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Abstract

The exploration of multi-layer coupling mechanisms between earthquakes and the ionosphere is crucial for utilizing ionospheric

precursors in earthquake prediction. A significant research task involves continuously tracking the spatio-temporal changes

in ionospheric parameters, acquiring comprehensive seismic anomaly information, and capturing “deterministic” precursor

anomalies. Building upon previous research on seismic ionospheric signal characteristics and data from the China Seismo-

Electromagnetic Satellite (CSES), we have enhanced the Pattern Informatics(PI) Method and proposed an Improved Pattern

Informatics(IPI) Method. The IPI method enables the calculation of the spatio-temporal dynamics of electronic density anoma-

lies detected by the CSES satellite. Taking the 2021 Maduo Mw7.3 earthquake as a case study, we analyzed the seismic signals

potentially contained in the electronic density anomaly disturbances. The results show that: 1) Compared to original electronic

density images, the IPI method-derived models extracted distinct electronic density anomaly signals, regardless of the data col-

lected whether during descending (daytime) or ascending (nighttime) orbits, or across different time scales of change window.

2) The electronic density anomalies appeared about 40 days prior to the Maduo Mw7.3 earthquake. The evolution of these

anomalies followed a pattern of appearance, persistence, disappearance, re-emergence, and final disappearance. Moreover, the

evolution trends of the IPI hotspot images calculated from descending and ascending orbit data were similar. These results

suggest that the IPI method can capture the spatio-temporal trends of ionospheric parameters and effectively extract electronic

precursors related to strong earthquakes.
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Key Points: 17 

 Proposed an Improved Pattern Informatics Method for processing electron 18 

density data and capturing anomalous spatio-temporal pattern 19 

 Conducted a feasibility study of the method using the 2021 Maduo Mw7.3 20 

Earthquake as a case study 21 

 Observed a recurring emergence and dissipation in the electron density prior to 22 

the Maduo Mw7.3 Earthquake 23 

 24 

Abstract: The exploration of multi-layer coupling mechanisms between 25 

earthquakes and the ionosphere is crucial for utilizing ionospheric precursors in 26 

earthquake prediction. A significant research task involves continuously tracking 27 

the spatio-temporal changes in ionospheric parameters, acquiring 28 

comprehensive seismic anomaly information, and capturing "deterministic" 29 

precursor anomalies. Building upon previous research on seismic ionospheric 30 

signal characteristics and data from the China Seismo-Electromagnetic Satellite 31 

(CSES), we have enhanced the Pattern Informatics(PI) Method and proposed an 32 

Improved Pattern Informatics(IPI) Method. The IPI method enables the 33 
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calculation of the spatio-temporal dynamics of electronic density anomalies 34 

detected by the CSES satellite. Taking the 2021 Maduo Mw7.3 earthquake as a 35 

case study, we analyzed the seismic signals potentially contained in the electronic 36 

density anomaly disturbances. The results show that: 1) Compared to original 37 

electronic density images, the IPI method-derived models extracted distinct 38 

electronic density anomaly signals, regardless of the data collected whether 39 

during descending (daytime) or ascending (nighttime) orbits, or across different 40 

time scales of change window. 2) The electronic density anomalies appeared 41 

about 40 days prior to the Maduo Mw7.3 earthquake. The evolution of these 42 

anomalies followed a pattern of appearance, persistence, disappearance, 43 

re-emergence, and final disappearance. Moreover, the evolution trends of the IPI 44 

hotspot images calculated from descending and ascending orbit data were similar. 45 

These results suggest that the IPI method can capture the spatio-temporal trends 46 

of ionospheric parameters and effectively extract electronic precursors related to 47 

strong earthquakes. 48 

 49 

Keywords ： Improved Pattern Informatics Method(IPI Method) ； China 50 

Seismo-Electromagnetic Satellite(CSES)；Seismo-Ionospheric Disturbances; Mw 7.3 51 

Maduo Earthquake; Earthquake Prediction.  52 

1. Introduction 53 

Since Gokhberg(1982) first detected pre-seismic electromagnetic signal 54 

anomalies in satellite data, several countries have incorporated electromagnetic 55 

satellite monitoring into their space development programs. These include Russia's 56 

Predvestnik-E, COMPASS-I, and II satellites, the United States' QUAKESAT, and 57 

France's DEMETER satellite. Electromagnetic satellite monitoring offers advantages 58 

over terrestrial geophysical monitoring methods due to its global reach, short periods, 59 

high efficiency, dynamism, and all-weather capabilities (Zhuo Xianjun et al., 2005). 60 

The potential applications of this technology in earthquake mechanism research and 61 

seismic monitoring and prediction have made the study of pre-seismic 62 

electromagnetic anomalies using satellite data a new research hotspot (Zhang et al., 63 

2023). Following the launch of the China Seismo-Electromagnetic Satellite (CSES) 64 



on February 2, 2018, a series of studies have been conducted in various areas. These 65 

include data availability (Yan et al., 2020; Liu et al., 2021), global geomagnetic 66 

models (Yang et al., 2021), ionospheric events such as magnetic storms (Spogli et al., 67 

