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Abstract: 
 

Spaceborne Aerosol and Carbon dioxide Detection Lidar (ACDL) was developed and 

launched on April 16th, 2022. ACDL integrated two kinds of lidar systems with a 1572 nm 

integrated path laser differential absorption (IPDA) to measure the global CO2 column 

concentrations (XCO2), and a 532 nm high spectral resolution lidar (HSRL) method to 

measure aerosols and clouds. The global XCO2 and aerosol profiles from 82° N to 82° S over 

land and sea in the daytime and nighttime are presented.  

Keywords : Aerosol and Carbon Dioxide Detection Lidar, AEMS, Total Carbon Column 

Observing Network (TCCON) sites, Column Concentration 

This is a part of keynote speech delivered by Prof. Weibiao Chen at the International 
Conference on Electronics and Advances in Science & Technology (IConEAST-24) held 
during Nov. 8 and 9, 2024, at Gauhati University, Guwahati, India. 

1.​ Introduction  
Space-borne lidar for active monitoring of greenhouse gases could operate all day, have a 

high probability of penetrating clouds, and are hardly affected by aerosols. High-precision 

monitoring of global greenhouse gas CO2 and aerosol concentration are important  for 

environmental monitoring and climate change research.  
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ACDL is the main payload of the AEMS satellite, which is operating in a sun-synchronous 

orbit at 705 km altitude. The orbit inclination of 98.2° provides global coverage between 

82°N and 82°S.The main goal is to obtain global atmospheric CO2 column concentration 

distribution, then provide quantitative scientific data for the accurate assessment of CO2 

sources and sinks [Liu et al ., 2021 ]. The second goal is to measure the vertical profiles of 

global atmospheric aerosols and clouds with high accuracy, and to study their impact and role 

in monitoring air quality and global climate change. ACDL has achieved innovative 

breakthroughs: the first space-borne global CO2 concentration measurement lidar and the first 

space-borne HSRL based Iodine filter for atmospheric aerosols and cloud profiles 

measurements. The main parameters and on-orbit performance will be shown. High accuracy 

XCO2 and aerosol profiles measurements are presented. 

2.​ ACDL description  
ACDL uses HSRL detection technology to measure the optical parameters profiles of the 

atmosphere aerosols and clouds [Dong  et al.,  2018; Liu et al.,  2019], and uses IPDA 

technology to measure CO2 column concentration [Xia et al., 2022]. The two different lidar 

principles are integrated into the ACDL lidar to measure CO2 and aerosols and clouds 

simultaneously. 

The lidar emits triple-wavelength (532 nm/1064 nm/1572 nm) frequency stabilized 

double-pulses from the same power laser, and the time interval of double pulses is 200 µs 

with repetition rate of 20 Hz. The laser transmitter consists of frequency stabilization seeders, 

three wavelength pulsed lasers, a pointing control mirror and a beam expander. The CW 

seeder at 1572 nm is locked to the CO2 cell with stability of 0.3 MHz, and the seeder laser at 

1064 nm is frequency-doubled to obtain 532 nm and locked to the iodine cell line with 

stability of 0.5 MHz. The Transmitter energies are 150 mJ@532 nm, 130 mJ @1064 nm, and 

75 mJ @1572 nm, respectively. 
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The lidar system is coaxial,and the transmitter axis pointing could be adjusted to match the 

field of view (FOV). The diameter of the receiver telescope is 1 m with FOV of 0.15 mrad. 

The lidar receiver consists of a 1572 nm detector, a 1064 nm detector, and three 532 nm 

detectors. Three 532 nm channels consist of an HSRL channel with iodine cell, and  parallel, 

perpendicular polarization channels. Figure 1 is the setup of ACDL.  

. ​

Figure 1: Schematic diagram of ACDL lidar 

3.​ On-orbit Measurement 

ACDL was launched in April, 2022. It has been implemented for more than 2 years. Laser 

transmitter, detection performance keeps stability. The Allan deviation of laser stability is 

less than 0.03 MHz. The on-orbit performance of ACDL’s laser is shown as in Figure.2. The 

laser pointing stability is quite important for lidar observation. The optical axis monitoring in 

lidar is set up. The axis changing of the transceiver is  less than  5 μrad between before and 
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after launching. An in-situ campaign to measure laser point was also conducted in the 

grassland of Inner Mongolia, we found the bias error is less than 2.5 m compared to the 

estimated pointing. The results are shown in Figure-3. 

(a) Laser energy ​  

 

(b) Laser frequency stability  
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​ Figure 2: On-orbit performance of ACDL 

. 

 

 

 

 

 

 

 

 

 

 

 

. 

 

 

Figure 3 : Lidar pointing campaign in Inner Mongolia 

4.​ Data Product of CO2, Aerosol and Cloud 
After calibration, verification was done of the data product  of column concentration of CO2, 

optical thickness of aerosol and cloud, the topography of earth, and top height of cloud. The 

typical data products of Level 2A at 532 nm are shown in Figure 4 (a,b,c), including the 

attenuated backscatter coefficient profiles of aerosols and clouds obtained from parallel 

channel, polarization channel and HSRL channel.  The XCO2 distribution in June 2022 
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measured by the ACDL in days and nights with a 1°×1°grid is also shown in Figure 1(d). The 

space-borne lidar has obtained CO2 column concentration data with high coverage, because 

the laser could penetrate thin clouds and could use backscattered signals from thick clouds. 

The XCO2 measured accuracy is validated to be less than 1 ppm when compared to XCO2 

data from TCCON sites. As the first space-borne CO2 detection lidar and first aerosol 

measurement HSRL based Iodine filter, it has the ability to obtain XCO2 in bipolar zone and 

in nighttime, which is useful for global climate study.  

 

 

(a). 
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(b) 

 

(c) 

. 
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(d)​

 
Figure 4: Attenuated backscatter coefficient of aerosol at 532 nm from parallel (a), polarization (b) and HSRL channel (c). 

And  one month average of XCO2 with  1°×1°grid (d) 
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Abstract: 

 
Both ground based and satellite observations which we studied so far for the large 

earthquakes (M> 6.5), show the existence of ionosphere modification before they occurred 

[Oyama and Devi,2020]. The special features in the ionosphere, such as the increase/ 

decrease of NmF2 (maximum density of F layer), 2 days oscillation of the NmF2 variation, 

which repeats 3-4 times, and the continuous decrease /decrease NmF2 before and after the 

earthquakes, are important aspects of study. The precursor signals also appear in the height 

profile of neutral temperature [Sun et al., 2011], and vertical ground motion observed with 

the slant gauges which suggests that the ground motion excites the atmospheric waves, and 

the waves modifies the E region Dynamo electric field [Oyama et al., 2024]. Although we 

now have firm evidence of the ionosphere disturbance before earthquakes, we still need the 

further evidence to predict the large earthquakes. The prediction of large earthquakes might 

become possible soon if we work together by bringing the data of different geophysical 

parameter such as NmF2, daily variation of the magnetic field caused by Sq current, electric 

field calculated by Doppler frequency data observed by HF radars, VLF emission from the 

epicenter region, vertical electric field, radon emission from the ground, and so on. It is 

essential to distribute these sensors in a wide area. In addition to these data, space weather 

data such as F10.7 solar radio flux,3-hourKp index which shows the geomagnetic variation 
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at rather high latitudes, and Dst, caused by ring current which flows over the geomagnetic 

equator are essential to discriminate the effect caused by earthquake from that caused by the 

natural geomagnetic disturbance.Sometimes we might need the information on meteorite 

shower. However, as the large earthquake about which we need to study, is very scarce in 

one country (though with large devastating destructive power ),we surely need satellite 

constellation which makes it possible to study further deeper by using worldwide 

earthquakes [Jason et al., 2002; Korepanov et al., 2008; Oyama et al., 2010; Bankov et al, 

2017; Picozza et al., 2021]. The satellite mission can contribute to the countries where 

ground instruments are not distributed enough to predict earthquakes. One satellite is not 

enough because we have only 22.5° resolution in longitude for the satellite altitudes of 

500-600 km. The separation is not enough to confirm the phenomena observed in the 

previous orbit, because the location is 22.5° away from the previous orbit and the local time 

is also different. The satellite mission can contribute to the countries where ground 

instruments are not distributed enough to predict earthquakes.　The manuscript describes our 

findings which were obtained using satellites, Hinotori, DE-2, and DMSPF1, and proposes a 

satellite constellation which consists of CubeSat and small satellite(s).​

 

Keywords: Earthquake,Precursor,Lithosphere/Atmosphere/Ionosphere,Satellite constellation 
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1.​ Observations  

Satellite Observations 
 

1.a. Electron temperature measurement 

The Japanese sun observation satellite ‘Hinotori’ was put into equatorial orbit (the 

inclination; 30°) at the height of 600 km in February , 1981 , 

http://isas.ac.jp/enterp/mission/himotori.shtml). Although the satellite was dedicated to study 

solar physics, two unique plasma probes that were developed in Japan were accommodated. 

The two probes are a resonance rectification probe which provides electron temperature, Te 

[Hirao and Oyama,1970] and an impedance probe for electron density, Ne [Oyma et al., 

1986]. As these probes, especially, Te probe, have been flowing a number of sounding 

rockets and satellites, their performance is well established [Oyama et al., 2008]. Data was 

accumulated for 16 months, until the satellite operation was terminated in June 1982 due to 

the battery problem. The instruments gave accurate and reliable data in the ambient 

ionosphere plasma density Ne of >104 electrons /cc, and of Teup to 3000 K, with the 

accuracy of more than 10 %. 

