency at about 15nT
peak-to-peak from October to December 2007. (Note
that the raw data, which are also shown (red), include
the disturbance field and therefore also show statistical
variations due to the period of solar activity changes,
which also have a period of 27 days. The median val-
ues however should not be much affected by this.)

— Equipment driftsome of the magnetometers occasion-
ally exhibit some variations over the course of one or a
few days, which do not repeat, and show no correlation
with space weather parameters or with any of the other
magnetometer results. The lower right-hand panel of
Fig. 2 shows an example for Sgrgya, where on 23 De-
cember 2009, the readings B decreased by 80 nT

Geosci. Instrum. Method. Data Syst., 2, ZB%-2013
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over two days, and then gradually recovered, over thecalculate simply the standard deviation of every day of data,
course of 18 days. and look for the smallest standard deviations of each month.

The equipment drifts especially happened at the stationéndeed this method works reasonably. However, there are

in remote locations, which are not continuously manned anqcases where this method is too coarse, as will become clear

monitored. These drifts should obviously be classified as" the o!escription be'OV_V of the methqd Of this paper.
In this paper, the quiet-day selection is performed as fol-

measurement errors. However, if they can be quantified us- Each d ¢ data i tioned into 24 h
ing the current method, they can be removed along with theJQWS' U?I'C | ay Oh ata E’ partmone Into . r(])nlt_a- o.urf.seg—
above-mentioned long-term variations in the magnetic field,tlons (UT). In each one-hour section, a straight line is fitte

which means that these low-quality data need not be dis!0 the data of the andy components of the magnetic field.

carded. This is a very useful outcome, since these magne-[his straight line is subtracted from the data, and from the
{amaining data, the hourly standard deviatiep, is calcu-

tometer stations in remote places often are some of the mo% 4. Th it of this i 2 24 val ) q
crucial ones. A significant number of them are located in ated. The result of this is values (2 components an

northern Scandinavia and the sea between Norway and Sva?—4 h) ofon. Of these 48 values, the daily maximum is cal-

bard, which is the area above which the auroral oval or itsct;lated, rleferr%;iy to a‘5Hmax1hfor. eda}ch danan((ij each SLatlor;.
boundaries are often located, and where therefore much ofnese values Hmax.are the indicators for days with an
the magnetic activity occurs. But at the same time, not mam)NlthOL_Jt disturbances: of each month, the day with the lowest
magnetometers are present there, due to the difficult acce§Hmax IS Selected as the “quiet day” for that month, at that
sibility of the area. The resulting relevance of the area isStation

precisely why these particular magnetometers were placed Ads an extra reqwrler’r:jent, th.eh“?g'g(tydgy" shou'lld ;?m?m
in these locations, despite their inaccessibility. It is therefore"© data gaps, so only days wit o data availability for

very useful if these relatively valuable results, even if not of both magnetic components can be potential candidates for

perfect quality, can still be used in ionospheric analyses. anz_monthss dqwet day”. hi q h :
The median is used for the long-term baseline as follows. \gure emonstrates this procedure, showsyg in

The median value is calculated for every day of data. TheOqujarvi on three different days in March 2002. The day

long-term baseline is considered to be equal to the median aihown in ;he bottc;m tvvp pandels, 2f8hMarch, rr]esultedhfromh
12:00 UT on the respective day. At any other time, the Iong-t is procedure as the quietest day of this month (note that the

term baseline is linearly interpolated between these valuesaCtuaI procedure also takes into accountittmmponent of

(Note that linear interpolation is good enough, even thoughtﬁhe _magnetic field, which is not shpwn in the figure).
Figure 4 demonstrates why this procedure works better

it causes “corners” in the data (discontinuities in the first . o

derivative); these corners are not a problem for the magneti&han calculating the overalll standard deviation of the yvhole

field data as long as the data themselves stay continuous.) day. On 28 March (the q_“'e_t day aF the bottom O.f Fig. 3)
The resulting time-dependent long-term baseline will be "€ full-day standard deviation d, is 19.9nT, while on

referred to in this paper & (¢). The procedure to determine g March (.Fig. 4), itfis sma!le.r: 10.0 E_T.hHowlfvgrl, the Iqttegl
Br(1) is performed separately not only for each different sta-92Y c:)ntgwls some fast variations, which make it less suitable
tion but also for each field component. as a “quiet” day. This property is revealed by the maximum

Obviously, during magnetically very disturbed periods, the ho7url_)|f starr:darrcli dei/izti?l_mmaw which is larger on 7 March:
median value calculated over a day may not be representativ@' nT rather than 1.4nT.