2021), statistical characteristics of seismic ionospheric disturbances (Li et al., 2020; 68 

De Santis et al., 2021), and multi-layer coupling (Marchetti et al., 2019; Zhao et al., 69 

2021; Liu et al., 2023; Zhang et al., 2023).  70 

During the operational period of the CSES satellite, more than 500 earthquakes 71 

of magnitude 6 and above, and nearly 60 of magnitude 7 and above, occurred globally 72 

(Shen et al., 2023). This provided a rich data source for studying the correlation 73 

between ionospheric observations and earthquakes. Many scholars have attempted to 74 

extract ionospheric disturbances and precursory information related to earthquakes 75 

from the vast amount of CSES satellite data (Marchetti et al., 2019; Li et al., 2020; 76 

Yang et al., 2021; De Santis et al., 2021). Statistical studies have shown a clear 77 

spatio-temporal correlation between earthquakes and electron density anomalies (Li et 78 

al., 2020, 2023; De Santis et al., 2019; Liu et al., 2022). Although current research 79 

has gained an initial understanding of the spatio-temporal characteristics of seismic 80 

ionospheric precursor information, previous anomaly extraction methods, such as 81 

sliding principal component analysis (PCA) method (Chang et al., 2017), Wavelet and 82 

Bispectral techniques (Sondhiya et al., 2014), and quartile methods (Zhang et al., 83 

2020), mostly use data from single or partial orbits, making it challenging to 84 

simultaneously capture anomalies in the epicenter and surrounding areas (Zheng et al., 85 

2023). Moreover, the lower spatial resolution and discontinuous measurements of 86 

satellite observations hinder the continuous tracking of seismic-ionospheric signal 87 

changes, impacting our understanding of the temporal and spatial evolution of these 88 

signals (Zhang et al., 2023). Therefore, to capture ionospheric anomalies reflecting 89 

the seismic incubation process, detect precursory anomalies related to earthquakes, 90 

and explore the multi-layer coupling mechanism between earthquakes and the 91 

ionosphere, further development and research into methods for extracting ionospheric 92 

disturbance anomalies are still needed. 93 

Rundle et al. (2000, 2002) developed the PI method for studying earthquake 94 

activity, which has shown promising predictive performance in medium-long-term 95 



earthquake forecasting. Wu et al. (2011) made modifications to the PI algorithm, 96 

proposing the Modified Pattern Informatics (MPI) method, which was successfully 97 

applied to the analysis of DEMETER satellite data anomalies, providing images of the 98 

ionospheric anomaly evolution before the Wenchuan earthquake and confirming the 99 

feasibility of applying the MPI method to electromagnetic satellite observation data 100 

processing. The MPI method, through grid-based and interpolation data processing 101 

techniques, overcomes the discontinuity and low spatial resolution issues of satellite 102 

observations. However, it has not yet considered specific data characteristics such as 103 

the orbital altitude of CSES (Liu et al., 2021), nor propagation features of 104 

seismic-ionospheric signals including the range of earthquake anomaly (De Santis et 105 

al., 2019) and negative ionospheric anomalies associated with earthquakes 106 

(Akhoondzadeh et al., 2010).  107 

In this study, we take into account the electron density data characteristics of the 108 

CSES satellite and the features of seismic-ionospheric signals to enhance the PI 109 

method, introducing an Improved Pattern Informatics (IPI) method. We evaluate the 110 

efficacy and reliability of this method by examining the case of the 2021 Mw7.3 111 

Maduo earthquake in Qinghai. Through the analysis of continuous spatio-temporal 112 

evolution images of the IPI hotspots, we identify potential ionospheric anomaly 113 

signals that emerged before and after the earthquake. 114 

2.Data  115 

2.1. Ionospheric Data Recorded by CSES 116 

The China Seismo-Electromagnetic Satellite (CSES), also known as 117 

Zhangheng-1 Electromagnetic Satellite (ZH-01), is the first microsatellite for 118 

monitoring seismic electromagnetic activities (Shen et al., 2018). It operates in a 119 

circular sun-synchronous orbit at an altitude of 507 kilometers, with its descending 120 

node aligning with 14:00 local time (LT) and a revisit period of 5 days. The satellite's 121 

operational region spans the latitude range of [−65°, 65°]. Equipped with eight 122 

payloads, including a Langmuir probe that primarily measures electron temperature 123 

and density with a one-second temporal resolution (Liu et al., 2019), this study 124 

employs electron density data captured by the CSES Langmuir probe from January 1, 125 

2019, to December 31, 2021. 126 



2.2. Data Process 127 

The IPI method's enhanced spatio-temporal integration capability is derived from 128 

the spatial and temporal grid division of the data. Therefore, preprocessing of the 129 

CSES data is necessary to create an "Ionospheric Parameter Catalog" containing time, 130 

longitude, latitude, and observational values. The specific steps are as follows: 131 

