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A B S T R A C T 

We have examined the ionospheric response to a magnitude 6.6 earthquake that 

occurred in the Hindu Kush region of Afghanistan on March 21, 2023. This 

seismic event impacted the ionosphere in the Indian region. Our analysis utilized 

critical parameters of the F2 layer (foF2, h’F), obtained through Digisonde 

measurements from a low-mid latitude Indian station located in New Delhi 

(28.6°N, 77.2°E, 19.2°N geomagnetic latitude, 42.4°N dip).The routine day-to-day 

fluctuations in the ionosphere are removed by computing variations in the critical 

frequency and peak height of the F layer (ΔfoF2, Δh’F) in comparison to its 

standard normal behaviour during quiet periods. We observe noteworthy 

disturbances in the ionospheric F2 region over Delhi about 8 days before the 

earthquake event, leading to a substantial variation in peak electron density of 

approximately 90%. These observed perturbations suggest the potential existence 

of seismo-ionospheric coupling, given the solar and geomagnetic indices 

remained relatively quiet and stable during the period. Notably, the precursory 

impact of the earthquake was observed beyond the earthquake preparation zone, 

as given by Dobrovolsky et al. (1979). 

 

© 2024 Published by Faculty of Engineeringg 

 

 

 

 

1. INTRODUCTION 
 

The most devastating natural event, earthquakes, arise 

from the abrupt release of energy in the Earth's crust, 

producing seismic waves. Predicting an impending 

earthquake is a significant scientific challenge, and 

reliably forecasting them with high accuracy remains an 

ongoing pursuit. The notion of ionospheric anomalies as 

earthquake precursors was initially introduced by 

Antselevich in 1971. Subsequent to this, several 

https://sciprofiles.com/profile/336224?utm_source=mdpi.com&utm_medium=website&utm_campaign=avatar_name
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lithosphere-atmosphere-ionosphere coupling 

mechanisms have been postulated, involving factors 

such as radon radioactivity, the release of CH4, CO2, 

He, and H2 carrier gases (Pulinets et al., 2000, 2002; 

Pulinets, 2004; Pulinets and Ouzounov, 2011). These 

mechanisms ionize the near-ground atmosphere (Sorokin 

and Hayakawa, 2013), generating an anomalous vertical 

electric field (Singh et al., 2012; Pundhir et al., 2015), 

which, in turn, perturbs the ionosphere (Pulinets and 

Davidenko, 2014). 

 

Other proposed mechanisms include the generation of 

acoustic pressure waves (Astafyeva et al., 2013) and the 

underground emission of aerosols (Pulinets et al., 2000), 

emitting electromagnetic radiation that can alter the 

ionospheric electron density distribution. Importantly, 

not only the ionosphere above the earthquake epicenter 

but also its magnetically conjugated region (Pulinets et 

al., 2003, 2007) and the surrounding area known as the 

earthquake preparation zone (Dobrovolsky et al., 1979) 

are affected. The extent and intensity of these pre-

earthquake ionospheric anomalies (PEIAs) depend on 

factors such as the earthquake's magnitude, depth, 

location, and the distance between its epicenter and the 

ionosphere monitoring station (Pulinets, 2004; Liu et al., 

2006; Le et al., 2011, Bhardwaj et al., 2023). 

 

PEIAs, in the form of changes in total electron content 

(TEC) and anomalies in F2, E, and Es layer ionospheric 

parameters, have been reported for various earthquake 

events. For instance, Ouzounov et al. (2015) found a 

close correlation between ionospheric anomalies and the 

M7.8 and M7.3 earthquakes in Nepal in April 2015. 