Figure 1 shows a model of The constructed by using data acquired by Hinotori launched in 

1981. For all three seasons (northern summer, northern winter, and equinox), Te takes the 

minimum value at ~4 LT, rises steeply and shows a peak at ~9 LT (named as “morning 

overshoot”). After the morning over shoot, Te reduces toward noon,   starts increasing 

at~15LT, and shows the second peak at ~ 17 LT (named as “afternoon overshoot”). Finally 

the peak disappears at around 20 LT. The first peak is not so sensitive to geomagnetic 

latitude, compared to the second peak. The second peak shows a clear latitudinal variation; 

the peak is not remarkable over the equator, but becomes clearer in higher latitudes.
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Figure 1: Local and latitude variation of Te observed by Hinotori satellite, a case for summer season in the northern  

latitude (Oyama et al., J. Geophys. Res, 2008). 

 
(a) 
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(b)​

Figure 2: Total (a) and partial (b) disappearance of the afternoon-overshoot of Te, (upper) and Ne (lower), which was 
observed on 20 November, 1981, 2 days before the EQ. 3 days later i.e.,  after the event, total disappearance of Te changes 

to the partial disappearing. The dotted black line is Te,  as shown in Figure .1. The blue dotted line is Te observed on 20 
November 1981 for EQ 1. The thin curves are the standard deviation for both Te and Ne ( Oyama et al., J. Geophys. Res,  

2008). 
 
By using the data acquired by Hinotori we studied three earthquakes which occurred in the 

north of the Republic of the Philippines [Oyama et al., 2008]. These are the earthquakes 

(EQ1) occurred on 22 November 1981 With magnitude Ms of 6.7, depth of 37 km, the 

epicenter of 15.05°N and 120.84° E. Other two earthquakes are ; (EQ2) of 1982/1/11,with 

epicenter at 13.75°N,124.36° E, depth  45km and magnitude Ms= 7.4, and (EQ3) of 

1982/1/24, with epicenter at 14.09°N, 124.35° E ,depth 37 km , and  magnitude Ms=6.6. 

Figure 2(a) shows total disappearance of the afternoon overshoot of Te, 2 days (blue dotted 

line) before the earthquake of November 22 , 1981 (displayed for   one of 3 earthquakes) .and  

partial restoration of the same after the event ( Figure 2b). We did not understand the physics 

of the behavior of Te for these earthquakes at the beginning. Usually it is seen that when Ne 

reduces, Te increases during daytime. While in this case, the afternoon overshoot of Te 

disappears without the changes in Ne. The behavior of Te can be explained as follows: below 
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600 km, increase of Ne occurs due to the poleward shift of equatorial ionization which is 

caused by the enhanced dynamo electric field. While photoelectrons pass through the dense 

plasma region caused by the poleward shift of the high density region, the energy is 

dissipated among the high electron density region. 

 

1b. O＋Density Measurement  
 
Reduction of O+ density was observed by Dynamic Explorer-2 (DE-2) satellite before three 

earthquakes which occurred near Chile in 1981. The DE-2 had an eccentric orbit of ∼1000 

km as apogee height /∼300 km perigee height. Around the perigee height, the O+ density 

starts the reduction about 5 days before the earthquakes, shows the minimum on the 

earthquake days, and goes back to the normal after the earthquake. The data shows that we 

can identify the date of the earthquake and the epicenter if the satellite orbit is lower than 

300 km, where plasma structure is still not influenced by neutral wind and electric field. 

O+ density data observed by the US satellite, DMSP F15 was also used to study the 

ionosphere modification during the preparation period of the earthquake which occurred 

on 11 March 2011 in Japan. The orbit altitude was about 800km, the data shows three 

following special behaviors:​

1. Equator-ward shift of mid-latitude trough before the earthquake, the lowest latitude on 

the earthquake days, and returns to the original latitude. 

2. Small increase of O+ density at the north of the epicenter. 

3. The increase of O+ density over the geomagnetic equator.  

1c. Special care for the instruments 

It should be noted that TeNeP is only instrument which can measure Ne and Te, accurately, 

when we prepare for the earthquake satellite mission which consists of Cube-sats, and small 

satellite [Oyama et al, 2012; Oyama et al., 2015].Retarding potential analyzer and Plasma 

drift meter, need special attention to remove the electrode contamination. Topside sounder is 
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needed to measure the height profile to check the height profile of plasma density calculated 

by using TEC tomography method. 

Finally, my conclusion is that this presentation is prepared to encourage people to get 

interested in the precursor phenomena, and to start the ground-based data analysis as a first 

step, and work together for satellite constellations especially among earthquake suffering 

countries. 
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Abstract:  

 
The paper presents the variation of pH parameter in the self-flowing out wells of 

underground thermal mineral water deposits in Southern Tajikistan Obigarm, 

Khoja-Obigarm, Shaambary and Yavrozon the territory of Tajikistan in association with 

strong earthquake and on the development of methods for the identification of tectonic 

earthquakes precursors. The Observation sites are in the vicinity of large active seismogenic 

zones, where anomalies in pH parameters are expected, reflecting the processes of an 

earthquake source preparation. The empirical spatial-temporal patterns of the seismotectonic 

cycle and theoretical models of the processes of preparation of tectonic earthquakes are 

adopted, taking into account the size of the preparation area and the source along with the 

duration of long-term anomalies’ manifestation and their dependencies of magnitude. 

 
Part of the keynote speech delivered by Dr. F H Karimov at the International Conference on 
Electronics and Advances in  Science & Technology (IConEAST-24) held during Nov 8 and 
9, 2024, at Gauhati University, Guwahati India. fhkarim85@gmail.com 

1.​ Introduction 
According to standard concepts, hydrodynamic, hydrological and hydrogeological studies, 

which are devoted to the study of seismotectonic processes based on observations of the 

physicochemical parameters of underground waters, are called seismo hydrogeochemical. 
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The experience of observing variations in hydrogeological and hydrogeochemical parameters 

of underground thermo-mineral waters in seismically active areas, in particular in Tajikistan, 

makes it possible to identify a number of features in their temporal course: trends, 

periodicities and anomalous variations [Karimov et al., 2017]. If we compare these features 

with the well-known concepts of the development of seismotectonic cycles [Sadovsky, 1987] 

as states of the geomedium in the time intervals between earthquakes of the highest 

magnitudes with foci in a certain seismogenic cluster, then trends can be attributed to the 

regular state of the environment and the long-term stage of earthquake preparation 

[Dobrovolsky, 1991], periodicities to the action of lunar-solar tides [Abramov and Dolginov, 

2013; Metivier et al., 2009] and atmospheric processes [Latynina and Vasiliev, 2001; Bykov, 

2005], or seasonal changes in the state of groundwater [Kissin, 2009], local anomalous 

variations to the mid or short-term stages of earthquake preparation [Dobrovolsky, 1991], or 

to such local geodynamic phenomena as a seismic creep [Sadovsky,1987; Dobrovolsky, 

1991], or subsidence in the soils of mountain ranges [Scheidegger, 1981]. Trends can also be 

observed at the post-seismic stage, at which the geotectonic stresses of the medium relax and 

its transition to a regular state occurs [Dobrovolsky, 1991]. According to estimates 

[Sadovsky,1987], the time interval of the long-term stage of preparation of tectonic 

earthquakes in the Central Asian region is about one tenth of the duration of the 

seismotectonic cycles.  

The present work is devoted to the study of variations in one of the numerous 

hydrogeochemical parameters of underground thermo-mineral waters, namely the pH 

parameter, deposits in the settlements of Yavroz (1), Obigarm (2), Khoja-Obigarm (3), 

Shaambary and (4) in Tajikistan (Figure 1).  
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Figure 1: Geostructures of the observational area and the layout of the seismic geochemical sites. 

 

2.​ Organization of seismic geochemical observations 

Tajikistan covers the geostructures of the Tajik Depression and the Southern Tien Shan, the 

southern slope of the Gissar Range, and the southwestern part of the Karategin Range. The 

Tajik depression is composed of Meso-Cenozoic sediments up to about 10 km thick above 

the crystalline basement. The relief here is contrasting with local depressions replaced by 

mountain rises. Salt complexes are widespread. The geostructures of the Southern Tien Shan 

are a highly elevated Paleozoic massif composed of block structures with synclinal bends 

between them [Baratovet al., 1981; Fusailov and Musin, 1982]. The Moho boundary runs at 

depths of 40-50 km [Baratovet al., 1981; Fusailov and  Musin, 1982; Gubin and Zakharov, 

1983]. All these stations are located in the vicinity of large active faults in the Earth's crust 

(numbered with Roman numerals in the Figure. 1): Yavroz, Obigarm, Shaambary on 

Gissaro-Kokshaal (Southern-Gissar) of the 1st order with the earthquakes’ magnitude (M) up 

to 7.5 and Ilyak-Vaksh of the 2nd order with M up to 6.5, and Khoja-Obigarm on 
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Karakul-Pitaukul with M up to 6.5 [Karimov et al. 2017; Gubin 1960 ; Babaev and Mirzoev 

1976 ; Mirzoev 1982 ; Lukk and Junga 1988 ; Burtman 2013], which can generate 

earthquakes with intensities up to 8-9 points on the MSK scale [Medvedev et al., 1965]. 

Elevation on Figure 1 marks the range above sea level from a maximum of 7763 m (high) to 

a minimum of 234 m (low). 