Grid Division: Based on the grid correlation of ionospheric parameters (Yao et 132 

al., 2014) and the orbital characteristics of the CSES satellite, the operational range of 133 

the CSES orbit is divided into grids of 5°× 2° (longitude× latitude). 134 

Moore Neighbor Interpolation: After grid division, it's essential to calculate the 135 

mean value of ionospheric parameters for each grid and assign it to the grid's center 136 

point. To obtain the daily two-dimensional distribution of ionospheric parameters in 137 

the CSES monitoring area and mitigate the issue of large gaps between adjacent orbits 138 

and sparse data in the longitude direction, grids without data utilize the Moore 139 

Neighboring principle (Chen et al., 2005). This involves averaging the parameters 140 

from the eight neighboring grids surrounding the 𝑁(𝑥𝑖 , 𝑦𝑗) grid and assigning this 141 

average to the 𝑁(𝑥𝑖 , 𝑦𝑗) grid as the ionospheric parameter for that day, as illustrated 142 

in Figure 1. 143 

 144 

Figure 1 Moore neighbor interpolation 145 

Establishing an Annual Model of Ionospheric Parameters: Due to issues such as 146 

instrument malfunctions, some grids still have discontinuous data sequences. 147 

Therefore, we construct a time series for the ionospheric parameters of each grid. 148 

Using cubic spline interpolation, we interpolate these time series to create an annual 149 

model for the ionospheric parameters of all grid points. 150 

Developing a Dynamic Ionospheric Background Field: Considering the annual 151 

and seasonal variations, long-term trends of the ionosphere, and factors like the 152 

Equatorial Ionization Anomaly (EIA), Weddell Sea Anomaly (WSA), and other 153 



large-scale ionospheric structures (Li et al., 2023), we establish a daily dynamic 154 

background field for the ionosphere, as illustrated in Figure 2. The original 155 

observational data and the residual values from the background field are used as input 156 

for the IPI method. After removing the dynamic background field of the ionospheric 157 

parameters, we obtain an "Ionospheric Parameter Catalog" containing date, latitude, 158 

longitude, and residual values. 159 

 160 

Figure 2 Dynamic background field 161 

The grid (97.5°E, 30°N) is used as an example. 162 

3. Method 163 

3.1. Pattern Informatics Method 164 

PI divides a region into N grids and defines an N-dimensional system state 165 

vector built on Hilbert space (consisting of a time series of seismic times from the N 166 

grids). It considers this system state vector to represent the seismicity of a region and 167 

its value to be a constant. The phase angle of this system vector varies with time. If 168 

the relative rate of seismic activity intensity of a unit vector varies too much, its phase 169 

angle will undergo a continuous rotation away from the quantifiable average value, 170 

which is known as the drift of the phase angle. According to PI, the change in the 171 

activity pattern of small earthquakes is represented by the drift of the phase angle 172 

(Rundle et al., 2000, 2002). 173 

The process entailed dividing the study area into spatial and temporal grids, 174 

constructing a frequency time series of the seismic events larger than a certain 175 

magnitude threshold in each grid, normalizing the intensity of seismic events, 176 

calculating the deviation of the intensity function from the background in each grid 177 



and calculating the probability of seismic events. The probability of seismic events in 178 

each grid was then normalized to the probability of occurrence and the grid with a 179 

high probability of seismic events was detected after deducting the background 180 

probability, i.e., "seismic hotspots"(Chen et al., 2005). 181 

3.2. Improved Pattern Informatics Method (IPI) 182 

We refined the PI method to develop the IPI method, based on the characteristics 183 

of seismic-ionospheric signals and the features of CSES data. Key improvements 184 

include defining the study area, modifying the method for calculating anomalies, 185 

eliminating the spatial application of Moore's principle and the forecasting period, and 186 

computing negative ionospheric anomalies. The specific process of the IPI method is 187 

as follows: 188 

(1) The study area is determined using the empirical formula for the seismogenic zone 189 

range (Dobrovolsky et al., 1979), as shown in Equation （2.1）.  190 

𝑅 = 100.43𝑀 

    𝑅𝑂𝑃𝐼 = √2𝑅 （2.1） 191 

Where M is the magnitude, and R is the radius of the seismogenic zone. 192 

Considering the data preprocessing process where data is divided into rectangular 193 

grids, and to ensure that the study area is within the Dobrovolsky seismogenic 194 

zone range, we set the Dobrovolsky seismogenic zone as the circumscribed circle 195 

of the study area, with 𝑅𝑂𝑃𝐼 being the side length of the square. For instance, for 196 

a M7.0 earthquake, the radius R of the seismogenic zone is approximately 1023 197 

km, and the side length of the study area's square is about 1447 km. 198 

(2) Grid Division: The IPI method allows for the selection of different grid sizes 199 

based on the spatial resolution of the data. However, the preprocessing, based on 200 

the findings of Yao et al. (2014) and the orbital characteristics of the CSES 201 

satellite, results in an "Ionospheric Parameter Catalog" with a precision of 5°×2°. 202 

Consequently, the grid division for the IPI study area also adopts this size of 203 

5°×2°. 204 

(3) Setting a Lower Threshold 𝑁𝐶 , and identifying anomalies using a Boolean 205 

function(Tiampo et al., 2002): Each grid constructs a time series 𝑁𝑖(t) , 206 



representing the number of times the residual value in a given grid exceeds the 207 

lower threshold 𝑁𝐶  within a unit of time. In constructing 𝑁𝑖(t), the spatial 208 

