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Ocean tide generated magnetic fields contain
information about changes in ocean heat content
and transport that can potentially be retrieved
from remotely sensed magnetic data. To provide an
important baseline towards developing this potential,
tidal signals are extracted from 288 land geomagnetic
observatory records having observations within the
50-year time span 1965–2015. The extraction method
uses robust iteratively reweighted least squares
for a range of models using different predictant
and predictor assumptions. The predictants are
the time series of the three vector components
at each observatory, with versional variations in
data selection and processing. The predictors fall
into two categories: one using time-harmonic bases
and the other that directly use lunar and solar
ephemerides with gravitational theory to describe
the tidal forces. The ephemerides predictors are
shown to perform better (fitting more variance
with fewer predictors) than do the time-harmonic
predictors, which include the traditional ‘Chapman–
Miller method’. In fitting the oceanic lunar tidal
signals, the predictants with the highest signal/noise
involve the ‘vertical’ magnetic vector component
following principle-component rotation. The best
simple semidiurnal predictor is the ephemeris series
of lunar azimuth weighted by the inverse-cubed
lunar distance. More variance is fitted with predictors
representing the lunar tidal potential and gradients
calculated for each location/time.
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This article is part of the theme issue ‘Magnetometric remote sensing of Earth and
planetary oceans’.

1. Introduction
Coupling of the electrically conducting ocean with Earth’s magnetic field causes a small amount
of the ocean’s tidal-flow energy to be converted to electric currents, with associated magnetic
fields that reach through and even far outside the ocean. While it is not expected that the energy
transfer rate is high enough to be dynamically important in the tidal-flow energy budget, the
tidally generated electric and magnetic fields are of oceanographic interest because observations
of these fields may be used to diagnose and monitor the ocean tidal process.

A motivation of this study has been the proposal for using modulations in the observed tidal
magnetic signals to describe changes taking place in the ocean’s tidal response and temper-
ature-dependent electrical conductivity, as both of these are expected to change with heat
uptake by the ocean [1–6]. In the construction and analysis of the first climatological database
for global ocean conductivity, it was found that while conductivity varies with pressure,
temperature and salinity, the depth integrated conductivity (i.e. ‘ocean conductivity content’
(OCC)1 is remarkably well correlated with depth-integrated ocean heat content (OHC), figure
1). Because approximately 90% of the Earth’s heat uptake owing to climate change has gone
into the ocean, which is severely under sampled in situ, the development of remote-sensing
methods for monitoring OHC is an active area of research; OCC can potentially be monitored
or constrained using magnetometric remote sensing of the ocean tidal magnetic fields. In the
simplest conception, observed modulations in the tidal magnetic fields would reveal modula-
tions in OCC and, by proxy, OHC. In more sophisticated approaches, the magnetic fields and/or
OCC provide constraints that can be used or assimilated in models of the ocean state [6,8–10].

In assessing this potential, it is important to appreciate that the oceanic tidal magnetic
signals are relatively weak and share time and space scales with other magnetic sources. As
such, the accuracy and precision at which these signals can be separated are critical. Tidal
magnetic fields are generated by electric currents in the ocean as well as the ionosphere/mag-
netosphere, and there have been early and continuing studies to separate the magnetic fields
from the oceanic and ionospheric sources (for modern reviews that include this material, see
[11–13]). While early work [14–27] was mostly focussed on removing the confounding oceanic
contribution such that the ionospheric component could be better isolated, the primary goal in
this study is rather to best isolate the oceanic contribution for the reasons described above. The
magnetic fields generated by the oceanic and ionospheric tides have overlapping spatial and
temporal frequencies but there are also important differences in their behaviour that have been
exploited in their separation. From an Earth-fixed frame, the tidal forces propagate westward
as the Earth spins with respect to the Sun and Moon. The propagation of the ocean’s response
is, however, constrained by the ocean basins. The magnetic fields generated by the ocean tides
depend on the tidal-flow velocity, the ocean conductivity, the ambient main magnetic field
and, to a lesser extent the conductivity of the sediments, continents and mantle. By contrast,
tides in the ionosphere propagate westward more freely but the electrical conductivity and
magnetic fields generated are weak at night because the conductivity depends on ionizing
solar radiation. To some approximation, then, the ocean tidal fields are active day and night
while the ionospheric tidal fields are active only during the day. This behaviour is used in
the traditional ‘Chapman–Miller method’ for separating oceanic and ionospheric lunar tidal

1The term ‘conductance’ is traditional but has often been used when the depth integral extends not just through the ocean
but also the wet, conductive sediments. To avoid ambiguity and also gain symmetry with the terms for other ocean
integrals such as ocean heat content (OHC) and ocean salt content (OSC), the term OCC has been introduced in [7].

2

royalsocietypublishing.org/journal/rsta 
Phil. Trans. R. Soc. A 382: 20240088

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

02
 D

ec
em

be
r 2

02
4 

file:///Users/dtrossman/Desktop/royalsocietypublishing.org/journal/rsta


contributions in data from land geomagnetic observatories. This method has shown some early
success in describing the ionospheric magnetic fields using land observatory data, but there was
little resolution of the oceanic component. Not only was resolving the magnetic fields due to the
global ocean tides not the goal in early work, but there was little opportunity for doing so with
such sparse coverage from the land observatories and little guidance on what to expect. Hence,
while it has been long-since known that there are ocean tidal components in the geomagnetic
observatory data, there was not in the early work a description or prediction of the global
distribution of the fields.

Numerical forward models and modern low-orbit satellite magnetic surveys have revolu-
tionized the description of ocean tidal magnetic fields. While the satellite magnetic data
describe spatial coverage of the tidal magnetic field that was not previously available, the
hourly records of the global geomagnetic observatories recorded through decades and even
over a century provide the best estimates, at least at the locations of the observatories, as well as
temporal coverage for examining ocean tidal variability in the past.

Importantly, the gravitational tidal forces can be calculated with very high accuracy for the
present, past and future from astronomical ephemerides of the Moon, Sun and gravitational
theory. Accounting for changes in the forces, the variations in the ocean tidal signals then
describe variations in the ocean response parameters. Because of the predictability of the tidal
forces and the near stationarity of the ocean response parameters, the ocean tides are also
quite regular. It appears, however, that the ocean tidal response parameters have in fact been
changing over time, and this has become a topic of high interest because of the implications of
climate change on ocean parameters. Changes in the tidal response have primarily been seen
in tide-gauge data, but recently tidal response modulations over time have also been recovered
from geomagnetic data from the Honolulu observatory [28], and this has motivated work in
progress to systematically extract the tidal modulation series from records of the full global set
of geomagnetic observatories. The scope of the work in this study does not include recovery
and description of the modulations over time of the tidal magnetic fields.
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Figure 1. A global, gridded climatological database of ocean conductivity derived through objective analyses of
temperature, salinity and depth observations shows a remarkable correlation between depth-averaged temperature and
depth-averaged conductivity, suggesting that OCC might be used as a proxy or constraint on OHC. The colour coding shows
that the data points that diverge from the correlation are from regions that have anomalous salinity, such as inland seas.
(Redrawn from [1].)
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Rather, this study aims to create, through a systematic line-of-data processing, a baseline
dataset of the tidal amplitude and phase at the global set of geomagnetic observatories. To
create tidal estimates with high confidence as well as the largest geographic distribution; all
observations within the 50-year time span of 1965–2015 are included in the analyses.

