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The spectrum of geomagnetic variations is broad and reflects multiple internal and external physical Earth
processes. The geodynamo generates an internal magnetic field, dominated by the low frequency contribution of
the axial dipole whose temporal variations range from geomagnetic reversals, excursions, and large-scale
paleosecular variations, down to decadal and sub-annual changes. Variations in the external field arise from
high frequency interactions of the solar wind with Earth’s magnetosphere and ionosphere, along with excitation
within the atmospheric cavity by lightning, power systems, and radio transmissions. External variations induce a
field in the conductive Earth that adds to the internal signal. A spherical harmonic analysis of dipole terms in
over 100 years of observatory data allows us to show that the external field is stronger than the internal field at
periods of the 11-year sunspot cycle and shorter. Using spectral estimates derived from this and other data sets by
adaptive multi-spectral time series analysis, we can create a composite power spectrum that spans frequencies
from 105 Hz to 20 kHz (periods ranging from 10 million years to 5 x 10~° s), and powers ranging from 10~°
(nT)Z/Hz to 102! (nT)Z/HzA The different processes contributing to the spectrum are characterized by various
inverse power laws across frequency bands. This Grand Spectrum quantifies the successive dominance of the
many different geophysical processes with frequency, but importantly provides a compelling graphic to illustrate

the complexity of the geomagnetic field.

1. Introduction

Earth’s magnetic field varies over a vast span of time scales, from
reversals of the internally-generated main core field (at an average but
highly irregular rate of around 2 per million years for the past 160 My),
to natural and anthropogenic external radio signals at kilohertz fre-
quencies. Table 1 lists the various contributions to the field as it is
measured at Earth’s surface. Both the internal and external fields follow
a generally red spectrum, with piecemeal approximate background
power laws that range from £~ to f across the 20 orders of magnitude
span in frequency, and produce about 30 orders of magnitude decrease
in power.

Early efforts to obtain power spectra from magnetic observatory data
started in the early 1960’s, when digital computers began to be used for
Fourier analysis. The first paper on this subject appears to be that of
Eckhardt et al. (1963), who estimated spectral peaks for six harmonics of
the daily variation, the first harmonic of the 27-day solar rotation
period, and 6 months. Banks and Bullard (1966) added the one year and
the 27-day fundamental, and Banks (1969) presented a hand-drawn
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spectrum showing all these peaks but with an obviously incorrect flat
background spectrum. The paper by Lanzerotti et al. (1990) is notable
for presenting two spectra from Antarctica that span 105 to 10° Hz.
More recently Olsen (2007) shows a composite spectrum derived from
observatory data from 10~8 to 10° Hz. Paleomagnetic spectral estima-
tion had its infancy during the 1980s, when Barton (1982) began by
looking at directional records from lake sediments and Courtillot and Le
Mouel (1988) made early attempts to synthesize power laws for spectra
extending from about 1 h to around 1 million year periods.

Constable and Constable (2004) extended these preliminary efforts
to much longer periods and introduced the “Grand Spectrum”,
attempting to capture all the important variations of the dipole field and
their underlying physics in a single image of the magnetic field spec-
trum. Their figure relied on re-drawing spectra from others’ work,
contained gaps, and lacked uncertainty measures. The spectrum in the
frequency overlap between the internally generated core field and the
externally generated magnetospheric field was not well documented,
nor was the externally induced internal field considered. However, the
graphic became a useful pedagogical tool and reference model
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Table 1
Typical properties of various geomagnetic variations.
Type of Variation Symbol Period or Amplitude
Frequency
Reversals/Excursions 2-10/My 50 000 nT
Paleosecular Variation 100 y-100 ky 100-30 000 nT
Secular Variation 1-100 y 10-1000 nT
Solar Cycle 11 years
Annual 12 months
Semiannual 6 months
Solar rotation 27 d and
harmonics
Storm-time Dst hours to weeks 50-500 nT
Regular Daily
at mid-latitudes Sq 24 h and 20-50 nT
harmonics
at low latitudes EEJ 12h 50-100 nT
Substorms DP 10minto2h 100 nT (1000 nT at p.
1)
Pulsations ULF 0.3-600 s
regular pc 150-600 s (pc5) 10 nT(100 nT at p.1.)
continuous 45-150 s (pc4) 2nT
pulsations 5-45 s (pc2,3) 0.5nT
0.2-5 s (pcl) 0.1nT
Schumann Resonances 8 Hz and <0.1nT
harmonics
Extreme low frequency  ELF 3 Hz- 3 kHz <0.1 nT
Sferics
Powerline, 50 Hz + variable
anthropogenic

p.L is for polar latitude dependence with values for latitudes > 65°).