of the long-term baseline. In these cases, the median of these Of"cgurse]: eve?] thougr:] accorldlng tobth:(s pr(()jcedulre a-qur-
particular days will not be used, but the long-term baselineEtest” day of each month can always be foun (as long as at

will be interpolated between other median values. Further on!eaSt one full day of data is available), it may be that this qui-

it will be shown how the classification of these “usable” me- €St day still contains too much magnetic disturbance to be
dian values is performed used for a baseline. Especially during and around the solar

active year of 2003, disturbances can be so frequent that not
2.3 Quiet days necessarily within every month a full day can be found where
these disturbances are insignificantly small. In other words:
For every separate magnetometer station, a list of the quieteshe “quietest” day of the month may not be really “quiet”.
days of each month is generated. Because of this, an extra criterion is applied: if for any
At any magnetometer station, a day is considered “quiet’month, the value o4, ,, Of the quiet day is above a certain
if the magnetic field variations measured on this day arethreshold value, then this quiet day is discarded and no quiet
(almost) entirely caused by, variations and not by mag- day is assigned for this month. Later it will become clear
netic disturbances driven by solar activity. Hence, a “quiet” that these cases do not cause a problem in the rest of the
day would mainly contain slow variations; its fast variations procedure. The optimum threshold valuesgf, to be used
should be relatively small. for this depends on the typical level of both slow and fast
Because the fast variations due to disturbances are mostlyariations in the magnetic field. The threshold value was em-
much larger than theS, variations, it seems logical to pirically chosen by visual inspection of many data sets from

Geosci. Instrum. Method. Data Syst., 2, 2898304, 2013 www.geosci-instrum-method-data-syst.net/2/289/2013/
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values (fromB, alone) are 46.7 11.5, and 1.4 nT, respectively.
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Fig. 4. Similar panels as in Fig. 3, for 7 March 2002, which, although the overall variation is quite small, contains some disturbances. The
maximum value oby (from By) is 6.7 nT.
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Table 1. Threshold values afy,,,, andoy, ., for each IMAGE station.

Station Name Latitude Longitude Threshold Threshold Threshold
) (®)  OHmax (NT)  OHpeq Bx (NT)  OHpeq By (NT)
NAL Ny-Alesund 78.92 11.95 18 14 13
LYR Longyearbyen 78.20 15.82 21 16 15
HOR Hornsund 77.00 15.60 25 20 17
HOP Hopen Island 76.51 25.01 29 22 14
BJN Bjgrngya 74.50 19.20 28 21 15
NOR Nordkapp 71.09 25.79 19 25 12
SOR Sgrgya 70.54 22.22 20 20 12
KEV Kevo 69.76 27.01 14 18 9
TRO Tromsg 69.66 18.94 17 20 11
MAS Masi 69.46 23.70 13 18 11
AND Andenes 69.30 16.03 17 20 11
KIL Kilpisjarvi 69.06 20.77 13 18 10
IVA Ivalo 68.56 27.29 10 16 8
ABK Abisko 68.35 18.82 11 17 10
LEK Leknes 68.13 13.54 10 15 9
MUO Muonio 68.02 23.53 9 15 8
LOZ Lovozero 67.97 35.08 8 12 6
KIR Kiruna 67.84 20.42 9 14 8
SOD Sodankyla 67.37 26.63 8 13 7
PEL Pello 66.90 24.08 7 12 7
DON Dgnna 66.11 12.50 7 11 6
RVK Rarvik 64.94 10.98 6 9 5
LYyc Lycksele 64.61 18.75 8 9 7
ouJ Oulujérvi 64.52 27.23 6 7 5
MEK Mekrijarvi 62.77 30.97 5 4 4
HAN Hankasalmi 62.25 26.60 5 4 4
DOB Dombas 62.07 9.11 4 5 4
SOL Solund 61.08 4.84 4 4 4
NUR Nurmijarvi 60.50 24.65 4 5 3
UPS Uppsala 59.90 17.35 4 4 3
KAR Karmgy 59.21 5.24 4 3 3
TAR Tartu 58.26 26.46 4 3 3

the station Abisko, which shows a continuous set of good-threshold values, generally no more than three consecutive

quality data. The optimum value (for this station) was found months without quiet days were encountered for any station

to be 11 nT. This value fary,,,,, which coincides with daily  in the entire IMAGE database for 2001-2010.