A related goal of this study is to explore and compare regression methods for extracting
the tidal signals using as predictors either the customary time-harmonic bases of the constitu-
ent frequencies, or bases derived from ephemerides and gravitational potential theory. In a
specific comparison (between the time-harmonic constituent 𝑀2 and the lunar ephemeris base
it approximates) where results are expected to be similar, this is found (e.g. figure 8). Further-
more, results from many observatories show high confidence in the tidal fits using either
approach. But this agreement is mostly a result of admitting data from such a large time span.
Indeed, a recent study [29] extracting tidal signals from a much smaller time-window of the
geomagnetic data showed low confidence, with standard errors often rivalling the amplitudes
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Figure 2. Honolulu magnetic data (𝐸̇, 𝑁̇ , 𝑅̇, with 𝐾𝑝 > 2 data removed) is interpolated on to a regular grid to show the
respective data (frames a1–a3) as functions of lunar and solar azimuth (longitude) position. The same data plotted against
each axis (b1–b3) clearly shows that solar daily dependence (red) dominates lunar (blue). When the mean solar curve is
removed from a1–a3, the result is c1–c3 which better shows the remaining lunar semidiurnal waveform. Dashed lines are
drawn at the longitude of the observatory and indicate the phase at which the Moon or Sun is overhead. Note that the lunar
waveform phase varies with solar azimuth and is stronger during the day, indicating that the lunar tidal magnetic fields
depend on both the position of the Moon and the Sun.
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of the estimated coefficients. The small time-window in [29] was chosen to coincide with a
period of geomagnetically quiet conditions, when less noise might lead to better confidence in
the tidal fits. Additionally, the lack of nodal corrections in the specific time-harmonic regression
method used in [29] would also limit accuracy in the fits if time series longer than approxi-
mately a year were used. Here, we find much higher confidence using a large time-window of
data. This option is less available for studies aimed at resolving tidal modulations because the
temporal resolution in the results is limited by the time-window used in the analyses.

In this paper, we focus on describing the lunar semidiurnal tide. Results from the larger set
of models studied as well as details on data processing and tutorial material are included in
appendix A.1.

2. Magnetic field as a function of lunar and solar azimuth
The goal motivating the separate analyses for night and day data is to separate the oceanic
and ionospheric tidal signals, and this approach has been extended from early studies of
observatory series up to modern studies involving satellite magnetometer data. Indeed, this
approach is also followed below to produce the main results for the tidal fits for the global
set of observatories. Because we provide results for both night and day data, inferences about
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Figure 3. Similar to figure 2 but for data with PCA rotation. Note the reduction in the solar influence on the lunar waveform
in c3.
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the differences in behaviour of the ocean and ionospheric tidal fields can be made but are
limited by the simple two-category assumption. The approach in this section provides more
information on these differences, and provides a method for examining the appropriateness of
the night/day criterion assumed for a specific observatory dataset.

Here, we explore representation of the night + day data as functions of lunar and solar
azimuth coordinates representing the Earth-frame longitude position of the Moon and Sun. In
this case, there is no night/day data selection nor removal of the solar daily signal. The data
treated are simply the vector geomagnetic series (eastward 𝐸, northward 𝑁, radial 𝑅) with
centred time differencing and then detrending applied: 𝐸̇, 𝑁̇, 𝑅̇. Data during times when the
disturbance index 𝐾𝑝 > 2 are removed. The data are fitted to a grid with 2° azimuthal resolution
using Barnes interpolation with cyclic boundary conditions. A second smoothing iteration uses
the results from the first iteration as input. The smoothing distance parameter for the Gaussian
weighting is isotropic and set to 10° for the first iteration and 15° for the second.

The solution for the Honolulu geomagnetic observatory data is shown in figure 2. The
dominant feature is a solar-daily waveform that does not follow a simple semidiurnal sinusoid
as would be expected from the Sun’s gravitational tide. Instead, the waveform with larger
amplitudes during day time are due to solar radiation. When the mean solar waveform is
removed, a semidiurnal lunar waveform prevails but still shows a dependence of amplitude
and phase on time of day. As found in [28], the separation of the two lunar contributions
can be improved by first rotating the vector data to its principle components using principle
component analysis (PCA). A similar figure but for the PCA rotated data is shown in figure 3.
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Ė
(n

T
/h

r)

–180

–3

–4

–2

–1

0

1

2

3

–1
80

–1
50

–1
20 –9

0
–6

0
–3

0 0 30 60 90 12
0

15
0

18
0

–150

–120

–90

–60

–30

0

30

60

90

120

150

180

S
o

la
r 

az
im

u
th

 (
d

eg
re

es
)

Ṅ
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Figure 4. Similar to figure 2 but for data from the HAD observatory where ocean tidal magnetic fields are stronger.
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Despite that the rotated ‘vertical’ component is only rotated 27° from the geographic vertical,
the lunar waveform shows much less dependence on solar azimuth. The interpretation here is
that the rotated vertical component has become dominated by the oceanic tide by avoiding the
principle axes of external fields (which would be horizontal only in the approximation of these
sources as horizontal sheet currents).

For comparison, we present similar figures for other observatories. An observatory with
larger ocean tidal influence than Honolulu is Hadley (HAD) in the United Kingdom (figure 4),
and with weaker oceanic influence is the observatory at Boulder (BOU) in the United States
(figure 5). As should be expected, we see a stronger lunar semidiurnal waveform for HAD and
a weaker form for BOU. Indeed, ocean tides clearly dominate ionospheric tides during both
night and day at HAD, whereas the opposite may be true at BOU. PCA rotation improves
the waveform for the rotated ‘radial’ component (rotated by 21.3° for BOU, and 15.3 for BOU)
in each case. PCA rotation also improves the oceanic signal-to-noise ratio not only in these
individual cases but also, at least statistically, in the global set of observatories. The latter will
be seen in the regression results (presented later) where we find on average higher statistical
significance in the tidal fits of the rotated vertical component compared to the unrotated.
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Ṅ
(n

T
/h

r)

–180
–3

–2

–1

0

1

2

3

4

–1
80

–1
50

–1
20 –9

0
–6

0
–3

0 0 30 60 90 12
0

15
0

18
0

–150

–120

–90

–60

–30

0

30

60

90

120

150

180

S
o
la

r 
az

im
u
th

 (
d
eg

re
es

)

Lunar azimuth (degrees)

Ṙ
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Figure 5. Similar to figure 2 but for data from the Boulder observatory where oceanic tidal magnetic fields are weaker.
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3. Observed lunar semidiurnal magnetic fields
We show here results for the lunar semidiurnal tidal coefficients extracted from the magnetic
series, specifically, the subset of series from observatories where the fits were statistically
significant (p-value ≤ 0.05). We first describe results using the traditional time-harmonic bases
and then compare with result using lunar ephemeris bases. Specifically, we compare case 2 and
model 3 from the collection of regression results described in detail in appendix A.

While the lunar semidiurnal variation has a clear and compact representation using
ephemeris coordinates and gravitational theory (the semidiurnal component of the lunar tidal
potential appears as the sine and cosine of lunar azimuth scaled inversely by lunar distance
cubed), the traditional time-harmonic representation is spread through a series of constituents.
The dominant constituent, 𝑀2, can be described as approximating the lunar orbit as steady,
circular and equatorial. Constituents 𝑁2, 𝐿2 can be thought of as corrections for the orbit’s
ellipticity and faster motion at perigee. Further constituents account for lunisolar coupling
and long period variations in the orbit. It suffices to describe here results for the stronger 𝑀2

constituent.
While the 𝑀2 time-harmonic bases do not capture as much tidal energy as the ephemer-

ides/potential-derived bases, much of the discussion of ocean tidal magnetic fields in observa-
tions and modelling has been focussed on 𝑀2. This time-harmonic base is not required to
extract tidal signals from the data but it is required in the time-harmonic numerical forward
models that predict the magnetic field. Hence, a description of the observed 𝑀2 constituent
is important for multiple reasons. To compensate for the time-differencing and obtain the
coefficients reflecting the original (without time differencing) series, we translate the amplitude/
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Figure 6. Amplitude of the 𝑀2 tide extracted from geomagnetic observatory data using time-harmonic bases. For each
observatory, there are nine estimates representing the three vector component series (E, N, R) using only nighttime data (𝑛),
daytime data (𝑑) or night and day data (𝑛𝑑).

8

royalsocietypublishing.org/journal/rsta 
Phil. Trans. R. Soc. A 382: 20240088

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

02
 D

ec
em

be
r 2

02
4 

file:///Users/dtrossman/Desktop/royalsocietypublishing.org/journal/rsta


phase coefficients to complex form, divide by −𝑖𝜔, where 𝑖 = −1 and 𝜔 is the constituent (𝑀2)
frequency, then convert again to amplitude and phase. The estimates from the time-harmonic
fit are shown in figures 6 and 7. The estimates from the ephemeris fit are very similar and
are shown in figures 19 and 20. The similarity is summarized in figure 8, which also shows
that the additional variance fit by the lunar ephemeris is relatively small (i.e. 𝑀2 is a good
approximation to the lunar semidiurnal variation.) Overall, confidence in either of the estimates
tends to be high (zero p-value) because most of the observatories provide much data within
the 50-year window. By comparison, confidence levels in the estimates described in [19] or [29]
are much lower because of the much narrower time spans of data used. Using longer time
spans of data in these earlier studies fitting simple time harmonics that do not correct for nodal
precession of the lunar orbit is problematic. In this study, nodal precession is either corrected
for (UTide) or circumvented (using ephemerides).

