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1 INTRODUCTION

SUMMARY

Geomagnetic observations at Eskdalemuir observatory in Southern Scotland reveal reduced
amplitudes in the vertical component variations compared with the horizontal components
for periods of less than an hour. A subsurface high conductivity feature has previously been
suggested to account for this anomaly. However, past studies have overlooked the effect of
seasonal source changes and impact of solar activity on external geomagnetic field varia-
tions. The vertical magnetic transfer function — referred to as the tipper — relates temporal
variations in the vertical magnetic field to those in the horizontal magnetic field and is sen-
sitive to lateral electrical conductivity contrasts in the subsurface. Quantifying the seasonal
variations in the tipper helps to identify times when external field variations minimally bias
tipper estimates, thereby providing a more accurate representation of subsurface conductivity.
Ionospheric current systems, particularly during geomagnetic storms, may violate the plane
wave assumption underlying tipper estimation at mid-latitudes. This may allude to a more
complex source geometry responsible for magnetic field variations. Our study quantifies and
proposes a correction for space weather-driven external field contributions to observations for
periods shorter than 1 hr. Using high-quality digital magnetic field data with a 1-min sampling
rate from 2001 to 2019, we estimate the tipper at Eskdalemuir, revealing seasonal differences
that increase with periods between 1000s and 10000s. After finding that tipper estimates
during the 2016 time-series are least affected by seasonal effects, we used 1-s time-series and
a simple empirical model to quantify the daily variability of the tipper. The model consists of
annual and semi-annual terms plus a term proportional to either the £10.7 cm solar flux or
geomagnetic 4, index. Neither model fits the data to within the expected error, but the model
that uses 4, has better fit. Tipper estimates from temporary site deployments are affected by
these seasonal external variations, and we correct those obtained at sites near Eskdalemuir
during a recent field experiment using this model.

Key words: Geomagnetic induction; Magnetic field variations through time; Magnetotel-
lurics; Time-series analysis.

geomagnetic observatories such as the Eskdalemuir observatory
(ESK) record variations in the total field magnetic field, consisting

Solar activity expels streams of energetic particles that can impact
the near-space environment and adversely affect the performance
and reliability of technological systems (Baker 1998, Beedle ef al.
2022). These collective effects are referred to as space weather. In-
tensification of magnetospheric—ionospheric currents during times
of heightened space weather activity, such as geomagnetic storms
and substorms, cause large and rapid variations of the magnetic field
that are recorded by geomagnetic observatories (e.g. Beggan et al.
2024). Our interests here are the magnetic variations arising from
electrical currents induced by external current systems diffusing
into the Earth’s conductive interior (Schmucker 1969). Permanent

of internal (Bj,) and external (B.y) parts, with the internal field
including an induced component.

The vertical magnetic transfer function — the so-called tipper —
relates temporal variations in the vertical magnetic field to those in
the horizontal magnetic field in the spectral domain. It is frequently
used in magnetotelluric (MT) studies as a means to model the sub-
surface electrical conductivity at crustal and mantle depths. Barring
any changes to the subsurface conductivity arising from geody-
namic processes (Rokityansky et al. 2012), the tipper at a particular
location is not expected to vary temporally. However, Takeda (1997)
noted that even at mid-latitudes, the tipper is temporally varying and
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therefore not free from source effects, which are found to increase
at longer periods and higher latitudes.

1.1 Vertical component geomagnetic anomaly at
Eskdalemuir

Eskdalemuir is located in the Scottish Southern Uplands (Fig. 1).
The Southern Uplands consist mostly of Silurian greywacke and
other sedimentary deposits formed when the terrane was submerged
under the Iapetus Ocean and experienced accretionary accumulation
in the Caledonian orogeny with a NE-SW strike (Oliver ez al. 2002).
Sporadic distributions of igneous intrusions and volcanic lava are
persistent throughout. Eskdalemuir has been the location of one
of the UK’s three permanent geomagnetic observatories and has
operated since 1904 by the British Geological Survey.

The anomalous behaviour of the time-varying vertical magnetic
field component (B,) measured at ESK captured the intrigue of geo-
physicists over five decades ago (Jain & Wilson 1967; Osemeikhian
& Everett 1968; Edwards ef al. 1971; Jones & Hutton 1977; 1979;
Parkinson & Jones 1979; Hutton et al. 1997). However, scientific
interest dwindled after this peak in interest. Historical analogue and
modern digital magnetic data from ESK (Fig. 2) reveal a dampened
amplitude in B, for periods less than an hour, compared to data from
sites less than 80 km away (Edwards et al. 1971). The attenuation in
amplitude is not observed in the horizontal intensity (Fig. 2). Known
as the Eskdalemuir anomaly, there is not unanimous agreement as to
what explains the dampened amplitude of B, variations compared to
those recorded at nearby sites. Bailey & Edwards (1976) proposed
that the tectonic significance of the Eskdalemuir anomaly could be
linked to closure of the lapetus Ocean (Tauber ef al. 2003).

