,.) Available online at www.sciencedirect.com

. . ADVANCES IN
ScienceDirect SPACE

RESEARCH
(a COSPAR publication)

ELSEVIER Advances in Space Research 69 (2022) 26-34

www.elsevier.com/locate/asr

Seismo-ionospheric anomalies before the 2019 Mirpur earthquake
from 1onosonde measurements

Junaid Ahmed **, Munawar Shah ", Muhammad Awais *, Shuanggen Jin ¢
Wagar Ali Zafar®, Nabeel Ahmad?, Ayaz Amin ¢, Muhammad Ali Shah?, Ikram Ali’

& Centre for Earthquake Studies, National Centre for Physics, Islamabad, Pakistan
® Institute of Space Technology, Islamabad, Pakistan
¢ Department of Space Science, GNSS and Space Education Research Lab, National Center for GIS and Space Applications, Institute of Space
Technology, Islamabad, Pakistan
4 Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China
¢ Space Weather Monitoring Division, SUPARCO, Karachi, Pakistan
T Exploration Department, KPOGCL, Pakhtunkhwa, Pakistan

Received 9 October 2020; received in revised form 9 June 2021; accepted 26 July 2021
Available online 2 August 2021

Abstract

The rapid advancement in ground and space based ionospheric measurements provide an opportunity to work on different earth-
quake precursors for lithosphere-ionosphere coupling hypothesis. In this paper, the peak plasma ionospheric frequency (f,F2) for 90 days
before/after the main shock of September 24, 2019 (M5.6) earthquake in Pakistan are studied for earthquake precursors from ionosonde
stations located at Islamabad and Sonmiani. We implement the 30 days running median technique to detect the abnormality in f,F2 over
the epicenter of impending earthquake. A comprehensive analysis of these anomalies on two stations is performed in order to extract the
maximum of these abnormalities in their respective regions. The deviation in hourly data in Sonmiani station shows significant variation
within 10-20 days before the main shock, as most of the values within 5-10 days’ window are within the confidence limits. On the other
hand, positive and negative deviations in the analysis of Islamabad station may be revealed as a possible signature of seismo-ionospheric
anomalies. The major reason of these seismo-ionospheric anomalies is the distance between the ionosonde station and epicenter, where
Islamabad station is close to the epicenter as compared to Sonmiani. It is noteworthy that both negative and positive deviations are
observed before the M5.6 earthquake; however, the intensity of positive anomalies is more than negative anomalies. Moreover, severe
positive deviation occurs within 10-20 days before the earthquake at the Sonmiani station. Also, there is no geomagnetic storm within
10 days before the earthquake which opposes the existence of seismo-ionospheric anomalies. The evidence supports that these seismo-
ionospheric precursors are probably due to the lithospheric-ionospheric coupling.
© 2021 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

There are many reports about the possible coupling of

seismo-ionospheric anomalies before large earthquakes
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Shah et al., 2021 ). Nevertheless, the technique of detecting
these ionospheric anomalies vary from one earthquake to
another due to seasonal variations in ionosphere, which
cause complication in the earthquake preparation zone
(Marchetti et al., 2020a,b; Rishbeth, 2006; Rishbeth
et al., 2009; Shah et al., 2019b). Most of the studies report
ionospheric anomalies within 5-10 days before and after
the main shock of different earthquakes in seismogenic
zone (Shah et al., 2020a,b,c). For example, Shah and Jin
(2018) investigated the long-term ionosphere data over
the earthquake preparation zones and showed positive
and negative anomalies within 5-10 days associated with
main shock. Furthermore, they showed that ionospheric
anomalies are related with earthquakes of M > 6.0 and
shallow hypocentral depths.