(Constable, 2016; Constable, 2019), capturing a huge amount of
complexity in a single figure.

Here we produce an updated version of the Grand Spectrum, using a
reproducible work flow and making the underlying time series and
derived spectra available in digital form. We highlight the spectral
transition, between periods of 11 years and one day, where Earth’s
magnetic field undergoes changes from dominance by the internally
generated core field to the external magnetospheric, ionospheric, and
atmospheric field. One important part of the magnetic field, the litho-
spheric field produced by induced and remanent magnetization of
magnetic minerals, is not considered in this study because any time
variations in magnetization associated with tectonic activity and
weathering are at such long periods that the main core field dominates.

2. Methods

How does one measure the amplitude of the magnetic field when
some measurements are derived from paleomagnetic data bases, some
from the global magnetic observatory network, and some from indi-
vidual induction coil sensors? This question is further complicated by
the fact that magnetic fields vary spatially as well as temporally. In the
simplest approximation as a dipole form, the amplitude of Earth’s field is
twice as large at the poles as it is at the equator. However, the field that
Earth’s core generates is more complex than a simple dipole, and these
complexities are themselves subject to temporal variation. The use of
spectral analysis supposes that time variations in the field can be
considered stationary, which loosely speaking implies that the statistical
representation of the physics doesn’t change over time. This is not
generally true of Earth’s magnetic field, with one dramatic example
being magnetic storms caused by sudden changes in the number of solar
particles reaching Earth’s magnetosphere. Nevertheless, the power
spectrum provides a useful description that helps separate the broad
range of processes that contribute to the measured field. The paleo-
magnetic and observatory data are fit with mathematical models that
use spherical harmonics to describe the spatial geometry of the field, and
allow the harmonic coefficients to vary with time to capture secular
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variation. The paleofield models include structure in coefficients up to
about degree and order 4, while the recent observatory models, which
include data from magnetic satellites, extend to degree and order 13.
These models are important for understanding core dynamics and have
practical use in navigation, but fortunately, in constructing a power
spectrum that varies over 30-40 orders of magnitude, most details can
be left to the specialists who study specific parts of the system and how
they work. We consider only the largest spatial scales as recorded in
paleomagnetic field reconstructions and geomagnetic field models of the
scalar magnetic potential based on direct observations. Also, it is worth
noting that in paleofield models the secular variation in the dipole term,
which is what the spectrum captures, is relatively large compared with
the secular variation in the higher order harmonics.

We extract time series of the axial dipole moment as specified by
spherical harmonic coefficients of degree one and order zero. In
geomagnetic and paleomagnetic field models this is commonly termed
&Y for the internal part of the field and follows a P9 (cos#) spatial struc-
ture for the potential field (e.g., Backus et al., 1996), with PQ a Schmidt-
normalized associated Legendre function, and 6 the colatitude in a
geocentric coordinate system. The magnetic field is given by the
gradient of the potential. On time scales up to about a century we can use
magnetic observatory records and recover separately the external and
internal field contributions to the gradient of a P9 spherical harmonic
function. The observatory index, SYM-H, assesses mid-latitude total
horizontal fields with 1-min sampling. For the highest frequencies, we
use magnetic induction coil measurements collected during magneti-
cally quiet times from a single mid-latitude site which is also relatively
quiet with respect to anthropogenic noise, and include an example of
data collected during a magnetic storm for comparison.

We derive power spectral estimates using the adaptive sine multi-
taper algorithm of Riedel and Sidorenko (1995, 1996), which adjusts
the amount of spectral averaging based on the details of structure pre-
sent in the spectrum at a given frequency. Because the number of tapers
varies with frequency, the error in the spectrum is also dependent on
frequency, and will reflect the usual tradeoff between resolution and
bias. Further details can be found in Constable and Johnson (2005).