Similar studies by Pundhir et al. (2015) on the April 2013 

M7.8 earthquake in Pakistan showed GPS TEC data 

anomalies 5–7 days before the event. Shah and Jin (2015) 

demonstrated ionospheric anomalies for events with M ≥ 

6 and focal depth less than 60 km based on global M ≥ 5 

earthquake events during 1998–2014. Liu et al. (2015) 

analyzed Electromagnetic Emissions Transmitted from 

Earthquake Regions data to reveal nighttime electron and 

ion density depression and daytime ion temperature 

enhancement 1–6 days prior to the epicenter of the May 

2008 M8 Wenchuan earthquake. Other examples include 

anomalies detected around the epicenter of the 11 March 

2011 M9 Tohoku-Oki earthquake in Japan (Heki, 2011), 

the 6 April 2009 M6.3 L’Aquila earthquake in Italy 

(Tsolis and Xenos, 2010), and the 20 September 1999 

M7.7 Chi-Chi earthquake in Taiwan (Liu et al., 2001). In 

these cases, anomalies in ionospheric parameters were 

observed days to weeks before the seismic events, 

highlighting the potential of ionospheric monitoring for 

earthquake prediction.  In light of above we examine   

whether  (a) the  earthquake event  of March 21,2023  

affected  the  ionospheric  F2   region  over the  low-mid 

latitude  Indian station,  Delhi, (2) the  effect  of 

earthquake can be seen outside the  radius of earthquake 

preparation zone, as given by Dobrovolsky et al. (1979), 

and if so, (c) the magnitude in electron  density  variation 

because  of this earthquake event.  

2. METHODOLOGY 
 

The ionosphere's temporal variability, spanning 

hourly to seasonal scales and responding to solar 

activity, necessitates round the clock monitoring. The 

Digisonde instrument, situated at the "low mid-

latitude ionospheric monitoring Indian station" in 

Delhi (28.6°N, 77.2°E, 19.2°N geomagnetic latitude, 

42.4°N dip), is employed for our study. Operating at 

5-minute intervals, it generates ionograms, 

showcasing sounding frequency on the x-axis and 

virtual reflection height on the y-axis (Gupta and 

Upadhayaya, 2017). 

 

Ionogram data manually scaled with SAO-X software 

to derive critical ionospheric parameters (foF2, 

h’F2).The critical parameters exhibit variation 

whichallow us to quantify ionospheric variability by 

measuring the deviation of these parameters from 

their normal statistical behavior. Ionospheric 

parameters (foF2, ΔfoF2, h’F and Δh’F) are 

analyzed15 days prior and 20 days after ((i.e. from 

March 6, 2023, to April 10, 2023). ) the seismic event 

of 21 March 2023Ionospheric variabilities stem from 

day-to-day, hourly, and seasonal fluctuations, 

observed as deviations from average values based on 

ten geomagnetically quiet days (IQD).The deviation 

of foF2 is then estimated based on these comparisons 

(Gupta and Upadhayaya, 2017).  

 

𝛥  𝐹  (𝑀𝐻𝑧) =  𝐹 – 𝑞𝑢𝑖𝑒𝑡  (1) 
 
"Quiet" denotes the median foF2 from ten IQDs. 

Positive 𝛥foF2 signifies increased critical frequencies 

and electron density, while negative 𝛥foF2 indicates 

decreased electron density. Electron density variations 

were calculated as percentage change using the 

following equation. 

 

𝐸𝑙𝑒𝑐𝑡𝑟 𝑛𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (%) = (
          

     
) 𝑋 100 (2) 

 

 

Figure 1. Schematic of earthquake epicentre to 

Ionospheric monitoring station(NPL, New Delhi) 
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Table 1. Details of Earthquake Event 

Earthquake 

date 

Detail of Earthquake Distance 

from Delhi 

(Km) 

Radius of 

Influence Zone 

“R” (Km) 
Lat.(deg.) 

 
Long.(deg.) Depth(Km) Mag. Time(UT) 

21 Mar 2023 36.09˚ N 71.35˚ E 156 6.6 16.47 988 668.65 

 

3. OBSERVATIONS AND ANALYSIS 

 

We examine the earthquake event of 21 March 2023 

with a magnitude greater than 6.0 in the Hindu Kush 

region with epicentre in Tajikistan (36.09° N, 71.35° E) 

with a focal depth of 156 km. This area is marked by 

intense seismic activity, resulted from collisional 

tectonics between the Indian Plate and Eurasian Plate. 