1.2 Geomagnetic depth sounding and the tipper

At any fixed point on the Earth’s surface, the geomagnetic field vec-
tor is a function of time and space, and can be resolved into its east—
west (B,) and north-south (B,) components which together make
up horizontal intensity, B;,. Geomagnetic depth sounding (GDS)
uses the ratio of the time-dependent B, and B, in the spectral do-
main to derive the tipper (Schmucker 1969). The electromagnetic
field penetrates the Earth to a depth dependent on frequency and
conductivity, and this is utilized by GDS to detect conductivity gra-
dients in the crust and upper mantle when applied to data from
multiple sites (Chamalaun 1985).

The tipper, T, is a dimensionless vector, and a complex function
of frequency (Schmucker 1969; Weidelt & Chave 2012) whose
components are defined by

B.(f) = T.B(/) + T,B,(f) + €(), (M

where frequency f = 27” and ¢ is the period. B., Ey and B. are the
Fourier transforms at frequency f of B,, B,, B. and €( /) describes
the spectral transform noise at frequency f. Elements 7, and 7,
in eq. (1) represent the response to lateral conductivity variations.
Using accurate estimates of the tipper (7, 7,) from an input of
EX and Ey for a discrete frequency, we can derive E’mnd using
eq. (1), where the subscript ‘ind’ indicates the induced component,
assuming €( /) is negligible (Chamalaun 1985; Hutton ez al. 1997).

In electromagnetic induction, it is assumed that large-scale elec-
trical current sheets are far away at low- to mid-latitudes such that
B,y can be approximated as spatially uniform plane waves imping-
ing on the ground (Arora et al. 1999); as such, the tipper at any fixed
period is approximately quasi-stationary. The implication is that the
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induced vertical magnetic field component anomalies are entirely
due to subsurface lateral conductivity contrasts. If the conductivity
distribution varies only with depth, the anomalous induced vertical
magnetic field and the resulting tipper are zero.

On the basis of eq. (1), any changes in the external B; due to
processes in the ionosphere or beyond (source field) can induce
anomalous magnetic field variations caused by lateral contrasts in
the subsurface electrical conductivity (Schmucker 1969; Edwards
et al. 1971; Ernst et al. 2020). This induced component contributes
more significantly to B, than the induced horizontal component
does to Bj,. Therefore, anomalous effects from lateral conductivity
contrasts are more pronounced in variations of the B, component
(Schmucker 1969; Bailey & Edwards 1976), making variations in B,
useful for inferring conductivity structure. Sub-hourly B, variations
have been found to differ over distances of tens of kilometres, which
is attributed to electrically conductive anomalies in the crust or
upper mantle (Honkura 1978).

Previous studies have identified temporal variations in the tipper
estimates that could be a result of the interaction of the source field
with the subsurface conductivity structure, both analysed seasonally
(Vargas & Ritter 2016; Maksymchuk ez al. 2018; Anusha & Arora
2023) or day-time and night-time (Ernst et al. 2020). Source effects
on the measured B., and hence the stationarity or stability of the
tipper at ESK, have yet to be investigated as a possible contribution
to the Eskdalemuir anomaly.

This study seeks to investigate the effects of space weather on
B, variations and on the tipper at ESK using long time-series of
digital 1-s and 1-min data. The impact of seasonality on the tipper
during the last solar cycle is analysed. We then identify the times
at which the tipper appears to be least affected by source effects,
which we subsequently refer to as a ‘stable’ tipper estimate. Tem-
porary deployment of equipment to collect GDS and long-period
magnetotelluric (LMT) data for induction studies does not provide
the long time-series needed to compensate for effects from non-
uniform ionospheric currents. A stable tipper from a long-running
site such as ESK can be used to correct for seasonal effects on the
tipper at nearby stations so that they are credible indicators of the
subsurface conductivity.

The following section outlines the temporal resolution and length
of magnetic time-series from ESK used in this study. A description
of the processing software used to estimate tipper from such data
is provided. Impacts on the tipper based on the choice of 3-months
geomagnetic field variations affected by solar activities and used as
input are analysed in Section 2.2. An empirical model developed
by Vargas & Ritter (2016) that accounts for seasonal tipper vari-
ations observed throughout the year is discussed and augmented
in Section 2.3. Modelling results, including corrections for source
effects to the tipper estimated at temporary sites near ESK due to
deviations from the plane wave assumption, are presented and dis-
cussed in Section 3 and Section 4. Conclusions are summarized in
Section 5.

