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Abstract

The ionosphere is the upper, ionized layer of Earth’s atmosphere. During seismic events,
such as earthquakes, the ionosphere is perturbed. In this work, we use over 20 years of
data from earthquakes around the world, with measurements of ionospheric density to
show that the impact of these perturbations can be observed in even low time and spa-
tial resolution ionospheric density data, with statistically significant (p < 0.01) devi-
ations from the previous day.

Dependence upon earthquake parameters and regional properties

Pre-earthquake

Plain Language Summary

[ enter your Plain Language Summary here or delete this section]

1 Introduction

The ionosphere is one of the upper layers of Earth’s atmosphere, located at alti-
tudes greater than ~ 50km . It is ionized through its illumination with solar UV ra-
diation and the precipitation of energetic particles from near-Earth space (). The iono-
sphere varies with many factors including: the time of day, latitude, and the levels of so-
lar and geomagnetic activity (). These changes can impact the propagation of radio sig-
nals, interfere with communication systems and degrade the accuracy of navigation tools

(-

However, we can remotely monitor the ionosphere through the impact of its con-
tent on GNSS (Global Navigation Satellite Systems) signals. Dual-frequency GNSS re-
ceivers can be used to calculate the integrated electron density (total electron content:
TEC) along the line of sight to the spacecraft. This can be later converted into the vTEC,
or vertical total electron content.

While most factors that impact the ionosphere are external in origin (e.g. solar il-
lumination), it can also be impacted by geological and seismic events. For example, dur-
ing the 2011 Tohoku earthquake (Rolland et al., 2011) and the recent Tonga eruption
(Zhang et al., 2022).

Post-earthquake gravity waves.

Galvan et al. (2011) showed that two earthquakes in 2009 and 2010 (in Samoa and
Chile) were associated with fluctuations in TEC. However they also showed that the tsunami
related events only had a typical amplitude of ~ 0.1 — 0.2TECU.

Recently, Astafyeva and Shults (2019) demonstrated the impact down to magni-
tude 7.4.

(Sithartha Muthu Vijayan & Shimna, 2022) assessed the impact of non-uniform sam-
pling and aliasing on the detection of seismogenic ionospheric perturbations, finding that
they must be considered to distinguish these perturbations from the background, increas-
ing the signal to noise ratio significantly.

It has also been suggested that there are changes in the ionosphere in the days ()
or weeks () prior to an earthquake occurring.

Decrease in TEC 3 - 5 days before earthquakes in China (M > 6.3) (J. Y. Liu et
al., 2009), while later work (M > 6) suggested that pre-earthquake TEC anomalies de-
pend on local time, and that TEC can be enhanced or decreased (C. Y. Liu et al., 2018).
May be a statistical artifact (Tkuta & Oba, 2022).
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Thomas et al. (2017) completed a global study, concluding that there was no con-
sistent, global signature in the days before an earthquake. However, Thomas et al. (2017)
note that it is possible that these are localized and last a few hours. Zhu and Jiang (2020)
looked at ionospheric distrurbances up to 15 days before earthquakes, limiting their sam-
ple to those inland due to GPS data coverage, once more concluding that there were lit-
tle to no consistent signatures.

(Ulukavak et al., 2020) positive and negative TEC anomalies in the 15 days before
an earthquake.

Issues with accounting for data quality, “anomaly” definitions and such are prob-
lematic, though the field shows some promise (Lim & Leong, 2019).

In this work, we statistically assess whether the ionospheric perturbations from seis-
mic events can be identified, by comparing the changes within a region over a day. We
make as few downselections as possible. Nonetheless we show that a lightweight mon-
itor, comparing statistical parameters within regions of the ionosphere, may be suitable
to identify the ionospheric precursor of earthquakes.

2 Data

Here we use data from the Madrigal database [cedar.openmadrigal.org] which pro-
vides global maps of vertical TEC, calculated from GNSS data (Rideout & Coster, 2006).
This data are provided on a 1° by 1° grid at a temporal cadence of 5 minutes. We note
here that though global, the data are incomplete, with typical global completeness of ~
25% (e.g. Sun et al., 2022).

We use the USGS earthquake catalog to identify and classify earthquakes (USGS,
2022). This catalog records critical features such as the timing, magnitude (M), loca-
tion and depth of earthquakes.

