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Direct Determination of Geomagnetic Baselines During Quiet
Periods for Low- and Mid-Latitude Observatories

V. Haberle!2 (2, A. Marchaudon® (=, A. Chamboduf (', and P.-L. Blelly*

Unstitut de Recherche en Astrophysique et Planétologie, Université de Toulouse, CNRS, CNES, Toulous#énEtiutce,
Terre et Environnement de Strasbourg, UMR7063, Université de Strasbourg/EOST, CNRS, Strasbourg Cedex, France

Abstract The geomagnetic field is composed of a variety of sources that act on a wide range of timescales
and amplitudes. The separation of magnetic storm effects from quiet variations is needed to accurately quanti
impacts of space weather events. The extraction of such quiet contributions within geomagnetic measuremen
is achieved by the determination of baselines, which, ideally, is done by a simple algorithm which captures qui
sources suitably well, while being applicable to an extensive network of magnetic observatories independent
of the period of time. In this work, we apply signal filtering techniques on the horizontal components of
geomagnetic field measurements from low- and mid-latitude observatories to determine baselines. The
variations within the baseline are investigated for magnetically quiet periods between 1991 and 2019, focusing
on long-term trends, seasonal and local time dependencies, and day-to-day variability. The analysis confirms
that the contributing quiet sources include the secular variation and the solar quiet (Sq) current system. The
non-negligible day-to-day variability, that is typical for Sq in low- and mid-latitudes, is embedded within

the baseline. Thus, the filter approach extracts quiet magnetic field variations well. Comparisons with other
baseline methods show good agreements. We conclude that the filter approach can be used to determine
baselines automatically during magnetically quiet periods without the need of further apriori information and i
applicable on a wide network of magnetic observatories. It marks the first step for deriving magnetic indices fc
(near) real-time space weather applications.

Plain Language SummaryThe Earth's intrinsic magnetic field is generated by the motion of

molten rock within its interior and interacts with the constant flow of charged particles coming from the Sun.
Measurements of the geomagnetic field strength on the surface not only include the intrinsic magnetic field bt
also phenomena that arise due to this interaction. Some of these phenomena show regular variations without
major effects and some, like solar storms, are able to disrupt the geomagnetic field, affecting technological
systems. In order to quantify how harmful disruptive events are, it is important to determine the regular
variations first. In this paper, we determine the regular variations within the signal (baselines) by applying
signal filtering technigues on geomagnetic field measurements. Our analysis shows that regular variations
during undisturbed days in low- and mid-latitude ranges are captured accurately.

1. Introduction

Ground magnetic observatories continuously monitor the evolution of Earth's magnetic field, producing hig
quality magnetic field measurements at stable locations. These measurements display a high degree of variab
as the geomagnetic field is a superposition of various sources spanning a wide amplitude-frequency spectr
(Constable & Constable2004). These sources can operate on overlapping frequencies and their spatial an
temporal separation is an active field of research requiring sophisticated modeling techniques (Wardinski
Thébault2019 and references therein). Internal sources comprise the main field that is generated within the flui
outer core by geodynamo processes; the lithospheric field as a result of the superposition of induced and remr
magnetisation of the Earth's sub-surface rocks; and the oceanic circulation, tidal and induction effects. The m
prominent temporal feature of the internal part is the variation of the main field, the so-called secular variatiol
noticeable over periods exceeding a month. The main magnetic field accounts for over 93% of the magnetic fi
measured at the Earth's surface. The rest may be attributed to external sources with origins in the magnetosp
and ionosphere which temporal variations range from shorter than a few seconds to decades (Fi@lzd/%et al.,
Among them, the Sun with its solar cycle induces variations with periods of around 11 years, as well as perio
of 27 days due to its rotation (Kunagu et2013 Ma et al., 2012 Shinbori et al.2014). Disturbance events like
solar flares and coronal mass ejections that hit Earth's magnetic field are able to induce sudden changes, wi
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minutes to days, reaching relatively high amplitudes of over 100 nT within geomagnetic field measurements
low-to mid-latitudes (Cliver & Dietrich2013 Kozyreva et al.2018. On days with no significant external influ
ences, known as quiet days, the magnetic field, measured at a stable location on Earth's surface, features ¢
variations in the sense of a smooth curve. These variations have distinct contributions with periods of 24, 12
and 6 hr (CampbelR003 and are mainly associated with the solar quiet (Sqg) current systems at mid-latitudes
These systems feature two current cells, one in the northern hemisphere (NH) flowing anti-clockwise and ol
in the southern hemisphere (SH) flowing clockwise within the sunlit ionospheric dynamo region which are thi
result of ionisation by solar radiation (Campb&B89. They show peculiar seasonal and local time depend
encies, being most intense during summer months in mid-latitudinal regions and reaching lowest amplitud
during the night when irradiation ceases (Hitchman el @88 Shinbori et al.2017 Takeda, 1999 Yamazaki

& Maute, 2016.

Thus, magnetic field measurements are a rich source of information on various physical phenomena and proce:
affecting Earth. An important application of magnetic observatory measurements is the derivation of magnet
indices which quantify the overall geomagnetic activity or idealised physical processes like ionospheric an
magnetospheric current systems (see Menvielle eR@l1 for a comprehensive review). The three indices
Kp, aa andam are sub-auroral magnetic activity indices endorsed by IAGA, the International Association of
Geomagnetism and Aeronontytips://www.iaga-aiga.oryy/ These indices rely on intermediate data-products of
magnetic observatory time series, the so-cd{leddices, having a temporal resolution of 3 hr. One of the main
challenges when deriving magnetic indices is to separate the contributions of relevant sources from the rest
the magnetic field signal in an effective and timely manner. Generally, this is achieved by determining a so-calls
“baseline” which is extracted from the measurements. This definition of “baseline” is used throughout the prese
paper. As such, it should not be confused with the baseline used in other contexts, for example, in the calibrat
of magnetic observatory data. The first qualitative description of a baseline was given by Bartel9889al. (
who defined it as a smooth and to-be-expected curve during a magnetically quiet day. At this epoch, its derivati
included hand-scaling of such regular daily variation curves as identified by trained observers. M8§3ud (
concretised this description to rules which act as guidelines. With the raise of the digital age and the increz
ing availability of magnetic data, the need for automatic determination of baselines has become imperative.
1991, IAGA endorsed four algorithms to automatically determine the quiet baselikeérfdices (Menvielle

et al., 1995 which includes the Finnish Meteorological Institute (FMI) method (Sucksdorff et%91). The