median values of Kp of around 3, is in Abisko exceeded for

8% of all quiet days, and for a maximum of 3 consecutive 2.4 Very disturbed days

monthly quiet days (this is in the particularly active time of

April-June 2003). The information of the hourly standard deviatiang calcu-
However, because the optimum threshold valueqf,, lated as described in the previous section, will also be used

depends on the typical level of both slow and fast variationsto classify certain days as being too disturbed for calculation

in the magnetic field, it varies from station to station. The of the median value, used in the derivation of the long-term

threshold values to be used for all other stations were embaselineBt () (see Sect. 2.2).

pirically adjusted, to make sure all different threshold val- In the top panel of Fig. 5, three days 8f data from

ues represent the same level of irregularities in the respecAbisko in November 2001 are shown, along with their daily

tive data sets. To do this, for each station, all values-Qf,, median values (green stars). On 4 November, conditions are

were selected which coincided withy,,, in Abisko being ~ mostly quiet, and the median value is a good representative of

within 114 1 nT, and the median of these values was taken aghe long-term baseline. On 5 November, some disturbances

the threshold for that station. The resulting values are listedstart late in the day, but the median value is not significantly

for all IMAGE stations in Table 1 (5th column). Using these affected by them. However, on 6 November, conditions are

disturbed all day, and the median value is dominated by these
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term baseline (circles), and this baselie(?) (blue solid line).

Fig. 5. Top panel:By in Abisko on 4-6 November 2001, and the

daily median values calculated from it (green stars). Bottom panel:

hourly standard deviationgy of these data (blue stars), daily me- of Kp of about 10, is exceeded for 11 % of all days, and for a

dianson,,q Of these (red stars), and suggested threshold value foaximum of 10 consecutive days (in May 2003). The value

THmeg OF Bx In Abisko (red dashed line). of 17nT is indicated as a dashed line in the bottom panel of
Fig. 5.

The decision of whether a median value is used for the
disturbances, and unsuitable to be used for the long-ternlong-term baselingt(¢) is made separately fa8, andB,.
baseline. Because typical variations iB, are often different from

A rule of thumb can be described as follows: a medianthose inB,, also different threshold values for these two must
value is relatively insensitive to irregularities in data as long be used. Furthermore, the threshold values are dependent on
as these irregularities consist of less than half of the datastation location, just as is the case for the threshole-gf
This can be seen on 5 November in Fig. 5: since the irreg{see previous section). Because of this, the thresholds,for
ularities consist of less than half the day, the median is noin Abisko and for bothB, and B, for all other stations were
significantly affected by them. all empirically adjusted in the same wayas, ,, in Sect. 2.3:

Because of this rule, the distribution of hourly standard each time, the median of all values®j,,., coinciding with
deviationsoy can serve as a useful indicator for the stability on,.4 for B, in Abisko being within 14 1 nT was taken as
of the daily median value. If more than half of the dayis the threshold for that component and that station. The result-
values indicate disturbed data during their hours (as in thang values are included in Table 1 (rightmost two columns).
previous section), it can be assumed that more than half of the Figure 6 shows an example of the result of this procedure,
data of the day are disturbed, and the daily median value wilby the B, field in Oulujarvi in April 2010. These data con-
be unreliable. On the other hand, if more than half ofdhe  tain some long-term baseline variations, as well as some ir-
values are low, then more than half of the day’s data will beregularities. Using the procedure described in this section,
quiet, and the median value will be relatively unaffected by the median values of the entire month except 57 April were
any disturbances. These different cases are clearly illustratedonsidered suitable for the long-term baseline. The long-term
in the bottom panel of Fig. 5, where thg values of the data  baselineBt(z), interpolated between the suitable median val-
in the upper panel are shown (blue stars). ues, follows the long-term behaviour well, and is unaffected

This criterion is easily represented by the median value ofby the disturbance on 57 April.
the day’s hourly standard deviation, which will be referredto It may be considered in which cases this procedure might
aSOH, If 0H,eq IS @DOVE a certain threshold, this means thatgive a wrong result: if, in the case of a solar storm which lasts
at least half thery values are above this threshold. This can several days, there is a day with a significant magnetic field
be seen in the bottom panel of Fig. 5, wherg, , values are  deviation due to the storm but very few irregularities,,
the red stars. As a threshold value Bf for Abisko, 17nT  might be below the threshold, so that the daily median value,
was empirically chosen by visual inspection of many datawhile still affected by the storm, is used for the long-term
series. This value, which coincides with daily median valuesbaseline. In this case this “quiet” part of the storm will be
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Table 2. Frequencies of the 7 lowest harmonics of data of 1 day. NAL, 21 June 2005 (quiet day)
100 : :