Ionospheric observations were conducted in Delhi, 

India. It can be noticed from Table 1 that the distance of 

the observing station, Delhi (~1105 km), was outside 

the radius of earthquake preparation zone (~1023 km) as 

given by (Dobrovolsky et al. (1979)). 

 

Figures 1a–1e depict the F2 layer critical frequency, the 

deviation in F2 layer frequency (ΔfoF2), and the 

background space weather conditions during 6
th

 March 

to 11
th

 April 2023.The global geomagnetic storm index 

(Kp), the Disturbance Storm Time Index (Dst), an index 

of magnetic activity, and the solar index F10.7 in sfu 

(solar flux unit, 1 SFU = 10
-22

 W/m
2
/Hz) are shown in 

Figure to ascertain the space weather conditions during 

the period of investigation. On March 15th, the Dst 

indices exhibited a minimum of -38 nT at 23 UT, 

accompanied by a Kp index of 5.6. While the Dst index 

remains tranquil and steady, the Kp index suggests an 

elevated level of geomagnetic activity. It's important to 

note that although there exists a general correlation 

between Dst and Kp, these metrics gauge distinct facets 

of geomagnetic activity and are influenced by different 

factors.  Typically, during geomagnetic storm episodes, 

both Dst and Kp are prone to register elevated values. 

Nevertheless, in certain instances, such as on March 

15th, Kp may be heightened while Dst does not exhibit 

a corresponding significant negative deviation. This 

inconsistency might arise when the effects of the storm 

are unevenly distributed across the Earth. Additionally, 

when evaluating the influence of geomagnetic storms at 

equatorial and low to low–mid latitude stations, the Dst 

(Disturbance Storm Time) index, offering a measure of 

the global, low-latitude disturbance in the Earth's 

magnetic field, is generally more appropriate than the 

Kp index. The geomagnetic and solar conditions 

depicted in Figures 1c, 1d, and 1e before the earthquake 

event, barring the disturbance observed in Kp on the 

15
th

, are quiet and stable. This presents an ideal scenario 

to examine potential anomalous ionospheric variations 

triggered by other sources, such as earthquakes, sudden 

stratospheric warming, etc. 

 

Prior to the earthquake event, enhancement more than 

15 MHz in foF2 are seen on 7
th

, 9
th

, 13
th

, 16
th

 and 19
th

 

March 2023. However, after de-trending (ΔfoF2) two 

notable peaks (shown in green) are observed on March 

16 and March 13 leading to an electron density variation 

of 120% and 90% respectively.On average, variations 

range 15-25%, corresponding to day-to-day ionospheric 

changes. This abrupt increase in ΔfoF2 on March 16 

and on March 13 signifies a distinctive anomaly in the 

ionosphere prior to the earthquake event. The increase 

in ΔfoF2 on March 16 could be because of the increase 

in geomagnetic activity however, the enhancement seen 

in ΔfoF2 on 13
th

 March warrant a detailed investigation.   

 

 
Figure 2. Plots depicting ionospheric parameters, 

geomagnetic, and solar indices from March 6
th 

to April 

11
th

, 2023. 

 

In Figure 2, the plot shows the variation in F2 layer 

critical frequency (foF2) from March 6
th

 to April 10
th

, 

2023. It includes the median value on quiet days and 

highlights its fluctuations on March 13th and 24th, 

where anomalous variations were observed. It can be 
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seen from this figure that prominent large variation 

varying from 3 to 16 MHz is seen on 13
th

 March. 

Furthermore, there is a distinct decrease mostly in foF2 

throughout the day in comparison to other days, 

aligning with the geomagnetic storm on March 24th (-

163nT). 

 

 

Figure 3.  foF2 variations from 06 March 2023 to 10 

April 2023. 

 

A clear anomalous variation in F2 layer frequency on 

13
th

 March can be seen in Figure 3 where, we have 

plotted the variation in the deviation of F2 layer 

frequency (△foF2) from the median values observed 

during quiet days in the month of March. A positive 

deviation of 4.5 MHz at 14.30 UT followed by a 

negative deviation of -4.6 MHz is seen at 17.25 UT. 

