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Abstract

Ionospheric Alfvén Resonances (IAR) have been observed
in Eskdalemuir induction coil magnetometer data. In order
to investigate the harmonic frequency separation, we have
modelled the IAR using magnetic field strength and plasma
mass density. We have used three models of electron den-
sity; the IRI, E-CHAIM and an adjusted IRI model using
ionosonde data. We find that the IRI and E-CHAIM models
perform best.

1 Introduction

Ionospheric Alfvén Resonances (IAR) occur when Alfvén
waves propagating along Earth’s magnetic field lines are
partially reflected at boundaries in the ionosphere where
the Alfvén velocity gradient meets a maximum. These
boundaries are located where there are sharp changes in the
plasma mass density, which are near the bottom of the iono-
sphere and above the F-region peak. The Alfvén waves res-
onate in this ionospheric cavity and hence an IAR is formed
[1].

IAR appear in dynamic spectrograms as discrete spectral
bands as the IAR have multiple harmonics, usually during
the nighttime. The harmonic frequency separation (∆ f ) is
used to describe the IAR frequencies, rather than the fun-
damental, which is often not visible in spectrograms.

IAR were first observed at mid-latitude [2] and have since
been observed across of range of latitudes, including in in-
duction coil magnetometer data at Eskdalemuir Magnetic
Observatory, UK. Generally ∆ f is expected to increase
from dusk to midnight, as the plasma mass density de-
creases and Alfvén velocity decreases. ∆ f then decreases
towards dawn. However, at Eskdalemuir more unusual vari-
ations in the frequencies have been observed [3].

We have modelled the IAR ∆ f at Eskdalemuir to investigate
the behaviour of the IAR for years 2013–2021.

2 Data

Eskdalemuir Magnetic Observatory is a British Geologi-
cal Survey site in which two induction coil magnetometers
(channel 1 orientated north–south and channel 2 orientated

east–west) are situated, located at a geomagnetic latitude of
57.5◦N and a geomagnetic longitude of 83.3◦E.

We have analysed the IAR ∆ f the data set for the com-
plete years of 2013 – 2021 and obtained ∆ f values for this
time period. We used the channel 2 magnetometer data as
the IAR are more visible in these spectrograms. To find
∆ f , we first used a u-net [4] which has been developed to
identify IAR harmonics from spectrograms [5]. From these
output images we automatically extracted ∆ f by computing
the average distance between the peaks of the harmonics,
resulting in 16 ∆ f values per hour, for times where IAR
are detected. The was done each day for the time range of
18:00 - 08:00 UT as IAR are a nighttime phenomena. We
found that the u-net detected IAR more often during the au-
tumn months and least during the winter months. It should
be noted that during the winter the IAR harmonics appear
more diffuse in the spectrograms and so are harder for the
u-net to detect.
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Figure 1. Hourly average ∆ f data as boxplots for Es-
kdalemuir 2013–2021. UT is on the x-axis and ∆ f on the
left y-axis, which has a limit of 1.4 Hz. The right y-axis
shows thw number of data points, which are plotted as black
crosses. The horizontal black line across each bin corre-
sponds to the median ∆ f for that UT. The lower and upper
boundaries of each box are the first and third quartiles of
the frequencies, and the whiskers being 1.5 times the inter-
quartile range. Circular points show outliers. UTs that have
significant data points are shaded green, which are those
that have more points than the standard deviation of the
hourly binned data points (here greater than 2090 points).

The ∆ f values we obtained from this method are displayed
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in Figure 1, which shows a boxplot for each hour across
the full data set. When no IAR is detected, a data point is
omitted. The green shaded bins correlate to times where the
number of data points is greater than the standard deviation
of the hourly binned data points, hence there are enough
data points at those UTs to perform analysis on.

3 Modelling

To model the IAR ∆ f at Eskdalemuir we performed a time
of flight (Tf ) calculation for the Alfvén waves to travel up
and down the ionospheric cavity, where ∆ f = 1/Tf [6]. The
time of flight is related to the Alfvén velocity (VA) as fol-
lows:

Tf = 2
∫ b

a
1/VAdl (1)

VA =
B

√
µ0ρ

(2)

where B is the magnetic field strength, ρ is the plasma mass
density and µ0 is the permeability of free space. The inte-
gral limits a and b are the bottom and top boundaries of the
IAR cavity.

The ionospheric plasma mass density changes with alti-
tude and so we modelled Alfvén velocity profiles with ve-
locities every 10 km. We used percentage ion composi-
tions and electron densities from the International Refer-
ence Ionosphere (IRI) to model ρ profiles, by assuming
quasi-neutrality. The IRI is a model which is based on iono-
spheric, magnetic and solar parameters. The IRI models
the nighttime ionosphere in the altitude range of 80–2000
km which we have used as the size of the resonator cav-
ity. When modelling Alfvén velocity above the F2-region
peak, the velocities reach a maximum and so have minimal
effect on ∆ f , as follows from Equation 1. This also applies
towards the bottom of the ionosphere. We modelled a ρ

profile for every hour during 2013–2021.