Spectra are functions of frequency, although period can also be used,
and broad spectrum processes are invariably plotted on a logarithmic
scale. Per million years is a useful frequency to use for paleomagnetic
records, but not so useful for power-line frequencies. Since there is no
practical unit that will span the Grand Spectrum, we will use the SI unit
of frequency, Hz, and annotate the plots with more relatable units such
as years and days.

The original Grand Spectrum (Constable and Constable, 2004) was
presented as an amplitude spectrum, but a power spectral density esti-
mate is a measure of variance, or power, normalized by bandwidth in
frequency. The SI unit would thus be T2/Hz, but a Tesla is a large field
and the biggest geophysically relevant fields at Earth’s surface are too
small to even exceed one mT. Observatory records are reported in nT, a
unit that we hope most readers will find relatable: our time series are
made available in nT and our spectra are reported in nT?/Hz.

The Grand Spectrum is necessarily constructed piecemeal, 4-5 de-
cades at a time from a range of data sources, and Fig. 1 shows the
complete product with annotations about the contributing processes
(see also Table 1). In the rest of this paper we discuss the piecewise
derivation and assembly of the Grand Spectrum, starting from the
longest periods representing geomagnetic reversals and long term
paleosecular variation and progressing to the highest frequencies where
anthropogenic effects are clearly visible.

3. Geomagnetic and paleomagnetic field models and proxies
Substantial progress in geomagnetic and paleomagnetic field

modeling has occurred over the past three decades as available data
have greatly increased in number, quality, and spatial distribution. The
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Fig. 1. The Grand Spectrum of the geomagnetic field, based on global observations of the geomagnetic dipole at periods greater than one minute and local ob-

servations of the horizontal field at shorter periods. .

implementation of regularized inversion techniques (e.g., Constable
et al., 1987) enforcing minimal complexity in spatial and temporal
variations has enabled the construction of numerous time-varying
spherical harmonic models of varying resolution and length (e.g.,
Jackson et al., 2000; Gillet et al., 2013; Panovska et al., 2019; Alken
et al., 2021). Direct geomagnetic observations in the form of data from
satellites and geomagnetic observatories are used to produce models
that span the satellite era (here we focus on CHAOS?.9 for 1999-2020
CE of Finlay et al. (2020)) and the historical global observatory model
COV-OBS.x2 (covering 1840-2020 CE, Huder et al. (2020)) that uses
land survey and maritime data, annual means from observatories as in
Jackson et al. (2000) and other direct measurements of the field avail-
able from 1840 CE on. Moving beyond the direct record we select a suite
of 3 time-varying spherical harmonic models made from paleomagnetic
data: ARHIMAGI1k (Senftleben, 2020) is derived from both arche-
omagnetic and historical observations from 800-1990 CE; HFM.OL1.A1
(Constable et al., 2016) covers the interval 0-10 ka with paleomagnetic
data; GGF100k extends from 0-100 ka (Panovska et al., 2018). A review
of paleofield modeling extending to 100 ka is given by Panovska et al.
(2019). From each of these models we extracted time series of the ab-
solute value of the leading spherical harmonic coefficient |g?| in nT as
representative of variations in the axial-dipole moment.

Before 100 ka there is not yet a longer time-varying spherical har-
monic representation for the geomagnetic field. We make use of
PADM2M, a measure of axial dipole moment variations over 0-2 Ma
based on globally distributed sedimentary relative paleointensity vari-
ations calibrated using absolute paleointensity data from the same
period (Ziegler et al., 2011). In both PADM2M and the spherical har-
monic models the time variations are parameterized in terms of order 4

B-splines, except for CHAOS7 which uses order 6 splines. The spline knot
spacings range from 0.5 years for CHAOS7 to 1000 years for PADM2M
(see Table 2 for further details).

At still longer timescales, extending to 158 Ma, we do not have
detailed knowledge of temporal variations in field strength, but there is
areliable record of geomagnetic polarity and transition ages drawn from
seafloor magnetic anomalies, which we call GTS12 after the geomag-
netic time scale of Ogg et al. (2012). Following the strategy of Constable

Table 2

Time span, sampling interval or rate, minimum and maximum frequency reso-
lution, and frequency range used for the Grand Spectrum compilation, in prac-
tical units. Note that the COV-OBS and CHAOS? internal fields, shown in Fig. 2,
are not part of the Grand Spectrum because external dipole fields dominate at
those frequencies.