We attempt now to describe the separate parts of the 𝑀2 tidal signals in the geomagnetic
observatory records that are due to tidal processes in the ocean versus those in the ionosphere.
The two processes create fields that overlap in frequency and spatial pattern and so the best
approach for this separation is not obvious. A distinction between the two is that the ocean
lunar tidal magnetic fields are active both at night and during the day, whereas the ionospheric
tidal magnetic fields are mostly active during the day (the solar ephemerides are used to
calculate the angle from solar zenith at each observatory; ‘night’ data are prescribed as those
with zenith angle greater than 100°, and ‘day’ is prescribed as with zenith angle less than
80°). We may then use our results to estimate the ionospheric contribution by taking the
coefficients obtained for the 𝑑𝑎𝑦 predictants and subtracting the coefficients obtained for the𝑛𝑖𝑔ℎ𝑡 predictants.
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Figure 7. Phase (degrees) of the 𝑀2 tide extracted from geomagnetic observatory data using time-harmonic bases. For
each observatory, there are nine estimates representing the three vector component series (E, N, R) using only nighttime data
(𝑛), daytime data (𝑑) or night and day data (𝑛𝑑).
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First, recall that the goal of fitting the nighttime data was to fit the oceanic tidal compo-
nent. A strong indication that this has been largely accomplished is seen in the geographic
distribution of the nighttime fits shown in figure 9. The results plotted here are for the
time-harmonic (case 2), but plots using the results from the ephemeris regressions (model 3)
look similar. Amplitudes clearly tend to be higher in the ocean basins. In fact, they are also
significantly correlated with results from both forward models of the tidal magnetic fields as
well as extractions of the 𝑀2 fields from strictly satellite magnetic data. Here, however, we
avoid validations using these references as they have unclear uncertainty levels and insufficient
resolution to predict the fields at an observatory location. Instead, we seek support from the
land observatory data itself.

By contrast, the results for the ‘ionospheric’ 𝑀2 component (taken to be represented by the𝑑𝑎𝑦 minus 𝑛𝑖𝑔ℎ𝑡 coefficients, as described above) are shown in figure 10. Evident here is a
correlation with latitude rather than the ocean basins.

Finally, in geomagnetic studies it has often been claimed or assumed that the ionospheric
tidal magnetic fields are stronger than the oceanic tidal magnetic fields. From the global results
here, it is clear that the ocean, rather than the ionosphere, is in fact the primary contributor to
the 𝑀2 tidal signals in at least the nighttime data. Moreover, similar figures of the geographic
distribution of 𝑀2, but obtained from night + day data, show that the amplitudes remain
correlated with the ocean basins. Quantitatively, the mean 𝑀2 amplitude in the nighttime
dataset of observatories is 0.6693 nT using the time-harmonic base, and 0.6736 nT using the
ephemeris base. The slightly larger amplitude fit with the ephemeris base is expected because
the more physical ephemeris base implicitly fits more of the tidal variance than just the𝑀2 time-harmonic base. The amplitudes for the day minus night data are 0.7482 nT for the
time-harmonic base, and 0.7009 nT for the ephemeris base.

4. Summary of results and conclusions
This study has examined both lunar and solar tidal signals in the collection of land geomag-
netic observatories. The focus here in the main paper is on highlighting the most important
results for the lunar tidal signals, but further details, results and conclusions are described
in appendix A. It is important to note that the methodology here is aimed at a simple and
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Figure 8. Scatter plots for the amplitude and phase of the nighttime (radial component) 𝑀2 tidal fits at each observatory
obtained using either time-harmonic or lunar ephemeris bases show very good agreement.
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systematic approach that can be applied to each in the global set of observatories. More optimal
approaches may be designed for regional studies, and certainly studies involving fusion of data
from multiple observatories. We summarize statistical results from the global set. In the long
records at many observatories, the 𝑝-value of the tidal fits is typically zero or so small that
the null hypothesis can clearly be rejected. To evaluate model fits, we compare the ‘adjusted
R2’ values which, like R2, aim to describe the amount of variance fit but with a penalty for the
number of predictors such that models with different numbers of predictors can be compared.
However, in examining the formula for the adjusted R2 statistic, as well as the results, we see
that the difference for long series is very small (R2 and adjusted R2 are seen to by typically
similar) and it is not clear that the compensation for comparing models with different predictor
numbers is adequate. For this reason, we emphasize ‘better’ models only where they outper-
form other models while using the same or fewer number of predictors.

For fitting ocean lunar tidal signals, the best predictant is the (filtered) radial component,
although slightly better fits are obtained if principle-component rotation is first performed. In
the latter, principle-component analyses are applied to the three-column (time-differenced and
filtered) vector series and the third principle component (which remains nearly radial) is used
as the predictant. The trade-off for the better fit is less convenience in comparing with other
data or model results as the rotation matrices at each observatory must be stored and used for
the comparison. The simplest descriptions and comparisons can stay (as in the figures here)
with using the radial component.

The best predictors use ephemerides rather than time-harmonic bases. Compared to using
the two predictors representing the 𝑀2 time-harmonic constituent, for example, two predictors
formed from the sine/cosine of lunar azimuth (weighted by inverse-cubed lunar distance) fit
more tidal variance with higher confidence. This is because 𝑀2 is only an approximation to
the orbit described accurately by the ephemeris coordinates. The ephemeris implicitly fits then𝑀2 as well as 𝑁2 and other semidiurnal constituents. The differences in the fits are, however,
relatively small as 𝑀2 is a good approximation. (Note that the solar ephemeris is also useful
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Figure 9. Amplitude and phase of the nighttime ‘oceanic’ 𝑀2 magnetic tide (for radial component). The higher values in or
near the ocean implicate ocean tidal sources. (Amplitudes above 1 nT are drawn to run off the colour scale.)
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Figure 10. Amplitude and phase of day-night ‘ionospheric’ 𝑀2 magnetic tide (for radial component)
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for lunar fits as it can be used, as in this study, for calculating the angle from solar zenith
and therefore night/day data selection criteria.) The disadvantage of fits using ephemerides
is indirect comparison with traditional time-harmonic tidal studies and results from frequency-
domain forward models of the tidal magnetic fields.

When comparison/validation with time-harmonic tidal constituents is not required, the
ephemerides bases can fit substantially more tidal variance than time-harmonic bases and with
the same number or fewer of predictors. While this is not in the main theme of this paper, it
is described within the collection of regression models described in detail in appendix A. The
most physically based predictors use the ephemerides and gravitational theory to calculate the
tidal potential and forces at each observatory location and use these (and their quadrature series
obtained through a Hilbert transformation) as predictors. (Note that while only the gradients
of the gravitational potential appear in the fluid momentum equation, a closed governing
equation that combines the momentum and mass conservation equation shows second-order
differentials and therefore the forcing on the flow depends on both the gradients and the central
value of the potential.) Indeed, significantly more variance is fitted, as would be expected, but
with one interesting caveat. While one would expect that the combined lunar + solar potential
(and forces) would provide the ideally best fits, this is not systematically found among the
observatories nor even true among their average. A better fit assigns as predictors the lunar
and solar potentials/forces separately. If the tidal magnetic fields were only driven/affected by
gravitational fields, then the combined lunar + solar approach should indeed be best because of
the reduced number of predictors in describing more complete forces. But combining the lunar
potential with solar introduces periodicities shared by the non-stationary solar radiation and
ionospheric conductivity. Hence, the historical focus on the lunar tides for isolating ocean tidal
signals has this simple advantage.