To maximize data completeness while permitting the largest possible set of histor-
ical data, we use the period between 2000 and 2020 as our statistical sample.

Regions

3 Method

Tonospheric TEC is influenced by a large number of contributing factors. These fac-
tors include solar illumination and incident energetic particle flux, meaning that TEC
will vary annually, diurnally and stochastically depending on the current space weather
conditions. To enable us to probe the impact of seismic effects we choose to compare the
observed TEC value to those obtained 24 hours before. We do not remove events dur-
ing geomagnetically active intervals (c.f. Thomas et al., 2017).

Due to data availability (discussed above) it is not always possible to compare the
TEC value at a specific location, nor would we wish to do so. For this reason we instead
evaluate the statistical properties (e.g. mean/median) of a region of the ionosphere, e.g.
+X° of longitude and latitude. In particular, we compare the median observed TEC to
those obtained the day before using the following equations:

TECAnomaly =< TEC >7¢ — < TEC >79_24n (1)

where the < TEC > is the median of the TEC values measured within a defined
region, requiring that there are at least two data points recorded. We ignore any epochs
for which this cannot be calculated due to a lack of data.
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Figure 1. Case study
Wilcoxon test - how we determine significance.
4 Results

4.1 Example

Figure 7?7 details a superposed epoch analysis of the change in ionospheric TEC
measured +3° of the earthquake epicenter, for earthquakes greater than magnitude 7.
Figure ??a shows the difference in the spatial range of TEC, with the median and in-
terquartile range of the distribution marked. Figure ??b then shows the p-value (signif-
icance) of the distribution of TEC differences at each epoch, evaluated with the Wilcoxon
test. Here we take anything with a p-value less than 0.2 to be significant for our pur-

poses.

From Figure 7?7 we can see that before the earthquakes zero change in TEC is well
within the interquartile range, and the median change is TEC is often around ~ 0. In
contrast, in the hour following an earthquake the median change in range of TEC from
the day before is mostly greater than zero, ~ 2TECunits. The interquartile range is al-

most entirely above zero for this hour.

The significance of this shift is confirmed in Figure ?7b, where the p values returned
by the Wilcoxon test are entirely below 0.2, and reach as low a 0.002 around 30 minutes

after the earthquake.

4.2 Dependence on Magnitude and Region Definition

Above, Figure 77 shows the statistics for a specific region around earthquakes (£3°)
and for earthquakes larger than a given magnitude (greater than magnitude 7). We now
examine how the results displayed depend upon these choices. Figure 1 shows three pan-
els examining these relationships. Figure 1b shows the p value of the most significant
epoch in the hour following the earthquakes - calculated via the Wilcoxon test - com-
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Figure 3. Heatmaps of dependance on region and magnitude observed

paring the distribution of TEC anomalies, as a function of minimum magnitude and re-
gional extent (in degrees). Here, we have chosen a significance level of 0.2, values larger
than this are colored red, while more significant values are blue. Figure la then shows
the median TEC anomaly (for the most significant epoch) with green colors indicating
a larger anomaly and red indicating reduced variability. We note that the most signif-
icant epoch may not correspond to the largest median TEC anomaly as the significance

of the distribution is tested, and not the significance of the median value. Figure 1c then

shows the support behind the statistics: the number of earthquakes in the sample from
which they are calculated.

We can see that for earthquakes greater than magnitude 7 we see a significant in-

crease in the observed range of TEC. The median TEC anomaly is approximately 2 TECU
within 3° and reduces as the region considered increases. As the magnitude increases we

see that the median TEC anomaly increases (e.g. moving down Figure 1la), though the

significance decreases - likely as the number of earthquakes in the sample decreases (Fig-
ure 1c). Broadly this is the case for all combinations tested, we see that placing a larger

limit on the magnitude increase the TEC anomaly observed, but the statistical signif-
icance decreases with the smaller sample size.
4.3 Regional Dependence

We next examine how the observations apply to two key regions: the Indonesian
and Japanese subduction zones.

5 Discussion
5.1 Data Scarcity
5.2 Data Resolution

Thomas et al. (2017), (Zhu & Jiang, 2020) and (Ulukavak et al., 2020) found lit-
tle to no clear signatures, but removed diurnal trends and geomagnetically active days.
Low resolution (2.5 latitude, 5 degree longitude and 2 hour cadence).
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