2 METHODOLOGY

2.1 Derivation of the tipper at ESK from magnetic field
data

The British observatories LER, HAD and ESK (Fig. 1) produce
accurate long-term records of full field geomagnetic data sampled
at 1 s and 1 min in real time (Clarke er al. 2013). In this study,
minute mean values of By, B, and B. from ESK between 2001
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Figure 1. Location of sites and geology of Southern Scotland, adapted from maps produced by the British Geological Survey. The Eskdalemuir observatory
(ESK) is indicated by the red triangle and nearby Long-period Magnetotelluric (LMT) sites are indicated by the dots. Top figure shows the location of the three
British Geomagnetic observatories at Lerwick (LER), ESK and Hartland (HAD) where geomagnetic measurements are continuously recorded. ESK is south of
the Southern Uplands Fault (SUF; black dashed line) formed as a result of the closure of the Iapetus Ocean. Contains OS data © Crown copyright and database

rights 2024.

and 2019 are selected to analyse the impact of season on the tipper
estimates. Magnetic time-series from January of the year of inter-
est plus November and December of the previous year are used to
estimate the ‘winter tipper’, whereas those for May to July are used
to compute the ‘summer tipper’. Spring and autumn months are not

considered because generally more energy is injected during geo-
magnetic storms around each equinox due to the increased coupling
between the solar wind and magnetic field, known as the Russell-
McPherron effect (Russell & McPherron 1973), whereas minimum
geomagnetic activity occurs over the solstitial months. The cut-off
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Figure 2. Two hour time-series of the magnetic declination (D, unit °E), horizontal intensity (H, unit nT) and the vertical intensity (Z, unit nT) measured at the
three British geomagnetic observatories in Britain on 2021 January 24. The orange box highlights the dampened amplitude in Z at Eskdalemuir compared to

the UK observatories to its north and south.

period is set at 10240 s, as estimates at higher periods exhibit larger
errors due to reduced data samples, leading to increased statistical
uncertainty.

All tipper computations in this study are produced using
KMSProMT data processing software developed by Smirnov
(2003), which employs a repeated median algorithm by Siegel
(1982). The advantage of Siegel’s procedure is that the transfer
function estimate remains stable even if up to 50 per cent of the input
data are contaminated. In comparison, the least-squares procedure
breaks down in the presence of outliers, such as steps or spikes in
the measured data, making its solutions much more sensitive to their
presence (Smirnov 2003). Therefore, algorithms used to estimate
the tipper favour a robust statistical technique over the least-squares
method.

The chosen processing configuration for KMSProMT uses the
default value of 50 per cent overlap to improve statistical efficiency.
The coherence threshold is set to 0.5; the maximum number of
events in each data segment that shows coherence is set to 2000;
decimation is fixed as 20 and the decimation factor is set to 1. To
justify our choice of processing parameters, we compared our tipper
estimates from data recorded at Niemegk Geomagnetic Observatory
(NGK; 52.07 °N, 12.68 °E) between 2001 and 2017 with those of
Ernst e al. (2020), who used the robust processing technique of
Egbert & Booker (1986). Our results, shown in Fig. 3, are in close
agreement with those of Ernst ef al. (2020).

2.2 Establishing a stable tipper

Geomagnetic field variations are driven by different physical pro-
cesses, each operating over distinct frequency ranges as illustrated in
the amplitude spectrum produced by Constable & Constable (2004,
2023). Geomagnetic storms introduce fluctuating B.,, influences at
higher frequencies, leading to large horizontal disturbances in By
that may deviate from the plane wave assumption. Estimating the
tipper from long time-series using robust methods can minimize
impacts of plane wave deviation (Egbert & Booker 1986). We aim

to identify a tipper estimate at ESK that is least biased by deviations
from the plane wave assumption, and refer to this as ‘stable’. In
order to establish the stable tipper estimate for ESK, we identify a
tipper baseline that exhibits the least seasonal variation when com-
pared to the average tipper value from 2001 to 2019 (particularly in
relation to solar activity), relative to other years.

To evaluate the temporal stability of the tipper, we calculate
percentage differences between the selected tipper estimates and
the stable tipper.

We also calculate the tipper for each day using 1-s time-series
in 2016 to prepare for source effect modelling and correction (see
Section 2.3). These are based on the data for that day for periods
in the range 170 to 683 s, and for three consecutive days in 2016
centred on the day of interest for longer periods, up to 2731 s.