FMI method uses the observatory's magnetic latitude as input to derive baselines. The main geomagnetic fi
changes over time, thus magnetic coordinates evolve. They have to be calculated and adjusted following the t
frame of availability of the international reference model (IGRF updated every 5-years).

With the potential of improvement given by data accessibility, many other techniques and methodologies ha
been developed during the past years. Some prominent examples include the baseline calculation for the
index as introduced by Janzhura and TroshicB@0§, the method used by the International Monitor for Auro

ral Geomagnetic Effects (IMAGE) as described by Van De Kaopp3 and the one used by SuperMAG as
described by Gjerloex2012.

In this paper, we introduce a direct and easily reproducible method to determine such magnetic field baselir
for ground magnetic observatory measurements. It is based on fundamental signal treatment techniques anc
investigate its applicability to produce baselines between 1991 and 2019. We limit our study to magnetic obst
vatories located at low- and mid-latitudes and present physical analysis and interpretation of contributing sourc
during magnetically quiet periods.

The geomagnetic field data and derivation of the baselines are described in E&#ictior3 analyses observed
variations within the different frequency regimes, which are related to physical phenomena during magnetical
quiet periods in Sectiof Sections demonstrates the baseline and compares it to other methods, followed by the
conclusion (SectioB).

2. Data

Vectorial geomagnetic field measurements from magnetic observatories between 1991 and 2019, coveri
more than two solar cycles, are used. The measurements have a temporal resolution of 1 min, that is, one
comprises 1440 data points. They are made available through the International Real-time Magnetic Observat
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Table 1

Network (INTERMAGNET, https://intermagnet.github.jpHata repository

Finite Impulse Response (FIR) Filters, Corresponding Passing Frequenciesvhich ensures high quality data with consistent observing practices regarding

and Their Notation

modern standard specifications for measurement procedures and recording

Signal contribution

Pass frequencies Notation equipment. The use of definitive data, that is, fully calibrated magnetic obser

Long-term
Diurnal
Semi-diurnal
8 hr

6 hr

below 7.716 x 16 Hz Xopa  Yoou
7.716 x 10° -1.1574 x 10 Hz Xon  You
1.1574x 10 -2.3148 x 10 Hz X, Y,
2.3148 x 10> -3.4722 x 10 Hz Xg A
3.4722 x 10° —4.6296 x 10 Hz Xg A

vatory data, rather than variational data issued from direct outputs of instru
ments, allows to fully assess the magnitude of the various contributions and
to take advantage of the homogeneous and continuous time series.

In the following, we consider the horizontal components of the magnetic
field in the local spherical frame, namelyowards the geographic North and

Note The sum of the five filter outputs forms the baseligeandys.

Y towards the geographic East being the intensity of the magnetic field

in the horizontal plane, i.e., ). We concentrate on observato
ries in regions with magnetic latitudes between £10° and £60° in eccentric
dipole coordinates (Laundal & Richmor#))16. This constraint allows to
mitigate influences from equatorial and auroral electrojets at equatorial and
high magnetic latitudes.

To illustrate our results, we primarily use data from the magnetic observatory Chambon-la-Forét (CLF) locate
in France, Europe, with geographic latitude 48.025°. It is located in mid-latitudes and can thus be considerec
representative example. Other observatories are used when applicable.

A list of all used observatories (location and used data) is enclosed as Supporting Infdshation

2.1. Baseline Derivation

Magnetic field measurements may be viewed as discrete time signals consisting of the superposition of varic
sources. In order to extract specific frequency contributions, a finite impulse response (FIR) filter is appliec
For the truncation, we make use of the Hamming window function to smooth the convolution operation in th
frequency domain with a window-size of 3 days, that is, 3 days correspond to 4320 min/data-points. The:
filtering techniques and window functions are standard tools in signal processing described in correspondil
books, for example, Proakis and Manolae@§. Similar numerical filters have been used to remove diurnal
components from ground magnetic measurements, see for example, Behannon ab@g8gs8¢ehannon and

Ness (9661); Ness and Williamsl(966; Bhargava and Yacoli970; Jadhav et al2002.

The main contributions to the quiet daily variations are to be found within the periods of 24, 12, 8 and 6 hr in low
and mid-latitudinal regions. Additionally to these (sub-) diurnal variations, a smooth change of the geomagnet
field is induced by sources acting above the 24 hr timescales (like the secular variation). These consideratic
result in a total of five filters. To extract long-term variations, we use a low-pass filter with cut-off frequency of
7.716 x 10° Hz corresponding to variations above 36 hr within the signal. For the four (sub-) diurnal frequen
cies, we eventually use band-pass filters that are implemented with the help of low-pass filters. To extract t
24-hr variations, we apply a low-pass filter with cut-off frequency of 1/24hr = 1.1574°xH8 on the signal,

from which we subtract the output of the long-term filter. The 12-hr variations are then computed as the diffe
ence between the low-pass filter with cut-off frequency of 1/12hr = 2.3148° H® applied on the signal

and the sum of the outputs of the 24 hr band-pass and the long-term filter. The 8 and 6 hr band-pass filters
implemented analogously. The filters are applied to the horizontal compotems Y of the geomagnetic

field measurements. In the following, we label the magnetic observatory measurements itXc#paat the

filter outputs in lower-casg, y with the corresponding period range as subscript, as summarised inlTable
The sources of the quiet geomagnetic field superpose each other and accordingly the baseline per compone
defined as the sum of the five filter outputs, that is, the baselideidog, = X ,, + X,, + X, + X3+ X and forY'is

Vo= Yoou t Yout V1ot Vg + Yo These baselines are direct filter outputs and thus totally independent of any apriori
information regarding the position of the considered magnetic observatory or of the local timel Bigpwes an
example of the decomposition ¥fandY from CLF by each of the filters in the five upper panels. The baseline
is demonstrated in the sixth panel (in red) plotted together with the measurements (in black). The residuals .
calculated as the difference between the magnetic observatory measurements and the defined baseline, visua
in the bottom panel.