This anomalous variation of about 9 MHz on 13
th

 March 

happened in just four hours of interval is strange and 

unexpected.   

 

 

Figure 4. H’Fvariatoin from 06 March 2023 – 10 April 

2023 

 

We further examine the F layer base height behaviour 

during 6
th
 March 2023 to 11

th
 April 2023 for this 

earthquake event. In figure 4, the variation in F layer base 

height (h’F) is plotted, for the period from 6
th
 March to 10

th
 

April 2023, the median value of quiet days along with its 

variation on 13
th
 and 24

th
 March respectively. On the 

Geomagnetic storm day of March 24, 2023, a considerable 

fluctuation of approximately 425 km in h’F is evident. 

However, despite the notable variation in foF2, no 

significant disturbances were noted in h’F on March 13
th
. 

 

 
Figure 5. Plot of variation in h’F from March 6, 2023, 

to April 10, 2023. 

 

Similar behaviour, i.e., no prominent variation in △h’F 

was seen on 13
th

 March 2023 as can be seen in Figure 5,  

where the deviation in F layer base height (△h’F) from 

the quiet median is plotted, for the period from 6
th

 

March to 10
th

 April 2023. However, a large variation of 

175 km and 125 km was observed on 24
th

 March and 

16
th

 March respectively.  

 

 

Figure 6. Plot of variation in △h’F from March 6, 

2023, to April 10, 2023. 

 

4.  DISCUSSION 
 

The investigation of the ionospheric response in the F2 

region to the earthquake event on March 21, 2023, with 

a magnitude of 6.6 on the Richter scale, at the low-mid 

latitude Indian station, Delhi, has revealed two 
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significant anomalous disturbances on March 16 and 

March 13, resulting in electron density variations of 

120% and 90%, respectively.The anomaly detected in 

the F layer of the ionosphere on March 16 appears to be 

associated with geomagnetic factors, as evidenced by a 

registered Kp value of 5.6 on March 15. Conversely, the 

disruptions noted in the ionosphere on March 13 seem 

to be attributable to the seismo-ionospheric coupling 

effect, arising from the earthquake event, as the 

geomagnetic and solar indices remained tranquil and 

stable during this timeframe. Many researchers have 

documented comparable ionospheric disturbances 

occurring within the two weeks preceding the onset of 

the earthquake event for e.g.  (Liu et al., 2008; Liu et 

al., 2010; Tojievet al., 2013; Gupta and Upadhayaya, 

2017; Tariq et al., 2021; (Eshkuvatovet al., 2023). 

Therefore, the anomalous variation observed on March 

13, eight days before the earthquake event, can be 

regarded as a precursor to the earthquake event of 

March 23, 2023. However, the complexity  and thus 

the elusiveness of the F2 region are well known. Often 

unexpected variability in the  ionospheric F2 

region is seen even at times when the solar and 

geomagnetic indices are low and  quite stable also 

such abrupt variations in ionosphere is also linked  to 

sudden stratospheric warming events however; it affects 

the ionosphere in winter time. In our previous study 

(Gupta & Upadhayaya, 2017); from the same 

monitoring station as well as in other reports, we have 

noted unusual perturbations in foF2 occurring one to 

two weeks before an earthquake. These observations 

have been recognized as potential precursors to seismic 

events. In the  absence of any alternative source to 

which we can attribute the observed large variations in 

△foF2, and based on our prior observations, we believe 

that these variations resulted from the earthquake event. 

 

On the precursor day, March 13th, there were minimal 

variation in the F layer height; nevertheless, these 

changes were not as noticeable as those observed in the 

frequencies. (Maruyama et al., 2011) in their study 

noted F2-layer height increase at Kokubunji station, 440 

km from the Tohoku-Oki earthquake epicentre, 

supporting the notion of layer height changes. The main 

ionospheric variations what is being insisted occur prior 

to earthquakes, and the behavior of ionospheric base 

height (h’F) in relation to seismic events is a complex 

phenomenon that is not fully understood. It is 

established that some earthquakes can trigger 

disturbances in the ionosphere, causing changes in h’F. 