The fits of ocean lunar tidal signals tend to be better near ocean regions with strong tides
flowing along gradients of bathymetry and the radial component of the main field. This can be
expected from the form of the forcing term in the motional induction equation. But there appear
to be disproportionately better fits at island observatories (and outside of auroral latitudes). The
highest adjusted R2 values appear for island observatories, even ones where the tidal magnetic
fields are not particularly strong. This may be due to less competing noise arriving from
externally induced fields and their concentration along continental coastlines or, more simply,
the longer records typical at island observatories (owing to their historical priority in improving
global coverage.)

Data accessibility. This study uses publicly available geomagnetic data. The analyses methods of the data are
described in the paper. Software from other parties that were used are publicly available at the links given.
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and NA19NES4320002 (Cooperative Institute for Satellite Earth System Studies-CISESS) at the University of
Maryland/ESSIC.

Appendix A.
A.1. Data processing (with example at Honolulu)
To illustrate a specific example of the data processing that are applied to the global set
of geomagnetic observatory data, we consider here series from the Honolulu geomagnetic
observatory (202.00° longitude, 21.32° latitude). At Honolulu, there is also a tide-gauge station
(202.13° longitude, 21.31° latitude) that measures fluctuations in sea level. Both the geomag-
netic series (obtained from the World Data Centre for Geomagnetism in Edinburgh, http://
www.wdc.bgs.ac.uk/index.html) and the sea-level series (obtained as ‘research quality’ dataset
from University of Hawaii Sea Level Center, uhslc.soest.hawaii.edu) have hourly sampled
records extending back over a century. Here, as for the other geomagnetic observatory records
over the globe considered in this study, only data within the 50-year time span (1965–2015) are
included. Tidal signals in these long Honolulu records have also been well studied (e.g. [30]).
In addition to the geomagnetic and sea-level time series, the time series for the solar and
lunar tidal gravitational potential are calculated for the location of Honolulu. Here, ‘tidal
gravitational potential’ refers to the components of the gravitational potential of the body (Sun
or Moon) that has time-dependence as well as non-uniform gradients over the spherical Earth’s
surface. While simpler formulations are available that approximate the potentials using only
the lowest-order tidal terms in the McLauren expansion, here the complete tidal potentials are
calculated to include the higher-order terms. Specifically, the full potential is calculated and
from this are subtracted only those terms responsible for maintaining the orbits but which do
not provide forces that are differential in both space and time (the details of this formulation are
shown in [31]). This approach is only slightly more accurate than the simpler approaches based
on using only the degree-two expansion term. Also used in this study are the time series for
the 𝐾𝑝 geomagnetic disturbance index (obtained from https://doi.org/10.1029/2020SW002641),
and the local angle of the Sun from zenith (calculated using the solar ephemeris data). For
calculating the potentials and the zenith angle, the required ephemerides series are generated
using the SPICE software (obtained from https://naif.jpl.nasa.gov/naif/toolkit.html).
Shown in figure 11 are the time series for the solar and lunar tidal gravitational potential at
Honolulu. A plot of the power spectral density for these series is shown in figure 12. (All
spectra presented in this study are power-spectral densities calculated using the Lomb–Scargle
method, which allows for missing data.) While these results are specific to the Honolulu
location, they demonstrate many of the known basic periodicities associated with the Earth’s
rotation with respect to the Sun or Moon, the annual period associated with the Earth’s orbit
around the Sun, the monthly period of the Moon’s orbit around the Earth, and finally the much
longer periods of the lunar perigee describing the variable Earth–Moon distance (8.85 years),
and the precession of the lunar nodes (18.61 years) describing the points where the lunar orbit
crosses the Earth’s equatorial plane. While not required for the discussion, labels indicating
dominant tidal constituents can be seen when magnifying the plot (they are printed near the
power level of 100). For convenient reference, the ‘dominant’ tidal constituents are selected to
match those currently included in the global OSU TPX9.0 ocean tide model (available at https://
www.tpxo.net).
Also shown in figure 11 are the time series for the sea surface (𝜂) obtained from the Honolulu
tide gauge, and the eastward (𝐸), northward (𝑁) and radial (𝑅) components of the magnetic
field observed at the Honolulu geomagnetic observatory. The sea-level shows both high-fre-
quency variability as well as longer periodicities, including an upward trend over the last
century.
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The geomagnetic time series in figure 11 are dominated by very low frequency ‘secular
variation’ associated with processes in Earth’s dynamo core. These secular variations are not
of interest in this study. Note that at higher frequencies, the variability in the radial compo-
nent appears weaker than that of the horizontal components. This would not be expected
for ocean tidal magnetic fields and immediately suggests that the variability is dominated by
non-oceanic processes. Indeed, the variability is dominated by magnetic fields associated with
electric currents in the upper atmosphere (ionosphere) and magnetosphere. In as much as
these electric currents flow in large-scale horizontal sheets overhead, the associated magnetic
fields observed below are horizontally directed, explaining the stronger variance in 𝐸, 𝑁. To
reduce the influence of this external variability, the component 𝑅 has been preferred in studies
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Figure 11. Time series of the solar and lunar gravitational potential, sea level (𝜂), and each of the 𝐸,𝑁 ,𝑅, vector
components of the observed geomagnetic field at Honolulu.
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of oceanic magnetic signals. Of course, the Earth is not truly spherical nor concentric with
the shell of current flow overhead, and so 𝑅 is also affected by the overhead currents. A
signal strength improvement can be made as in [28], where a principle-component analyses is
performed on the vector dataset. The result is to rotate the magnetic vector such that the new
axes describe sequentially decreasing fractions of the variance. At Honolulu (and also typical at
other observatories), the vector component with the least variance is found to be approximately
radial and presumably more perpendicular to the overhead current sheets than is 𝑅.
Shown in figure 13 are the spectra for the three (time-differenced) geomagnetic components.
For comparison, the spectra for the sea level are also shown. While the sea-level spectra show
peaks predicted by the spectra of the tidal gravitational potential (figure 12), the geomagnetic
spectra are dominated instead by peaks at harmonics of a solar day. The reason for this is
that the sea-level tides are gravitationally driven but the geomagnetic ‘tides’ are also (or even
primarily) driven by solar radiation, which strongly affects the atmospheric tides as well as the
conductivity of the upper atmosphere.
This distinguishing feature of the geomagnetic data has presented a challenge in extracting the
signals owing to gravitational tides even when, as in this study, focussing on the lunar rather
than solar tides. One early approach (as in [19]) continued into the modern studies of tidal
magnetic signals has been to exclude geomagnetic data taken during the day time, and also to
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Figure 12. Spectra of solar and lunar tidal gravitational potential at Honolulu.
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exclude data taken during geomagnetically disturbed times, indicated by indices such as the 𝐾𝑝
index. Indeed, for the regressions of this study we will not fit the raw series 𝐸,𝑁 ,𝑅 but rather a
filtered form (𝐸̇𝑓, 𝑁̇𝑓, 𝑅̇𝑓) produced through the following sequence of steps.

(1) Time difference: apply a central finite-difference operator to each of the series 𝐸,𝑁 ,𝑅 and
detrend each (i.e. remove mean and slope.)

(2) Remove storm-time data: replace with NaN (used to represent missing data) observations
taken at times when 𝐾𝑝 > 2.
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Figure 13. Spectra of time differenced sea level (𝜂̇), and geomagnetic components (𝐸̇, 𝑁̇ , 𝑅̇) at Honolulu.
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(3) Remove the solar daily signal: because Universal Time Convention (UTC) hourly data is
provided, this is easily done by reshaping each of the magnetic series into a matrix of 24
columns (one for each hour) and removing the mean from each column. Because of the
long time span of some of the geomagnetic records and the modulation of the daily solar
signal with sunspot cycles, a slightly more sophisticated approach is taken here, whereby
instead of just removing the column mean, we remove a 1-year-window moving average
from each column. One may alternatively reduce the solar daily signal over the long time
span by performing a PCA on the time versus hour matrix described above and then
reconstructing the data after removing the first and second principle components (which
describe the solar daily variation with amplitude and phase changes over seasons/time).

(4) PCA rotation: (as an option) conduct principle component rotation of the magnetic vector
data.