2.3 An empirical model of the source effect

Previously, Vargas & Ritter (2016) modelled the temporal variations
of the tipper at 11 mid-latitude geomagnetic observatories using a
function with dependence on the day of the year (DOY) and a daily
indicator of solar activity. They parametrized solar activity using
daily values of F'10.7 (estimated at 20:00 UTC), the 10.7 cm solar
radio flux (Tapping 2013), corrected for changing Earth—Sun dis-
tance. Vargas & Ritter (2016) modelled temporal deviations from
the 10-yr median tipper using data from 2003 to 2013. Their em-
pirical model contained six independent coefficients:

. (27 -DOY
Tsource effect(DOYv F107) = Cl + Clel’l (T + C3>

47 - DOY
+ Cycos (717 + C5>
N
+ Cs - F10.7 )
C constitutes an offset. C, and Cy4 represent the amplitude of annual

and semi-annual seasonal variations, respectively; C; and Cs are
their respective phase values. C accounts for the impact of space
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Figure 3. Seasonal variation in tipper estimates at ESK (panels a—d) and NGK (panels e-h). ESK tipper calculated for 2001-2019 separately for summer (red
dots) and winter (blue triangles), results for 2016 are marked with open squares connected by dashed lines. NGK tipper calculated for 20012017 separately
for summer (purple triangles) and winter (green dots) and for 2015 which are used to verify tipper processing parameters compared to those of Ernst et al.
(2020) (marked with open squares). Panel (a) and (e) Re(7}), (b) and (f) Re(7}), (c) and (g) Im(7 ), (d) and (h) Im(7},). Error bars are one standard deviation.
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weather activity parametrized through £#10.7. N is the total number
of days in the year.

We applied this model to determine source effects at ESK using
a linearized version of eq. (2) expressed as:

Tsource effect(DOY, F107)

—p 4P 27 - DOY 4 Pusi 2w - DOY
=P 2COS N 3SIn N

47 - DOY . (47 -DOY
+Pscos | ———— | + Pssin N + P - F10.7

N
©)

Py and Py are equivalent to C; and Cy in eq. (2), whereas P, and
P5 (P, and Ps) are trigonometrically related to C; and C; (C4 and
Cs). We then find a least-squares solution to this set of equations,
defining the daily tipper deviations for either T or T;, as:

AT, = T;(t) - Tbaseline(t)v (4)

where i is the day of the year in the tipper deviation (AT;) from a
stable baseline. Once the daily tipper at ESK has been obtained, we
compute the tipper deviations using eq. (4). To prevent points with
large errors from unduly affecting the solution, a least-squares fit
to the data normalized by their standard deviations is also calcu-
lated. We refer to them as the normalized and the non-normalized
solutions, respectively.

While F'10.7 indicates solar activity, it does not characterize near-
Earth impact of space weather disturbances on the magnetic field
components. The daily definitive 4, index on the other hand is a
proxy for the maximum daily global geomagnetic activity expressed
in units of 2 nT (Mayaud 1980), calculated using the average of
B), measured at various, mainly Northern hemisphere, mid-latitude
observatories (Mayaud 1980). It measures the degree of disturbance
to the geomagnetic field, often associated with geomagnetic storm
events (Lockwood et al. 2018). Therefore, we also investigated
parametrizing the extent to which the geomagnetic field is disturbed
in the empirical model of Vargas & Ritter (2016) using the 4, index
instead of F'10.7 so that eq. (2) is replaced by:

27 - DOY
Tsourcc cffcct(DOYv Ap) = Cl + CzSiIl <JTT + C})

4 - DOY
+ C4COS T + C5

+ C6 ° Ap (5)

From this model of Tyyuce efiect for AT; at ESK relative to the
baseline, we correct the tipper at temporary MT sites near ESK for
seasonal effects by adding A 7; corresponding to a specific DOY to
the tipper estimated using B, and lNKy at nearby sites. Measurement
durations at MT sites vary between 4 and 6 weeks, so the DOY is
set to day of the median A 7; value within those weeks of recording
at each site.

3 RESULTS

3.1 Temporal variation of the tipper at 3-month timescales

The mean summer and winter tipper estimates calculated using data
from 2001 and 2019, and for 2016 and 2015, using 1-min time-series
at ESK and NGK, respectively, are presented in Fig. 3. 2015 tipper
is estimated for NGK in order to verify tipper processing param-
eters compared to those of Ernst e al. (2020). This reveals that
large seasonal differences between the summer and winter tipper in

Seasonal variations in tippers at Eskdalemuir 1827

Re(7y), Im(7) occur at both ESK and NGK, increasing for periods
longer than 640 s. The largest differences are seen in the longest
periods, where winter tipper values are more than 200 per cent
bigger than the summer values. For Re(7)), the largest observed
seasonal differences are found for periods of 600-3000 s, with de-
creasing differences for longer periods. For Im(7}) the effect is
less pronounced: the winter values rise slightly above the summer
values at 5120 s period. Results for all components at both observa-
tories shows a similar behaviour ( Fig. 3). The geomagnetic latitude
of NGK (51.87 °N) is significantly south of ESK (57.55 °N), but
it appears that the two observatories are under similar levels of
Bex: influence. This may imply that regional-scale source effects
are superimposed onto the measured magnetic fields, resulting in
the summer and winter tipper estimates from both observatories
exhibiting systematic differences in their 7, components.