There are different methods for the detection of iono-
spheric anomalies before and after the main shock in earth-
quake preparation period. These anomalies have been
categorized to be either positive or negative in a specific
day corresponding to the background data. The anomaly
beyond upper confidence bounds can be positive and sim-
ilarly low-level anomaly than lower confidence bound is
negative anomaly (Liu et al., 2006). Various anomalous
ionospheric perturbations are used for the detection of
these anomalies; e.g., the method of standard deviations
by Le et al. (2011), the 1.5 times lower and upper quartiles
by Liu et al. (2006), the semi inter quartile range (Liu et al.,
2006), the method of interquartile range (Liu et al., 2004).
However, some reports show that these anomalies may rise
up to 35 days before an earthquake (Perrone et al., 2010).
A recent mega thrust off the east coast of Honshu, Japan
on March 11, 2011 reported significant deviation in the
data of Total Electron Content from Global Positioning
System (GPS TEC) — approximately 40 min before this
event (Heki, 2011). Some reports showed three different
sources of ionospheric perturbations: Ist is the solar flare
activity from the sun, 2nd is the geomagnetic variations
due to the earth magnetic field and 3rd is the meteorolog-
ical effects due to weather changes (e.g., Hajkowicz 1991;
Forbes et al.,, 2000; Rishbeth and Mendillo, 2001;
Mendillo et al., 2002; Rishbeth, 2006; Shahzad et al.,
2021). The geomagnetic storms and solar activity give rise
to an extensive electron density depletions or enhance-
ments, also donated as positive and negative storm, respec-
tively (Mendillo, 2006), which is more than the variations
caused of ionospheric variations of an earthquake.

The seismo-ionospheric anomalies are explained by two
different hypotheses; Positive Holes (p-holes) emission
from rocks due to tectonic stress (Freund and Sornette,
2007; Freund et al., 2009) or Radon gas emanation from
seismogenic region during the earthquake preparation per-
iod (Pulinets et al., 2003). According to Freund and
Sornette (2007), p-holes from the earthquake breeding
zones reached up to the lithosphere and further move to
atmosphere as a result of more and more p holes from seis-
mic zone. These p-holes push the atmosphere particle to
disturb their original position and further propagate to
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ionosphere to disturb the pathways of radio signals. On
the other hand, (Pulinets et al., 2003; Pulinets and Liu,
2004) showed that Radon emanation from earthquake
and associated fault lineament is the source of seismo-
ionospheric anomalies. Radon during earthquake prepara-
tion period rises up to atmosphere and ionosphere to form
ionospheric clouds before and during the release of main
shock energy.

The main objective of this study is to detect the iono-
spheric perturbation in the form of enhancement and
depletion of the critical frequency of F2 layer before the
MS5.6 magnitude earthquake in Pakistan. Furthermore,
the temporal extension of long term of data (90 days
before/after) is studied for f,F2 anomaly over the epicenter.
We considered the positive or negative anomalies by per-
centage deviations from the normal distribution. Lastly,
found out how these deviations changed with the distance
between earthquake preparation zone and ionosonde
station.

2. Methodology and observations
2.1. Observation data

We retrieve the data of ionospheric critical frequency
from two ionosonde stations of Pakistan Space and Upper
Atmosphere Research Commission (SUPARCO) (Fig. 4 ).
The data is collected by an instrumental setup via DISS
(Digital Ionospheric Sounder System) of Model-DGS-256
and high frequency (HF) pulse sounding system at the
two stations (Fig. 1). Furthermore, the hourly values of
ionospheric critical frequency (f,F2) for the month of
September 2019 are studied before the earthquake. The
vertical profile of the ionospheric information as digital
monogram (records, display and transmit vertical) is
shown in Fig. 2.

The ionization process in the ionosphere at daytime
remains active and similarly the ionization process at night
becomes a bit passive, where only F2 layers persists during
night time (Gulyaeva, 2011; Adil et al., 2021). This signifi-
cant feature of ionosphere makes the radio signals to
refract to different extent in atmosphere and ionosphere.
Moreover, the ionosphere refracts the minor signals as a
shield from the spectrum, as shown in Figs. 2 and 3. On
the other hand, frequencies below 1.6 MHz propagate to
the monitoring station with the process of amplitude mod-
ulation (AM) method. Moreover, as frequency modulated
beyond 1.6 MHz, echoes first appear on the ionogram from
lower E region, followed by the echoes of F1 and F2
regions with a time delay .