(5) Night/Day data selection: replace observations taken during day time with NaN. Specifi-
cally, the solar ephemeris data and observatory location are used to calculate for each
observation time the angle 𝜓 of the Sun from zenith using solid-angle trigonometry. On a
spherical Earth’s surface, a point Sun has set below the horizon when cos 𝜓 < cos 90∘ . To
allow for the non-spherical Earth, and refraction of sunlight, the criterion for ‘nighttime’
is defined as cos 𝜓 < cos 100∘ . For comparison, create a similar dataset for ‘day time’ data
using the criterion cos 𝜓 > cos 80∘ , and also include the data set without removal of day
or night data. This replaces the original three-column data with nine columns: [𝐸̇𝑓, 𝑁̇𝑓, 𝑅̇𝑓],
[𝐸̇𝑓, 𝑁̇𝑓, 𝑅̇𝑓](day), [𝐸̇𝑓, 𝑁̇𝑓, 𝑅̇𝑓](day+night), where the first set is the set using only nighttime
data, the second uses only day time data,and the last is the data with no removal of
day or night data. We also include rotated (following step 4) and unfiltered series for
comparison, bringing the total number of geomagnetic predictants in the solution set of
this study to 33 (see text below for details).

(6) Weight for secular variation: when, as in this study, using the geomagnetic series from step
5 as predictants in regressions using data with long time spans, first multiply each of the
geomagnetic series by 𝑅~ to compensate for secular variation (see appendix A.2).

These processing steps are used to generate 33 predictant series for the regression analyses
at each observatory. Predictants 1–9 are the night, day and night + day, series as described in
step 5. Predictants 10–18 are the same as 1–9 but with PCA rotation (the optional step 4). For
comparison, these are followed by additional predictants for data with less processing (only
step 1 (19–21), steps 1 and 4 (22–24), steps 1 and 2 (25–27) and steps 1, 2, 4 (28–30)). With all
of these predictants, the series have been weighted following step 6. Finally, for comparison
a version of predictants 1–3 without this weighting is also included (30–33). The predictants
most important in this study aimed at separating ocean tidal signals are the series for nighttime
vertical (3) and rotated vertical (12) magnetic components.
An example of the solar daily signal removed in step 3 is now described. As shown in figure
14 is the mean UTC daily variations in the Honolulu sea-level and magnetic series. While
the sea-level shows a dominant sinusoidal semidiurnal waveform, the magnetic data are more
complex and have much larger amplitudes during the day. The sea-level waveform demon-
strates the expected gravitational solar semidiurnal tide of the oceans, while the magnetic data
demonstrate the expected ‘solar-quiet’ variation owing to solar radiative/ionizing processes in
the upper atmosphere. The moving average filter described in step 3 above removes from the
data daily signals similar to these but with modulation over the sunspot cycle (figure 15).
The nighttime series 𝐸̇𝑓, 𝑁̇𝑓, 𝑅̇𝑓 (i.e. the predictants 1–3 generated following the steps 1, 2, 3, 5,
6 above) are shown in figure 16. For comparison, a similarly processed series (𝜂̇𝑓) for the sea
level is also shown. The spectra for 𝜂̇𝑓 and 𝑅̇𝑓 are shown in figure 17. Notice the change to the
spectral power (relative to that seen in figure 13) owing to the data selection and filtering. The
desired effect in the 𝑅̇𝑓 spectra of reducing the geomagnetic power in the solar harmonics is
clear; the lunar tidal 𝑀2 power has become the tallest peak in the semidiurnal group. There
are, however, considerations [32] when applying spectral methods to series containing large
amounts of missing data—as is certainly the case here (in 48% of this time span, 𝐾𝑝 > 2, leading
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Figure 14. Mean daily variation in sea level (𝜂̇), and geomagnetic components (𝐸̇, 𝑁̇ , 𝑅̇) at Honolulu. While the sea level
shows a clear solar semidiurnal waveform, the waveform for the magnetic data is more complex owing to the effects of
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(b), northward (c) and radial (d) removed in step 3 of data processing.
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to the removal of approximately half of the data). With missing data, the Nyquist frequency no
longer describes the maximum frequency resolved in the spectrum and low frequencies appear
to be affected as well.
A second issue with time-spectral methods for identifying and extracting tidal signals is that
the celestial tidal forces are not, strictly speaking, time harmonic. The familiar tidal constituents
(e.g. the dominant semidiurnal 𝑀2) are not chosen on physical grounds but rather arrive from
the decision to conveniently expand the ephemerides parameters and tidal potential in a series
of time-harmonic terms, with any physical interpretation of the constituent following (𝑀2,
e.g. can be understood to be the tide owing to a Moon approximating an equatorial, circular
orbit). Even an hour following the UTC time standard does not correspond precisely with a
regular 15° increment of solar azimuthal solar progression with respect to fixed Earth. This is
demonstrated in figure 18 where dots are plotted showing the positions of the Sun and Moon
for each time of the hourly sampled geomagnetic data. If a UTC hour corresponded regularly
with 15° of solar motion around the Earth, then there would not be the loop patterns seen but
rather just a collapsed curve showing the seasonal variation. For comparison, the UTC hours of
the data sample a full range of lunar azimuths, as expected.
The point of this digression is to indicate that for fitting tidal signals ephemeris coordinates
are more natural base functions to use as predictors than are the time-harmonic sinusoids most
commonly used in traditional tidal studies.

A.2. Fitting tidal signals using time-harmonic and ephemerides predictor bases
The best predictor bases to use depend on the application and goals. If the goal is prediction,
or fitting as much variance as possible at a specific observatory, then large sets of predictors
may be used provided cross-validation checks are made to avoid overfitting and issues of
collinearity among predictors can be addressed.
The primary goal of this study is to produce a description of the global distribution of the
coefficients for lunar tidal signals in the land geomagnetic observatory records. The goal is then
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not solely to fit variance but rather to produce reliable estimates for the coefficients of the
tides using a data processing method that can be applied systematically to the global set
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Figure 17. Power spectra filtered time-differenced sea level (𝜂̇𝑓) and radial geomagnetic component (𝑅̇𝑓) at Honolulu.
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of observatories. Including more predictors can decrease the confidence in individual coeffi-
cients derived in the fit as well as complicate the interpretation of the statistics describing the
goodness of the fit, especially when some of the predictors are correlated. For these reasons,
a preference is toward fits that can explain tidal variance with few predictors that are clearly
uncorrelated. The extreme end of this are fits involving only one predictor (or two series in
quadrature). In our approach, we present regressions starting from this end and then consider
cases with more predictors. In the work reported here, the fits are made using data available
in the 50-year window. Including not only data from earlier times, increases the geographic
coverage, but also increases concerns related to baseline shifts in recording, and non-stationar-
ity in the tidal response.
To test for the presence of tidal signals in the geomagnetic data series and extract the cor-
responding coefficients for the constituents, we use the software package UTide [33]. We
also extract tidal signals using a second approach which directly uses the ephemerides data
describing the location of the Sun and Moon. Both methods are regressions solved using robust
iteratively reweighted least squares. They take as input a ‘predictant’ time series of data and
fit coefficients for a set of ‘predictor’ base functions. In the UTide case, the predictors are
time-harmonic bases for tidal constituent frequencies. In the second approach, cosine and sine
functions of the azimuthal ephemerides coordinates are used as base functions. In the second
approach, bases explored also include the gravitational potentials calculated from theory using
the ephemerides data. The ephemerides is also used to calculate the local solar zenith angle
which is used both as a night/day categorical predictor and in generating a radiation function.
For either approach, the predictants are the filtered geomagnetic series described in appendix
A.1. The motional induction sources of the ocean tidal magnetic fields depend on the radial
component of the main magnetic field (𝑅) as well as its horizontal gradients. While the secular
variation in 𝑅 is typically small enough to ignore (as can be seen in figure 11, it is approximately
6% over the 50-year span at Honolulu), it can be easily compensated for by multiplying the
predictants by a non-dimensional weight 𝑅~−1. Here, we define 𝑅~ = 𝑅/𝑅(𝑡𝐹), where 𝑅(𝑡𝐹) is the
value of 𝑅 at the final time 𝑡𝐹, which is taken to be the end of 2014 (or the latest previous time
in which 𝑅 was recorded). With this choice for 𝑅~, the tidal coefficients extracted are accurate
for present/end times without adjustment. For better estimates for the coefficients for earlier
times, 𝑡, the coefficients can be multiplied by (𝑅(𝑡)/𝑅(𝑡𝐹))−1. If the tidal magnetic signals extracted
indeed depend on 𝑅, as is expected if they are generated by ocean tides, then this weighting of
the data by 𝑅~−1 should also make the fit more robust (we demonstrate this is indeed the case
below).
Secular variation in the gradients of 𝑅~ can also potentially affect the coefficient estimates. The
time history of these gradients cannot be determined from the data from the single observatory,
and time-dependent geomagnetic field models or other descriptions of the gradients probably
do not include high enough spatial resolution to motivate further consideration at present on
approaches for weighting for the time dependence of the 𝑅 gradients.