As seen in Figs 3(a)—(d), 2016 winter and summer tipper varia-
tions at ESK are compatible with the mean tipper for 2001-2019
at the majority of the periods, with the differences within their
standard errors. Such relatively small tipper differences relative to
2001-2019 are not observed in the tipper of other years. Thus the
2016 summer and winter tippers show least seasonal variation com-
pared to other years in solar cycles 23 and 24. The largest standard
deviations are concentrated around the summer months at periods
>3840s, whereas those for the winter months are smaller. Ernst
et al. (2020) showed that in winter, there are longer intervals where
the plane wave assumption is fulfilled whereas the external B, com-
ponent is larger in the summer. Therefore, the 2016 winter tipper is
chosen as the tipper baseline.

To visualize year-to-year changes in the tipper relative to this
baseline, the summer and winter 2001-2019 tippers are displayed as
percentage differences from the baseline values in Fig. 4. The winter
differences (panels a—d) are smaller than the summer ones (panels e—
h), again reflecting seasonal differences and the choice of baseline.
Annual differences in winter Re(7,) and Im(7}) are significantly
smaller overall than those of the 7}, components. The deviations in
summer Im(7) are much larger than those of Re(7). Across all
years, the largest differences for Re(7),) and Im(7},) are consistently
observed at intermediate periods (960-1536 s). However, the largest
difference in winter Re(7,,) occurs at 640 s period (Fig. 4b) for which
there is no obvious explanation.

3.2 Empirical model of the source effect at ESK

With these observations, we then attempt to find a model of seasonal
dependence, following the approach of Vargas & Ritter (2016).
Two sets of model coefficients are calculated for each of the two
models described in Section 2.3 for 1 s data from 2016: one that
parametrized source effects using /'10.7 and the other using 4,,
for both the non-normalized and normalized solutions. For the non-
normalized solutions, both models fit the data better at lower periods
as the root-mean-squared (RMS) misfit is larger at longer periods
(>1000 s).

The different contributions of each term of the empirical source
effect model given by eq. (3) to the prediction are plotted in Fig. 5
at 683 s period for Re(AT,) in 2016. This period is chosen for
illustration as it is within the range of periods most affected by
geomagnetic storms in the UK (Campanya et al. 2019).

The largest contribution to the model prediction (Fig. 5) is
the annual variation. The lower amplitude semi-annual variation
causes the two smaller peaks seen in the model prediction. Rus-
sell & McPherron (1973) proposed that semi-annual changes in
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Figure 4. Yearly deviations from 2016 tipper baseline: Panels (a)—(d): relative differences calculated from winter time-series of 2001-2019 relative to those of
winter 2016 for the Re(7y), Re(7)), Im(7) and Im(7),). Panel (e)—(h): as for (a)~(d), but for summer time-series.

geomagnetic activity are a result of the semi-annual variation in the
southward component of the interplanetary magnetic field. A7; rel-
ative to either 2016 winter and 2016 summer results are reflected in
the value of P; with other coefficients and their standard deviations
and correlations unchanged.

Tsource effect Variations would have been smooth without the impact
of the final terms in eqs (3) and (5). Short-term variations immedi-
ately after day 100 and around day 220 are visible in the Tiource effect
prediction, showing that solar activity strongly influences the model.
Fig. 5 highlights the larger effect of using 4, instead of F'10.7 to
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Figure 5. (a) Non-normalized solution of the Re(AT),) source effect prediction (green) at 683 s period. The modelled annual contributions are shown in
magenta, the semi-annual contributions in purple, the offset in red and the #'10.7 in blue. Daily tipper deviations are relative to the 2016 winter baseline. (b)

Same as (a), but using 4, to represent solar activity.

account for the impact of space weather. Note that with 4, higher
frequency variations are captured.

3.3 Comparison with other mid-to-high latitude
observatories

To evaluate the impact of space weather-driven source effects and
seasonal variations on tipper estimates, we modelled source effects
at two additional mid-latitude observatories, Lycksele Magnetic Ob-
servatory (LYC) in northern Sweden and Chambon-la-Forét Mag-
netic Observatory (CLF) in France, applying the same method as
for ESK.