2.2. Methodology

In this paper, the hourly f,F2 data are investigated for
possible ionospheric anomalies induced by the M5.6 Pak-
istan earthquake. The data is trained by the statistical
bound method of upper and lower confidence limits for
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the month of September 2019. This means to detect the
irregularity as anomaly before the impending main shock.
We calculated the upper (UB) and lower (LB) confidence
bounds on the basis of median X and inter quartile range
(IQR) from the whole data for September 2019. The
bounds are calculated from following equations:

Advances in Space Research 69 (2022) 26-34

———

F2
WA

500
450
400
350
Km 300
250
200
150
100

R VO S W T R [ |
Tttt

Fig. 3. A daytime ionogram recorded at Islamabad under normal
conditions.

Upper bound = X + IQR (1)
Lower bound = X — IQR (2)

In order to quantify the variations in hourly f,F2 values,
percentage deviation of the time series before the main
shock is calculated. The deviation is calculated as the differ-

ence between original time series and upper/lower bounds.
Percentage deviation is calculated by the equations below:

Percent increase in deviations

_ (foF2—-UB
= <4UB * 100 (3)
Percent decrease in deviations
LB — foF2
= (T) * 100 4)

The positive deviation in percentage for the case of
f,F2 < UB is denoted by zero before the earthquake and
f.F2 > LB in case of negative deviation is termed as zero
percentage. Furthermore, f,F2 beyond the upper confi-
dence bound is positive anomaly and f,F2 below lower
confidence bound is negative anomaly. The complete pro-
cess for the execution of seismo-ionospheric anomalies
can be seen in the workflow (Fig. 1).

2.3. Case studies

In this paper, seismo-ionospheric anomalies are investi-
gated in daily f,F2 values before the Mirpur region in Pak-
istan as precursory signatures. The earthquake and station
information are summarized in Table 1. The results of the
ionospheric index (f,F2) in the form of enhancement and
depletion in the critical frequency of F2 layer are investi-
gated in the context of Pakistan earthquake. Earthquake
information is obtained from United States Geological
Survey (USGS) via the web portal (https://earthquake.
usgs.gov/earthquakes). This earthquake occurred on
September 24, 2019 in Mirpur region, Pakistan, as a result
of reverse faulting convergent between the Indian and Eur-
asian plates. This earthquake hits the region on 11:01 UTC
at a shallow hypocentral depth of 10 km. Moreover, this
earthquake caused several deaths and huge damages to
the infrastructure in the epicentral zone. For the monitor-
ing of seismo-ionospheric anomalies, we analyzed f,F2
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Fig. 4. The geographical locations of the epicenter of the September 24, 2019 (Mw5.6) earthquake and recording ionosonde stations in Pakistan. Epicenter
is marked by red star while stations are presented by green circles. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Earthquake information w.r.t. lonosonde stations at Sonmiani and Islamabad.
Date Time Magnitude Depth Latitude Longitude Epicentral distance (km)
(UT) M) (km) (°N) (°E) (Sonmiani) (Islamabad)
24-09-2019 11:01 5.6 10 33.106 73.766 1444 140

data within the seismogenic zone estimated from  storm data from Omni Web NASA (https://omniweb.
Dobrovolsky et al. (1979) formula. The epicentral region gsfc.nasa.gov/cgi/nx1.cgi). Additionally, the geomagnetic
is calculated from below formula. indices of K, and Dy, index for September 2019 are ana-

0.43M lyzed to detect storm time ionospheric perturbations in
R =10 (km) (6) f,F2, which also executes the spikes in ionosphere at speci-

where R and M are the radius of the earthquake prepara- fic intervals.

tion zone and magnitude of earthquake, respectively. The
seismogenic zone from Dobrovolsky formula depends on
the earthquake magnitude: e.g., the larger the magnitude,
the large is the earthquake preparation zone and vice versa
(Shah et al., 2019a; Abbasi et al., 2020; Kiyani et al., 2020).
Moreover, the stations within the earthquake preparation
zone and outside the zone are selected to detect seismo-
ionospheric anomalies.