Description Time Span/ Samp. Afmin-Afmax Frequency
Length AT Range
GTS12 0-157.8 Ma n/a 0.18-3.3/My 0.03-16/My
PADM2M 0-2 Ma 1000 y 6.5-16/My 0.016-0.11/ky
GGF100k 0-100 ka 100 y 0.09-0.09/ky 0.11-0.62/ky
HFM.OL1.A1 0-10 ka 20y 0.62-1.1/ky 0.62-4/ky
ARHIMAG1k 1000-2000 CE Sy 17-28/ky 5-56/ky
COV-OBS Int.  1840-2020 CE ly 17-33/ky -
CHAOS?7 Int. 1999-2020 CE ly 0.125-0.25/y -
Observatory 1903-2021 CE 1h 0.07-18.5/y 0.05-1843/y
SYM-H 2015-2022 CE 60 s. 0.01-0.05/hour ~ 0.21-13.68/hour
Borrego 2 days SHz 0.002-0.024 Hz 0.004-0.165 Hz
Borrego 2h 500 Hz 0.07-1.67 Hz 0.165-202 Hz
Quasar 50s 40 kHz 14-87 Hz 0.202-20 kHz
Storm 12h 50 Hz 0.007-0.26 Hz 0.001-4 Hz
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et al. (1998) we use GTS12 as a proxy, invoking a simple model that
supposes the axial dipole strength is constant at the average value of
PADM2M during stable polarity time and drops to zero throughout a
reversal to produce a time series extending back to 158 Ma.

In an earlier paper, Sadhasivan and Constable (2022) used several of
these records (GTS12, PADM2M, GGF100k, HFM.OL1.A1, ARHIMAG1k)
together with CALS10k.2 (Constable et al., 2016) and the interval of
gufml covered by intensity records (Jackson et al., 2000) to produce an
empirical paleomagnetic power spectrum for the axial-dipole moment.
Here we discard CALS10k.2 which essentially duplicates the HFM.OL1.
Al record, replace the truncated version of gufmi with the more recent
and slightly longer COV-OBS.x2, and augment the high frequency in-
ternal core field spectrum with CHAOS?7.9. The updated spectrum for the
core field, |g?|, is shown in Fig. 2. Sadhasivan and Constable (2022)
found that the trend in their observed power spectrum exhiPEPId three
distinct regimes transitioning from an essentially flat spectrum consis-
tent with random reversal occurrences to power law of spectral falloffs
as f " withn = 2,4, 6 at corner frequencies corresponding to 10.91/My,
5.44/ky and 83/ky as indicated on Fig. 2.
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4. Hourly magnetic observatory data

Hourly magnetic observatory data have been collected for more than
100 years, and so provide a relatively long time series that can bridge the
gap between satellite and historical/archaeomagnetic records that focus
on the core field, and the high frequency campaign style measurements
described in subsequent sections of this paper. However, the number
and location of observatories varies in time as they are commissioned,
decommissioned, or moved. Although a handful of observatories have
effectively been operating since the early 1900’s, applying baseline
changes after small geographic moves and instrument changes, inevi-
tably there are periods when no data are reported, so no observatory has
been recording without interruption for 100 years. As is the case for the
paleo- and historical data, external variations at periods between one
day and about 11 years are largely dipolar in geometry and so will have
a latitudinal dependence. This is because the external field at these pe-
riods is mostly generated by magnetospheric currents trapped in the
radiation belts, fed by particles injected from the solar wind, particularly
during magnetic storms (Daglis et al., 2007). These currents flow in a
torus around Earth between 2 and 9 Earth radii, generating a largely
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Fig. 2. Composite power spectrum of internal geomagnetic axial-dipole variations, |g?| based on time series of Table 2. Lighter colors deNote 1 standard error range.
Vertical black arrows mark transition frequencies in power law dependence from Sadhasivan and Constable (2022).
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dipolar field. Because magnetic storms are modulated by the 11-year
solar cycle, we can expect this geometry to be dominant out to that
period. The exception is the narrow annual and 6-month peaks in the
spectrum, which have a more complicated geometry. By continuing to
characterize the field by its dipole moment, or P spherical harmonic
coefficient, we can expect to provide a spectral estimate that is consis-
tent with the global paleofield models.