However, not every earthquake will necessarily have 

such effects. Several factors play a role, including the 

magnitude and depth of the earthquake (smaller or 

deeper earthquakes may have minimal or undetectable 

impact on the ionosphere), the distance between the 

epicenter and the observation point (effects may be 

unnoticed if the earthquake is far from the measurement 

area), and the specific ionospheric conditions at the time 

(pre-existing disturbances or irregularities may 

overshadow earthquake-induced effects).  

However, a depth of 156 km is unusual for a magnitude 

of (6.6) earthquake, researchers (Kon et al., 2011) 

analyzed seismic events with focal depths exceeding 40 

km, even for low-magnitude earthquakes and showed 

Ionospheric anomalies associated with the event.  

 

The seismic event under investigation occurred at a 

considerable distance from the Delhi station, beyond its 

zone of influence. Our findings are reinforced by the 

reported work of Dabas et al. (2007), who examined 

foF2 variations at Varanasi and Delhi in response to 

moderate to low-magnitude earthquakes exceeding 1000 

km away. These earthquakes, with magnitudes ranging 

from 5 to 7.5, were primarily located in China, 

Myanmar, Indonesia, and Japan. 

 

Furthermore, Gupta and Upadhayaya (2017) also 

investigated ionospheric anomalies associated with 

seismic events, analyzing five earthquakes. 

Interestingly, the effects of the earthquakes were 

observed even when the observation station was located 

outside the earthquake preparation zone. 

 

It's important to emphasize that while there is evidence 

of ionospheric anomalies preceding earthquakes, the 

exact mechanisms and causal relationships are still not 

fully understood. One possible explanation could be the 

generation of a powerful electric field in the vicinity of 

the Earth's surface. Pulinets(2004) proposed a coupling 

model providing a block diagram of seismo-ionospheric 

coupling mechanism that suggested  that radon is 

emitted from the region where the earthquake epicentre 

is located, both during and preceding the occurrence of 

the earthquake. Other similar schematic depiction of the 

causative mechanism is reported by (Xiong et al., 2021, 

Revathi et al., 2011).  The increased concentration of 

ions in the seismic zone initiates a process known as 

nucleation, leading to the formation of ion clusters 

(Pulinets and Ouzounov, 2011). The diffusion of radon 

is facilitated by carbon dioxide and methane (Khilyuk et 

al., 2000), which, in turn, incite the generation of 

acoustic gravity waves. The movement of air disrupts 

the ion clusters, causing a rapid enrichment of ions in 

the near-Earth atmosphere. Consequently, an 

anomalously strong vertical electric field of 

approximately kV/m magnitude is produced through a 

process of charge separation. This intense electric field 

can penetrate into the ionosphere, altering its dynamics 

and electron density (Pulinets et al., 2000).  

 

4. CONCLUSION  
 

Following our examination of the ionospheric response 

to the seismic event that occurred on March 21, 2023, in 

the Hindu Kush region of Afghanistan, registering 6.6 

on the Richter scale, the following conclusions are 

drawn from the analysis. 

a) Distinct ionospheric perturbations are observed at the 

low-mid latitude Indian station, Delhi, indicating the 

impact of the seismo-ionospheric coupling mechanism. 
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These perturbations manifested eight days prior to the 

earthquake event, exhibiting both enhancements and 

depressions in foF2, corresponding to a maximum peak 

electron density variation of approximately 90%. 

b) The anomalous perturbation in foF2 can be taken as 

precursor to earthquakes. However, no notable 

variations are observed in h’F that could be identified 

as distinctive signatures of earthquake events. 

c) The ionospheric perturbations caused by the 

earthquake event are seen even when the observing 

station is located outside the earthquake preparation 

zone (Dobrovolsky et al., 1979).  
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