Moore's principle is omitted. This is because, in seismological PI methods, 209 

Moore's principle is applied to account for earthquake location errors, which is not 210 

applicable to ionospheric data. The use of a Boolean function and the lower 211 

threshold 𝑁𝐶 categorizes values above 𝑁𝐶 as 1 and below 𝑁𝐶 as 0, assigning 212 

equal weight to anomalies of varying magnitudes. This approach, in contrast to 213 

differential calculations of absolute anomaly values (Wu et al., 2011), mitigates 214 

the impact of extreme value anomalies on the results, enhancing the stability of 215 

anomaly detection. 216 

(4) Defining Five Time Points and Two Time Windows: The time points are 217 

designated as t0、tb、t1、t2, and an arbitrary time t, illustrated in Figure 3. We have 218 

omitted the predictive period t2～t3 (Rundle et al., 2000, 2002) from our analysis. 219 

This is based on the fact that the original PI algorithm's predictive period is 220 

founded on the average field properties of dynamic diffusion, and whether 221 

ionospheric parameter variations conform to this property requires further 222 

investigation. 223 

 224 

Figure 3 Time window division 225 

t0 is the start time of the data, the background time window is from tb to t1 (t0 ≤ tb ≤ t1), and the change time 226 

window is from t1 to t2. 227 

Considering that a longer background window can contain more information, but 228 

the variation of ionospheric parameters is rapid, an excessively long background 229 

window might include irrelevant information in the calculation. Therefore, this 230 

study selected a background window of 6 months. The selection of the change 231 



window will be thoroughly described in Section 4. 232 

(5) Define the ionospheric parameter intensity function as 𝐼𝑖(𝑡𝑏, 𝑡), and calculate the 233 

average number of instances where the grid i exceeds the minimum ionospheric 234 

parameter threshold 𝑁𝐶 from tb to t. 235 

  𝐼𝑖(𝑡𝑏, 𝑡) =
1

𝑡−𝑡𝑏
∑ 𝑁𝑖(𝑡′)𝑡

𝑡′=𝑡𝑏
 （2.2） 236 

(6) By calculating the difference between the ionospheric parameter during the 237 

change window and the background window, we obtain the ionospheric parameter 238 

anomaly intensity function 𝛥𝐼𝑖(𝑡𝑏, 𝑡1, 𝑡2). 239 

 𝛥𝐼𝑖(𝑡𝑏, 𝑡1, 𝑡2) = 𝐼𝑖(𝑡𝑏, 𝑡2) − 𝐼𝑖(𝑡𝑏, 𝑡1) （2.3） 240 

(7) In order to obtain the relative ionospheric parameter anomaly intensity function 241 

for each grid in the research area, normalize the ionospheric parameter anomaly 242 

intensity function. 243 

 𝛥𝐼�̂�(𝑡𝑏, 𝑡1, 𝑡2) =
𝛥𝐼𝑖(𝑡𝑏,𝑡1,𝑡2)−〈𝛥𝐼𝑖(𝑡𝑏,𝑡1,𝑡2)〉

𝜎(𝑡𝑏,𝑡1,𝑡2)
 （2.4） 244 

Where 〈𝛥𝐼𝑖(𝑡𝑏, 𝑡1, 𝑡2)〉is the average ionospheric parameter anomaly intensity 245 

function for all grids, and 𝜎(𝑡𝑏, 𝑡1, 𝑡2)is the standard deviation of the ionospheric 246 

parameter anomaly intensity function for all grids. 247 

(8) To eliminate the "noise" associated with extremely small change, we calculate the 248 

average change of the normalized background anomaly ionospheric parameter 249 

according to equation (2.4). 250 

 𝛥𝐼�̂�(𝑡𝑏, 𝑡1, 𝑡2) =
1

𝑡1−𝑡0
∑ 𝛥𝐼�̂�(𝑡𝑏, 𝑡1, 𝑡2)𝑡1

𝑡𝑏=𝑡0
 （2.5） 251 

(9) Define the probability of an anomalous disturbance occurring in grid i as Pi(t0, t1, 252 

t2), which is the exponential function of the absolute average change of the 253 

normalized ionospheric parameter anomaly intensity function. 254 

 𝑃𝑖(𝑡0, 𝑡1, 𝑡2) = 𝑒|𝛥𝐼𝑖(𝑡0,𝑡1,𝑡2)| （2.6） 255 

(10) The original PI did not take into account the negative ionospheric anomalies 256 

associated with earthquakes (Akhoondzadeh et al., 2010; Liu et al., 2022). 257 

Therefore, we have modified the formula from 𝑃𝑖(𝑡0, 𝑡1, 𝑡2) = 𝑒𝛥𝐼𝑖(𝑡0,𝑡1,𝑡2) (Wu 258 



et al., 2011) to 𝑃𝑖(𝑡0, 𝑡1, 𝑡2) = 𝑒|𝛥𝐼𝑖(𝑡0,𝑡1,𝑡2)| ,ensuring the IPI calculation can 259 