—_data - BT

f (H2) period

h
0 0 inf
1 1.1574x10°° 1day
2 2.3148<10°° 12h
3 3.4722x10° 8h
4

5

6

—template

4.6296x 10° 6h
5.7870x 107> 4h48m
6.9444x 107°  4h

-100
0

included in the baseline variation, and removed from the data hour (UT)

as if it were a Slowq variation. However, thgse cases will Fig. 7.Red: B, field measured by the magnetometer in Ny-Alesund
not be frequent, give only a small contribution to the mag- (NaL) on 21 June 2005, one of the assigned quiet days, with the
netic field, and, most importantly — they are very hard to tell jong-term baseline subtracted, leaving only the diurnal variation.
apart from real, variations, whicrshouldbe removed from  Green: the template derived from this quiet day.

the data. Because of this, it is considered that the procedure

described above works well enough, if no other information

is used to tell quiet storm parts apart frdfipvariations. The curve, composed of these 7 lowest harmonics of the
quiet day, is equivalent to a low-pass-filtered version of the
2.5 Templates composed of harmonics quiet-day data. The resulting curve, which will here be called

a “template”, will be used as a basis of the baseline construc-

Coming back to the subject of quiet days, defined in Sect. 2.3tion. The template is described as follows:
this section describes how the diurnal variations are derived
from these quiet days. 6 2mhty
The diurnals, variations of the magnetic field can be ap- T(ta) = hX(:) | Xhl cos< 86400 = &9 (Xh)) ’ @
proximated by harmonic components, as various researchers -
have already done in the past. Overviews of results ofyheresy="“time of day”, time elapsed since midnight (s);
such harmonic analyses performed since 1889 are given by =jndex number of harmonic (0. .. 6), ath = (complex)
Matsushita (1968) and Campbell (1989). More recently, an-oefficient of harmoni@ (nT).
other harmonic analysis d, currents was performed by  There will be one set of harmonic coefficients, and
Pedatella et al. (2011). Following similar principles, in this therefore one templatg(t), defined for each quiet day (and
section the diurnal baseline of the two horizontal compo-each field component). One example day of data, with the
nents of the ground-measured magnetic field is derived byong-term baselingt(¢) subtracted, as well as the template
harmonic analysis of the measured data from quiet days, seRterived from this, is shown in Fig. 7.
arately for thexr andy components. It is worth noting that since all the cosine arguments in
For all of the quiet days, and each component, the long£q. (1) cover a whole number of cycles over the length of one
term baselineBr (1) is subtracted from the data of the entire gay (86 4005s), the template value at midnight at the end of
day. On the residual data, a fast Fourier transform (FFT) isthe day (i.eT (86 400 s)) will always be equal to that at mid-
performed. From the result of this, only the lowest few fre- pight at the startZ (0's)), thus ensuring continuity at mid-
quency components are used. The exact number of frequengyight if the template were to be used on consecutive days.
components to be used is somewhat arbitrary; in the methogiowever, the templates are not used directly as such for the

of this paper up to the 6th component is used, similarly as inpaselines, which will be shown in the next subsection.
the S, study by Pedatella et al. (2011), and in the determi-

nation of the Dst index by Sugiura (1964). This means that2.6 Diurnal baseline

only the first 7 (the Oth through the 6th) values resulting from

the FFT are used. These complex values represent the amplis the next step, a curve representing the diuSjabaria-
tudes and phases of harmonics with frequencies which are ations (i.e. the diurnal variation of the background magnetic
multiples of the inverse of 1 day. The frequencies of the firstfield) is derived from the templates, separately for.thend

7 harmonics are given in Table 2. Effectively, this means thaty components. This curve will be referred to as the “diurnal
S, variations are assumed to be confined to periods of 4 tbaseline”, and will be expressed Bs(r).

and longer, while the disturbance field will contain all faster To obtain the diurnal baseline, the templates are linearly
components. interpolated continuously between midday on the previous
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— template quiet day 1 1 525X 10* UPS; 22 March - 10 April 2005
—template quiet day 2 '

—diurnal baseline

Fig. 8. The principle of interpolation between templates. Templates 151F
derived from two consecutive quiet days, and the diurnal baseline,
linearly interpolated between them. The vertical lines mark mid-
nights (separation between days).