HABERLE ET AL.

30f16


https://intermagnet.github.io/

Journal of Geophysical Research: Space Physics 10.1029/2022JA030407

x10%
gr_\z.los S ~-380
b ‘22107 NS 385
2.106 390
20 20
< = <
N D A A T Y I |AVAVAVAVAVAY.
-20 20
20 50
o o~
XHE AN NANANAA AN~ ;E 0 /\/\/\/\/\/\/\/\/\/\/\/\
-20 20
~ 20 20
><oo IE 0 MAA~A~A~A~AANANNANNNN Y >ﬁ° = 0 M \AANANANNNNNNNNNNNN
-20 20
20 20
><® E 0 MNASeeee s ANNNAAA~AANNNNAAAA >:° E 0 P AR AR AR A A R e
-20 S 9g% 20
x10
2108 350
£2100 £ -400
820 T 20
% 'E 0 AN vvvv-|l wWNAMAANS A ALy e g |E 0 P Rrem A A
g7 20 0 20
< Julie Jul 18 Jul 20 Jul22 %  Jul1e Jul 18 Jul 20 Jul 22
uTt 2006 uT 2006

Figure 1. Decomposition oK (left) andY (right) measurements at Chambon-la-Forét over 6 quiet days. From top to bottom:
the five consecutive finite impulse response filters; comparison of measured magnetic field component (black) with the
determined quiet baseline (red); residuals calculated as difference between measurements and baseline.

2.2. Selection of Magnetically Quiet Days

In order to understand which quiet sources are contained within our filter baseline, we have to study its variatio
during geomagnetically quiet periods. Therefore, we select time intervals for which the contribution of distur
bance events from external sources like geomagnetic storms is minimised. To do so, we need to use an indep
ent indicator regarding the quietness of the considered days. The quietest CK-days (“Really Quiet (C)” and “Qui
(K)", http:/fisgi.unistra.fr/events_ckdays.phare IAGA-endorsed data products provided by the International
Service of Geomagnetic Indices (IS@ttp://isgi.unistra.fiy. They indicate magnetically quietest days by using
the aa index (Mayaud,1972), with a mean lower than 13 nT. Two data products exist: the quietest days over
24-hr (CK24) and over 48-hr (CK48) centered on the UT day. We thus choose the CK48 days in order to be
strict as possible in ensuring the minimisation of external disturbance contributions within the magnetic fiel
measurements. Indeed, between 1991 and 2019, there is a toBdl00€848 days. The amount of quiet days
per year is not evenly distributed (see bottom panel of Figusad clearly

400 — . . . . . anti-correlated with solar activity (top panel). To quantify solar cycle and
solar activity, we use the well defined daily F10.7 index, measured in solar
z 300 ) flux units (sfu), see Tappin@Q13 for an overview.
f’ 200 .
= 100 | 1 3. Variations of the Filter Outputs
0= ' ' ' ' ' In this section, we first present the filter outputs during the entire consid
ered period, revealing their global variations. These results lead us to deeper
300 — ; ; ; ; ; investigate the variations within the combined daily filter outputs during
@ magnetically quiet periods only.
S 200 + |
X .
5 100 | i} 3.1. Filter Outputs
E 3.1.1. Long-Term Filters
1991 1997 2003 2009 2014 2019 The long-term filters preserve all contributions with periods above 36 hr.
uT

Their outputsx,,, andy,,, are shown in Figur8 for CLF. The upper panels
Figure 2. Solar activity and quiet days between 1991 and 2019. The upper show variations over 29 years (1991-2019), whereas the lower panels focus

panel depicts the F10.7 daily values in solar flux units, while the lower panePn & three month period (October—December 2007) comparing long-term
indicates the amount of magnetically really quiet (CK48) days per year. filters (blue) with the magnetic observatory measurem¥nts(grey). The
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Figure 3. Variations within the long-term contributions,, (left panels) ang.,, (right panels) in blue for Chambon-la-Forét. Upper panels demonstrate the long-term
trend over 29 years, while the lower panels present a zoomed-in view of 3 months whereby the magnetic cotngarentslicated in grey.

upper left panel shows a steady increasejnof about 570 nT, with shorter fluctuations of up to 300 nT during
the considered time-interval. Similarly, the right upper panel shows a steady, but steeper ingtgateraind

1500 nT), transitioning from negative to positive values around 2014, with shorter fluctuations in the order ¢
tens of nanotesla. The lower panels illustrate variations in the 27-days regime which are very x|gaaridr

less clear, but still present, far,,. Physical processes that are responsible for these variations are discussed i
Sectiond.1

3.1.2. 24h, 12h, 8h and 6h Filters

In this subsection, we look at the global patterns of the 24, 12, 8 and 6 hr filter outputg ahthécomponents

at CLF and the combined daily signal containing the sum of the four filter outgutsx,, + X;, + X + X and

Vo= Yout Yot Y5+ Ye They are presented in Figureand5 with respect to local time and day of year, along
side the F10.7 index to facilitate comparisons with solar cycle phases. For demonstration purposes, we illustr
dependencies on local time, season and solar activity corresponding to variable solar irradiation conditions o
approximately one solar cycle between 2000 and 2012. The analog figures for the entire period 1991-2019 ¢
be found in Supporting InformatidsiL