capture both positive and negative ionospheric anomalies. 260 

(11) We calculate the average probability of anomalous disturbances occurring in all 261 

grids in the research area as the background probability. The relative change is 262 

then obtained by subtracting the background probability from the individual grid 263 

probabilities. 264 

 𝛥𝑃𝑖(𝑡0, 𝑡1, 𝑡2) = 𝑃𝑖(𝑡0, 𝑡1, 𝑡2) − ⟨𝑃𝑖(𝑡0, 𝑡1, 𝑡2)⟩ （2.7） 265 

For grids with positive values, i.e., grids where 𝑃𝑖(𝑡0, 𝑡1, 𝑡2) > 0, we designate 266 

them as hotspots (anomalous areas). 267 

(12) To better analyze the evolution process of seismic ionospheric signals and 268 

highlight anomalies, we can slide t0, t1, t2, and t3 with a fixed sliding step size to 269 

obtain continuous results over multiple days. Finally, we can normalize all the 270 

results to obtain the Standard IPI hotspots (SIPI). 271 

 𝑆𝐼𝑃𝐼 =
𝛥𝑃𝑖(𝑡0,𝑡1,𝑡2)

𝛥𝑃𝑖(𝑡0,𝑡1,𝑡2)𝑚𝑎𝑥
 （2.8） 272 

4. IPI method in the identification of spatio-temporal 273 

ionospheric anomalies before the Maduo Mw7.3 earthquake  274 

On May 22, 2021, a Mw7.3 earthquake occurred in Maduo County, Qinghai 275 

Province, China (34.598°N, 98.251°E), with a focal depth of 10km. Based on the IPI 276 

method and using electron density data observed by the CSES satellite, we 277 

constructed multiple models to calculate the pre- and post-earthquake electron density 278 

anomalies in Maduo. Additionally, we analyzed the spatiotemporal dynamics of 279 

electron density using IPI hotspot maps. 280 

Due to the significant increase in ionospheric electron density caused by solar 281 

radiation during the day, nighttime data is generally used for extracting ionospheric 282 

anomalies (Guo et al., 2022; Wen et al., 2022). The IPI algorithm is adaptive, capable 283 

of effectively eliminating background trends and noise, and theoretically can mitigate 284 

the influence of daytime solar activities. Therefore, we processed both ascending and 285 

descending orbit data separately, computing their respective original electron density 286 



images and IPI hotspot maps. This approach allowed a more comprehensive study of 287 

the spatiotemporal characteristics of electron density before the earthquake and 288 

explored the potential of this method for extracting anomalies from daytime 289 

ionospheric data. 290 

4.1. Spatio-temporal images with electron density  291 

To dynamically track the detailed characteristics of the original electron density 292 

evolution over time, ensuring data readability and consistent measurement properties, 293 

we obtained normalized spatio-temporal images of electron density for 90 days before 294 

and 7 days after the Maduo Mw7.3 earthquake, as shown in Figure 4. The study area 295 

was determined based on formula (2.3), with an 𝑅𝑂𝑃𝐼 of approximately 1000Km. 296 

The spatial extent of the study area is marked in Figure 4, which is consistent with the 297 

subsequent IPI study region. 298 

Figure 4 (A) and (B) represent the results from descending (daytime) and 299 

ascending (nighttime) data, respectively. The results indicate no significant abnormal 300 

disturbances in the original electron density observations before and after the Maduo 301 

Mw7.3 earthquake, rendering it impossible to derive meaningful seismic ionospheric 302 

disturbance information. 303 



 304 

Figure 4 Normalized electron density spatio-temporal images 305 

(A) Descending (daytime) electron density data spatio-temporal image; (B) Ascending (nighttime) electron density 306 

data spatio-temporal image; (C) The spatio-temporal range of the study area, same below. 307 

4.2. Spatial and Temporal IPI Hotspots images before and after 308 

Mw7.3 Maduo earthquake  309 

Seismological PI research indicates that the change window on different scales 310 

significantly affects the predictive efficacy of the PI method (Zhang et al., 2017), To 311 

verify the effectiveness of the IPI method in extracting seismic ionospheric precursor 312 

information, we constructed models on various temporal scales and calculated to 313 

obtain IPI hotspot images for 90 days before and 7 days after the earthquake, as 314 

shown in Figures 5 and 6. 315 

In Figures 5 and 6, the change windows (A) - (D) are set to 5, 10, 15, and 20 316 

days respectively. The red pentagram marks the date of the Maduo earthquake. Based 317 

on this, we analyzed the IPI hotspot features of models constructed with different 318 



change windows, as seen in Table 1. 319 

Table 1 IPI hotspot features of models with different scale change windows 320 

Change Window 5d 10d 15d 20d 

IPI Hotspots 

features 

IPI hotspots emerge 

before the 

earthquake, but 

their 

spatio-temporal 

distribution is 

disordered and 

chaotic 

Continuous IPI 

hotspots appear 

before the 

earthquake and 

weaken before 

earthquake 

Continuous IPI 

hotspots emerge 

before the 

earthquake and 

persist for a period 

after the earthquake 

Continuous IPI 

hotspots appear 

after the earthquake 

Based on the analysis of Figure 5, 6 and Table 1, We find: 321 

(1) The IPI method can extracts ionospheric anomalies from descending orbit 322 

(daytime) data. 323 

(2) Models constructed with different scale change windows can capture 324 

ionospheric disturbances. However, there are differences in the disturbances detected 325 