The main source of triggering ionospheric anomalies at
different altitudes is the geomagnetic storms of medium to
high intensity which are due to abnormal solar flares
(Mehmood et al., 2021). Furthermore, the geomagnetic
storms also cause enhancement and depletion (as seen as
ionospheric anomalies) in the critical frequency of F2 layer
(Yu et al., 2009). To discriminate the earthquake and geo-
magnetic storm anomalies, we analyzed the geomagnetic

3. Results and Analysis

The analyses of different results from the two Pakistani
f,F2 stations prior and after the M,, 5.6 Mirpur earthquake
have been discussed in detail. The deviation in hourly f,F2
before and after the earthquake is interpreted on the basis
of bounds technique of mean and IQR. Furthermore, the
anomalous day values of f,F2 in percentage deviation are
more than 10% or 1/3 of normal f,F2 distribution beyond
the upper and lower confidence limits. Moreover, the
abnormal values occur before the main shock during the
earthquake preparation period under the hypothesis of
lithosphere-ionosphere coupling. Summary of positive
and negative earthquakes anomalies from the data of
foF2 is listed in Table 2.
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List of the location of ionospheric stations along with details of anomalies before and after the occurrence of a seismic event.

Observed Anomalies

List of Stations Latitude Longitude Precursors observed before event Precursors observed after event
P-positive
N-Negative
Sonmiani 25.38°N 66.76°E 10, 8 No P-10, P-8
Islamabad 33.68°N 73.04°E 10,9, 8,5 No P-10, N-10, P-9, N-9, P-8, P-5

3.1. The Sonmiani station

The Sonmiani Station is located 80 km from Karachi,
which is the major city of Pakistan. According to the time
series analysis, low ranked ionospheric anomalies are clear
in f,F2 prior to the impending earthquake (Fig. 5). The
daily f,F2 and percent deviation confirm the existence of
10-15% deviation during quiet geomagnetic storm days
within 10-15 before the M5.6 earthquake during the anal-
ysis of 90 days before/after data. It is also noteworthy to
demonstrate the distance between the ionosonde operating
station and epicenter for the reality of these low ranked
anomalies. The anomalies are more likely less in magnitude
due to location difference of earthquake and the station
(~13° longitude, which is 1444 km from the Mirpur earth-
quake location). It shows that the peak plasma density at
this station is very far from the earthquake preparation
zone, thus no evidence of seismo-ionospheric coupling.
On the other hand, low intensity solar storm (K, > 3) also
induced no significant anomalies in the peak plasma fre-

quency and some low intensity anomalies occur after the
storm days. The high rank f,F2 anomalies during Septem-
ber 6-11, 2019 have possible relation with the earthquake,
as we mainly focused on seismo-ionospheric anomalies
within 5-20 days before the main shock. Moreover, the
geomagnetic storm intensity is unsettled as per definition
of Ulukavak and Inyurt (2019) to generate such long term
of anomalies. It is clear in previous reports that the occur-
rence probability of ionospheric anomaly decreases with
the distance from the ionosonde station (Liu et al., 2006;
Shah and Jin, 2018; Ahmed et al., 2018). These reports
showed that the seismic anomalies were clear at nearby
operating stations even in presence of low class
(K, < 3.5) geomagnetic storm.

3.2. Islamabad station

The Islamabad Station is located at 130 km from the
earthquake epicenter in Dobrovolsky region having geo-
graphical coordinates of 33.106°N, 73.766°E and geomag-
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netic coordinates of 36.45°N, 79.16°E. Moreover, the dis-
tance between the ionosonde station and the epicenter is
approximately 140 km (1.26° longitudinal distance). The
amplitude of F2 layer critical frequency at the Islamabad
station are low in temporal time series within 5-10 before
the main shock during the analysis of 90 days before/after
data. This anomaly shows synchronization with the epicen-
ter due to its occurrence in quiet geomagnetic storm days.
Moreover, a series of higher anomalies occur during 6-12
September and these anomalies may be associated with
the impending earthquake. However, it is still not clear
due to limited number of stations and low data quality.
The location of the station near the epicenter can clue us
about impending main shock but more analysis needs to
clear the phenomena. There are two reasons for the associ-
ation of these anomalies with the earthquake under the
coupling of lithosphere-ionosphere hypothesis. One is the
location of this station within the seismogenic zone (i.e.,
Dobrovolsky region of the earthquake) and the second is
its relation with a series of low intensity ionospheric within
5 days before the earthquake. Furthermore, the observed
perturbations within five days before the main shock is
<5% in percentage deviation. On the other hand, the devi-
ation of f,F2 anomalies during 6-12 September is more
than 10% from the normal distribution before the Mirpur
earthquake. It is clear that the geomagnetic storm intensity
(K, < 3) persists from 6 September 2019 till the main shock
day and one can see no clear perturbations due to storm
(see, e.g., Fig. 6). A sequence of three negative and one pos-
itive anomaly occurred on 4, 7, 8 and 5 days, respectively
before the impending earthquake (Fig. 6). The percentage
deviations further show that negative peaks are of low
intensity and positive anomalies occur with high intensity
during the seismogenic period before the main shock.