3.​ Brief description of the hydro-geochemical structure of the observation-site  
Studies of the geological structure of the observation area show that it is subject to active 

geotectonic, geodynamic, seismic and hydrogeochemical processes, there are relatively high 

rates of tectonic movements of the Earth's crust, amounting to 1 cm/year in the order of 

magnitude [Lukk and Junga, 1988 ; Burtman, 2013 ; Ishchuk et al., 2013], there are 

explosion tubes [Baratovet al., 1981; Fusailov and Musin, 1982], indicating active orogeny in 

the past. The geological activity of the research area is also evidenced by the relatively high 

density of the heat flow of the earth's crust. In the pre-Gissar trough, in the zone of the South 

Gissar deep fault, it increases from east to west, reaching 100.4 mW/m2 in the area of the 

Shaambary anticline [Baratovet al., 1981 ; Fusailov and Musin, 1982]. The average heat flow 

of the Tajik depression is 62 mW/m2. Temperatures at a depth of 1000 m below sea level in 

the area of Yavroz is 760 C, Obigarm is 700 C, Shaambary is 700 C, Khoja-Obigarm is 900 C 

and more [Fusailov and Musin, 1982]. According to the temperatures of the subsurface, the 

temperatures of underground thermal and mineral waters are relatively high: below about 400 

C in Yavroz, Obigarm and Shaambary, and above about 900C in Khoja-Obigarm (Table 1). 

Such values of water temperature indicate the depth of their circulation up to several km, 

which is commensurate with the depths of the foci and crustal earthquake preparation zones 

in the observation area. Since temperature in the Earth's interior are directly related to 

geotectonic and seismotectonic processes, it is reasonable to expect that the pH parameter in 

the groundwater of the research area may directly indicate activation, or, conversely, a lull in 

the development of these processes. In particular, it is known that as the temperature of water 

----------------------------------------------------------------------------------------------------------------------------------------------------------- 
International Journal of Electronics and Applied Research (IJEAR) ​

 Copyright ESES, www.eses.net.in 
ISSN: 2395-0064 

 
23 

 

http://www.eses.net.in


Special Issue IJEAR Vol. 11 No 2 : February 2025 

Proceedings of International Conference on Electronics and 
Advances in Science & Technology, (IConEAST-24) 

Nov. 8-9, 2024 
Towards mitigating natural hazards for a better humanosphere 

Venue : Gauhati University, India 
-------------------------------------------------------------------------------------------------------------------------------------------------- 

increases, its pH usually increases [Todt, 1967]. Therefore, temperature changes in the 

Earth's interior reflecting geotectonic and seismotectonic processes, along with changes in 

porosity and humidity of the medium, which determine the interaction between solid and 

fluid phases, may be the direct causes of variations in the pH of underground thermo-mineral 

waters.  

Data on the depths of wells for water extraction, their average temperatures, flow rate and 

chemical types, which are important in determining physics-chemical and, in particular, 

seismo-geochemical parameters, are given in Table 1.  

​
Table 1: Physical-chemical characteristics of ground water. 

№ Location 
0 0  φ, 𝑁λ,  𝐸

Wells’ depth, 
(absolute heights), 

m 

Mean 
temperature, 

0С 

Mean 
debit, 

l/с 

Kind of waters 
 

1 Yavroz 
38.68        

69.21 

271.8 
(1111) 

45 0.4 Chloride-Sulfate
-Sodium 

2 Obigarm 
38.72        

69.71 

630 
(1287) 

45 2.5 Sulfate-Chloride
-Sodium 

3 Khodja-Obi
garm 

38.90        
68.80 

46.5 
(1780) 

63 1.2 Bicarbonate- 
Sulfate-Chloride

-Sodium- 
Siliceous 

4 Shaambary 
38.63        

68.62 

1377 
(1202) 

39 1.3 Chloride-Sulfate
-Sodium 

 

The preparation areas for tectonic earthquakes with M ≥ 4 cover depths of up to tens or 

hundreds of kilometers of the Earth's interior [Sadovsky 1,987 ; Dobrovolsky, 1991; Metivier 

et al., 2009], and therefore fluids can contribute to the development of seismotectonic cycles. 

However, field observations and field & laboratory experiments show, that the degree of this 

contribution can vary from low,  [Sadovsky, 1987], for example, in the Avalanche Growing 
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Cracks (LNT) model [Myachkin et al., 1975], to high, for example in the dilatation diffusion 

model (DD) [Nur, 1972 ; Anderson and Whitcomb, 1973]. In a number of models of 

earthquake formation foci, both fluid and non-fluid processes turn out to be important at the 

same time, for example, in the model of abrupt slip along a ready-made rupture [Dietrich, 

1977], friction significantly depends on humidity at the boundary of the contacting blocks. 

More generally, the importance of the hydro-geochemical studies under consideration is 

determined by the fact that studies, in particular of the pH parameter, in addition to detecting 

earthquake precursors, can lead to the definition of indirect criteria for assessing the role of 

fluids in specific seismo-tectonic processes [Kissin, 2009].  

4.​ Methodology for determining and identifying abnormal variations 

in the pH parameter 

 
The pH value is one of the most important indicators of the properties and quality of waters 

and characterizes the state of acid-base equilibrium in them. A pH value above 7 usually 

indicates alkalinity and below 7 indicates acidity. In pure water at a temperature of 220C, the 

concentration of hydrogen ions ([H+]) and hydroxyl ions ([OH−]) is the same and amounts to 

10-7 mol/l. The pH value equal 7 indicates the neutral solution, pH > 7 a base and pH < 7 an 

acidity. Since the rock features (cracks, porosity and pore surface area) change during seismic 

cycles, the pH of thermal mineral waters also changes, and therefore it can be expected that 

changes in the pH parameter will reflect the earthquake preparation process. 

Water sampling and measurements were carried out using standard methods to pour from 

self-draining wells into glass bottles. The nominal measurement accuracy of the pH 

parameter was 0.01 pH units. In parallel, the temperature of water and atmospheric air, as 

well as of atmospheric pressure, was measured. Methodologically, the determination of 

anomalies in variations in the pH parameter of underground thermo-mineral waters is based 

on solving direct and reverse geophysical problems for the area of location of 
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seismo-geochemical sites. The solution to the direct geophysical problems consisted in 

determining potential pH trends and anomalies from known earthquake sources based on 

known empirical and analytical dependencies. The solution to the inverse problems was to 

establish the correspondence of the detected pH anomalies to the seismo-tectonic cycles of 

the formation of specific earthquake foci. The consideration in this paper is based on the idea 

of the geophysical environment as having a continuum-discrete structure, hierarchically 

composed by geo-blocks of different scales, separated by boundaries of various types from 

micro level from dislocations and cleavage in rock minerals, to the macro level of cracks in 

rocks, ruptures and faults in the Earth's crust, and to mega levels of deep faults of the 

lithosphere and lineaments in tectonic plates boundaries [Sadovsky,1987 ; Sadovsky,1984]. 

Accordingly, the hierarchy of the lithosphere structure determines the hierarchy of stresses in 

it during deformation processes occurring with or without disturbances in the continuity of 

medium. Seismological observations and model estimations show that the linear sizes and 

volumes of tectonic earthquake foci as sources of seismic wave radiation in the hierarchy of 

geo-blocks directly relate to the scale of fault zones and are proportional to magnitudes 

[Sadovsky,1987 ; Sadovsky,1984]. Expressions are known for the maximum linear 

dimensions of the foci in the direction along the displacement along the fault and across to it, 

respectively [Riznichenko,1976]: 

 = 0.44 M-1.29, ​ ​ ​ ​ ​ (1) log 𝑙𝑜𝑔 𝐿 [𝑘𝑚]

 = 0.40 M-1.45, ​ ​ ​ ​ ​ (2) log 𝑙𝑜𝑔 𝑙  [𝑘𝑚]

                  ​  
Where,  L and l are, respectively, the major and minor axes of the ellipsoid.  

 
Expressions (1) and (2), as the average approximate logarithmic dependences, according to 

Riznichenko, [1976], these are valid for a wide range of M from -2 to 9. However, it should 

be borne in mind that the use of expressions (1), (2) is limited by the magnitude and depth of 

the hypocenter, since, for example, for the severe earthquakes, the size of the foci 

significantly exceeds the thickness of the earth's crust and therefore can be applied with a 
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certain degree of conditionality. Indeed, according to (1),(2), for example, for M=7, the 

average size of the hearth is 40 km, for M=8 is 100 km, for M=9 is 260 km. To analyze 

variations in the pH parameter of underground thermo-mineral waters based on known 

empirical analytical dependencies for the characteristics of the geophysical environment 

[Sadovsky,1987 ; Dobrovolsky, 1991; Sadovsky,1984] and models of the seismotectonic 

cycle [Sadovsky,1987; Dobrovolsky, 1991;Myachkin et al, 19751; Nur, 1972; Anderson and 

Whitcomb, 1973, ; Dietrich, 1977 ; Sadovsky,1984 ], three types of epicentral zones can be 

distinguished, in which the corresponding features of the manifestation of variations in the 

pH of a seismotectonic nature are expected: the near, occupying the volume of the forming 

hearth earthquakes [Sadovsky,1987; Dobrovolsky, 1991;Myachkin et al, 1975; Nur,1972; 

Anderson and Whitcomb, 1973 ; Dietrich, 1977; Sadovsky,1984; Riznichenko,1976], the 

average, to the margin of which the relative strains of the geomedium decrease to background 

values of 10-8 [Dobrovolsky, 1991], determined by lunar-solar tides [Abramov and Dolginov, 