We first focus on the individual filter outputs which are presented in the four central panels ofiRiguxe

and of Figures for Y. Comparisons to F10.7 (top panels) show that the level of magnetic activity of each filter
output, especially the 24 hr ones, is higher during the maximum phase of the solar cycle. Periodical patterns ¢
be observed with respect to day-of-year and, more specifically, season and local time with diurnal, semi-diurn.
8 and 6 hr recurrence for each individual filter output. These patterns can be disturbed from 1 day to the ott
by magnetospheric processes enhancing the level of magnetic activity, especially during the maximum of t
solar cycle. Finally, the filter outputs contributing to ¥ieomponent are in general twice as less intense as the
ones contributing to the component. More specifically, for tdeécomponent, the 24 hr filter is by far the most
intense, the 12, 8 and 6 hr filter contributions being secondary, while fgrct@ponent the 24 and 12 hr filters

are more comparable in intensity.

Second, we look at the combined daily sigiglandy, presented in the lowest panels of Figutesd5. Simi-

lar to the individual filter outputsy, is twice as intense as. For both, the periodical patterns remain clear and
highlight solar cycle, seasonal and daily variations with enhanced activity during solar maximum (around 2002
summer periods and daylight howghas a seasonal-dependent minimum around local noon which is surroundec
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Figure 4. Filter outputs between 2000 and 2012 as function of solar local time (LT) f&rabmponent of Chambon-la-Forét. From top to bottom: the F10.7 daily
values in solar flux unitss,,; X,,; Xg; X5 andx, in nT. Dashed black lines indicate local time for sunrise (morning hours) and sunset (evening hours). Periods with
unavailable data are not represented and appear as white vertical stripes. Note that the limits of the colour-scale range from 15 to 15 nT.

by two positive crests of activity around dawn and dusk (at least during surggnlesls a maximum followed

by a minimum of activity, with the zero-crossing centred around local noon, which shows no clear dependent
on season. We superimposed the occurrence of sunrise and sunset at 110 km altitude on corresponding pane
Figures4 and5 (black dashed lines). The activity increase is well phased with sunrise for both combined signal
while the activity decrease is more complex to associate with sunset. A clear reduction of the activity is observ
in the night time fory, where it almost reaches zero, implying that all filter outputs added together cancel out,

Figure 5. Analog to Figuret for theY component of Chambon-la-Forét. Note that the limits of the colour-scale range from 30 to 30 nT.
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Figure 6. Super-posed epoch analysis of the combined siggalady,, depending on local time and season for two European observatories (CLF, SFS) and two
Australian observatories (ASP, CNB), during magnetically quiet days. Black lines indicate local sunrise (morning hours) and sunset (evening hours). Note that the
colour-scale is the same for all panels.

showing that only the combination of the individual filters is physically meaningful. The combinedxsigtitl
displays night-side activity especially during solar maximum, but also in summer nights during solar minimum

3.2. Variations of the Combined Daily Filters During Magnetically Quiet Periods

The previous section showed a clear trend within the long-term filters that follows secular variation (se
Section4.1). There are evident dependencies of the combined daily filters on season and local time. Howeve
all filter outputs also contain obvious storm signatures which potentially mask out the quiet magnetic variation
As we would like to better understand the quiet sources that contribute to the combined dalily filters, we need
avoid storm signatures as much as possible and thus, we constrain the following analysis to magnetically gt
periods only.

3.2.1. Seasonal and Local Time Patterns

To gain a better understanding of the variations within the combined dalily filter outputs, we focus on their loc:
time and seasonal dependencies. We show examples for several observatories at low and mid-latitudes, where
signatures of equatorial and auroral electrojets are minimized, and during magnetically quiet periods as defin
in Section2.2 Per magnetic observatory, we conduct a super-posed epoch analysis (§E#)jdy, in depend

ence of solar local time and day of year (season) for CK48 days between 1991 and 2019 (s2e Hguseason

can be described by the solar longitlide (0°, 360°) which is derived from the position of Earth around the
Sun, whereby s = 0° defines spring equinox in the NH. The data is arranged into bins®f 10° (vertical

axis) and LT =10 min (horizontal axis). The value per bin is derived as the average of all values that belong t
the specific bin. Here we present four representative stations in detail. The SEA of further stations may be fou
in Supporting Informatios1 The selection of specific observatories presented in this study is motivated by the
need to examine the baseline properties in both hemispheres and in different geographic sectors while ensu
that the length of considered time series is sufficient to produce meaningful statistics. The period for which da
is available at each observatory can be found in Supporting Inforn&tidtfevertheless, an exhaustive exami
nation of the baselines obtained shows consistent results, indicating that the filtering method is applicable for
INTERMAGNET observatories at low and mid-latitudes.

Figure 6 presents the resulting SEA for two European observatories: CLF and San Fernando (SFS), and t
Australian observatories: Alice Springs (ASP) and Canberra (CNB). Note that they are located in latitude frol
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Figure 7. Day-to-day variability ofy, at Chambon-la-Forét. The upper panel depicts the daily evolutig(bfue) with daily maximum/minimum marked by red/blue
dots. The lower panel presents the variations in delay (black) and amplitude (magenta) between maxima and consecutive minima.

North to South in this order. The black lines indicate the mean local sunrise (morning hours) and sunset (even
hours) at an altitude of 110 km between 1991 and 2019. The upper left panels show the SEA for CLF. Ti
combined filter outpuy,, describes a maximum during morning and a minimum during afternoon hours, almost
vanishing during night times throughout the year. The increase in activity during morning hours strictly follows
local sunrise, appearing earlier during summer than during winter, while the activity decreases rather constan
in the afternoon around 15 hr LT, except during winter solstice. In addition to the prolonged activity, the signe
intensity is stronger during summer (in N4 = 90°) than during winter (in NHL.s = 270°). One of the most
striking features is the relatively constant zero-crossing of the activity around nggnTbe pattern oty is less

clear. As noted in the global patterns before, the dawn crest of activity is well phased with sunrise and is presi
throughout the solar longitude, while the minimum and the dusk crest that extends into the pre-midnight hou
are mainly observed during summer and autumn.