To model B we used the International Geomagnetic Ref-
erence Field (IGRF–13). We considered the of angle the
magnetic field line, where tanθ is given by Equation 3 and
Bx, By and Bz are the components of the total magnetic field.
We interpolated over the magnetic field and found values to
correspond with the 10 km increments of the IRI, including
the 1/cosθ which comes from the curvature of the mag-
netic field line. We found 1/cosθ did not vary significantly
over this altitude range.

tanθ =
(Bx

2 +By
2)1/2

Bz
(3)
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Figure 2. Boxplots of the modelled hourly ∆ f values
for 2013–2021 at Eskdalemuir, for (a) IRI model, (b) E-
CHAIM model and (c) Chilton model.

Using Equation 1 we calculated a time of flight for each
hour, resulting in a modelled ∆ f value for each hour. Figure
2(a) is a boxplot of the hourly averages for 2013–2021.

The Alfvén velocity is strongly dependent on the plasma
mass density and hence electron density. The Empirical-
Canadian High Arctic Ionospheric Model (E-CHAIM) was
made to improve models of ionospheric electron density at
high latitudes [7, 8, 9]. By scaling the plasma mass density
by the E-CHAIM (v3.1.4) electron density profiles instead
of those given by the IRI, we modelled ∆ f as shown by the
boxplot in Figure 2(b).

The critical frequency of the ionosphere, f oF2, is related
to peak electron density Ne by f oF2 = 8.98×

√
Ne. It is

useful to compare modelled f oF2 values with those from
data. The closest ionosonde to Eskdalemuir is the Chilton
ionosonde, which is located at a latitude of 51.70 ◦N (3.7
◦ south of Eskdalemuir). By comparing the IRI model of
f oF2 at that location and the measured ionosonde data, we
modelled another set of electron density profiles by apply-
ing the perturbation (Equation 4) between model and data
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(NeCHIL) at Chilton to Eskdalemuir. The resulting adjusted
model is shown in Figure 2(c).

1+
NeCHIL −NeIRI

NeIRI
(4)

4 Results and Discussion

In Figures 2(a) and (b), a decrease in ∆ f can be seen at
around 00:00 UT. From our analysis, we found that this fea-
ture appears in the models during the winter months. This
is likely to be due to a semidiurnal component of f oF2,
which can occur at mid-latitudes [10]. This frequency de-
crease is not clearly visible in the data, however it may be
related to the decrease at 04:00 UT seen in Figure 1. As
the u-net did not detect the IAR as often in the winter, there
are fewer data points. We plan to investigate this feature in
further study.

Reduced versions of the models are shown in Figure 3.
Here, modelled ∆ f values are only included when there is a
corresponding data point and so Figure 3 can now be com-
pared directly to Figure 1, which shows the data.

In Figure 4 the percentage difference between the models
and the data is plotted. The percentage difference here is de-
fined as 100*((model-data)/data)). The IRI and E-CHAIM
models perform similarly, with absolute median percent-
age differences of 19 % for the IRI model and 20 % for E-
CHAIM. The Chilton model has a median percentage dif-
ference of 22 %. In general all three models tend to under-
estimate ∆ f , which could suggest that they are overestimat-
ing electron density or that the time of flight treatment is
not fully capturing the nature of the IAR characteristics.

The performance of the models vary across different
days. For example, Figure 5 shows two case studies, for
05/03/2013 (a) and 16/09/2014 (b). ∆ f extracted from the
data is plotted in green, with the IRI, E-CHAIM and Chilton
models in black, red and blue. On 05/03/2013, the models
are slightly underestimating ∆ f , with the E-CHAIM model
performing the best, at an absolute median percentage dif-
ference of 15 %. The IRI model has an absolute percentage
difference of 21 % and the Chilton model has an absolute
percentage difference of 28 %. On 16/09/2014, all models
perform better. The Chilton model performs best at 6.4 %,
with E-CHAIM at 8.0 % and IRI at 10 %.

5 Conclusion

In general, the models perform well. The Chilton model
performs the worst despite being data driven, which may be
because the distance between Eskdalemuir and Chilton is
too large. However, if the perturbations in the Chilton data
are due to phenomena such as Atmospheric Gravity Waves
(AGWs), a more thorough analysis would be needed on a
case by case basis. There would be a time shift between
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(a) IAR f at ESK Reduced Model 2013 - 2021
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Figure 3. Reduced models for ∆ f at ESK, for (a) IRI
model, (b) E-CHAIM model and (c) Chilton model. The
boxplots only include times corresponding where there is
data. They are plotted in the same format as Figure 1.
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Figure 4. The percentage difference between the models
and data. The x-axis has limits of -80 % and 80 %. The IRI
model is plotted in black, E-CHAIM in red and Chilton in
blue.

AGW related electron density perturbations at Eskdalemuir
to those at Chilton, and so this time shift would need to be
applied to the model on days where possible AGW activity
has been identified.
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(b) IAR f at ESK 16/09/2014 - 17/09/2014

Figure 5. Eskdalemuir ∆ f from the data (green), IRI model
(black), E-CHAIM model (red) and Chilton model (blue),
for 05/03/2013 (a) and 16/09/2014 (b). The y-axis shows
∆ f and the x-axis shows UT time. Modelled values have
been plotted from 16:00 - 08:00 UT.
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