2013; Metivier et al., 2009], and the far, its existence is caused by the passage of large fault 

zones and, apparently, precisely because of the relatively high porosity of rocks in zones of 

large tectonic faults, seismogeochemical anomalies can manifest themselves anisotropically 

in the directions of the lengths of these zones at distances up to 1000 km, much exceeding the 

size of foci and preparation zones [Sadovsky,1984]. This separation of the features of the 

expected pH anomalies in these three epicentral zones is justified, in particular, by 

differences in the nature of environmental strains within and outside the focal zone (see, for 

example, [Dobrovolsky, 1991]). The linear dimensions of the near zone, as a focal zone, are 

described in the first approximation using expressions (1) and (2), the average in which the 

focus is formed and the stresses decrease to the background, according to analytical estimates 

in the approximation of a spherically symmetrical focus with a radius of R as follows – 

lgR[km] = 0.43 M. ​ ​ ​ ​ (3) 

According to the current experience of detecting geophysical anomalies accompanying 

earthquake preparation [Sadovsky,1987; Dobrovolsky, 1991], there are three-time stages, 
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such as long-term, medium-term and short-term [Sadovsky,1987; Dobrovolsky, 1991; 

Sadovsky,1984], and since the dynamics of groundwater depends on strains of their host 

environment, it can be expected that hydrogeochemical anomalies corresponding to these 

stages, will be detected along with the time. As noted at the beginning of this article, the 

long-term stage of earthquake preparation is approximately one tenth of the duration of their 

seismotectonic cycles [Sadovsky,1987; Sadovsky,1984]. The latter depends on the 

magnitude, the activity of geotectonic processes, and the thickness and structure of the 

geological structures in which the foci is formed. For example, in the western sub district of 

the Gissar-Kokshaal fault in the observation area, to the west of Fayzabad stage, the 

recurrence of earthquakes with a maximum energy class of K=17 (M=7.2) is 1400 years, 

with K=16 (M=6.7) is 500, K=15 (M=6.1) is 200 and for the eastern sub district for K=18 

(M=7.8) is 160 years, for K=17 (M=7.2) is 55, for K=16 (M=6.7) is 20 years, for K=15 

(M=6.1) is 7 years [Gubin,1960 ; Babaev and Mirzoev,1976 ; Mirzoev,1982]. It is very 

difficult to practically trace the beginning of the long-term preparation stage due to the 

limited observation time, especially for large-magnitude earthquakes. Under the influence of 

gravity and constant pressure of the Indian Plate on the Eurasian plate, the observation area is 

subject to background strains of the lithosphere compression. Data from the global 

positioning of the earth's surface convincingly show that as a result of the subduction of the 

Indian Plate under the Eurasian Plate [Lukk and Junga, 1988 ; Burtman, 2013; Ishchuk et al., 

2013]constant unidirectional tectonic stresses act on the observation area and it is subject to 

deformations on a scale of about 1000 km. This background pattern of stresses and strains is 

overlaid by deformation waves [Gorbunova and Sherman, 2012], especially from major 

earthquakes occurring in the region. The possible seismic effect of the propagation of 

deformation waves over distances of thousands of km and their passage through the territory 

of Tajikistan was considered in the case [Karimov, 2020], using the example of a mega 

earthquake with an epicenter on Sumatra Island on 26.12.2004 with M=9.2.  
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The propagation of deformation waves from large earthquakes with M ≥ 7 can also be 

evidenced by the generation of large crustal earthquakes by Hindu Kush deep-focus 

earthquakes in Tajikistan with lags from a month to a year [Katok,1991], as well as grouping 

[Mirzoev and Azizova, 1982], clustering [Smirnov and Ponomarev, 2020], migration of 

earthquake foci [Kulagin and Halimova, 1982], foreshock and aftershock activity 

[Pshennikov, 1965]. On the sections of the borders of some adjacent geoblocks moving at 

different speeds, due to the "hook" between them, their local deceleration occurs when the 

deformation energy of the surrounding geoblocks is pumped here, when a heterogeneity 

forms and grows, in which an inclusion will subsequently form a prototype of the prepared 

foci [Dobrovolsky, 1991]. This is the beginning of a long-term preparation stage, which is 

characterized by anomalous deformations of the Earth's crust in the form of a trend. The 

areas of preparation for at least earthquakes with M≥4, according to estimates according to 

(Dobrovolsky, 1991), cover two adjacent or more geoblocks of the earth's crust. With the 

onset of switching on, the stresses begin to concentrate mainly in the vicinity of some 

adjacent blocks, between which the most intense energy "hook" has occurred, switching on in 

its vicinity, and the mid-term preparation stage begins. The inclusion, in fact, is a stress 

concentrator, similar to the one known in the mechanics of fracture of solids [Pshennikov, 

1965; Kuksenko,1984], which is the prototype of a future earthquake source. In the initial 

phase, due to the pumping of energy from the outside, there is an increase in stresses in the 

area of heterogeneity and plastic compression of the inclusion medium. Further, with 

increasing stresses in the inclusion, discontinuous disturbances of the medium from the crack 

hierarchies appear in terms of the LNT and DD models [Dobrovolsky, 1991; Myachkin et al., 

1975; Nur,1972; Anderson and Whitcomb, 1973; Dietrich, 1977]. Further, in accordance with 

the theory of preparation of a tectonic earthquake [Dobrovolsky, 1991], a zone weakened by 

cracks grows in the inclusion and its transition to a critical, unstable state, during which a 

short-term stage develops, up to rapid movement at the time of the earthquake.  
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In accordance with the data presented on the seismotectonic cycle, we present a model of the 

dynamics of variations in the pH parameter at the stages of the regular state (1), long-term, 

mid-term, short-term (2), and post-seismic (3) in the form of a time course with a bay-shaped 

anomaly (Figure 2). The moment of the earthquake is indicated by the magnitude arrow M. 

Depending on the chemical type of groundwater, pH variations in them in seismotectonic 

cycles can obviously be relative to the regular state 1 as positive (marked with solid lines) 

and negative (dotted lines). The greater the magnitude of the impending earthquake, the more 

intense, earlier, and in a larger area the anomalies should appear. 

 
 
 
 
 
 
 
 
 
 
 
 
 
. 
 

 
Figure 2: Bay-like expected shape of the pH anomalous variations 

in the underground thermal mineral waters.​
 

So, the largest linear dimensions of the medium at the long-term stage of preparation are 

described using expression (3), and in the medium and short term stages are by equations (1) 

and (2), respectively .By averaging (1) and (2), an expression is obtained for the average 

linear size of the inclusion, , 𝐷
0

​ ​ ​ (4) log 𝑙𝑜𝑔 𝐷
0
[𝑘𝑚] =   0. 413𝑀 − 1. 397.
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Table 2 provides summary data on the linear sizes of the zones of long-term, , (3), 𝐷

mid-term, , (4), anomalies in the strain of the Earth's crust. Since the sources of short-term 𝐷
0

anomalies in the strains of the Earth's crust, according to theory [Dobrovolsky, 1991], are 

located in the zone of formation of the foci, i.e. inclusions, it is natural to expect that they can 

be most clearly detected in this zone with linear dimensions of the order of foci itself, , 𝐷
0

where the stresses are greatest. Table 2 shows the linear dimensions of the inhomogeneity 

and inclusion zones. 

 
Table 2: The linear dimensions of the in homogeneity and the inclusion zones.​

 
М 3 4 5 6 7 8 

, km 𝐷 40  100 280 760 2040 5400 

, km 𝐷
0

0.68 1.79 4.66 12.05 31.19 80.7 

​
 

According to [Dobrovolsky, 1989], the time of manifestation of anomalies in the strains of 

the Earth's crust at the long-term stage, at which the heterogeneity of the environment is 

formed and in which the inclusion of a future source will subsequently occur, is described 

using the expression  

.​ ​ ​ (5) 𝑙𝑔∆𝑇
𝑙
 [𝑦𝑒𝑎𝑟𝑠] = 0. 5𝑀 − 2. 10

 
For the Mediterranean (similar to the Central Asian) region, the following formula was 

obtained for the time  of  manifestation of  "deformation precursors"  from  the  energy of  the  

corresponding earthquake  [Sadovsky,1987; Dobrovolsky and Zubkov,1989] (according to 

the time values, it can be seen that the expression describes the mid-term stage at which the 

inclusion, the embryo of the focus, is formed): 
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​ ​ ​ (6) 𝑙𝑔∆𝑇
𝑚

𝑦𝑒𝑎𝑟𝑠[ ] = 0. 56𝑀 − 2. 9.
For short-term precursors based on data on strains of the Earth's crust, the following 

empirical expression for the time of their manifestation is given in [Dobrovolsky, 1989 ]  

                                  .                          (7) 𝑙𝑔∆𝑇
𝑠
[𝑦𝑒𝑎𝑟𝑠] = 0. 26𝑀 − 3. 50

 
In [Sadovsky, 1984 ;Nikonov, 1977], basing on data from the classical theory of elasticity 

about decrease of mechanical strains in the stress concentration zone for solids [Salomov et 

al, 1982; Salomov et al., 1982a ; Panasyuk, 1968] , the linear sizes of zones of anomalous 

deformations of the Earth's crust are assumed to be 10-15 sizes of foci, which, however, are 

several times smaller than the sizes of areas of heterogeneity of the long-term stage as can be 

seen from the Table 2. To analyze the pH variations of underground thermo-mineral waters, 

we will use the models of the geophysical environment [Sadovsky,1987; Dobrovolsky, 1991; 

Sadovsky,1984] and the results are based on empirical observations     According to the 

standard approach, mechanical stresses and strains of the medium are considered as primary, 

underlying the occurrence of other geophysical fields, the anomalies of which also have their 

own spatial and temporal characteristics. Therefore, for long-term changes in the 

groundwater level, which we will take as an indicator for the manifestation of pH anomalies, 

an empirical formula is proposed [Dobrovolsky, 1989] as: 

.​ ​    ​ ​ (8) 𝑙𝑔∆𝑇
𝑢𝑤

= 0. 34𝑀 − 2. 21

For long-term anomalies in the flow rate of underground sources debit [Dobrovolsky, 

1989,36] is given as: 

  ​​                          (9) 𝑙𝑔∆𝑇
𝑤𝑑

= 0. 23𝑀 − 1. 38.