SFS is located South of CLF and its SEA is presented in the lower left panels oféFitayg shows a remarka

bly similar pattern as CLF, being well phased with sunrise and to a lesser extent with sunset. The main differer
to CLF lies within itsx, which describes a maximum around local noon from spring to autumn. Around autumn
equinox [s = 180°), the maximum abruptly shifts to morning hours and returns to noon hours shortly after
winter solsticells= 270°). On the other hand, no clear activity is observed during night, at dawn, or at dusk anc
only a rather limited minimum is observed after dawn during summer.

The solar longitude describes the season reversely in each hemisphere, for example, summerlis SBi6at

and winter aL.s = 90°. ASP is located in the SH and its SEA is presented in the top right panels ofé:igure
The combined signa}, describes a minimum in the morning hours and a maximum during afternoon hours, as
opposed to NH stations, with stronger amplitudes during summer. As for NH observatpisesiell phased

with sunrise and additionally with sunset. The only exception is during winter at sunrise, when a local an
fainter maximum can be observed. The combined signial not as clearly phased with sunrise. During spring
(Ls=180°) and autumn equinox¢ = 0°), X, shows a maximum around noon. Similar to SFS in the NH, the
maximum shifts to morning hours shortly after autumn equinox and returns to noon hours at spring equinox.

CNB is situated south of ASP and analogously shows a remarkably similar behavigu,imas a minimum
during day-light hours that shifts to later LT between autumn and spring equinox. During localxyiskews
also a local maximum in the morning hours.

These global patterns may be interpreted as magnetic footprints of current cells flowing anti-clockwise in the N
and clockwise in the SH, following the apparent motion of the sun. The focus would be located between CLF al
ASP for the northern cell and between CNB and ASP for the southern one. More physical interpretation of the
results are given in subsectiér?.

3.2.2. Day-To-Day Variability

The combined filter outputs, andy, not only vary on seasonal timescales but also on a day-to-day basis, ever
during quiet periods. This behaviour can be followed on the top panel of Figurere CLF's/, is plotted over

consecutive CK48 days during summer 2009. We see a recurrent sinusoidal pattern during sunlit hours whi
amplitude and occurrence times of maxima (red stars) and minima (blue stars) vary from one day to the oth
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Figure 8. Statistics of seasonal and day-to-day variabilitygoét Chambon-la-Forét during quiet days between 1991 and 2019. From left to right, the panels show
local time occurrence of extrema, amplitude and delay between them.

To illustrate this variability quantitatively, we first determine the local time occurrence of the maximum and
minimum for each day during sunlit hours. Then, the amplitude is derived as the difference between the valu
at maximum and at the consecutive minimum (given in nanoteslas) and finally, the delay is given as the time
hours that has passed to reach the consecutive minimum from the maximum. The bottom panel®filB&gure
trates these amplitudes (magenta) and delays (black) from 1 day to the next. The amplitude varies significantly
a daily basis between 20 and 80 nT, as does the delay between 5 and 8 hr in this example.

We compute the day-to-day parameters, that is, the occurrence times of extrema, peak-to-peak ampitudes
delays, fory, at CLF for all quiet days between 1991 and 2019. They are presented as a scatter-plot against sc
longitude in Figure8 and from which it is clear that the day-to-day variability has a strong seasonal dependency
For the maximum, two regimes can be distinguished: during summer months the maxima occur around 06—09
LT, while they occur later at around 09-10 hr LT during winter, which is directly related to the LT sunrise shift
with season as already seen in the previous section. The transition between these two regimes happens abr
aroundLs=10° andLs= 180°. On the other hand, the timing of the minimum is more constant over time, which,
too, is related to the decrease of activity observed constantly around 15 hr LT in6@-igtwee central panel
shows a clear sinusoidal dependency of the amplitude on the season. This dependency can be described by
order polynomial fit which summer maximum is 63 nT and winter maximum 23 nT, indicating that the amplitude
during summer is about 3 times larger than during winter. Finally, the right panel shows that the delay betwe:
maximum and consecutive minimum is longer during summer (around 6—7 hr) than during winter (around 5 hr

Forx,, the definition of a maximum and minimum (and successively delay and amplitude) during sunlit hours i
not applicable. Its trend generally has only one extremum during the day (seesfighieh visualisation analog

to Figure8 can be found in Supporting Informati®&i. The timing of its minimum at CLF shows a distinct shift

of approximately 2 hr around equinox (starting around 08 hr LT between spring and summer and around 10 hr |
during autumn and winter) which is comparable to the shift obserwgd The amplitude of the minimum has

a similar trend to what is observed for the peak-to-peak amplituge afpolynomial fit of order 3 can be used

to describe its variations. The summer minimum is around 15 nT and the spring minimum is around 5 nT,
indicating that the summer amplitude is 3 times larger than during spring.

Returning to the day-to-day variability of the signal, it is clear from Fi§ubat, for any giverLs, a spread is
observed in all three parameters of interest: local time occurrence of extrema, amplitude and geldhier
spread is higher during solstices than during equinoxes, and is also doubled during summer with respect to win
For the amplitude, the standard deviation is 12.17 nT for the summer periodl(45°%35°) and 7.8 nT during
winter (225° <Ls< 315°), suggesting that the spread during summer increases by over 60% compared to winte
Forx, amplitude, the standard deviation, however, is rather constant, with maximum differences of 20%.