The C, values, representing the amplitude of the annual variation
in eq. (2), at 512, 1024 and 2048 s computed for CLF, ESK and
LYC are plotted as a function of geomagnetic latitude (rather than
geographic latitude as chosen by Vargas & Ritter 2016) in Fig. 6
together with the C, coefficients derived for other mid-latitude ob-
servatories by Vargas & Ritter (2016) that were obtained by fitting
deviations of daily estimates of 7, from the 10-yr median using
2003-2013 data for the same periods. Our non-normalized and nor-
malized values are in close agreement to one another and within
the error bars regardless of whether solar effects are parametrized
by A, or F'10.7. The amplitudes of annual variations of A(T)
increase with increasing geomagnetic latitude, and decrease with

lower period (Fig. 6) in agreement with those of Vargas & Ritter
(2016).

Fig. 6 shows that the standard deviations of the F'10.7-based
model C; coefficients are larger than those of the 4 ,-based model
at all three periods. The standard deviations at ESK are also signifi-
cantly smaller than those for CLF and LYC at each period. Re(AT)
errors in CLF are extremely large, and its C, values do not fit the
second-order polynomial curve of Vargas & Ritter (2016). The C,
values of Re(AT,) and Im(AT,) from ESK deviate further from the
second-order polynomial with increasing period, but not as much
as CLF in Re(AT;). Those for LYC deviate more than those of
ESK from the polynomial fit. The second-order polynomial fit to
the C, coefficients when plotted as a function of geomagnetic lat-
itude is approximately symmetric about the geomagnetic equator
in contrast to the fit as a function of geographic latitude (Fig. S6 in
SI).

3.4 Discussion on the empirical model of the tipper
variation at ESK

For all periods we have investigated, predictions of the normalized
and non-normalized solutions of the tipper deviation with solar
effects parametrized by 4, are a better fit to the data than those
based on F10.7. Results for periods of 1024 and 2048 s for the
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Figure 6. Dependence of coefficient C, (amplitude of annual variation) in the Re(A 7y ) and Im(A 7, ) components on geomagnetic latitude. Green crosses are
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Figure 7. Histogram of residuals of the models of (a) Re(A 7 ) and (b) Im(A 7 ) and their best-fitting Gaussian (black) and Laplacian (red) distribution at 683 s
period when their solar effect is parametrized by 4. (c) and (d) are the equivalents for the normalized model.  is the mean residual and o is the standard

error of the Gaussian fit.

F10.7-based and 4 ,-based models are presented in Fig. S7-Fig.
S11 in the SI. The statistics of the RMS misfit at these periods, and
at 512 and 683 s, are listed in Table S2 in the SI. Coefficients of the
A4, model have lower correlations than those of the F'10.7-based
model (Fig. S5 in SI). P, and P are anticorrelated. This suggests
that 4, is a better choice to parameterize source effects.

Figs 7(a) and (b) show histograms of the real and imaginary AT,
residuals at 683 s for the non-normalized solution. Both distribu-
tions exhibit a strong peak at zero and are broadly symmetrical,
showing low skew. The gradients around their peaks are steep and
far from an ideal Gaussian distribution. However, the histograms are
a worse fit to a Laplacian distribution (Fig. 7). The residuals for the
normalized solution for the same components are shown in Figs 7(c)
and (d), respectively. Again the mean normalized residual values
peak at zero but the standard deviations are significantly greater
than one. This demonstrates that the model captures the large-scale
features of the data, but there is considerable un-modelled signal.

The source effect predictions relative to the baseline with solar
activity parametrized by 4, at a period of 683 s are shown in Fig. 8.
We find that the non-normalized solution captures the daily vari-
ations of AT; better than the normalized solution. The prediction
deviates most from the signals around days 30, 80, 220 and 260

when solar activity is highest. Re(ATy) and Re(AT,) reach their
maximum around the middle of 2016 and this is captured in the
predictions. We observe a decrease in annual and semi-annual sea-
sonal variations during the fourth quarter of 2016, accompanied by
a decrease in the real component tipper deviations by 0.02 relative
to their peak values (Fig. 8). Im(AT)) also has a larger semi-annual
variation.

Daily tipper deviations are smaller at shorter periods than at
longer periods (Fig. S10 and Fig. S11 in SI), which suggests a larger
source field influence at periods longer than 683 s. The influence
of solar activity appears to be subtle at <1000 s periods — the Cg
coefficient is an order of magnitude smaller than at longer periods.
At 2048 s, the predictions of the normalized and non-normalized
solutions show greater absolute differences from each other than at
lower periods.