In accordance with expressions (5)-(9), Table 3 shows the values of the duration of long-, 

medium- and short-term anomalies in the strains of the Earth's crust, the duration of 

anomalies in groundwater levels and flow rates. For comparison, the last line contains data 

on short-term anomalies in the radon gas content in underground fluids [Dobrovolsky, 1989]. 

 
----------------------------------------------------------------------------------------------------------------------------------------------------------- 

International Journal of Electronics and Applied Research (IJEAR) ​
 Copyright ESES, www.eses.net.in 

ISSN: 2395-0064 
 

32 

 

http://www.eses.net.in


Special Issue IJEAR Vol. 11 No 2 : February 2025 

Proceedings of International Conference on Electronics and 
Advances in Science & Technology, (IConEAST-24) 

Nov. 8-9, 2024 
Towards mitigating natural hazards for a better humanosphere 

Venue : Gauhati University, India 
-------------------------------------------------------------------------------------------------------------------------------------------------- 

Table 3: Duration of seismogenic anomalies for strains of the Earth's crust  
and groundwater​

 
М 3 4 5 6 7 8 

 (y.) ∆𝑇
𝑙
, 𝑦𝑒𝑎𝑟𝑠 0.25 (91) 0.79 (288) 2.50 8.00 25.10 79.40 

 ∆𝑇
𝑚

, 𝑦 (𝑑𝑎𝑦𝑠) 0.06 (22) 0.20 (73) 0.79 (288) 2.90 10.47 38.02 

 ∆𝑇
𝑠
,  (𝑑𝑎𝑦𝑠) 0.73 (266) 1.10 2.20 4.02 7.30 13.85 

 (days) ∆𝑇
𝑢𝑤

, 𝑦 0.06 (22) 0.14 (51) 0.30 (110) 0.68 (250) 1.50 3.24 

 ∆𝑇
𝑤𝑑

, 𝑦 (𝑑𝑎𝑦𝑠) 0.20 (73) 0.35 (128) 0.59 (215) 1.00 (365) 1.70 2.90 

 ∆𝑇
𝑅𝑛

, 𝑦 (𝑑𝑎𝑦𝑠) 0.003 (1) 0.004 (1.5) 0.006 (2.2) 0.01 (3.7) 0.016 (5.8) 0.025 

​

 

Attention is drawn to the proximity of the durations of groundwater levels and groundwater 

discharge, which indicates a single mechanism of their origin. These durations are of the 

same order of magnitude as the mid-term durations of anomalous strains of the Earth's crust, 

rather than the long-term and short-term ones,  and , respectively. Therefore, it can be ∆𝑇
𝑙

∆𝑇
𝑚

assumed that the occurrence of detectable pH anomalies is based on the long-term 

preparation stage, at which, in accordance with the model of the geophysical environment 

adopted in this article, an inclusion is created, develops and disintegrates. Short-term 

anomalies in radon gas content give reason to believe that short-term pH anomalies, as well 

as other hydrogeochemical parameters of groundwater, will have similar durations (Table 3). 

Based on the known results of geotectonic, geodynamic, geophysical and seismological 

studies, we will adopt the following methodological approach to the identification and 

analysis of groundwater pH anomalies:  

●​ Earthquakes are a rapid discharge of accumulated stresses in the Earth's interior 

caused by ​constantly occurring geo tectonic processes;  
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●​ Earthquakes are the fastest part of the development of the seismotectonic cycle in 

the time ​ interval between the start of earthquake preparation and the processes of 

post-seismic relaxation; 

●​ The regular state of the geological environment in seismically active areas is 

accompanied ​ by  ​ the constant movement of geoblocks along fault zones under 

the influence of regional ​ stresses from interacting tectonic lithospheric plates. In Central 

Asia, it is the Indian plate ​ moving approximately in a northerly direction and the 

Eurasian plate, moving ​ approximately in a southeasterly direction; 

●​ The interaction of adjacent tectonic plates in Central Asia creates stresses on the 

boundaries ​ between them and manifests itself in the form of subduction of the 

Indian Plate under the ​ Eurasian Plate, crustal deformations, orogeny, formation of 

synclines and anticlines, ​ development of lineaments and fault zones of different orders, 

and displacement of ​ geoblocks ​ and other lower-level structural units; 

●​ The earthquake preparation stage begins with a violation of the regular 

geodynamic state of ​ the ​ geological environment, tectonic plates, geoblocks, and 

is characterized by a directional ​ change in the stress state in the zones of passage of 

lineaments and faults of the Earth's ​ crust; 

●​ According to the theory of tectonic earthquake preparation [Dobrovolsky, 1991], 

regular ​ friction, collisions, cohesion, and movements occur between adjacent 

geoblocks, that ​ are ​ in a stress-strain state, which manifest themselves, depending 

on their intensity, in ​ microseisms and earthquakes;  

●​ Excessive stresses accumulate at the junctions of adjacent geoblocks and foci of 

tectonic ​ earthquakes form; 

●​ The more intense, energetically secured coupling between adjacent geoblocks 

occurs, the ​ more energy accumulates in the source; 

●​ The accumulation of elastic and elastoplastic stresses in the hearth formation zone 

reaches ​ critical values, after which the process of disintegration of this zone of 
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heterogeneity begins, first slowly, then quickly, ending in a violation of the continuity of 

the geological environment and earthquake movements, the stage of stress relaxation and 

transition up to a new regular state begins; 

●​ The greater the accumulated energy, the greater the volume of the hearth, the area 

and the time of its preparation. The volume of the source and the preparation time depend 

logically on the magnitude of the earthquake; 

●​ The stages of earthquake preparation are reflected in various stages of anomalous 

variations ​in geophysical fields: long-term, medium-term, short-term, and 

ultra-short-term. Since the groundwater is part of the phase and fluid composition of the 

Earth's crust and upper mantle, anomalies in variations in the pH parameter in deposits of 

underground thermo-mineral waters, the dynamics of which depends on geotectonic and 

geodynamic stresses, can ​manifest themselves at the stages of development of 

seismotectonic cycles;  

●​ The greater the magnitude of the earthquake being prepared, the larger the area 

and over a ​longer period of time, anomalies appear in variations in geophysical fields and 

the pH of ​ groundwater in particular; 

●​ The bay-like nature of the time course of stresses in the hearth formation zone and 

the post-​ seismic stage should be reflected in the bay-like time courses of anomalies in 

variations in geophysical fields and the pH of groundwater, in particular.  

5.​ Analysis of anomalies in pH parameter variations 

Now, based on the ideas presented here about seismotectonic processes and models of the 

seismotectonic cycle, about the spatial and temporal characteristics of the manifestation of 

anomalies in the deformations of the Earth's crust at the long-, mid- and short-term stages of 

earthquake preparation, let’s try to establish a correspondence between the formation of their 

foci and anomalies in variations in the pH parameter of underground thermo-mineral waters. 

By solving direct geophysical problems from the list of possible earthquakes, the 
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seismotectonic cycles of which could manifest themselves in seismogeochemical anomalies, 

we will exclude in advance those of them that could not cause pH anomalies at the locations 

of seismogeochemical stations, and accordingly take into account only presentable ones that 

satisfy certain spatial and temporal dependencies and factors of anisotropy of fluid 

propagation along the fault zones (Tables 2, 3). Let's start the analysis with the strongest 

earthquakes from 2018-2019. Consider earthquakes with 7.5≤M≤8.0. According to 

dependences (3) and (4), the largest linear dimensions of the zone of manifestation of the 

corresponding pH anomalies should be within  

R ≤2750 km, ​ ​ ​ ​ ​ (10) 
 
and the average radius of the foci – 

= 40,5 km.    ​ ​ ​ ​ (11)  𝑅
0

 
The duration of groundwater anomalies according to (8), (9) for earthquakes with M = 8 
should be, respectively, 

 
= 1181 days,​ ​ ​             (12) ∆𝑇

𝑢𝑤 
= 1053 days.     ​ ​ ​             (13) ∆𝑇

𝑤𝑑
 

According to the catalog [USGS], since 2018, at an epicentral distance of up to 3,000 km 

from the network of seismic geochemical stations, there have been only two earthquakes with 

the highest magnitudes on the territory of Turkey i.e., on 6.02.2023 at 01:17:34 (UTC) with 

M=7.8, depth of 10 km., and on 6.02.2023 at 10:24:48 with M=7.5, the depth of the hearth is 

7.4 km.  