(i) Time-harmonic-base-tidal
UTide requires as input a description of the tidal constituents to fit. Each tidal constituent
(e.g. 𝑀2) involves two predictor series: one representing the cosine of the periodic phase (e.g.
cos 𝜔𝑡 , where 𝜔 is the frequency of the constituent and 𝑡 is time), and the other representing
the phase-shifted ‘quadrature’ sine series (note that UTide performs nodal corrections for long
time series). UTide allows that the constituents be either specified in a list, or they can be
automatically selected following a decision tree.
UTide was used in this study to fit each of the predictants for three different input predictor
cases:

— Case 1: only the 𝑀2 bases as predictors;
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— Case 2: all of the ‘dominant’ tidal harmonic constituents (specifically, those provided in
the OSU Tpx9.0 tidal model which include nine primary (𝑀2, 𝑆2, 𝑁2, 𝐾2, 𝐾1, 𝑂1, 𝑃1, 𝑄1, 𝑆1),
two long period (𝑀𝑓, 𝑀𝑚) and four nonlinear (𝑀4, 𝑀𝑆4, 𝑀𝑁4, 𝑀𝑁2) harmonic constituents).

— Case 3: a decision tree automatically selects the constituents that can be retrieved.

(ii) Ephemerides base tidal fits
For each of the 33 predictants, we consider here a range of 14 iteratively reweighted robust
linear regression models involving different predictor functions based on the lunar and solar
ephemerides, the tidal gravitational potential and sea-level data. We are interested in (i)
predictors that give results that can be compared to the 𝑀2 estimates in the harmonic fits
above, (ii) predictors capable of explaining the most variance with the fewest predictors and (iii)
larger sets of predictors that explain more variance and yet remain physically based. We treat
these topics sequentially below.
In the time-harmonic bases, each constituent involves two predictor series (𝑀2, e.g. has the
predictors [cos (𝜔𝑀2𝑡), sin (𝜔𝑀2𝑡)], where 𝜔𝑀2 is the 𝑀2 frequency (with a period of approxi-
mately 12.42 h) and 𝑡 is time.) The 𝑀2 bases are essentially a harmonic-approximation to
the bases [cos (2𝜑𝑀), sin (2𝜑𝑀)], where 𝜑 is the azimuthal coordinate of the Moon relative to
a frame fixed on Earth. Because [cos (2𝜑𝑀), sin (2𝜑𝑀)] track the lunar position (and therefore
its gravitational field) more accurately, we expect that for fitting data with lunar tidal signals
the predictors [cos (2𝜑𝑀), sin (2𝜑𝑀)] should fit slightly more variance than do the predictors
[cos (𝜔𝑀2𝑡), sin (𝜔𝑀2𝑡)]. Because the tidal forces vary with the inverse radius cubed, we expect
an even better set of two predictors is [cos (2𝜑𝑀)𝑟~𝐸𝑀−3 , sin (2𝜑𝑀)𝑟~𝐸𝑀−3 ], where 𝑟~𝐸𝑀 is the non-dimen-
sional time-dependent distance between the Earth and Moon centres. (We choose 𝑟~𝐸𝑀 to be the
distance divided by its time mean.) As will be seen in the results, these three models indeed
show a sequence of improved tidal fits, as expected. We will also see that without the 𝑅~−1
weighting to compensate for secular variation, the adjusted R2 values in each of these three
models for 𝑅̇𝑓 drops slightly.
Results from predictor model 3 are also compared with the 𝑀2 coefficients extracted using
UTide. UTide makes nodal and satellite corrections in its extraction of 𝑀2. While it is not
obvious that these should recover the same corrections implicit in the use of the ephemerides
predictors [cos (2𝜑𝑀)𝑟~𝐸𝑀−3 , sin (2𝜑𝑀)𝑟~𝐸𝑀−3 ], it is demonstrated (figure 8) with the global set of
magnetic data that the tidal fit for UTide 𝑀2 and the tidal fit from model 3 provide nearly
identical estimates. This match between tidal signals extracted using the two different methods
provides useful cross validation.
While model 3 provides the best two-predictor model that can be compared with fits to the
time-harmonic 𝑀2 bases, there might there be other sets of two predictors that explain even
more variance in the predictants. Confidence levels in results do not account for the so-called
‘file-drawer’ bias whereby negative or uninteresting results are not reported, and there is
indeed a wide range of predictor series that could be tried and discarded if the results were
found to be uninteresting. To avoid the file-drawer bias, here we consider only predictors that
are physically based and we perform regressions systematically for all predictants.
In considering the physical motivation for predictors, first consider that the gravitational tides
are more fundamentally related to the time-dependent tidal gravitational potential than they
are to the ephemeris parameters. Specifically, the tides depend on both the horizontal gradient
and second-order spatial derivatives of the potential field. (While only the gradient appears in
the momentum equation, the momentum equation is not closed. Combining the momentum
equation with the mass-conservation/continuity equation to create a single governing equation
for the pressure shows terms involving second-order derivatives in the potential.)
For regression model 4, we define lunar tidal potential ΦMtide to be the first predictor. The tides
respond to ΦMtide but need not be in phase with it. Therefore we assign as the second predictor
ΦMtide
𝑄 , which is a quadrature shifted version of ΦMtide, which we obtain as the imaginary
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component of the Hilbert transform of ΦMtide. Model 5 is similar but for the solar gravitational
potential, and model 6 combines both lunar and solar potentials. For fitting strictly gravitational
tides, one should expect that the combined potential will fit more variance as there is no
difference in the nature of the force whether it be from the Sun or Moon. However, including
the solar potential also introduces the periodicities of the radiational effects and so a better fit is
not systematically achieved over using just the lunar potential as bases.
More variance in the predictants can potentially be explained using more than two predictors
but comparing model fits with the fits from models using only two predictors must be done
carefully. While model fits using the same number of predictors can be rated by the R2 statistic
describing the fraction of variance explained, the adjusted R2 statistic attempts to make the
models more inter comparable by creating a penalty for additional predictors.
In designing models with more than two predictors, consider that the Laplace tidal equations
governing the tidal flow show that the tides are forced by both the gravitational potential
and its gradients. Including the gradients increases the number of predictors from two to six.
Further, while there is no spherical-harmonic degree 1 form in the tidal gravitational potentials,
the cosine of the solar zenith angle (cos 𝜓) and its quadrature series could fit the lagged effects
of radiation and pressure on the Earth’s magnetosphere by the solar wind. What we refer to
here as the radiation function 𝐹rad is the time series of cos 𝜓 (inversely weighted by the solar
distance) with values cos 𝜓 < 0 replaced by zero. A quadrature series 𝐹rad

𝑄  is similarly calculated
from the Hilbert transform of cos 𝜓.
Model 7 (with four predictors) is the same as model 3 but it allows for modulation by 𝐹rad

(i.e. the predictors in model 3 are multiplied by 1 + 𝐹rad). Model 8 (with six predictors) is
model 7 with the modulation extended to 1 + 𝐹rad + 𝐹rad

𝑄 . Model 9 (four predictors) includes as
predictors the series for the lunar and solar potentials (and their quadrature series) represented
individually. Model 10 (eight predictors) includes predictors for the combined lunar + solar
potentials and their horizontal gradient (forces), and predictors for a degree−1 term (cos 𝜓) and
its quadrature are also included. Model 11 (14 predictors) is similar to model 10 but with the
lunar and solar potentials and their forces represented individually. Model 12 (eight predictors)
is similar to model 10 but using only the solar potential and forces rather than the combined.
Model 13 (eight predictors) is similar to model 12 but for the lunar potential and forces. Finally,
model 14 (10 predictors) uses the predictor bases of the Chapman–Miller method described in
the next section. The predictants and models are listed in tables 1 and 2.