The period band covering 1-11 years is also the region where secular
variation of the internal core field becomes overwhelmed by external
field variations driven by the solar wind, radiation belts, and daily solar
heating of the ionosphere. Large scale internal fields generated by the
core geodynamo are attenuated at Earth’s surface by the filtering effect
of lower mantle conductivity, with a delay time estimated to be between
about 0.5 and 4 years (Backus, 1983; Pinheiro and Jackson, 2008).
Although variations in the core field as short as several months are
identified as occasional “geomagnetic jerks” (Mandea et al., 2010), or
abrupt changes in the second time derivative of the field components in
some observatories, these phenomena are too small to be evident in the
long-term spectrum of the dipole field. It is important to note at this
point that the COV-OBS and CHAOS models exclude data during mag-
netic storms, because they constitute noise when trying to characterize
the internal core field (the subject of the previous section of this paper).
However, as we move to the shorter period parts of the spectrum,
magnetic storms become an important, even dominant, component of
the spectrum, and therefore must be included in our analysis.

External field variations can reasonably be expected to extend from
short periods to at least the 11-year sun-spot cycle, and will induce an
internal field which depends on Earth’s electrical conductivity and
period. It is therefore useful to separate the spectra into internal and
external components in the observatory frequency band. In a geocentric
coordinate system the radial (outward vertical) magnetic field data is
designated B, and horizontal (southward) magnetic field data By. Here
we use this notation to represent the vector residual after the main core
field has been removed. Each is a function of colatitude 0 for a given time
(a given hour in this case), and for globally distributed values the
induced internal, i (t), and external e{(t) axial dipole coefficients are
given by least squares solution of the following equations

—cos(6) 2(a/r)’cos(6) el _ | B
sin(6) (a/r)*sin(0) } |:i?} {BJ M

where geocentric radius, r, is determined by observatory altitude above
a, the average Earth radius (6371.2 km). Since the best fitting dipole is
tilted from Earth’s rotation axis, the fit is better if the system is rotated
into geomagnetic dipole coordinates based on the IGRF, which we do
year by year to track the migration of the geomagnetic poles.

There are several assumptions made in using this approach. The one-
year, six month, and diurnal variations in the external magnetic field are
known to be more complicated than a simple dipole — we discuss this
below. The dipole geometry of the external field during geomagnetic
storms is derived from the “ring current” in the radiation belts, which is
known to have some asymmetry between night and day sides of Earth
(Balasis and Egbert, 2006), but this is a second order effect and Balasis
and Egbert (2006) note that only the axisymmetric part of the external
field will contribute to long-period induction. For the induced field to also
be dipolar, Earth’s electrical conductivity structure must be radially
symmetric, which is a good approximation given that temperature and
pressure are the main drivers of conductivity. The largest departure from
radial conductivity comes from the oceans, which can affect the vertical
magnetic field at periods shorter than about 2 days for coastal observa-
tories (Everett et al., 2003; Olsen and Kuvshinov, 2004). In the early parts
of the observatory record there are only a few observatories reporting,
mostly from Europe, which would make separating P9 for higher order
harmonics difficult, but if the field is assumed a priori to be dipolar the use
of even a single observatory is a time-honored method (Banks, 1969).
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We use version 0130 of a database of hourly observatory data
compiled and distributed by the British Geological Survey, which spans
1900 CE to the end of 2021 CE (Macmillan and Olsen, 2013). Obser-
vatories within 25° of the 2012 geomagnetic poles were eliminated to
remove data contaminated by auroral fields (a more conservative cut-off
of 35° is normally used, but we wanted to maximize the number of
observatories contributing to our analysis). Any data gap of 48 h or less
was bridged using linear interpolation (by far the most common gap was
24 h in length), and obvious data outliers were also replaced by inter-
polation. Baseline corrections were applied manually, guided by the
thirteenth generation release of the International Geomagnetic Refer-
ence Field (Alken et al., 2021), to remove crustal biases for each ob-
servatory and to correct for occasional baseline shifts.