For the 1st earthquake, empirical expressions (8) and (9) give 

R< 2260 km, ​ ​ ​ ​ ​ (14) 

and the average radius of the foci – 
 = 33.5 km. ​ ​ ​ ​ (15)​ 𝑅

0
 

For the 2nd earthquake we have: 
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R ≤ 1680 km, ​​ ​ ​ ​ (16)​
 

and the average radius of the foci – 
 = 25.0 km. ​​ ​ ​ ​ (17) 𝑅

0
 

Firstly, the radii for the zones of possible pH anomalies (14), (16) for these two earthquakes 

are somewhat smaller than the epicentral distances of the seismogeochemical stations of 

about 3000 km. However, if we consider that two earthquakes occurred with an interval of 

about 9 hours, then we can conclude that the total magnitude exceeded 7.8 by tenths. 

Secondly, as seismogeochemical observations show, due to the anisotropy of the earth's crust 

caused, for example, by the passage of lineaments and fault zones, fluid filtration can extend 

over thousands of kilometers [Rikitake, 1983] and it can be assumed that the zones of 

manifestation of seismogeochemical and hydrogeological anomalies may exceed the 

empirical radii determined according to (8), (9). Thirdly, empirical dependences (12) and (13) 

were obtained as indicative and therefore are not universal for all seismically active areas. 

Indeed, such anisotropy may be due to the fact that a large seismotectonic belt passes through 

Turkey – the Alpine-Himalayan belt, which also passes through the territory of Tajikistan. 

This lineament includes an extensive network of crustal faults of various orders, from the 1st 

to the 3rd, and active fluid filtration can occur along them. 

Therefore, we can expect corresponding anomalies in the pH variations of groundwater in the 

territory of Tajikistan during the seismotectonic earthquake cycle on 6.02.2023. Let's 

consider the course of the pH parameter according to the data of the Obigarm station, for 

which the most complete data were obtained for the period under observations since 2018 

(Figure 3). 
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​
Figure 3: pH anomalies according to the Obigarm site data from 2019 to 2024 (dd.mm.yy). 

The most recent of this series was the Wushi (Alkol) earthquake with M=7.0 on 22.01.2024 

in China at epicentral distances to the observation network of about 1,900 km [Catalogues of 

Russian academy of sciences, the Geofon catalog, URL;Catalog of the American 

Geophysical Survey]. The spikes in the graphs reflect fluctuations in pH with a period of 1 

day in order of magnitude, probably due to lunar-solar tides in the Earth's crust and changes 

in atmospheric pressure. The trend line is shown as a dotted line. 

It can be seen that the value of the largest pH anomaly since 2018 has been 0.3 pH units with 

a duration of approximately 1,500 days (Figure 3), which coincides with the empirical data 

(12) and (13) with an accuracy of about 20%. Some additional discrepancy may be due to the 

influence of the preparation processes of other less powerful earthquakes, but closer in 

location to the preparation zones of foci – such smaller pH anomalies will be discussed later 

in this article. If we consider that the epicentral distance of the seismogeochemical sites of 

Tajikistan from the earthquakes of 6.02.2023 was about 3,000 km and the propagation time 
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of the pH anomaly was about 1,500 days, then we can find that the velocity is about 2 

km/day. Such velocity values are characteristic of deformation waves propagating during 

seismotectonic earthquake preparation processes [Bykov 2005 ; Gorbunova and Sherman, 

2012; Karimov, 2020; Katok,1991; Mirzoev and Azizova, 1982]. Therefore, it can be 

assumed that groundwater plays the role of a stress carrier in the propagation of deformation 

waves as the most dynamic, mobile component of the Earth's crust and upper mantle. In turn, 

it can be concluded that empirical dependencies (3), (4), (8), (9) to a first approximation 

satisfactorily reflect the observed anomalies in pH variations and can be used to analyze pH 

anomalies for other seismotectonic cycles. For the manifestation of groundwater pH 

anomalies for seismotectonic earthquake cycles from 7.0 ≤ M ≤7.5, according to dependence 

(3), the average radius of the preparation zone should be within 1020-1680 km, the average 

radius of the focus should be 16-28 km (4). For earthquakes from 6.5 ≤ M ≤7.0 within 

620-1020 km, the average radius of the focus is 10-16 km (4). For earthquakes with 5.0 ≤ M 

≤6.5 in the range of 140-620 km, the average radius of the foci is 2-10 km (4).  Let us 

consider the manifestation of pH anomalies from the zones of formation of the strongest 

earthquakes in the selected area with M ≥ 6.0 from December 2019 to 2024, the catalog of 

which is presented in the table. 4. Based on the known dependences of the size of the foci on 

the magnitude [Sadovsky, 1987; Dobrovolsky, 1991;  Riznichenko, 1976; Dobrovolsky,  

1989], earthquake preparation zones [Dobrovolsky,1991; Sadovsky,1984] and manifestations 

of hydrogeochemical anomalies [Dobrovolsky, 1989] for the period from 2020 to 2024, a 

circle with a radius of 500 km around the center with geographical coordinates φ0 = 380 

(E),λ0 = 680 (N) was selected for the observation area, located between all observation sites 

(Figure 1). The parameters of earthquake foci were determined based on earthquake 

catalogues [Rikitake, 1983]; Catalogues of Russian academy of sciences, The Geofon 

catalog, URL;Catalog of the American Geophysical Survey]. According to empirical data, 

the average radius of the zone of inhomogeneity of crustal strains is 380 km or more, and the 

average size of the foci is more than 12 km (Table 2). The choice of earthquakes with the 
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highest magnitudes is advisable to consider primarily because the areas and, consequently, 

the linear dimensions of the zones of their preparation are several times or orders of 

magnitude greater than for earthquakes with lower magnitudes, and, therefore, pH anomalies 

should be most pronounced. The dates (year-date-minute) of the earthquakes, UT 

(hours-minutes-seconds), h – the depths of the hypocenters, Ms – the magnitude of the 

surface waves, and mb – the magnitude by volume waves are drawn in Table 4. Data on 

earthquakes from 6.0 ≥ M ≥ 4.8, the epicenters of which were within a radius of 200 km from 

seismogeochemical stations for 2020-2024, are presented in the Table 5. To compare the 

earthquake characteristics,  shown in the Table. 4, with the manifestations of pH anomalies, 

let us consider the time series obtained from the data of seismo-geochemical sites in the 

observation area (Figures 3-6). The drawings are arranged according to the time scale. 

 
Table 4: Catalog of earthquakes with a magnitude ≥ 6.0 with epicenters within a radius of 500 km from the sites. 

№ Date,  
Time 

0  φ, 𝑁 0  λ,  𝐸 h, 
км 

mb 
(Ms) 

Region Sites’ epicentral distance, km 

Yavroz Obigar
m 

Khodja-O
bigarm 

Shaam-
bary 

1  2019-12-2
0 11:39:50 

36.4
9 

70.5
9 

200 6.6 Hind., 
Afg. 

260 240 370 290 

2  2020-06-1
6 01:30:47 

37.8
9 

72.3
1 

120 6.1 Taj. 
(Тaj.) 

320 270 365 370 

3  2021-07-1
0 02:14:45 

38.9
5 

70.6
8 

33 6.2 
(5.9) 

Afg., 
Таj. 

150 100 190 210 

4  2022-05-1
2 10:27:42 

38.1
4 

67.0
4 

10 6.2 
(5.2) 

S-W 
Uzb. 

220 270 190 165 

5  2023-02-2
3 00:37:40 

38.1
8 

73.2
0 

20 6.7 
(7.1) 

Taj. 
(Sarez) 

400 355 445 470 

 6 2023-03-2
2 20:07:45 

39.5
5 

69.9
0 

10 6.1 
(5.6) 

Taj. 
(Matcha) 

115 85 130 160 

7  2023-05-0
3 09:51:20 

36.5
2 

70.7
3 

190 6.0 Hind., 
Afg. 

265 240 310 300 

8  2023-08-0
5 16:01:49 

36.5
0 

70.8
1 

200 6.0 Hind., 
Afg. 

270 250 310 300 
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Table 5: Catalog of earthquakes with 6.0 ≥M ≥ 4.8 with epicenters within a radius of 200 km from the stations. 
 

№ Date, 
Time 

0  φ, 𝑁 0  λ,  𝐸 h, 
км 

mb 
(Ms) 

Region Sites’ epicentral distance, km 
Yavr
oz 

Obigar
m 

Khodja-O
bigarm 

Shaam-ba
ry 

1 2020-08-
13 

18:07:16 

38.61 69.88 10 5.0 Тaj. 70 - - - 

2 2021-12-
01 

03:46:11 

38.82 70.04 10 4.9 Таj. 85 25 - - 

3 2022-04-
19 

22:44:41 

39.08 70.53 10 5.3 Таj. - 90 - - 

4 2023-01-
20 

03:46:05 

39.03 70.54 10 4.9 Таj. - 85 - - 

5 2024-03-
31 

03:46:05 

39 71 10 5.0 Таj. 
 

- 80 - - 

​
​

​
Figure 4: pH parameter run in the site Yavroz site from January 2021 to 2024 (dd. mm. yy) 
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Figure 5: pH parameter run in the site Khoja-Obigarm from February 2020 to 2024 (dd. mm. yy). 

 
 

 
Figure 6: pH parameters run in the site Shaambary from January 2019 to 2024 (dd. mm. yy). 

 

It can be noted that for all these earthquakes with M ≥ 5.0, the epicentral distances to the 

stations exceeded the average diameter of their foci D0, however, all entered the zones of 

formation of inhomogeneities of the Earth's crust D, and therefore it can be expected that the 
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corresponding pH anomalies will have the longest durations of more than 215 days (Table 2). 