We compare how seasonal effects impact the value of the C,
coefficient at the mid-latitude observatory NGK, obtained by Vargas
& Ritter (2016), with those of ESK for real and imaginary AT,. At
periods of 1024 s and above, the predictions of tipper deviations
derived for both observatories show a seasonal peak during the
summer months followed by a gradual decline in the autumn months
before stabilizing during the last 40 days of the year.
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To test whether tipper temporal variations also show correla-
tion with long-term solar activity at ESK, daily tipper estimates for
2016-2019 are shown in Fig. 9 together with non-normalized and
normalized models fits to them with solar activity parametrized by

A4,. From Fig. 9, we see a strong annual seasonal dominance in the
temporal variability, with a maximum around June over consecu-
tive years in Re(AT,), Re(AT,) and Im(AT,) components, and a
minimum in Im(AT,). In contrast to other components, Im(A 7))
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of the four tipper components relative to the 2016 winter tipper baseline, and the bottom panel shows the 4, index. Non-normalized predictions in green are
fitted to tipper deviations represented by the orange dots. The grey error bars are one standard deviation.

increases after day 280 because of the phase of its annual com- shorter (<1000 s) periods (Fig. S7-S11 in SI). These patterns in the
ponent. The periodical seasonal variation is more pronounced at seasonal variation of the tipper at 2048 s period were also observed
longer periods, such as the 2048 s period shown in Fig. 9, than at by Vargas & Ritter (2016) in their analysis of the variability of the
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computed using the daily 4, index in place of the £'10.7 index.

daily tipper estimates over consecutive years at other mid-latitude
magnetic observatories.

A clear example of space weather-dependent ‘source effects’
present in the longer period tipper estimates for mid-latitude obser-
vatories is shown in Fig. 10 for the September 2017 geomagnetic
storm, where the storm occurs on days 249 to 253. Fig. 10(a) shows
the non-normalized prediction at 2048 s period in Re(A7,) and
Re(AT,) components with a dependence on the F'10.7 index. The
model predicts a smoothed variation and matches poorly with the
data whereas the predictions of the non-normalized solution from
eq. (5) with dependence on the daily 4, shown in Fig. 10(b) are in
slightly better agreement with the data. This example demonstrates
the importance of accounting for the influence of solar activity dur-
ing geomagnetic storm conditions. However, as both /10.7 and 4,
indices are daily values, neither model is able to capture the higher
frequency variations (hourly) in the tipper deviation.

4 APPLYING SEASONAL CORRECTION
TO LONG-PERIOD MT DATA

Accounting for seasonal effects in tipper estimates should result in
more accurate modelling of the subsurface conductivity. In order to
investigate the efficacy of this approach, we chose the predictions

of the non-normalized 4 ,-based model relative to the baseline for
seasonal effect correction of LMT data collected around ESK (Fig.
S12 in SI). This model presented a better fit to the data with lower
parameter correlation than that of the 7'10.7-based model. However,
for most periods the corrections are not dependent on the way solar
activity is parametrized or whether the solution is normalized.

To assess period-dependent variations in tipper corrections, we
analysed data from four LMT sites within 80 km of ESK (NT15,
NT66, NY69 and NY73, Hibert et al. 2025). These magnetic
data were recorded in 2022 as part of the UK NERC-funded
Space Weather Instrumentation, Measurement, Modelling and Risk
(SWIMMR) Activities in Ground Effects project, aimed at sub-
stantially improving existing geoelectric field modelling capability
by making new tipper and LMT measurements in the British Isles
to supplement existing MT data (Hiibert e al. 2022). Corrections
derived for a particular period at ESK would only be appropriate
for nearby sites, where ‘nearby’ is dependent on the period since
shorter period signals do not penetrate as far into the ground, as
well as the exact details of the subsurface conductivity structure.
Hence there is not an exact limit to the radius over which seasonal
corrections to the tipper can be made.

Correction values to account for seasonal effects as a function of
period are plotted in Fig. 11 for each tipper component at four LMT
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Figure 11. Values to correct for the seasonal effect based on prediction from the non-normalized 4 ,-based model relative to the baseline as a function of
periods from 170 s to 2731 s at LMT sites close to ESK (see Fig. 12) for (a) Re(ATy), (b) Re(AT)), (c) Im(ATy) and (d) Im(AT)).

sites. Tipper correction at each period is taken from the median
tipper deviation derived from the non-normalized 4 ,-based model
at ESK relative to the baseline for each day per site (an example
at 2048 s period is shown by the red arrow in Fig. S12 in the SI).
We observe that the corrections for these sites are similar at the
shortest periods. For periods longer than 512 s, there is an increase
in the magnitude of the correction in all components and there
the correction peaks at 1638 s for the Re(A7,) components at
NT66 and NT15. Fig. 11 also shows that corrections for NT15 and
NT66 diverge from those of NY 69 and NY 73 with increasing period
for all components. The corrections to Im(AT,) are increasingly
negative with increasing period until they become less negative after
2048 s.