From the beginning of every year we selected all observatories that
had 13 months of continuous data (i.e. having no data gaps) from that
time, and carried out fits to % (t) and €9 (t) for that group of observatories.
This produced a one month overlap between years that was used to
remove the offsets between years caused by the changing distribution of
observatories. Offsets were further reduced by removing the main
signature of the core field using predictions for the internal part of the
continuous COV-OBS.x2 internal field model (Huder et al., 2020), using
a cubic spline interpolation over 10-year increments to avoid removing
any signal at 11 years. This model, which has a 2 year knot spacing in its
spline representation, was created specifically from quiet data to mini-
mize external field variations, and thus provides a way to separate
secular core field variations from the minimal remaining externally
induced internal variations. There were a total of 180 observatories that
had usable data (Fig. 3).

The result of this processing is two continuous time series from 1903
to 2021 CE of the internal and external magnetic dipole coefficients. The
sum of these records is in many ways similar to the Dst magnetic index,
an hourly estimate of P? ring current variations in the magnetic field
derived from four low-latitude observatories (currently Kakioka, Hon-
olulu, San Juan, and Hermanus), and if one plots the sum of our internal
and external time series against Dst the result is indeed very similar
(Fig. 4). However, there are several important differences between Dst
and our data. First is that Dst data only go back in time to 1957 CE, while
our data extend to 1903 CE. Second is that year-to-year baselines and the
daily variation are removed in computing Dst, while our data can cap-
ture periods longer than one year and include the daily variations.
Finally, Dst is a combination of the external and internal fields, while we
have been able to make the separation by using data from a larger
number of observatories that span a broader set of latitudes. Our results
for the external field are comparable to those of Pick et al. (2019) who
used geomagnetic observatory data from 34 locations to construct an
hourly index of magnetospheric current variations (HMC) following
removal of field models representing the core, crustal, and ionospheric
solar-quiet field contributions.

The name Dst is short for “disturbed storm time”, which provides
insight into the main source of energy contributing to the observatory
records (e.g. Daglis et al., 2007). Magnetic storms are caused by large
increases in solar wind particles, which puts pressure on the dayside
magnetic field and injects particles into the radiation belts that form the
ring current at 2-9 Earth radii. These large expulsions of charged par-
ticles from the Sun’s corona are associated with magnetic reconnection
above sunspots. Magnetic storms are transitory events, lasting only a few
days, but they are modulated by the solar rotation (27 days) moving
sunspots into and away from the Earth-Sun axis. The number of mag-
netic storms is also modulated by the 11-year sunspot cycle, which
provides power in the spectrum at these longer periods the way an
amplitude modulated or pulse width modulated signal is used in radio
and power systems. Fig. 4 illustrates the relationship between all these
data sets.

Fig. 5 shows the combined field spectrum, along with the residual
internal observatory spectrum, and spectra from COV-OBS.x2 and



C. Constable and S. Constable

Physics of the Earth and Planetary Interiors 344 (2023) 107090
100
Number of years

920
80

70

60

50
40
30
20
@ no data used 10

@ high latitude
0

Fig. 3. Map of observatory distribution colored by number of years of data used. Twelve observatories had no usable data, and after elimination of observatories at

high magnetic latitudes there were 180 usable sites.

400
Sunspot Number

300 F10.7

200

100

F10.7/Sunspot number

Y

e v e v A v

1200

<100 E—

400 -

- covoBs
-400 -

Dst/Proxy Dst (nT)

Dst proxy = -(i+e)

| 1 1
1900 1920 1940

1 1 1 1
1960 1980 2000 2020

Year

Fig. 4. (A) Time series of monthly sunspot number (World Data Center SILSO, Royal Observatory of Belgium, Brussels) and F10.7 solar radio flux (lasp.colorado.edu/
lisird/data/noaa_radio_flux) reflecting solar cycle variations since 1900 and 1947 respectively. (B) Dst index since 1957 compared with our Dst proxy constructed
from the sum of external and internal dipole coefficients (offset by 800 nT). The COV-OBS external model is shown for comparison.