1505 v v
22 25 28 31 03 06 09

March 2005 April 2005
assigned quiet day and midday on the next assigned quiet
day. This can be expressed as follows: Fig. 9. B, field at Uppsala from 22 March to 10 April 2005 (red),
and the corresponding baseline derived as described in this paper
I (green).

l’_
o — 11

Bs(t) = Th(td) + (T2 (tq) — T1(tq)) , 2

wherer =the time point of interest (s)g = “time of day” as 1.04% 10’ S?R
in Eq. (1), 71,2 =the template as a function of time of day on
the previous and next quiet day, respectively, ang=the 1.085(
time point of midday on the previous and next quiet day,
respectively (s). 1.034
It should be noted that, for the sake of consistency, also
on the quiet days themselves the templates are interpolated. -
Consequently, only at noon, the diurnal baseline of a quiet
day is exactly equal to the template of the same day. After
noon, itis linearly interpolated between this template and the 1.015
next template, and before noon, it is interpolated with the
previous template. L e P e
Figure 8 shows a schematic example, using imaginary December 2009
templates consisting of only 1st harmonics. The blue curve
is the template derived from quiet day 1 (the day on the leftFig. 10. By field at Sgraya from 20 to 25 December 2009, and the
side); the green curve is the template from quiet day 2 (oncorresponding baseline derived as described in this paper.
the right side). The diurnal baseline (red curve) is linearly in-
terpolateq between these two frqm midday on the first quierz_7 Full baseline
day to midday on the second quiet day. Only at noon on the

quiet days (marked as “o” in the graph), the baseline is ex-Tg gbtain the full baseline, separately for th@ndy com-

actly equal to a template. _ _ ~ponents, the diurnal baselimgs is added to the long-term
Note that the cases of months without any quiet day, whichyaselineBr and the jump baseling;:

can occur during some of the most disturbed periods in solar

maximum years (see Sect. 2.3), do not cause a serious prolBg(r) = Bs(t) + Bt(t) + Bj(1), (3)

lem in this procedure; they merely mean a longer period be- i i i ,

tween two quiet days over which the template is interpolated.Wh_ereBB =full basel_lne;B_s = diurnal baseline, derived from

To give an indication of how long these periods can be: indui€t days as described in Sects. 2.3, 2.5 and2:&; long-

the current database, the largest amount of data between af§'™ Paseline, derived from suitable median values as de-
two quiet days was 66 days of data, over a period of 99 day$c'ibed in Sects. 2.2 and 2.4; aBg=jump baseline, con-

(Masi station; between 6 February and 17 May 2003). tain@ng only the data jumps as described in Sect. 2.1.
Figure 9 presents an example of the result of the proce-

dure described in this section. It shows tBg field in Up-
psala from 22 March to 10 April in 2005 (two quiet days),
and the corresponding baseline. In this example, the diurnal

(nT)

1.025

1.021
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Fig. 12. Spectra of the theBy field in Hornsund (blue), the full

Fig. 11. Spectra of the different baseline components, of Be  paseline (green), and the magnetic field data after removal of the
field in Hornsund: blue: long-term baseline; green: diurnal baseline;paseline (i.e. the disturbance field; red).

red: jump baseline; black: full baseline. Thexis labels show the
inverse of the frequency.

In this section, the different components of the baseline
(long-term, diurnal and jump baseline), as well as the full

variation of the baseline follows that of the data not only on . o
. . ) o baseline, and the magnetic field measurements are spectrally
the assigned quiet days but also on relatively quiet intervals

in the middle of this period (e.g. 1 April). Furthermore, the analysed. This analysis reveals which frequencies are con-

. LN : tained in which baseline components and which frequencies
long-term (mostly tidal) variation of the data is well followed : in th ic field d f Lof th
by the baseline. remain present in the magnetic field data after removal of the

Figure 10 shows an example for ti& field in Decem- baselines. For this purpose, the 10 yr data (2001-2010) of all

: . . - tstations were read with a time resolution of 30 min, which
ber 2009 in Sgraya, which experienced some SlgnlflcanaIIowsas ectral analysis of frequencies from 1/(10yr) up to
equipment drift in this period (also shown in Fig. 2). The P y q ynup

figure shows that the baseline derived for this period foIIowsl/(1 ).

the equipment drift well, making this data reasonably usable Figure 11 shows the spectrum for the three baseline com-
quip ' ng y ponents for theB, field in Hornsund. This case is a good
for equivalent current calculations.

representation of the general result of the spectral analysis
for the different magnetometers. The graph shows that the
3  General results long-term baseline (blue) has its strongest frequency contri-
butions in the low-frequency area (periods of months/years).
The usefulness of the baseline procedure described in thi$he diurnal baseline (green) generally has a lower spectrum
paper is mainly demonstrated by the fact that it avoids allthan the long-term baseline, except, as expected, for 6 strong
the problems which some other baseline procedures have (geaks at the frequencies of the harmonic components which
listed in Sect. 1.4), and so makes the resulting data suitablenake up the template (e.g. see Table 2). The spectrum of the
for the calculation of ionospheric equivalent currents. How- jump baseline (red) is also lower than of the long-term base-
ever, it can also be demonstrated by showing some generdihe. The spectrum of the full baseline (black) is hard to see in
characteristics of the baselines and the resulting magnetithe graph, being mostly hidden behind whichever component

disturbance field data. has the highest spectrum. Also this decreases with increasing
frequency, becoming particularly low for frequencies above
3.1 Spectral analysis the inverse of 4 h.