The tipper is often visualized as induction arrows to better un-
derstand the direction and strength of Bj,g. Following the Parkinson
convention, these arrows point towards areas of higher electrical
conductivity (Parkinson 1959; Lilley & Arora 1982). The length of
each induction arrow provides an indication of the magnitude of the
subsurface conductivity contrast. Fig. 12 show induction arrows, at
NT15, NT66, NY69 and NY 73 before and after correction at 2048 s
period. In Fig. 12(a), orientations of the real induction arrows be-
fore correction show greater differences from the corrected arrows
at NT15 and NT66 than those of NY69 and NY73. This is because

the real parts of the tipper deviations become larger towards the sum-
mer as shown in Fig. 8 and Fig. S12 in the SI, and NT15 and NT66
data were collected between day 73 and day 119. The corrected pro-
posed induction arrows at each site are not significantly different
in magnitude and direction from the uncorrected: the magnitude of
the difference between the uncorrected and corrected arrows are
in the range of 0.01-0.03 for the real part and 0.02—0.05 for the
imaginary part. Bearing in mind that interpretations of subsurface
conductivity structure based on the tipper produced using weeks
of measured magnetic field data can be biased by seasonal effects
caused by increased geomagnetic activity (Sanaka & Neska 2023),
using a parameter representing solar activity at higher fidelity in the
seasonal effect model might improve the corrections at periods of
interest for GDS and MT studies.

5 CONCLUSIONS

Modern geomagnetic field data measured at ESK observatory re-
veal significantly dampened B, component variations for periods
less than an hour relative to those at other nearby sites, confirming
past observations. The measured magnetic field variations consist
of a contribution from the inducing By variations in the ionosphere
and magnetosphere, and an internal contribution that is driven by
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for 2048 s period after Parkinson convention (pointing towards areas of higher electrical conductivity). (b) Same as (a), but for original (black) and corrected

(blue) imaginary induction arrows.

electrical currents induced by changes in B.y. Working under this
assumption, past studies of the Eskdalemuir anomaly have not con-
sidered the effect of seasonal source changes. Our study identified
the presence of source effects on B, j,q at mid-latitudes in the derived
tipper estimates. This confirms conclusions of Beamish (1981) that
the tipper is increasingly affected by source effects at mid-latitudes
with increasing period.

We show that seasonal effects in the tipper derived from 1-min
geomagnetic data for the three summer months of 2001-2019 differ
from estimates based on data from the three winter months, espe-
cially for periods longer than 1000 s. Summer and winter tippers for
2016 show the least seasonal variations relative to the 2001-2019
summer and winter tippers. The tipper estimated from the three
winter months data are likely to approximate better the plane wave
assumption because data recorded during winter are less disturbed
by the ionospheric current system than in the summer.

Subsequently, 1-s magnetic time-series are used to compute tipper
deviations relative to the 2016 winter values, referred to as the
baseline. In order to model the temporal deviation of daily tipper
throughout the year, we use an empirical model consisting of annual
and semi-annual terms and along with a term dependent on solar
activity (Vargas & Ritter 2016). The normalized RMS difference
between the data and model prediction is >2 at 683 s for all four
components of the tipper deviation, and is similar at longer periods.
This indicates that the model does not reflect the full variability
of the data. However, the residuals are approximately normally
distributed with zero mean, and this relatively simple model captures
much of the systematic variability, also seen from data predictions
in Fig. 8 and Fig. 9. It might be improved if the source effect was
parametrized more finely in time so higher frequency variations
are captured whilst still accounting for the annual and semi-annual
signals. It would be worth investigating whether a better fit could
be obtained using a parameter characterizing source effects with
values available more than once a day.

Encouragingly, the model follows the general trend of the ob-
served data at ESK, matching a strong annual signal in all com-
ponents of the tipper deviation at all periods, with a significant
semi-annual signal in Im(AT,). For periods >1000 s, the impact

of source effects is seen in the prediction, and the model in which
solar activity is parametrized by the 4, index captured more of the
variability in the tipper deviation during geomagnetic storms than
when F10.7 is used. This dependence is also demonstrated by tipper
deviations over consecutive years (2016-2019) used as input data
for the empirical model. The same method is used to study tipper
deviations from CLF and LY C observatories, as well as the 11 other
mid-latitude observatories used in Vargas & Ritter’s (2016) study,
which all showed similar seasonal variability.

The empirical model fit indicates times of the year when devi-
ations from the plane wave assumption impact the tipper at mid-
latitudes. We observe an increase in the tipper deviation as a function
of period >512 s for all components. This has implications for MT
fieldwork, where the measurement duration is limited to several
weeks per site. The results were used to correct each component of
the tipper relative to the baseline at four locations (<80 km from
ESK) where MT data were collected in 2021-2022. The corrected
tipper at each site does not differ greatly in magnitude and direction
from the uncorrected tipper and for inversion modelling are within
assumed modelling errors. This suggests that revisions to past inter-
pretations of the ground conductivity beneath Eskdalemuir owing
to seasonal effects are not required.
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