CHAOSY for comparison. The broad peaks at 27 days and harmonics are
associated with solar rotation, as expected, and there are peaks visible at
the 11-year sunspot cycle and second and third harmonics in the com-
bined field spectrum with corresponding peaks in the internal field.
There are also sharp peaks in the internal field spectrum at periods of 1.7
and 7.4 years. The peak at 1.7 years is clearly not present in the external
field. The peak at 7.4 years is not strongly developed in the external
field, but may be contributing to the shoulder of the broader 11 year
peak. Oscillations at periods between 2 and 8.5 years in the magnetic
field and length of day have been attributed to torsional Alfven waves
and quasi-geostrophic magneto-Coriolis waves in the core (e.g., Rosat
and Gillet, 2023), but while our observations may have some bearing on

that subject, since these peaks do not contribute to the combined spec-
trum we will not consider them further.

The lines in the spectra at one year, six months, and daily harmonics
do not reflect the P source geometry dominant in the magnetosphere,
but they serve to show that the magnetic field has significant power at
these frequencies. It is also worth noting that, strictly speaking, as a delta
function in frequency a line would not be properly represented in a
spectral density plot. The daily variations result from electric currents
driven by thermal tides in the ionosphere caused by heating on the day-
side of Earth. Heating is greatest at the sub-solar point, which migrates
between the hemispheres as seasons change, thus causing the variations
at yearly and six monthly periods.
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The observatory internal field spectrum is truncated at periods of one
day and shorter because the P geometry no longer dominates at these
frequencies and our internal/external separation would not be valid.
Between periods of one day and 11 years the internal field mimics many
aspects of the combined field, which is dominated by the external field,
reflecting the induced nature of the internal field at these frequencies. At
periods longer than 11 years the internal field rises steeply towards the
external field, indicating that it is no longer only an induced field, which
is supported by its consistency with the COV-OBS.x2 estimate of the
internal secular variation field estimated by using only quiet and night-
time data. The CHAOS? estimate of the internal field diverges from the
induced internal field derived from observatory data at periods shorter
than 4 years, highlighting the challenge inherent in recovering the in-
ternal core magnetic field contribution at these frequencies.

5. SYM-H

To analyze the external magnetospheric dipole variations at periods
shorter than a day we turn to the higher resolution index, SYM-H,
sampled at one minute intervals since 1981. It is similar to the Dst index
(Wanliss and Showalter, 2006) but derived from six observatories whose
makeup varies with data availability. In Fig. 6 we show a spectrum of
7.6 years of SYM-H data, which exhibits a bland (1/f2) slope with ves-
tiges of the daily variation and first harmonic, bracketed by flattening at
periods longer than 10 days and shorter than a few hundred seconds.
The Sq daily variation, in the form of a 5 day average for each month, is
intentionally removed from the SYM-H index, hence its signature is
greatly reduced in Fig. 6. The calculation of SYM-H, as for Dst, makes no

attempt to separate internal and external field contributions, and we see
in Fig. 1 that the SYM-H spectrum can be joined seamlessly to the total
field estimate from the observatory data.

6. 100 Seconds to 100 Hertz

To extend the spectrum to higher frequencies than 1 Hz, it is no
longer practical to use global data. At these frequencies the external
magnetic field is generally considered to be horizontal, and will vary
both in time and location. However, by taking examples of data
collected at mid-latitudes and averaging over several days we can obtain
spectra that are representative and can be merged with the longer period
parts of the spectrum. We can illustrate the temporal variability by
including an example of data collected during a magnetic storm.

Data for frequencies around 1 Hz were collected using BF-4 induction
coil sensors manufactured by EMI Inc. These sensors have been a stan-
dard for geophysical exploration, with a bandwidth between 1,000 s
period and 1 kHz. Data were recorded at 500 Hz sample rate for several
weeks 30 km east of Borrego Springs, California. A two hour recording of
the magnetic north component was used to compute the spectrum
shown in black in Fig. 7.

The first and third harmonics of the USA 60 Hz powerline frequency
are evident, but also the first and fourth harmonics of 50 Hz at much
lower amplitude, perhaps from local generators operating at the power
frequency used in many other countries. Between 7 Hz and 50 Hz the
Schumann resonances are clearly visible. These are resonant frequencies
of the Earth-ionosphere waveguide, excited by global lightning strikes.
The fundamental frequency, 7.7 Hz, is determined by the speed of light
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divided by Earth circumference, modified by the electrical conductivity
of the ionosphere, which also broadens the peaks. The exact frequencies
and amplitudes of the Schumann resonance will vary with time and
location, as the height and conductivity of the ionosphere and the
amount and distribution of lightning varies, but the seven harmonics
visible here are representative of the phenomenon.