To solve inverse geophysical problems and establish a correspondence between local 

anomalies in pH variations and specific seismotectonic processes of earthquake formation 

and decay, let us consider tables of summary earthquake data selected based on solving direct 

geophysical problems (Table 2-5, Figures 3-6). First of all, let us pay attention to the 

possibility of the preparation of earthquakes with the largest magnitudes in anomalous pH 

variations during the observation period under consideration with foci in the Upper mantle 

numbered 1 on 20.12.2019 with M =6.6 and the Sarez crustal, 6, on 23.2.2023 with M= 6.7 

(7.1)  

For the Upper Mantle earthquake of 20.12.2019 the duration of the anomalies should be at 

least 1.5 years and therefore it was not possible to analyze pH anomalies completely. Only on 

the Obigarm site data one can observe the pH value decrease by 0.5 units since March 2019. 

The pH bay-shaped pH anomaly lasting about 550 days from July 2021 to February 2023 

anomaly on the Obigarm time run graph corresponds to the preparation terms of the Matcha 

earthquake 22.03.2023 with M 5.8 (Figure 3). According to Table 3, such an anomaly 

coincides in duration with mid-term anomalies in the debit well flow rate. Apparently, a 

bay-shaped anomaly from August 2022 to March 2023 with a duration of about 300 days was 

superimposed on this anomaly, which could be attributed to the mid-term stage of preparation 

for the local Matcha earthquake of 22.03.2023. Indeed, according to table 5, the duration of 

the orbit should have been about 300 days. The same pH anomaly in the period from August 

2022 to March 2023, lasting about 300 days, was noted according to Yavroz site data and it 

can also be attributed to the preparation of the Matcha earthquake on 22.03.2023. The same 

two bay-shaped anomalies, from September 2021 to April 2023 and from July 2022 to March 

2023, but with a positive sign, appeared according to Khoja-Obigarm site data (Figure 5), can 

be considered the preceding earthquakes of 23.2.2023 and 22.3.2023. 

The anomalies at Shaambary station began earlier than at other stations, in February 2022 

(Figure 6). After the anomaly began, the Baysun earthquake on 12.05.2022 occurred with M 
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6.2 (5.2), with a relatively shallow foci at a depth of about 10 km, and a crustal earthquake 

with far distant epicenter in the South-Eastern Afghanistan. The epicenter of the first was 

located closest to Shaambary station, at a distance of 165 km (Table 4), the epicenter of the 

second is at very large distances from the stations at 550-600 km. Therefore, it is worth 

considering an earlier occurrence of the anomaly found on Shaambary site as the result of the 

preparation of the Baysun earthquake. According to the empirical data in Table 4, the 

duration of the anomaly should have been about 230 days, but in reality, it was about 180 

days, which can be explained by the relative remoteness of the epicenter and, as a result some 

delay in the deformation waves.    According to the Obigarm site in January-February of 

2019 there was a decrease in pH by 1.0 and several bay-like anomalies appeared from 

December to March 2021 and two anomalies with durations of 1 and 2 months from 

February to July 2021. The last anomaly with duration of about 220 days can be associated 

with the long-term stage of preparation for the crustal earthquake on 7.10.2021 with M 6.2 in 

the border region of Tajikistan and Afghanistan, which is in satisfactory agreement with the 

duration of 230 days in Table 4. As for other shorter anomalies, they can be attributed to the 

influence of earthquake preparation on 20.12 .2019 and 16.6. 2022, with relatively distant 

hypocenters.    During the observation period under review, other anomalies in pH variations 

were found, but they are small compared to those described. This is consistent with the 

well-known empirical dependences of anomaly characteristics on magnitude, epicentral and 

hypocentral distances to observation sites: the larger the earthquake and the closer the 

forming center to the observation stations, the stronger the pH anomalies that appear at 

longer distances and the more their duration. Following the least square method, the 

empirical dependence of long-term pH anomalies on the magnitude for the seismically active 

territory of Tajikistan in the first approximation has been obtained (Figure 7):     

 𝑇 𝑑𝑎𝑦𝑠[ ] =   0. 46𝑀 − 0. 51.
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Figure 7: Empirical dependence of the duration of the long-term pH anomaly on the magnitude of 
Earthquake 

6.​ Conclusions 

During observations from 2019/20 until 2024 the anomalies were obtained in variations of 

the pH parameter of underground thermo-mineral waters in four sites Tajikistan, Obigarm, 

Khoja-Obigarm, Shaambary and Yavroz, which, according to well-known empirical spatial 

and temporal dependencies, can be interpreted as long-, mid- and short-term signs of the 

preparation of tectonic earthquakes. The observation results confirm the nature of the 

dependence of the duration of pH anomalies on the magnitude of the forming earthquake foci 

and the hypocentral distance: the larger the earthquake is preparing, the more anomalies in 

pH variations appear at greater distances. The closer the emerging focus is to the observation 

stations, the longer their duration. At the stage of earthquake preparation, the acidity of the 

water decreases,  and increases slightly by the time of the main shock. The empirical 

dependence of the long-term duration of the pH anomaly variations on the magnitude of the 

upcoming earthquake as the first approximation has been derived for the Tajikistan 

seismically active areas. The anomalies of pH variations in the preparation of local crustal 

earthquakes are most regularly manifested while the Upper Mantle Hindu Kush earthquakes 

are the least regular.  
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Abstract: 
​
This study examines the correlation between Total Electron Content (TEC) anomalies and 
seismic activity in the Mediterranean area over a continuous 19-year period (2002–2021). 
Key methodological inputs were classified and optimized through simulations, resulting in an 
improved interquartile range (IQR) method for anomaly detection. The optimized method 
was applied to identify TEC anomalies correlated with seismic events, with rigorous 
statistical validation highlighting the robustness of the approach. Results indicate that seismic 
events of magnitude >5.5 can influence the ionosphere up to 90 days prior to the event and 
within a 1250 km radius. 
 
Keywords: Ionospheric anomalies, Total Electron Content (TEC), Seismic activity, Optimized 
IQR method, Magnitude-space-time (MST) domain.​
 

1.​ Introduction 
 

Seismic prediction remains one of the greatest challenges in geophysics [Yu and Ma, 2021], 

with significant societal and economic implications [Huang et al., 2021]. Precursor 

phenomena, such as ionospheric anomalies, offer a promising avenue for earthquake 
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prediction [Luo, 2024]. During the last decades, the field has evolved from isolated case 

studies to comprehensive multi-year analyses, driven by technological advancements in 

satellite data [Marchetti et al., 2022] and machine learning techniques [Pwavodi et al., 2024]. 

Among theionospheric anomalies, variations in the Total Electron Content (TEC) have 

emerged as one of the most investigated parameters due to their sensitivity to geophysical 

disturbances, including seismic activity [Uyanık et al., 2023; Nayak et al., 2024; Devi et al., 

2020]. 

The ionosphere, influenced by complex interactions between terrestrial, geomagnetic, 

andsolar processes [Pulinets et al., 2022; Colonna and Tramutoli, 2021], presents a noisy 

environment where identifying potential seismic-related signals requires robust 

methodologies and comprehensive datasets[Colonna et al., 2023]. In this context, Global 

Ionospheric Maps (GIM), derived from Global Navigation Satellite System (GNSS) 

constellations, provide global TEC measurements with sufficient spatial and temporal 

resolution for detecting large-scale ionospheric disturbances. 

This study builds on the Interquartile Range (IQR) method, a statistical approach widely used 

to identify TEC anomalies (e.g. [Chen et al., 2024; Rasheed et al., 2024]). By integrating 19 

years of TEC with seismic event records and solar/geomagnetic activity indices, the research 

focuses on refining anomaly detection methods and validating them over long-term datasets. 

This work specifically focuses on identifying large-scale seismo-ionospheric effects in the 

Mediterranean region and following the methodological approach proposed by [Colonna et 

al., 2023], addresses the challenges of handling ionospheric noise, optimally set the 

magnitude-space-time (MST) domain of correlation between anomalies and seismic activity, 

optimizing detection thresholds, and validating results across seismic and non-seismic 

periods. 
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2.​ Observations 
2.1.  Data Sources 

TEC data were extracted from GIMs provided by the Center for Orbit Determination in 

Europe (CODE). These maps cover the Earth's surface in grid cells of 2.5° latitude by 5° 

longitude. For this study, 8 GIM pixels spanning the Italian region (latitude 

37.5N°–47.5N°, longitude 7.5E°–17.5E°) were analyzed (Figure 1). 

Seismic event data were sourced from the European-Mediterranean Seismological Centre 

(EMSC) catalog. The analysis focused on earthquakes of magnitude ≥5 occurring within 

a spatial radius of 2200 km from the GIM grid cells, encompassing events from 2002 to 

2021. 

 
Figure 1: GIM data – Pixels location in the Italian region used for Total Electron Content (TEC) analysis.​

 

Solar activity was quantified using the F10.7 solar flux index, while geomagnetic 

disturbances were measured via the Dst index. These indices were used to filter out noise 

unrelated to seismic activity. 
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In the IQR method, distinct threshold values were applied for positive and negative 

anomalies. The method was implemented using the following equivalent formulation, which 

enhances its efficiency for long-term applications (eq. 1). 

       with:             𝐼𝑄𝑅
𝐼𝑁𝐷𝐸𝑋

= ∆𝑇𝐸𝐶
𝐼𝑄𝐷

|| || 𝐾𝑝≥𝐼𝑄𝑅
𝐼𝑁𝐷𝐸𝑋

> 𝐾𝑛 (1) 

 
where:​
 
−​ ΔTEC = TEC – MM is the deviation of the TEC from the moving median (MM); 

−​ IQD (Interquartile Deviation) is defined as: MM–LQ if ΔTEC<0 and UQ–MM if 

ΔTEC>0; 

−​ MM, UQ and LQ are, respectively, the moving median, the upper quartile, and the 

lower quartile calculated from TEC values measured over the same time interval and 

geographical location during the previous n days; 

−​ Kp and Kn are thresholds for positive and negative anomalies, respectively. 