. ) ) . ) Figure 12 shows the spectrum of the (full) baseline again,
As explained in Sect. 2.5, the baseline of this paper is deggether with those of the raw measutgdfield and the field
signed to remove only components of periods of 4h oryemaining after removal of the baseline (i.e. the disturbance

longer. This means effectively that g variations are as-  magnetic field). This graph shows that the raw data have a
sumed to be confined to those periods, while the disturbancega; spectrum up to about the inverse of half a month, af-

field retains all faster components (but not necessarily onljter \which it decreases with frequency. Because the baseline
those). The effect of this should be reflected in the signal,qntains mainly low-frequency components, mainly those
spectrum of each component. components are removed from the data. As a result, up to

Geosci. Instrum. Method. Data Syst., 2, 289804, 2013 www.geosci-instrum-method-data-syst.net/2/289/2013/



M. van de Kamp: Harmonic quiet-day curves as magnetometer baselines for ionospheric current analyses 301

i B UPS Disturbance field B, UPS; 2005
x 10 * b
jgppl T T T T T T T ] Y v
10 — SuperMAG (o = 23.8nT)
1.621 E ——QD aver (6 =27.2 nT)
1.518f ool |
5 i WA
A M ik ] WA N G
™A MM I Ha Ll el N HY A \
~ 1516 | ‘ | ‘/,lm rWa ! ;N A i rw )
= {1 M r“l
o 1514f I ) ‘ | [
1 | { \ i
[ | i | /)
1.512f Wt ! ‘ } ' 1
151F —  Rawdata |
—vdKamp
01 04 07 10 13 Fig. 14. Probability density function of the, disturbance field

April 2005 at Uppsala over the year 2005: using the baseline from this paper

Fig. 13. B, field at Uppsala from 1 to 15 April 2005 (red), the base- (green), using the SuperMAG baseline (blue), and using as a base-

line derived as described in this paper (green), and the SuperMA(iine the average values of quiet days (red).
baseline (blue).

This figure shows that the baseline from this paper follows
the day-to-day variations more than the SuperMAG baseline

resembling that of white noise, which indicates that in that(e'g' see on 9-11 April). Vgrlatlons on this timescale are
frequency range all regular components have been removerdno.‘c’ﬂy tidal (i.e. the result of |n'terference betwegrand L
from the data. The disturbance field gets closest to the origi—;ggf‘\t)ggzti(js: asrg(i;[k;ﬁ()) rzmsai?]ui?ﬂﬁzt?i;lh da;fstgm‘Znafo;[/gTse
nal data for the highest frequencies. of the SuperMAG baseline. On the other hand, as explained
in Sect. 2.4, it might be that some quiet parts of solar storms
3.2 Comparison to other methods are mistaken for tidal variations and included in the baseline
of this paper; this could be the case in Fig. 13 on 6—7 April.
It is useful to compare the baseline method of this pa-However, since those quiet parts of solar storms are hard to
per to other baseline methods, such as the ones describeéll apart from real tidak, variations, it is not evident from
in Sect. 1.4: those by Janzhura and Troshichev (2008)this observation which baseline is better in this case.
Stauning (2011), and/or Gjerloev (2012). Unfortunately, Some statistics of these two baselines over 2005 has been
the full procedure of those methods is not available tocalculated: the standard deviation of the baseline of this paper
the author of this paper. However, the baseline methods equal to 13.1 nT, while that of the SuperMAG baseline is
by Gjerloev (2012) was used for the data in the Super-10.3 nT. This difference is a consequence of the fact that also
MAG database; seftp://supermag.jhuapl.edu/mag’/http: over the entire year, the baseline according to this paper fol-
/l[supermag.uib.no/magiThis database contains data from lows the variations of the raw data more than the SuperMAG
magnetometers distributed all over the globe. The baselindaseline, as seen in Fig. 13. Still, the difference between the
used there (hereafter referred to as “SuperMAG baseline”standard deviations is small. Furthermore, the standard de-
has been retrieved from data downloaded from one of thesgiation of the difference between the two baselines is only
websites. A comparison with that baseline is presented in thig.5 nT. This demonstrates that the results of the two methods
section. are actually very similar.