4. Discussion

In this paper, ionospheric anomalies are studied from
two different ionosonde stations in Pakistan; where one sta-
tion is near the epicenter and the other is far from epicenter
(i.e., located at 1444 km from the epicenter). According to
Liu et al. (2006), the probability of occurrence of seismo-
ionospheric anomalies in many cases decreases with the dis-
tance from main shock epicenter. In correlation to Liu
et al. (2006) conclusions about the occurrence probability
of seismo-ionospheric anomalies in nearby stations, this
study illustrates that Islamabad station (closer to the epi-
center) show more deviation in ionospheric parameters
than Sonmiani within 10-20 days before the impending
earthquake. Particularly, the spikes in the form of positive
and negative anomalies remain invisible in Sonmiani sta-
tion during 5-10 before the earthquake. Using 30-days
median on daily f,F2 for the detection of earthquake
induced ionospheric perturbations, a significant and pecu-
liar feature is identified within 10-20 days prior to the
earthquake that is more likely due to main shock energy
within earthquake preparation period in both the stations.
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A series of low intensity positive and negative anomalies
occur in Islamabad station, which operates within Dobro-
volsky region. On the other hand, high intensity f,F2 spikes
occur during 6-12 September 2019 in both ionosonde sta-
tions and these are due to the hypothesis of lithosphere
ionosphere coupling.

Sonmiani and Islamabad stations both exhibit the same
spikes within 6-12 September 2019 and Sonmiani is very
far from the epicenter (operates outside Dobrovolsky
region), therefore one cannot claim explicitly the reality
of these ionospheric anomalies. However, the variations
in Islamabad station are clearly due to the main shock.
Some previous reports strongly linked the correlation of
ionospheric  anomalies and  geomagnetic  storms
(Dautermann et al., 2007; Afraimovich et al., 2008;
Thomas et al., 2017) and some even opposed earthquake
ionospheric anomalies (e.g., Geller, 1997; Rishbeth,
2007). In this paper, the geomagnetic storm is also not
quiet in the first few days of September 2019 before the
main shock, with K, > 3 showing a moderate deviation.
However, geomagnetic storm causes significant perturba-
tions, which can be seen for more than 10 days before
and after the main and recovery phases after sudden storm
commencement (Afraimovich et al., 2010; Shah et al.,
2020c). Moreover, the median and IQR based bounds pro-
vide a good interpretation for seismo-ionospheric anoma-
lies in f,F2 data, suggesting a specific time (within 10-
20 days before) and place (the station within Dobrovolsky
region) for the presence of earthquake anomalies. On the
other hand, previous records on ionospheric precursors in
Taiwan specifically reported significant negative f,F2 sig-
natures (e.g., Liu et al., 2001, 2004, 2006) and this paper
shows similar negative anomalies within 5-10 days prior
to the earthquake in Islamabad station (see, e.g., Fig. 6).
Similar negative ionospheric deviations were also presented
for large magnitude earthquakes in Japan by Ondoh
(2000). In this study for seismo-ionospheric signatures,
one out of the two stations show low intensity sequential
positive and negative anomalies prior of the earthquake
within 5-10 days, which can confirm earthquake anomalies
induced by the impending main shock in Islamabad sta-
tion. Furthermore, the anomalies followed by 5-10 days
perturbations retain a significant deviation beyond upper
bound by a percentage of 5-10% within 10-20 days during
the seismic preparation period.