   The study progressed through three phases. 

2.1.1​ Phase1: Selection and Classification 

Key methodological IQR and MST domain inputs were selected, set and classified based on 

their effectiveness in distinguishing seismic-related TEC anomalies. 

IQR inputs included: 

●​ Threshold values: distinct values for positive and negative TEC deviations. 

●​ Width of the IQR moving window: 15 days vs. 27 days. 

●​ Persistence criterion: any criterion vs.criterion of anomaly persistence for more 

than 8 hours. 

●​ Filter for geomagnetic activity: any filter vs. |dst| < 20 nT. 

●​ Filter for solar activity: any filter vs. F10.7 < 200 s.f.u. and IQR-based variable 

threshold.​
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The variable threshold filter for solar activity utilizes the F10.7 index, applying the IQR 

method to ensure that sudden changes in TEC caused by abrupt variations in solar activity 

are correctly identified as such, rather than being misinterpreted as potential seismic 

anomalies (see eq. 2). 

             (2) 𝐹10. 7
𝐼𝑁𝐷𝐸𝑋

=
𝐹10.7−𝑀𝑀

𝐹10.7

𝐼𝑄𝑅
𝐹10.7

|||
||| < 𝐾

𝐹10.7  

 

−​ MMF10.7is the 27-day Moving Median associated to each F10.7 under investigation 

(in the same time-slot). 

−​ IQRF10.7is the 27-day interquartile range associated to each F10.7 under investigation 

(in the same time-slot). 

−​ KF10.7is a variable threshold given by the average of the thresholds Kp​ and ∣Kn∣ 

assigned to the IQRTEC index. 

MST domain inputs included:​

 

●​ Magnitude: M5+ vs. M5.5+ vs. M6+. 

●​ Radius from epicenter: R <Dobrovolsky radius vs. R < 1000 km vs. R < 1250 km; 

R < 2200 km. 

●​ Depth filter: any filter vs. hypocenter depth greater than 50 km (exclusion 

criterion). 

●​ Anomaly Time Window (ATW):±15 days vs.±30 days vs−90 days. 

●​ The ATW is the period starting from the occurrence of an earthquake during which 

any detected anomaly is classified as a true positive (TP).​

 

The classification process utilized the positive likelihood ratio (LR+): 

 𝐿𝑅 +  =  𝑇𝑃𝑅
𝐹𝑃𝑅 (3) 
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Where TPR and FPR are respectively the True and False Positive Rate, i.e. the number of 

true or false positives detected by the method weighted for the time in which they can occur. 

LR+ acts as a metric indicating the strength of correlation between anomalies and seismic 

events. With over 1.5 million simulations, the input parameters were classified based on their 

performance (see Table I). 

 
Table I: Positive likelihood ratio (LR+) simulations showing the performance of tested inputs for 

 detecting TEC anomalies correlated with seismic events. 

 
 
 

2.1.2​ Phase 2: Optimization and Application  

Inputs identified as most effective during Phase 1 were used to refine and generate the final 

detection method. This Optimized IQR Method was applied continuously over the full 

19-year dataset, without temporal interruptions, encompassing both periods of seismic 

activity and periods of seismic inactivity. 

2.1.3​ Phase 3: Statistical Validation 
The detected anomalies statistical significance was evaluated using the binomial distribution 

law: 
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 𝑅𝑃 𝑋≥𝑇𝑃( ) =
𝑇𝑃

𝑇𝐴

∑ 𝑇𝐴 𝑇𝑃 ( )𝑝𝑇𝑃(1 − 𝑝)𝐹𝑃 (4) 

Where TA, TP and FP are respectively the Total Anomalies, True Positives and False 

Positives detected and p is the probability of randomness of a single TP, which is given from 

the ratio between the Cumulative ATW (CATW) and the whole time (WT), investigated. This 

approach estimated the probability of random correlation between TEC anomalies and 

seismic events. 

3.​ Results 
Classification 

The success rates (performance) measured using the LR+ index for the tested inputs of each 

investigated methodological variable are shown in Figure 2. 

In addition, the optimal positive (Kp) and negative (Kn) thresholds for anomaly detection 

were determined through LR+-based simulations. The resulting values were Kp = 15 and Kn 

= -11. 

4.​ Application 
The most effective inputs were subsequently used to develop the final Optimized IQR 

method for anomaly detection, which was applied using GIM-TEC data from a single pixel 

over Italy (Pixel 4 of Figure 1).Figure 3 illustrates the trend of the IQR index, seismic 

activity, and the corresponding anomalies detected throughout the 19-year study period. 

 

Figure 2: Performance metrics for tested methodological inputs in anomaly detection using the LR+ index. 
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Figure 3: Temporal evolution of the optimized IQR index throughout the 19-year analysis period, along with the seismic 
activity occurring in the area.Blue line: Optimized IQR index; Red vertical lines: Identified Anomalies; Horizontal lines: 

Thresholds; Colored circles: Earthquakes with M5.5+, depths < 50 km, and within 1250 km from the monitored point;Gray 
vertical bands: Anomaly Time Windows (ATWs), defined as the 90 days preceding each seismic event.​

 

The optimized IQR method identified 22 TEC anomalies across the Mediterranean region, all 

of which were true positives as they occurred within the Anomaly Time Windows (ATWs) – 

represented by the vertical gray bands in Figure 3 – up to 90 days before earthquakes of 

magnitude > 5.5, with zero false positives. The total number of seismic events within the 

MST domain was 70. Of these, 38 were non-alerted events, while 32 were associated with at 

least one anomaly. Including duplicates (i.e., seismic events linked to more than one 

anomaly), the 22 anomalies alerted 41 earthquakes. The presence of alerts for the 38 

non-alerted events in certain instances couldn’t be verified due to data unavailability caused 

by the application of solar and geomagnetic filters.​

 

Figure 4 (a) and Figure 4 (b) show, respectively, the spatial distribution of the 32 alerted 

seismic events based on their distance from the TEC measurement point (center of Pixel 4) 

and the temporal distribution of the identified anomalies relative to the time distance from the 
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41 associated seismic events. The three radii in Figure 4 (a) were estimated to make the three 

areas equivalent to each other. 

 

(a) 
 

               

​ ​ ​ ​ ​ ​ ​  (b) 
Figure 4: (a) Spatial distribution of alerted seismic events relative to the TEC measurement point (Pixel 4); (b) Temporal 

distribution of TEC anomalies with respect to associated seismic events. 
  

The exact spatial location and magnitude of the 32 earthquakes falling within the Anomaly 

Time Windows (ATWs) during the 19-year analysis period are shown in Figure 5.​
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Figure 5: Spatial locations and magnitudes of 32 seismic events falling within Anomaly Time Windows (ATWs) during the 

19-year analysis period. 

5.​ Validation 

The probability of random correlation between each detected anomaly and the related seismic 

events (p) was calculated as the ratio ofCATW to WT, yielding a value of 0.512317. 

Consequently, the probability of random correlation for all 22 detected anomalies with the 

alerted seismic events (RP) was calculated to be 4 in 10 million, underscoring the robustness 

of the methodology (see eq.5). 

 =   𝑅𝑃 𝑋≥22( ) =
22

22

∑ 22 22 ( )0. 51231722(1 − 0. 512317)0 4. 07•10−7 (5) 

Key Observations about IQR method: 

●​ Optimal Thresholds: Distinct thresholds for positive and negative TEC deviations 

improved true positive anomaly detection. 

●​ Noise Reduction: Solar and geomagnetic filters enhanced signal clarity, isolating 

seismic-related anomalies. 
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●​ Persistence criterion: Short and intense anomalies were found to correlate 

significantly better with seismic activity compared to persistent phenomena. 

●​ Sliding window: A 27-day sliding window outperformed the 15-day window in 

detecting seismo-ionospheric effects. 

 
Key Observations about MST domain: 

 

●​ Spatial Range: seismic-anomalies were detected within 1250 km of the earthquake 

epicenter. 

●​ Depth Dependency: Earthquakes deeper than 50 km were less likely to produce 

detectable ionospheric effects. 

●​ Temporal Patterns: TEC anomalies often preceded seismic events by weeks or 

months. 

●​ Minimum magnitude: M5.5+ earthquakes were more likely to affect the 

ionosphere. 

The analysis of the space-time distribution of the alerted seismic events highlights a 

significant increase in detection frequency using the optimized IQR method as the spatial and 

temporal proximity between earthquakes and anomalies decreases.From the methodological 

point of view this study confirms the effectiveness of a systematic classification of input 

variables and rigorous statistical long-term validation in TEC-based anomaly detection 

[Akyol et al., 2020; Colonna et al., 2023]. 

6.​ Conclusion 

The high correlation between TEC anomalies and seismic events confirms the potential of 

ionospheric monitoring as a tool for earthquake forecasting. The optimized IQR method, with 

its  

adaptive thresholds and noise filters, provides a robust framework for detecting 

seismo-ionospheric effects. The method's sensitivity to large-scale ionospheric effects limits 
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its ability to detect localized anomalies. Future research will focus on integrating 

multi-parametric data, using both TEC and thermal infrared (TIR) emission measured at the 

ground [Filizzola et al., 2022], and testing the method across different geographic regions. 
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