by each model. The IPI model with a change window of t2-t1=10 days yields better 326 

results in capturing anomalies before and after the earthquake. 327 

(3) Models constructed with different scale change windows can capture 328 

ionospheric disturbances. However, there are differences in the disturbances detected 329 

by each model. The IPI model with a change window of t2-t1=10 days yields better 330 

results in capturing anomalies before and after the earthquake. 331 



 332 



Figure 5 IPI hotspots image based on descending orbit data 333 

(A) t2-t1=5d. (B) t2-t1=10d. (C) t2-t1=15d. (D) t2-t1=20d. The date on the left corresponds to the first image of 334 

each row, with the research area being the same as that in Figure 4. 335 



 336 



Figure 6 IPI hotspots image based on ascending orbit data 337 

(A) t2-t1=5d. (B) t2-t1=10d. (C) t2-t1=15d. (D) t2-t1=20d. The date on the left corresponds to the first image of 338 

each row, with the research area being the same as that in Figure 4. 339 

5. Discussion 340 

Based on the spatio-temporal evolution characteristics of CSES electromagnetic 341 

satellite observation data and earthquake-ionospheric precursor features, we optimize 342 

the PI method to develop the IPI method. Using the 2021 Maduo Mw7.3 earthquake 343 

as a test case for the method's effectiveness and reliability, the results indicate that:  1) 344 

The IPI can extract ionospheric anomaly information from descending (daytime) data. 345 

2) Models constructed for different scale change windows can capture ionospheric 346 

disturbances, though the disturbances detected by each model differ, with the IPI 347 

model for a change window of t2-t1=10 days obtaining better pre- and post-earthquake 348 

anomaly information. 3) The IPI hotspot maps calculated from descending (daytime) 349 

and ascending (nighttime) data show similarities in trends and differences in 350 

spatio-temporal locations. 351 

The results of the Maduo Mw7.3 earthquake demonstrate that the IPI method can 352 

extract significant ionospheric disturbance signals. Previous research has shown a 353 

significant statistical correlation between shallow earthquakes with magnitudes 354 

M≥5.5 and variations in the ionospheric anomalies (De Samtis et al., 2019, 2021; Yan 355 

et al., 2017). The ionosphere is also influenced by multiple factors, such as solar 356 

activity, geomagnetic storms, and geomagnetic activities (Du et al., 2022), and it 357 

remains unknown whether the anomalies present in Figures 5 and 6 are caused by the 358 

Maduo Mw7.3 earthquake. To comprehensively analyze factors related to IPI hotspots, 359 

we will utilize earthquakes within the study area with Mw≥5.5, the Kp index 360 

indicating geomagnetic activity strength, the Dst index reflecting the intensity of 361 

geomagnetic storms, and the F10.7 index denoting solar activity (collectively referred 362 

to as space weather indices) for the analysis of IPI model hotspots in a change 363 

window of t2-t1=10 days (Fejer et al., 1991; Liu et al., 2022). 364 



 365 

Figure 7 IPI hotspots image for t2-t1=10d 366 

(A)Results of descending (daytime) data. (B) Results of ascending (nighttime) data. The date on the left 367 

corresponds to the first image in each row. The blue pentagram represents the epicenter of the Maduo Mw7.3 368 

earthquake, and the blue circles mark earthquakes within the study area with magnitudes ≥Mw5.5. The IPI hotspot 369 

periods are divided into: March 2-7 (Period 1), March 29-April 5 (Period 2), April 12-20 (Period 3), May 9-23 370 

(Period 4), April 11-24 (Period 5), and May 5-14 (Period 6). The red pentagrams indicate that the IPI hotspots in 371 

these periods are caused by earthquakes, and the green suns indicate that they are caused by space weather 372 

activities. 373 

Within the spatio-temporal scope of the IPI study, three earthquakes with 374 

Mw≥5.5 occurred: the March 19, 2021 Naqu, Xizang Mw5.7 earthquake in China 375 

(31.925°N, 92.915°E), the April 28 Dhekiajuli Mw6.0 earthquake in India(26.781°N, 376 