Table 1. List of predictants used in the study, grouped by their vector components.

predictant # description

1–3 nighttime vector components
4–6 daytime vector components
7–9 combined night and day vector components

10–12 PCA-rotated nighttime vector components
13–15 PCA-rotated daytime vector components
16–18 PCA-rotated combined night and day vector components
19–21 unfiltered vector components
22–24 PCA-rotated unfiltered vector components
25–27 filtered and PCA-rotated vector components
28–30 secular-variation weighted vector components
31–33 secular-variation weighted PCA-rotated vector components
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(iii) Comparison with Chapman–Miller method
In the historical Chapman–Miller method of regression [19], data selection in the geomag-
netic predictant series excludes data during geomagnetically disturbed times (e.g. 𝐾𝑝 > 2) but
otherwise retains data from both night and day. The Chapman phase law,

(A 1)𝐿 = Σ𝑛 = 0
4 𝑙𝑛sin 𝑛 − 2 𝑡𝑠 + 2𝜏 + 𝜆𝑛 ,

models the predictant 𝐿 using time-harmonic predictor bases involving the solar 𝑡𝑠 and lunar𝜏 daily mean motion (represented as angular arguments approximating the mean azimuthal
coordinates of the bodies with respect to a fixed Earth frame). The 10 coefficients for the
amplitude 𝑙𝑛 and phase 𝜆𝑛 are fitted in the regression. The oceanic contribution is recognized as
the 𝑛 = 2 term as it does not depend on 𝑡𝑠. The ionospheric contribution is 𝐿 with the 𝑛 = 2 term
subtracted.
Rewriting equation (A 1) in terms of cosine and sine terms shows that the regression involves
10 predictor series. However, reading through the description in [19] of what physical effects
are attempted in the model in equation (A 1) suggests that a more accurate model that also
uses fewer predictors can be performed using ephemerides rather than time-harmonic predictor
bases.
First, using the lunar and solar azimuth coordinates (𝜑𝑀 and 𝜑𝑆) from the ephemerides data is
slightly more accurate than using the steady time-mean motions described in 𝑡𝑠 and 𝜏. More
importantly, the number of predictors in equation (A 1) is a consequence of the inefficiency of
using time-harmonic bases to fit the cycle of solar radiation. As described in [19], equation (A 1)
attempts to represent the model

(A 2)𝐿 = 𝑎 sin 2𝜏 + 𝑏 cos 2𝜏 + 𝑐 sin 2𝜏 + 𝑑 cos 2𝜏 𝐹rad(𝑡𝑠),
where the first parenthesized term represents the oceanic part active during both night and day,
and the second parenthesized term represents additional contributions during the day owing

Table 2. List of models used in the study, involving different sets of predictors for the regressions.

model description num. of predictors

1 cosine and sine of M2 phase (i.e. time harmonic) 2
2 cosine and sine of lunar azimuth 2
3 model 2 weighted by lunar distance 2
4 lunar potential (and its quadrature) 2
5 solar potential (and its quadrature) 2
6 lunar+solar potential (and its quadrature) 2
7 model 4 with modulation by radiation function 4
8 model 7 with additional modulation by quadrature radiation function 6
9 individual lunar and solar potentials (and quadrature series) 4
10 combined lunar+solar potentials (and gradient), plus degree−1 term (cos 𝜓 and

its quadrature)
8

11 similar to model 10 but with lunar and solar potentials (and gradient)
represented individually

14

12 similar to model 10 but using only the solar potential (and gradient) 8
13 similar to model 12 but for the lunar potential (and gradient) 8
14 uses the predictor bases of the Chapman–Miller method 10
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to the radiation function 𝐹rad. If 𝐹rad is prescribed, then equation (A 2) involves four predictors.
The extra six predictors used in equation (A 1) is then a consequence of the inefficiency of
representing 𝐹rad with time-harmonic bases involving 𝑡𝑠. The first part of this inefficiency is
that 𝑡𝑠 can be used to describe day versus night only in an annual-mean approximation. In
that case, independent of the latitude or season, 𝐹rad is assumed to vary as a 24 h sinusoid
(e.g. cos 𝑡𝑠) with the negative values set to zero. The second part of the inefficiency is that
representing such a chopped-off sinusoid function with time-harmonic bases requires multiple
harmonic components and therefore leads to more predictors. One expects that using more
predictors than necessary to capture the same amount of variance will lead to less confidence in
the individual coefficients.
Using ephemerides, by contrast, no harmonic expansion of 𝐹rad is required. We can describe
(non-dimensional) 𝐹rad more directly and accurately as

(A 3)𝐹rad = cos(𝜓𝑆)𝑟~𝐸𝑆−1 ,

where 𝜓𝑆 is the solar zenith angle at the time and location of the observations and 𝑟~𝐸𝑆 is the
non-dimensional distance between the Earth and Sun. This description is accurate for any time
of year or location. It is also represented directly with one series and does not require an
expansion in multiple series as above. The factor 𝑟~𝐸𝑀−1  makes the representation slightly more
realistic because of the inverse-distance of the radiation intensity.
Using the ephemerides instead of harmonic bases, it is expected that equation (A 2) can be
formulated more accurately as

(A 4)𝐿 = 𝑎cos(2𝜑𝑀)𝑟~𝐸𝑀−3 + 𝑏sin(2𝜑𝑀)𝑟~𝐸𝑀−3 + 𝑐cos(2𝜑𝑀)𝑟~𝐸𝑀−3 + 𝑑sin(2𝜑𝑀)𝑟~𝐸𝑀−3 𝐹rad,

where 𝐹rad is given by equation (A 3). We see then that only four (rather than 10) coefficients are
fitted to four predictor series prescribed with high accuracy by ephemerides data.
Note that while equation (A 4) is expected to be a better regression model than equation (A
2) it can only be expected to be also better than equation (A 1) if the underlying physical
arguments on radiation used in formulating equation (A 1) are valid. Indeed, with 10 predictors
as opposed to four, equation (A 1) could explain more of the data variance if any processes
outside these physical assumptions happen to be fitted. We can here examine this point as the
calculated solution set includes cases for both the equation (A 1) and equation (A 4) models.
The predictant in this case are the data following only steps 1 and 2 above as both night and day
data are required and the solar daily signal should not be filtered out.
The results for Honolulu show that the adjusted R2 value for the 10-predictor Chapman phase
model (equation (A 1)) is 0.110, while the value is in fact slightly higher (0.112) for the four-
predictor model in equation (A 4). Given that essentially the same amount of variance has
been explained with the models, the equation (A 4) model should be preferable because it has
fewer predictors (and therefore fewer fitted coefficients), and because the formulation of the
predictors is more direct and physically based.
The slightly higher adjusted R2 value for equation (A 4) model could be due to the more realistic
description of 𝐹rad. Note that for the comparison, the angular arguments 𝑡𝑠 and 𝜏 in equation (A
1) were in fact replaced with the more accurate ephemerides coordinates 𝜑𝑆 and 𝜑𝑀 to focus on
only the differences owing to the different representations of 𝐹rad.
A result we see in the global set of data that regressions with ephemeris predictor bases can fit
the lunar tidal results as well or better despite having fewer predictors.

A.3. Results from global geomagnetic observatories
Hourly data within the period (1965–2015) from 288 land geomagnetic observatories was
processed just as described for the case of the Honolulu geomagnetic observatory data (see
appendix A.1). That is, for each observatory, 33 geomagnetic predictant series were each fitted
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to 17 different predictor models (three using the time-harmonic bases in UTide, and 14 using
ephemeris and gravitational-potential bases). For clarity, we refer to the three time-harmonic
predictor models as ‘cases’ 1–3 to distinguish from ‘models’ 1–14 used to refer to the models
with the ephemeris bases.