Overall, we see a total day-to-day variability in amplitudeyfoof about 20%-30% and fgy of about 20%.
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4. Physical Sources Within the Baseline

In this section, we relate the characteristic variations of the filter outputs, that is, the baseline elements, to sour
that are known to contribute to the quiet geomagnetic field.

4.1. Secular Variation

The secular variation is the evolution of Earth's intrinsic magnetic field over time that induces a smooth shi
within geomagnetic field measurements at stable ground locations. The magnetic pole configuration is such tl
the magnetic North Pole moves closer to Europe (Olsen & Ma863), and thus CLF is slowly drifting to
higher magnetic latitudes, enhancing the magnetic field intensity at its location. This increase in field streng
can be observed in each component of the magnetic field measured at CLF and in particular hexg,jrabdth

Y.,4 (see the upper panels of Fig@)e The magnitude of.,, is lower than that of,,, as the magnetic meridian

is close to geographic North (equal in 2014 wen 0 and thus declination was zero at that point). Further
more,y,,, shows less short-time variability thar,, as it is proportionally less affected by fluctuations from
external sources. The observed 27-day variation is in agreement with Bré@#s énd Van De Kamp2013

who attribute these to either the solar rotation period or tidal variations that arise from the interaction betwe
solar-quiet and lunar tides. However, we cannot exclude the possibility that these variations are a superpositior
sources enhancing each other within the same frequency range. Here we would like to point out, that signatu
of geomagnetic storms are identifiable within the long-term filters. For example, the famous Halloween stormn
in 2003 can be clearly identified in bot, 24 andy, 24.

4.2. Seasonal and Local Time Patterns of the Quiet Daily Variations

The analysis presented in Fig@és in good agreement with the magnetic footprints one expects from the solar
quiet current cells flowing at an altitude of about 110 km above the magnetic observatories, that is, the incree
of activity at sunrise, the inversion of tkgvariations for locally close observatories (e.g., CLF vs. SFS, ASP vs.
CNB) and the inversion of thg variations between observatories located in different hemispheres (e.g., CLF vs.
CNB). This implies that the combined filter output from the 24, 12, 8 and 6 hr filters are the major contributor:
to the Sq currents.

While the overall day-side patterns>gf andy, are clearly related to the Sq currents, some specific details in
Figure6 demand further discussion. When useful and applicable, we refer to additional stations which can |
found in Supporting InformatioB1 First,x, of CLF and CNB, and to a lesser extggtshow some remnant
activity in the night-side, which is in contrast to stations located closer to the equator (SFS and ASP). This featt
is also observed for stations over Northern America and Northern Asia (see Supporting InfoBfjatidre
night-side enhancements may be related to the closer proximity of the stations to the auroral electrojets. Thi
currents essentially flow azimuthally (i.e., affecting mainly the magdXetiomponent), increasing in intensity
during summer and are modulated by substorm activity with recurrence rates of about 2—4 hr (Sn#itii@tal.,
Nevertheless, the level of night-side activity remains generally very weak (below 5 nT), as expected for quit
days. For disturbed days, this activity is enhanced as seen on Higunds.

On the day-sidey, is remarkably stable from one station to the other, having opposite signs between hemi
spheres. For all stations, the intensification is phased with season, being higher during summer when solar illur
nation is stronger. The activity follows the local sunrise smoothly, but decreases drastically before sunset, arot
15 hr LT, at least in NH. While it is easy to understand that solar illumination is the primary factor triggering
the Sq current flow by enhancing locally neutral winds and electron density, it is less evident why the currel
should decrease before sunset. As for the neutral atmosphere, we looked at various critical parameters giver
empirical state-of-the-art models during the same very quiet periods, such as neutral winds (HWM-14, see Dr
et al. 015), neutral densities, temperature and pressure (NRLMSISE-00, see Picon20&2)). No relation

ship between the variations of these parameters and the observed constant decrease around 15 hr LT was evi
This analysis was conducted with empirical models which may explain the difficulty to correlate the Sq magneti
variations with thermospheric parameters. More investigations on this topic are necessary and could invoke so
kind of saturation of the atmosphere.
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Whereag/, has a clear patterr, shows a more complex day-side behaviour.Xhemponent of the Sq current,

and thus thex, filter, indicates the position of the observatory with respect to the current cell's focus location.
For an ideal current cell with a circular shape, a negative (positivedmponent indicates that the station is
locatedabove (below) the focus. Wheg is close to zero, the station is beneath the cell's focus. A stable pattern
with smooth variations i, (apart from the expected decrease of the activity during winter when solar illumi
nation decreases) is observed for stations located far of the Sq current cell focus (for examples see Suppor
Information S1 SEA for: MMB and PHU over Asia, FRD and SJG over North America, WNG and GUI over
Europe, KDU over Australia). However, stations South of the Sq current focus in Europe show less smooth a
stable patterns with respect to SJG and PHU. This may be related to the tilted position of the magnetic equa
deforming the southern part of the Sq cell. Stations close to the Sq cell focus show a more complex patte
particularly for CLF, SFS (and KNY in Supporting Informati®f) in NH and ASP and CNB in SH. First, the
overallx, component is weaker, confirming the proximity of the Sq cell focus. Second, variations of the mini
mum/maximum ok, in local time with respect to season reflects variations either of the Sq focus position and
or of the Sq cell shape and size (StenR@f)8 Stening et al.2007).

As shown by Yamazaki et al2Q11), the local time of the cell's focus shifts to earlier times during summer
compared to winter months, which is in agreement with the morning shift of the minimum occurregce of
observed at CLF and CNB (see blue featurg,ah Figure6), situated at slightly higher latitudes than the Sq
focus. CLF is closer to this Sq focus than CNB, as its minimum almost disappears during winter. This may be
indication that the Sq focus also moves to higher latitudes during winter and that the Sq cell almost disappe:
(which is in agreement with Soloviev et a&0(19). This behaviour is also confirmed at SFS, when between
summer and fall equinox, a minimum is followed by a maximum, showing that the Sq focus is likely to be
very close to SFS and moves from above to beneath the focus during the course of a day, as proposed by A
et al. 016. This behaviour is also seen at KNY and less clearly at TUC (see Supporting Infor&#xtidhe

Xp component at ASP behaves similarly to SFS, but presumably never crosses the Sq focus during summer, s
no real minimum is observed during morning hours.