Firstly, a comparison is made of th®, baseline at Upp- Figure 14 shows a probability density function (pdf) of
sala over the entire year of 2005. This year was about midwayhe disturbance field, (i.e. the B, field after subtraction
between the solar maximum and minimum, and shows thereef the baseline) according to both methods. For comparison,
fore moderate magnetic disturbances. The raw data in Uppa third baseline method is also included in this graph: this is
sala are of good quality: no equipment effects can be notedhe “traditional” baseline method, using the average value of
in the data for the entire year 2005. Figure 13 shows the Suthe quietest day of each month as a baseline for the entire
perMAG baseline in April 2005 (blue), compared to the the month (marked as “QD aver”).
baseline from this paper (green, marked as “vdKamp”), and Also this graph demonstrates the similarity in the results
the raw data (red). (These data are partly the same as the onefthe baseline method from this paper and the SuperMAG
shown in Fig. 9.) baseline: the shapes of the two distributions are very similar,

f =1/(4h) the disturbance data have a fairly flat spectrum
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Fig. 15. B, field measured in Leknes on 1-9 May 2001 (red), Fig. 16.Pdf of the B, disturbance field at Leknes over February—
the baseline from this paper (green), and the SuperMAG baselinglay 2001: using the baseline from this paper (availability
(blue). 2877.1h), and the SuperMAG baseline (availability 2770.1 h).

o ) strong equipment effects which caused the data to be quali-
as well as the standard deviations (marked in the graphieq as “invalid” in the SuperMAG database, and as a result
A notable difference is however that the disturbance field110h of the data 0B, in Leknes during February—May 2001
according to SuperMAG shows a peak in the centre: it iSgre ynavailable there. However, the unavailability of the dis-
equal to OnT (within the 1nT resolution of the SuperMAG {rpance field using the baseline according to this paper is
data) for a larger portion of time than would be expected fromequa| to that of the raw data in the IMAGE database over
the shape of the rest of the distribution. Apparently, duringhs period: 2.9 h. The data patches with equipment effects
this portion of time (10.3 % of this period of data), the Su- 4re therefore included in the pdf of the disturbance field us-
perMAG baseline is exactly equal to the raw measured dataing the baseline of this paper, shown in Fig. 16. Still, this pdf
The same was noted for other periods of data. shows a curve without any significant irregularities (and sim-

The disturbance field using the “QD aver” baseline clearlyjjar in shape to the one in Fig. 14), which demonstrates that
shows a wider spread than using the other two methods (thig,ege equipment effects were adequately removed from the
can also be seen from its standard deviation). This effect igj5i4.
due to thes, variations, which occur every day, and using |, aqdition, it can be noted that from many other magne-
this baseline method are included in the resulting field. The;gmeters which showed equipment effects, such as Nordkapp
effect of this on the pdfis that near-zero valuessofoecome 4514 Sgrgya, no or very few data are available from the Super-
spread out over a larger range. _ . MAG website. Presumably, this is because these data were

A second comparison was made for a different period ofihere classified as “invalid” due to the poor quality. (Note that
data: theB, field at Leknes, during February-May 2001. the SuperMAG project concentrates more on the global mag-
This station exhibited during this time some strong equip-petic field than on high spatial resolution, making the loss of
ment effects. In addition, the raw data contain a few gapsg few measuring points not vital.)
together 2.9 h over these 4 months. . It can be concluded from this comparison that the baseline

Figure 15 shows the raw data and the two baselines o ccording to this paper is in general not very different from
B, at this station on 1-9 May 2001. During this time, this hat ysed in SuperMAG. It follows the day-to-day variations
magnetometer showed some strong equipment drift. It canyt the field slightly more. The main difference between the
be seen in this figure that the baseline of this paper follows,,q is that the method from this paper is better able to deal
the drift better than the SuperMAG baseline, especially on 4-ith equipment effects without having to remove much data.

6 May. The result of this can also be seen in the pdf of the dis-rhjs allows a higher spatial resolution in critical areas, such
turbance field according to the two methods over February—g the auroral oval boundary north of Scandinavia.

May 2001, shown in Fig. 16. The increased probability for
values between-15 and—44 nT using the SuperMAG base- 3.3 Error estimate
line is due to the effect seen in Fig. 15.