92.457°E), and the May 21 Mw6.1 Yangbi, Yunnan earthquake in China(25.727°N, 377 

100.008°E). Based on the general empirical laws proposed by Rikitake (1987) and the 378 

seismogenic zone empirical formula by Dobrovolsky (1979), the anomalous periods 379 

for Mw=5.5 and Mw=6.1 earthquakes occurred approximately 16 and 26 days before 380 

https://earthquake.usgs.gov/earthquakes/eventpage/us7000dy3b/


the earthquakes, respectively, mainly within a 400 km range. We will analyze the 381 

earthquake-IPI hotspots based on the aforementioned conditions.  382 

The IPI method uses Boolean functions and a threshold 𝑁𝐶  to determine 383 

anomalies, calculating the relative changes between the change window (t1-t2) and the 384 

background window (tb-t1), with the resulting anomaly values assigned to t2. This 385 

means that the anomaly value at t2 depends on the frequency of electron density 386 

disturbances above 𝑁𝐶  during the change window. If activities such as solar, 387 

geomagnetic, and magnetic storms occur within the change window and cause 388 

electron density disturbances greater than the threshold 𝑁𝐶, they will affect the IPI 389 

results, but the extent of the impact depends on the duration of these activities, i.e., the 390 

frequency of anomalies. Previous studies indicate that a Kp index over 3 suggests 391 

high geomagnetic activity, a Dst index greater than -30nT signals a geomagnetic 392 

storm, and an F10.7 index above 100 denotes solar activity (Li et al., 2022). 393 

Assuming that these geomagnetic and solar activities cause disturbances in electron 394 

density, which exceed the threshold 𝑁𝐶 only on the same day. We established that 395 

only when more than 50% of the change interval exhibits the aforementioned 396 

activities is an IPI hotspot attributed to geomagnetic, solar, or storm activities, termed 397 

WIPI. Hence, we computed the space weather indices for the entire study duration of 398 

the Maduo Mw7.3 earthquake to locate intervals likely to produce WIPI, as depicted in 399 

Figure 8. 400 



 401 

Figure 8 Space weather incidex image 402 

(A) a bar chart of the Kp index. (B) a bar chart of the Dst index. (C) a step chart of the F10.7 index. Each index's 403 

threshold marked by an orange dashed line, and periods meeting the WIPI criteria highlighted with brown 404 

rectangles 405 

According to the results in Figure 7 (A), the main IPI hotspots were concentrated 406 

in four periods in 2021: March 2-7 (Period 1), March 29 to April 5 (Period 2), April 407 

12-20 (Period 3), and May 9-23 (Period 4). Figure 7 (B) shows that IPI hotspots were 408 

primarily distributed during two periods in 2021: April 11-24 (Period 5) and May 5-14 409 

(Period 6). Based on the space weather index data in Figure 8, we calculated the 410 

primary periods for WIPI to be February 27-28, March 1-17, March 26 - April 6, and 411 

April 19-30, 2021. 412 

We analyzed the reasons for the IPI hotspot anomalies in each period, 413 

considering the intervals of WIPI caused by space weather index anomalies and the 414 

spatial-temporal locations of earthquakes with Mw≥5.5. Before the emergence of 415 

hotspots in the northern part of the study area from March 2-7, 2021 (Period 1) and 416 

the southwestern part from March 29-April 5, 2021 (Period 2) in Figure 7 (A), there 417 

were multiple occurrences of geomagnetic activity and storms. The periods of 418 

February 27-28, March 1-17, and March 26-April 6, 2021, were identified as the main 419 

intervals for WIPI, suggesting that the aforementioned hotspots might be related to 420 



geomagnetic activities, among others. The hotspots in the eastern and western parts of 421 

the study area from April 12-20 (Period 3) and above and southwest of the epicenter 422 

from April 11-24 (Period 5) in Figure 7 (A) and (b) appeared before the WIPI (April 423 

19-30). Although there is some overlap between Periods 3 and 5 and this WIPI, the 424 

primary time frames of Periods 3 and 5 precede the WIPI. Moreover, after the 425 

occurrence of this WIPI, the spatio-temporal trends of the hotspots in Periods 3 and 5 426 

remained unchanged, unaffected by space weather. This indicates that the IPI hotspots 427 

during these periods are not related to solar activities, geomagnetic disturbances, or 428 

magnetic storms. They are likely related to crustal activities during the gestation of 429 

the April 28, 2021, Mw6.0 earthquake and the Qinghai Maduo Mw7.3 earthquake. 430 

Similarly, in Figure 7 (A), for May 9-23, 2021 (Period 4), the central and northern 431 

hotspots, and in Figure 7 (B), for May 5-14, 2021 (Period 6), the western and 432 

southwestern hotspots showed no significant geomagnetic storms or activity before 433 

their formation. Within 26 days following the anomalies, Yangbi Mw6.1 and Maduo 434 

Mw7.3 earthquake occurred within 400 km of the IPI hotspots, suggesting a possible 435 

connection with the seismic preparation phase of these earthquakes. Others’ research 436 

on ionospheric anomalies associated with the Maduo earthquake revealed that 437 

anomalies were detected in the Dobrovolsky seismogenic zone as early as April 10, 438 

2021, with intensification beginning about 20 days before the earthquake (Du et al., 439 

2022) and significant increases in electron density observed approximately 14 days 440 

prior (Dong et al., 2022; Li et al., 2022). 441 

We also observed that the evolution of IPI hotspots prior to the Maduo 442 

earthquake follows a pattern of appearance, persistence, disappearance, re-appearance, 443 

and re-disappearance. Previous models of lithospheric coupling, involving radon gas 444 

release due to rock layer activity, earth degassing caused by fluid migration, and the 445 

release of p-holes (positive holes), suggest that this trend is likely due to 446 

physicochemical changes in the lithosphere during the earthquake's gestation process 447 