(i) Observed-M2-1
We consider here the 𝑀2 tidal constituent. While the 𝑀2 time-harmonic bases do not capture
as much tidal energy as the ephemerides/potential-derived bases, much of the discussion of
ocean tidal magnetic fields in observations and modeling has been focussed on M2. This
time-harmonic base is not required to extract tidal signals from the data but it is required in the
time-harmonic numerical forward models that predict the magnetic field. Hence, a description
of the observed 𝑀2 constituent is important for multiple reasons.
The 𝑀2 estimates using time-harmonic bases are directly available from the UTide results (here,
we describe case 2, where all the primary constituents are fitted). As described in appendix
A.1, it is expected that the ephemerides model 3 is comparable to the M2 bases and so the
results using these ephemerides predictors are used as a cross-check of the UTide 𝑀2 results. To
compensate for the time-differencing and obtain the coefficients reflecting the original (without
time differencing) series, we translate the amplitude/phase coefficients to complex form, divide
by −𝑖𝜔, where 𝑖 = −1 and 𝜔 is the constituent (M2) frequency, then convert again to amplitude
and phase.
The estimates from the time-harmonic fit are shown in figures 6 and 7. The estimates from the
ephemeris fit are shown in figures 19 and 20.
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Figure 19. Amplitude of the 𝑀2 tide extracted from geomagnetic observatory data using lunar ephemeris bases. For each
observatory, there are nine estimates representing the three vector component series (E, N, R) using only nighttime data (𝑛),
daytime data (𝑑) or night and day data (𝑛𝑑).
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The estimates from the two different bases agree well (see figure 8 for example). Overall
confidence in the estimates tends to be high because most of the observatories provide much
data within the 50-year window and because only fits with high confidence are admitted. Note
that, the time-harmonic fits admit more of the observatories than do the ephemeris fits. This
is at least partially due to the differences in the way the admission criteria are posed in each.
In the time-harmonic case, the confidence levels (with criterion > 95%) are calculated in UTide
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Figure 20. Phase of the 𝑀2 tide extracted from geomagnetic observatory data using lunar ephemeris bases. For each
observatory, there are nine estimates representing the three vector component series (E, N, R) using only nighttime data (𝑛),
daytime data (𝑑) or night and day data (𝑛𝑑).
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Figure 21. Adjusted R2 values for the nighttime ‘oceanic’ tidal M2 coefficients describe the fraction of variance explained in
the model.

27

royalsocietypublishing.org/journal/rsta 
Phil. Trans. R. Soc. A 382: 20240088

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

02
 D

ec
em

be
r 2

02
4 

file:///Users/dtrossman/Desktop/royalsocietypublishing.org/journal/rsta


using a coloured Monte Carlo method, whereas with the ephemeris fits the criterion is that the𝑝-value must be < 0.5.

(ii) Where is the 𝑀2 signal-to-noise ratio highest?
Previous sections have described the observatory locations where the ocean 𝑀2 magnetic
signals are the strongest. But this does not adequately describe the locations with the highest𝑀2 signal-to-noise ratio because the level of confounding noise varies between locations. This is
addressed here with the adjusted R2 values of the model fits. The R2 value can be understood as
representing the fraction of the data variance explained by the model fit. Adjusted R2 values are
used to describe regressions with multiple predictors by imposing a penalty on the number of
predictors to avoid overfitting.
Results for the adjusted R2 values associated with the nighttime M2 fits (represented here by
predictant 3 fit to model 3) are shown in figures 21 and 22. While the results show higher R2

values tend to follow the locations where the tidal magnetic signals are stronger, there also

longitude (degrees)

–90

–60

–30

0

30

60

90

la
ti

tu
d

e 
(d

eg
re

es
)

aaa

aae

abg

abk

agn

aia

ale

alm

aml

ams

amt

ann

api

aqu

arc

ark

ars

asc

ash

asp

bdv

bel

bfe

bfo

bgy

bji

bjn

blc

bmt

bng

bou

box

brw

bsl

byr

cbb

cbi

ccs

cdp

cfr

clf

cmo

cnb

cnh

coi

crp

csy

cta

cwe

czt

dal

dik

dlr

dob

dou

drv
dvs

ebr

elt

esa

esk

ett

eyr

fcc

frd
frn

fsp

fuq

fur

gck

gdh

glm

gln

gna
grm

gua

gui

gwc

gzh

had

hba

hbk

her

his

hlp

hon

hrb

hrn

hty

hvn

hyb

ipm

iqa

irt

iskizn

jco

kak

kdu

kgd

kir

kiv

kmh

kny

knz

kou

kpg

krc

ksh

kzn

ler

lgr

liv

lmm

lnp

lov

lqalrm

lrv

lua

lvv

lyc

lzh

mab

maw

mbc

mbo

mcq

mea

mfp

mgd

mid

mir

miz

mmb

mmk

mnk

mol

mrn

mut

mzl

nai

naq

nck new

ngk

ngp

nmp

nrd

nur

nvl

nvs

ode
ott

pab

paf

pag

pbq

peg

pet

phu

pil

pio

plr
pmg

pnd

pod

ppt

pst

ptu

qgz

qixqsb

qzh

rbd

res

rsv

sab

sba

sbl

sfs

sge

shl

shu

sil

sit

sjg

sna

sod

spa

spt

ssh
sso

stj

sua

svd

szt

tam

tan

tdc

teh

ten

teo

tfs

thj

thl

thy

tik

tir

tkt

tnd

tng

tol

too

tro

trw

tsu

tuc

tun

uba

ujj

ups

val

vic

vla

vna

vos

vsk

vss

whn

wil

witwng

yak ykc

yss

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0 30 60 90 120 150 180 210 240 270 300 330 360

A
d

j.
 R

2

Figure 22. Map of data in figure 21 shows locations of observatories with highest expected 𝑀2 signal-to-noise ratio in the
data. (Values above 0.1 run off colour scale.)
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Figure 23. Adjusted R2 values for the PCA-rotated nighttime ‘oceanic’ tidal 𝑀2 coefficients describe the fraction of variance
explained in the model.
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Figure 24. Map of data in figure 23 shows locations of observatories with highest expected 𝑀2 signal-to-noise ratio in the
data. (Values above 0.1 run off colour scale.)
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Figure 25. The mean (over all observatories) adjusted R2 value (Log10 scale) for each model/predictant combination.
The primary predictant of interest in this study is #3 , representing the nighttime radial magnetic component 𝑅̇𝑓, or its
rotated version (#12). The simple two-predictor ephemerides model (model 3) has a slightly higher R2 than the 10-predictor
Chapman–Miller model (model 14). Rotation is also seen to improve the fit of the radial component. model 11 (with the
most predictors) has the highest R2 of the models.
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seems to be a nearly systematic elevation of R2 values for island observatories. This could be
because the well-known ‘coastal effect’ in magnetic data describing the concentration of
externally induced electric currents at coastlines (which enter here as competing noise) is not as
strong at island observatories. The lowering of R2 values at higher latitudes is also expected
because of increased geomagnetic noise in and approaching the auroral zones.
If instead of the vertical component (predictant 3), we consider the rotated vertical compo-
nent (predictant 12), the statistical fit improves, as can be seen in figures 23 and 24. Interest-
ingly, the elevation of adjusted R2 values near the oceans is more complete with the rotated
data, indicating that rotation has systematically or at least typically generated a new vertical
component with a higher ocean-tidal signal-to-noise ratio. Some exceptions remain: the low
values at the island of Midway, northwest of Hawaii, can be explained by the short data record.
The low values at Hermanus (South Africa) and a few other observatories may be due to weak
tidal magnetic fields at their locations.

A.4. Summary of models beyond M2
Over the set of observatories, the mean adjusted R2 values of all the ephemerides model fits
from this study are shown in figure 25. Beyond models aimed at representing M2, more ocean
tidal variance can be fitted with models using more predictors. Moreover, the fits can show
higher adjusted R2 values, indicating higher statistical significance. The best two-predictor
model fitting nighttime lunar tides is model 3, which uses the sine and cosine of the lunar
azimuth as predictors (weighted by lunar distance). A significantly better fit (according to the
adjusted R2 value) is achieved by model 13, which uses instead the lunar gravitational potential
and its gradients (six predictors). An even better fit is achieved by model 11 (12 predictors)
which adds similar bases for the solar potential. While the adjusted R2 attempts to compensate
for overfitting with more predictors, conclusive comparisons should be restricted to models
with similar numbers of predictors (or where the better fit is found in the model with fewer
predictors.)
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