At frequencies lower than the Schumann resonance the field initially
climbs as 1/f, but steepens at around 0.1 Hz to 1/f*. The features in this
part of the spectrum are variable in time, as micro-pulsations of the
magnetic field come and go. Magnetic storms, associated with coronal
mass ejections from the sun, can significantly increase power in this part
of the magnetic spectrum. To illustrate this, we use data collected in
South Australia as part of a global lightning study, described by

Fullekrug and Constable (2000), and which fortuitously recorded a 200
nT magnetic storm on May 4, 1998. The spectrum of 12 h of these data,
sampled at 50 Hz, is elevated over the quiet-time spectrum between
0.003 Hz to 3 Hz, and by as much as 3 orders of magnitude at 0.1 Hz (red
line Fig. 7). To average out variability in the spectrum below 1 Hz and to
improve statistical reliability, we took 2 days of Borrego data, high-cut
filtered it with a corner frequency of 1 Hz, and resampled the time se-
ries at 5 Hz to reduce it to a size suitable for spectral analysis. The
resulting spectrum (blue line) is the rather bland 1/f* spectrum. The
slight flattening at 0.01 Hz is consistent with that seen in the SYM-H
spectrum.

The small, broad peak at around 0.3 Hz is probably associated with
the double-frequency peak of microseismic energy, caused by wave-
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Fig. 8. Adaptive multi-taper spectrum of 50 s of induction coil data sampled at 40 kHz collected at Clark Dry Lake, California.

wave interaction in the oceans. This is not a feature of the magnetic field,
but a result of seismic energy vibrating the induction coil sensors in
Earth’s main field. Since the main field is about 40,000 nT, it only takes a
rotation of 1077 radians, or ten millionth of a degree, to create a signal
this large (~0.003 nT).

7. Kilohertz frequencies

For the highest frequencies considered here, we use 50 s of magnetic
field data sampled at 40 kHz collected in the region of Clark Dry Lake,
Borrego Springs, California. These data were collected using a Quasar
Federal Systems magnetic field sensor, an induction coil combined with
a low-impedance amplifier (Tom Nielsen, personal communication,
2008). Dominating the spectrum (Fig. 8) are lines at the 60 Hz power
line frequency and (mostly odd) harmonics up to the 17th. The peaks are
broader and lower than for the 2-h record, probably because of the
shorter sampling time. Other man-made signals are evident in the peaks
at 14.78, 15.2, and 16.0 kHz associated with transmissions in the 12-16
kHz frequency range from the alpha navigation system (http://www.vlf.
it/alphatrond/alpha.htm).

The broad peak at 10 kHz is characteristic of energy from global
lightning return strokes, made more apparent by a maximum of the
Earth-ionosphere waveguide attenuation at around 2 kHz, which has
reduced the signal in the 1-4 kHz band. The flattening of the spectrum
within this band may be a result of the noise floor of the measurement
system. At high frequencies between 10 kHz and 100 kHz the field
continues to fall off as 1/f.

8. Summary

Collectively the spectra shown in Figs. 2-8 have been merged into
the single product shown in Fig. 1, with areas of overlap trimmed at the
longest and shortest periods. Dynamic changes in the spectrum highlight
the range of influences on the magnetic field we measure. At the very
longest periods, >30 My, we see the effects of changes in reversal rate
and average reversal/excursion rates (100 ky-10 My). Between 100 ky
and 100 yr we see the signature of paleosecular variation including the
decay and recovery of the axial dipole before and after excursion and
reversal. Spectral fall-off starts proportional to 1/f? at 100 ky, and the
core spectrum steepens to 1/f° at the highest frequencies detectable for

the core field. Significant external field variations driven by magnetic
storms are visible for 11 years and shorter periods, and these overwhelm
the signal from Earth’s core, reducing the rate of fall-off, revealing pe-
riodic variations at 11 years and harmonics, and seasonal and daily
variations attributable to ionospheric changes. A slight steepening is
evident at <1 day periods, before a flattening and the transition to mi-
cropulsations signals. Another flattening is associated with microseisms,
followed by further decay, the characteristic atmospheric signature from
the Schumann resonances, and multiple contributions from anthropo-
genic noise.
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