By comparing the anomalies in f,F2, it is clear that iono-
spheric anomalies during 612 September 2019 before the
period of M5.6 earthquake is the execution of main shock;
however, no evidence of post seismic anomalies. It means
that earthquake induced anomalies occur within 5-20 days
before the main shock due to energy emanation process from
the epicenter and associated fault lineaments (Fig. 6). Simi-
larly, positive f,F2 excursion within 5-20 days occurs more
significantly than negative anomalies at Islamabad station
before the M5.6 earthquake (Fig. 6). The remaining days
have normal as compared to abnormal deviation and only
few days (Day 5, 8, 9 and 10) show abnormality as compared
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color line. The seismic event of 24th of September 2019 is showed by a red dashed line. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

to normal distribution before the earthquake occurrence
day. On the other hand, the anomalies in far operating Son-
miani station are all executed by the earthquake during 10—
20 days before the main shock. Previous researches have also
reported ionospheric anomalies in frequency of E-layer as a
precursor (e.g., Ondoh, 2004; Ondoh and Hayakawa, 2006),
in some cases earthquake induced f,F2 perturbations
(Ondoh, 2000; Perrone et al., 2010) and some statistical anal-
ysis on f,F2 earthquake anomalies (Liu et al., 2000). Perrone
et al. (2010) analyzed ionospheric anomalies related with 10
earthquakes in Italy in the data of Es layer of height h’Es, the
perturbations in peak plasma frequency of enclosed Es layer
fbEs and similarly foF2 layer. On the other hand, several
studies reported the day-to-day variability of ionosphere
and particularly emphasized on the ionospheric anomalies
due to solar winds, and this variation occurs in our study
too (e.g., Danilov, 2013; Popov et al., 2004; Rishbeth
etal., 2009). The earthquake induced ionospheric anomalies
are the emerging topic of many research studies and sources
of seismo-ionospheric anomalies are still controversial.
Additionally, very few seismo-ionospheric precursor studies
have realized that the thermosphere contributions can also
cause variant to the ionosphere (e.g., Pulinets and Liu,
2004; Perrone et al., 2010). Hence, in order to fully predict
the earthquake induced ionospheric precursors, more analy-
ses are needed with significantly large satellite observations
to measure the variation in lithosphere-ionosphere coupling.
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5. Conclusions

We study the ionospheric anomalies from hourly f,F2
data of Islamabad and Sonmiani station in the context of
MS5.6 Pakistan earthquake by utilizing the bound method
of median and IQR in September 2019. It is noteworthy
that Islamabad station operates within the seismogenic
zone and another station (i.e., Sonmiani) is operating out-
side the seismic breeding zone. Evidence shows that high
intensity ionospheric peaks occur due to earthquake in
both the stations, followed by low intensity positive and
negative anomalies only in Islamabad station related to
M5.6 earthquakes. The main outcomes of our findings
are summarized as follows:

1. A series of high intensity f,F2 anomalies are recorded
during 6-12 September before the earthquake in both
ionosonde stations; however, a storm of K, > 3 on 1-
2 September induced these anomalies and it is far from
the earthquake preparation period. Therefore, we are
not clear about the intrinsic nature of these seismo iono-
spheric anomalies.

2. Only Islamabad station monitors low intensity sequen-
tial positive and negative anomalies within 5-10 days
before the main shock, which are followed by high
intensity ionospheric anomalies in both the stations.
There are two possible reasons of these anomalies under
the hypothesis of lithosphere-ionosphere coupling. The
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first is the location of Islamabad station with reference
to earthquake preparation zone as determined by
Dobrovolsky and the second is the occurrence of these
anomalies within 5-10 days period in quiet storms days

(K, <3).
3. This paper also shows that earthquake induced iono-
spheric ~ anomalies occur in low  intensity

(Deviation < 5%). Furthermore, the location of iono-
sonde station is very important, i.e., the nearby station
has large deviation and far station possesses small devi-
ation. Moreover, the lithosphere-ionosphere coupling
needs more analysis with dense ionosonde cluster and
other satellite measurements.
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