It should however be noted that cases like this are rareA reliable evaluation of the error of the baseline procedure
in the databases. The more significant difference betweewf this paper is not possible, since there is no “correct” base-
the two methods is their availability. In some other partsline known in any magnetic field measurement. However, an
of these data (not shown here), the magnetometer showeestimate of the worst-case error can be made. This should
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be expected in the case of strong equipment effects, such ds/ Matsushita (1968) and Campbell (1989)). The results ob-
the equipment drift which happened in December 2009 intained in the study of the current paper can help to verify
Sgrgya, shown in Figs. 2 and 10. This is one of the strongeghose studies, and help to improve prediction models of the
and most sudden variations due to equipment drift found inS, magnetic field. This will be the subject of a later paper.
the database.
In Fig. 10, theB, field is seen to decrease quite suddenly )
between 22 and 24 December, but because of the other i? Conclusions
regularities, it is hard to say exactly when the change starte%\
and ended. The long-term baseline, because of the way it i
set up, shows a drift from 22 December, 12:00 UT, to 24 De- . . . ; )
cember, 12:00 UT. suitable for the calgula_ﬂon of ionospheric equivalent cu.r-
X . . rents. The full baseline is composed of three components:
However, visual inspection of the graph seems to suggest
that the equipment drift might also have started at 23 Decem- _ 3 jump baseline, which contains only the artificial
ber, 00:00 UT, and reached its end value on 24 December, jumps in the data and is otherwise constant.
00:00 UT. As atest case, this development was used for an al-

novel method of determining the baselines of magnetome-
fer data has been presented, which makes magnetometer data

ternative long-term baseline. A full baseline based onthisal- — @ long-term baseline, linearly interpolated between
ternative long-term baseline led to a difference with the base- daily median values of the raw data. The daily median
line according to this paper with a maximum of 27 nT (which values are calculated for all days except the most dis-
maximum occurred at 23 December, 00:00 UT), and being turbed ones.

above 15nT for 16 h. Hence, if the trace described above of
the equipment drift is assumed correct, then that is the er-
ror in the baseline of this paper caused by this most extreme
case of equipment drift. Note that other baseline procedures
which do not take equipment drift into account would prob-
ably encounter due to this drift a much larger error, for a
longer time: ignoring this equipment effect completely would
lead to an error with a maximum of about 80 nT, and which

would be above 15nT for about 18 days. (However, in mostThe baseline derived according to this method is able to
other projects, this section of data would probably be labellecfollow medium- to long-term variations in the measured
as “invalid” because of the equipment drift.) magnetic field, such as tidal and secular variations, as well
Since naturally occurring, variations are much smaller as equipment drifts of individual instruments. The method
than this equipment drift, and occur much less suddenly, theyvoids many problems associated with traditional baseline
error caused by those should be expected to be much smallefiethods and some of the other recently published methods,
than the values mentioned above. This is Why the error estiand is Simp|er in procedure than most other recent ones.
mate above can be seen as a worst-case error, with probably The resulting disturbance field (i.e. field after removal
only a single occurrence in the entire database. of the baseline) has a fairly flat frequency spectrum up to
f=1/(4h), and decreases after that.
The baseline follows the day-to-day variations of the mag-
4 Other applications netic field slightly more than the SuperMAG baseline; the re-
sulting disturbance field distribution is quite similar between
Now that the harmonic coefficients, (e.g. in Eq. 1) and}, these two baselines.
of the magnetometer baselines have been derived over 10yr The main advantage of the baseline method of this paper
and for 32 magnetometer stations, these can be used to e¥ver others is that it removes equipment drift and other arte-
amine their long-term behaviour, which represent the solafacts efficiently without discarding too much data, so that
quiet-time (5,) diurnal variation of the magnetic fiel8.  even low-quality data from remote unmanned magnetome-
and By. Like the disturbance field, also this field is mainly ters can be made suitable. This can give valuable contribu-

caused by currents in the ionosphere. However, unlike thejons to the equivalent current database, especially in the area
disturbance field, this field varies with diurnal variations of near the polar cap boundary.

electron density in the ionosphere, which in turn depends on
solar radiation.

Several statistical studies of the harmonic coefficients ofAcknowledgementsThe research leading to these results has re-
S, diurnal variations, dependent on season, year, locatiorgeived funding from the European Community’s Seventh Frame-
and solar activity, have already been made throughout thé_vork Programme (FP7/2007-2013_) within the call for “Exploita-
20th century, revealing information about the long-term de-tion of Space Science ar_ld Exploration Data”, under grant agreement
pendencies of the geomagnetic field (e.g. see the overviewd?: 263325 (ECLAT project).

— adiurnal baseline, linearly interpolated between “tem-
plates”, derived from the quiet days. These templates
consist of the first seven harmonics of the diurnal vari-
ation of the magnetic field on the quiet days. This
method ensures a smooth baseline at all times, avoid-
ing any discontinuities at transitions between days or
months.
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