A last intriguing feature is observed yg just before sunrise during local winter, when a local minimum is
observed at CLF and SFS and a local maximum at ASP and CNB (see agai®)-ighiebehaviour is difficult

to explain from the Sq current cell system alone. Considering the possibility of inter-hemispheric field-aligned
currents (IHFACs), as analysed by for example, Ol14887) and Park et al.2011), such currents should flow

at dawn. As Shinbori et al2017) stated, ther component of the magnetic field is the most susceptible to be
perturbed by the presence of IHFACs. Thus, this local minimum/maximum before sunrise could encompa
magnetic variations associated with such dawn IHFACs. The dawn minimum is fainter above North America (s¢
Supporting Informatiors1), which is consistent with the findings of Lihr et 015, that IHFACs are more
intense above Europe and almost disappear above North America. Again, the level of activity of this feature
low. Thex, component also has a local maximum centred just after sunrise during local winter at ASP, SFS, CN
(and KNY). The cause of this structure still remains unclear but may also be related to such IHFACs.

Overall, it is clear from this section thaf andy, capture the Sq current cell properties well.

4.3. Day-To-Day Variability

Figures7 and8 demonstrate a non-negligible day-to-day variability of the combined filter outpuady,

which is more pronounced during summer. This phenomenon has been observed in the majority of physical
electro-dynamical parameters of the ionosphere for more than 40 years and is well documented for Sq current
the literature (see e.g., Brown and Williart949; Greener and Schlapp479; Schlapp 1968; Takeda {984,
Yamazaki and Maute2016). Simulations from Yamazaki et aR§16 showed that variations within the Sq
current can be attributed to 75% to solar illumination and to 25% to atmospheric and magnetospheric drive
Forbes et al.Z2000 found that around 25%—-30% of the plasma peak density variations in the 1-2 hr to days rang
in the F-region can be attributed to meteorological phenomena. The day-to-day variabilities found in our study &
in the order of 20%—-30% for the amplitudepéndy,, which is consistent with these previous studies. Addition
ally, the results presented in Fig@eeveal two intriguing properties of the day-to-day variability:

+ The occurrence in local time of the maxima and minima, as well as the delay among them has a clear depe
ency on season.

HABERLE ET AL.

11 of 16



Journal of Geophysical Research: Space Physics 10.1029/2022JA030407

+ The spread of the amplitude is clearly dependent on season.

Our analysis minimises magnetospheric influences by taking into account only very gquiet magnetic condition
However, on such quiet days, solar flares may still occur and disturb the signal. To investigate on this, we excluc
all quiet days on which X and M class solar flares were recorded during daylight hours and re-ran our analys
Expectably, the percentages of day-to-day variability did not change significantly. Flares can have very strol
effects on the ionospheric ionization and thus on the associated currents, but their influences are only present
a very limited time (Liu et al1996).

These considerations lead us to conclude that the majority of the observed day-to-day variability may be attr
uted to atmospheric drivers only, which underlying processes become stronger with increasing solar illuminatio
confirming the neutral atmosphere as a key role.

Gravity waves and tides within the neutral atmosphere are known to exhibit complex interference behaviour th
can drastically change from 1 day to another (Liu eR8all8 Stening et al.2005. For example, the lunar tide
induced by the revolution of the moon around Earth has a period of 12.4 hr which is very close to that of the so
semi-diurnal one. The small difference in period may lead to a smooth drift of the contributigranafy,,
leading to amplification or reduction of the global signal over a course of a few days. Attempts to model such
lunar tide effect did not reproduce the variations of amplitude within the combined daily contriby oy,

This tends to conclude that several sources of tides and waves are involved in this phenomenon which reme
challenging to model.

5. Comparison of Baselines During Magnetically Quiet Days

On days without major external influences, the magnetic field measurements follow regular daily variation
that Bartels et al.1939 describes as a to-be-expected smooth curve which philosophy persists till the preser
day. This definition implies that there is no quantitative way to evaluate the performance of baselines. We ce
however, compare our baseline with existing and widely accepted counterparts like the FMI method and Sup
MAG method. The mentioned PC index and IMAGE methods are designed for polar stations and aurofal Scan
navian magnetometers respectively and thus are out of range for low- and mid-latitudes considered in this wol

To determine the baseline, the FMI method performs a 5th degree harmonic fit to hourly means, which are det
mined taking into account apriori information such as magnetic latitude and local time (Sucksdorfétial.,

The original software written in C is made available through the long-term ISGI repository. The method use
by the SuperMAG service consists of determining its own field orientation, followed by a daily baseline, annue
trend and residual offset that differs for each of the magnetic field vector components (GI@eVT heir
baseline data is not directly accessible and several steps had to be executed to make them available for
work. SuperMAG provides the actual and baseline removed data in a magnetic local frame that uses an arbitr
declination. In order to compare them to the original data as provided by observatories from INTERMAGNET
SuperMAG data needs to be transformed to the local geographic frame first, followed by subtracting the baseli
removed data from the measurements in order to retrieve the baseline. Hereafter we compare our method to
FMI method, referred to ag, y,; and to the SuperMAG method, referred txays As such, Figur® demon

strates our baseline (red) in comparison withXh¥ components (grey), the FMI (blue) and the SuperMAG
(green) baselines, whereby grey shaded time intervals indicate non-CK48 days.