(Hayakawa et al., 2004; Pulinets et al., 2011; Parrot et al., 2021). Similar ionospheric 448 

anomaly processes have also been observed in multi-layered coupling studies of the 449 

2013 Lushan Mw6.7 earthquake and the 2018 Indonesian Mw7.5 earthquake 450 

(Marchetti et al., 2020; Zhang et al., 2022). Statistical studies based on SWARM 451 



satellite electron density and magnetic field data revealed that anomalies before 452 

Mw≥5.5 earthquakes are not limited to a specific time frame but occur in multiple 453 

intervals. This supports the theory that the recurring anomalies detected in our IPI 454 

hotspots might result from multi-layered coupling during the earthquake preparation 455 

phase. However, there is currently no mature theoretical model or mechanism for how 456 

earthquakes affect the ionosphere. The reasons why IPI hotspots exhibit such 457 

distinctive earthquake-ionosphere disturbance signals remain to be further explored in 458 

multi-layered coupling research. 459 

IPI hotspots shows anomalies from around 40 days to approximately 15 days 460 

before earthquakes, extracting their spatio-temporal evolution process. This 461 

demonstrates the feasibility and effectiveness of this method in extracting seismic 462 

ionospheric anomaly data. This primarily relies on the adaptive nature of the IPI 463 

algorithm, which can mitigate the effects of background changes and noise to a 464 

certain extent. While the IPI method can capture the continuous spatio-temporal 465 

changes in ionospheric parameter anomalies, it still has many limitations in practical 466 

earthquake forecasting: 467 

1) The space environment is influenced by various factors. The IPI method can 468 

only extract anomalies in ionospheric parameters but cannot directly filter out 469 

ionospheric precursor information caused by earthquakes. It is challenging to 470 

determine which earthquake caused the ionospheric anomalies in regions with 471 

multiple significant earthquakes. Establishing anomaly determination indicators and 472 

combining them with space weather indices like Kp and Dst for anomaly filtering 473 

could be an effective solution. 474 

2) We use R from Dobrovolsky empirical formula, 𝑅 = 100.43𝑀, as the radius of 475 

the circumscribed circle of the rectangular study area to ensure it falls within the 476 

seismogenic zone. However, considering that magnetic field lines are not 477 

perpendicular to the ground and phenomena such as E×B drift and plasma diffusion 478 

occur during signal propagation (Liu et al., 2021), it is possible for earthquake 479 

ionospheric anomalies to appear outside the seismogenic zone. This understanding, 480 

also noted by Marchetti et al. (2020). Suggests that future research areas might need 481 

to be adjusted accordingly. 482 



3) The study separately utilized descending (daytime) and ascending (nighttime) 483 

orbit data and designed periods of change window across different time scales for 484 

method testing. Although different IP models were able to extract distinct ionospheric 485 

anomaly disturbance signals, there were differences in the spatio-temporal distribution 486 

of these anomalies. This indicates that data selection and parameter setting greatly 487 

influence the final results of the IPI method. The setting of optimal parameters and the 488 

selection of data require further research. 489 

6. Conclusion 490 

Based on the PI method, we optimized the data processing by combining features 491 

of satellite observations and earthquake-ionospheric precursor characteristics, leading 492 

to the establishment of the IPI method. The method's reliability and effectiveness were 493 

validated using the 2021 Mw7.3 Maduo earthquake in Qinghai, China, as a case study. 494 

The IPI calculation provided continuous spatio-temporal images of electron density 495 

anomalies, and potential earthquake-ionosphere anomaly disturbance signals were 496 

analyzed based on space weather indices and IPI hotspots. 497 

The main research findings are as follows: 498 

1) Based on CSES electron density data, the model constructed by the IPI 499 

method was able to extract electron density anomaly disturbance signals not 500 

presenting in normalized electron density spatio-temporal images, in both descending 501 

(daytime) and ascending (nighttime) orbits, and across various scales of change 502 

window.  503 

2) Anomalies in electron density appeared about 40 days before the Maduo 504 

Mw7.3 earthquake, exhibiting an evolution process of 505 

“appearance-continuation-disappearance-reappearance-disappearance”. The IPI 506 

hotspot maps derived from descending (daytime) and ascending (nighttime) data 507 

showed similar trends. 508 

The IPI method, with its high spatio-temporal resolution and adaptability to 509 

remove background trends and noise, can capture the spatio-temporal evolution of 510 

ionospheric parameters over and around earthquake areas, as well as potential strong 511 

seismic ionospheric anomaly signals. Such capabilities are instrumental in 512 

investigating the physical mechanisms behind the earthquake-ionosphere coupling 513 



process. However, accurately identifying earthquake ionospheric precursors from 514 

electromagnetic satellite data remains a challenging task. Due to the complexity of 515 

earthquake preparation mechanisms, the discontinuity of observational data, and 516 

limitations in data analysis methods, numerous challenges persist, requiring a 517 

multidisciplinary approach to address them. Finally, it is important to acknowledge 518 

that the research on the IPI method is in its early stages, necessitating ongoing 519 

optimization of the method and statistical analysis of seismic instances. 520 
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