During magnetically quiet days (white background), our and FMI baselines closely follow the magnetic activity
capturing the day-to-day variability smoothly and showing little discrepancies between them. The SuperMA(
baselinex,, ys shows some distinct differences, especially fotitemponent. The actual measurements are not
always followed closely, for example, there is a clear positive and negative offset between the magnetic obser
tory data and SuperMAG estimation of the quiet baseline foX t@mponent during the afternoon/night of 10
and 13th December. In general, the SuperMAG method follows a rather steady pattern showing minor differenc
from 1 day to another. As shown before, there is a non-negligible day-to-day variation within the signal, whic
is most likely induced by atmospheric drivers. These variations are well captuxgdypyandx,, y,, but less

with Xg Yg indicating that it may tend to overestimate magnetospheric drivers during quiet days. To be able 1
qualitatively compare baselines, we calculate the difference between ours and each of the two other meth
for all CK48 days of 2009. We make the simple assumption that this difference can be described by a Gauss
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Figure 9. Comparison of baseline methods. The methods of the introduced baseline (red), Finnish Meteorological Institute (blue) and SuperMAG((dfeen) for
components (grey) at Chambon-la-Forét during winter 2002 are presented. The grey shaded areas indicate non-CK48 days.

distribution, using its variance to quantify deviations. Foitltemponent, we find a variance of 1.6 nT, and for
theY component 1.7 nT between our baselines and the FMI ones; and 6.2 nT, and 4.6 nT between our baseli
and SuperMAG ones. This implies that our determination of baselines can be used instead of the FMI meth
without causing major changes in the baseline reconstruction during magnetically quiet days. Additionally, tt
filtering method produces baselines without any further information than the magnetic measurements thel
selves, whereas the FMI method needs the magnetic latitude as an input, which is evolving over time and |
trivial to be determined in real-time. This property gives the filtering method the main advantage of being directl
applicable, that is, as soon as the geomagnetic field data is available.

Giving a detailed analysis of our filtering method during disturbed magnetic periods would far exceed the scoy
of the present paper. However, we would like to add a few thoughts on the application of our method durir
non-quiet days. During non-CK48 days, indicated by the grey shaded area ingrigaee differences between

all three baseline methods are evident. Our filter method follows the activity very closely, including the depre:s
sion and the following fluctuations on 14th December. These features are followed to a lesser extend by t
FMI method. Contrarily, the SuperMAG baseline is insensitive to any of these storm effects in this example ar
follows a smooth curve from the last quiet day to the next quiet day. This may suggest that our filter and the FI
methods underestimate, whereas the SuperMAG may overestimate the actual storm activity and its effects. T
implication for our filter approach is, that it is not directly applicable during disturbed periods, and thus quie
and storm time need to be treated separately (which is true for the SuperMAG and IMAGE methods as wel
The discrimination between quiet and disturbed periods may be done by statistical measures, as has been ¢
by Gjerloev 012 and Van De Kamp2013, and by additionally taking into account dependencies on season or
solar activity. Furthermore, the fact that there is no quantitative way to validate quiet curves remains especia
true during storm times. For example, in Figlrthe SuperMAG baselineg andyg during the two disturbed

days are very similar to their quiet curve of the preceding day, which can be interpreted physically as a ful
developed Sq current cell. However such a full system does not necessarily form during a disturbance event |
Huy & Amory-Mazaudier2008 which may be even the case in this example, as the actual measurements at
very different from the expected Sq current signature.

Another important observation is that signatures of storms, are also contained within the long-term filter ¢
described in SectioA.2 This shows that all level of filters can be strongly modified during non-quiet periods,
making our filter baseline not directly applicable outside quiet periods.

Future work will address the application of our filter method baseline for magnetically disturbed periods, focus
ing on the aforementioned considerations.
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6. Conclusion

This paper introduces a method to directly determine baselines of geomagnetic field measurements duri
magnetically quiet periods in low- and mid-latitudinal regions. The method is based upon signal filtering tech
nigues to extract long-term (with periods above 36 hr) and (sub-) diurnal (with periods of 24, 12, 8 and 6 hi
variations within the time-series of each magnetic component.

We conducted an exhaustive analysis of the contribution's variations, relating it to physical sources that are kno
to constitute the quiet geomagnetic field. The long-term filter includes the contributions induced by the secul:
variation, as well as tidal effects. The combined diurnal contributions have a strong dependency on local time a
season and show the typical day-to-day variability which lets us confirm that the Sq current system is strong
modified by the underlying atmosphere. Furthermore, the results for the day-to-day variability as extracted by tl
filtering technique suggest that the amplitude and its spread around an expected value, as well as the occurre
of extrema, have a clear seasonal dependency. The filtering technique provides promising preliminary results ¢
may be used for more thorough analysis of quiet Sq current systems in future works.

The baseline is then made up of the superposition of the long-term and the combined daily contributions. Duril
magnetically quiet conditions our filter baseline smoothly follows the variations iK #relY component. It
produces remarkably similar baselines as the ones calculated with the FMI method with the advantage of 1
needing apriori information. We conclude that our approach characterises the quiet magnetic field well and
suitable to be used during magnetically quiet periods. The filtering method tends to follow the activity ver
closely, risking to under-estimate potential storm effects and thus is not directly applicable during magnetical
disturbed periods.

As the introduced filtering method is a standard signal-treatment approach that does not need any aprieri inforn
tion for its application, it is directly applicable to any magnetic observatory in low and mid-latitudes independer
of the time period. Therefore, the limiting factor for its real-time application is the discrimination of quiet versus
non-quiet periods and the determination of the baseline during non-quiet periods. Once these challenges are o
come, it has the capability of being used in (near) real-time applications that make use of low- and mid-latituc
magnetic observatories, like space weather severeness estimations and index derivations.

Data Availability Statement

The magnetic observatory data are available from INTERMAGNET data reposittpy/doi.org/10.17616/
R3XK82. The magnetic activity indices are available from ISGI data repoditipy//doi.org/10.17616/R3WS49
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