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 

I.INTRODUCTION 

he Northeastern part of Afghanistan was struck 

by two earthquakes on January 17, 2022, at 09:35 

and 11:40 Universal Time Coordinated (UTC) with 

moment magnitudes of M4.9 and M5.3, respectively, causing 

the death of 27 people and 49 injured, in addition to the 

destruction of hundreds of homes [1] [2] [3]. The stricken 

region is located in a remote and mountainous area with a high 

risk of rockslides. The same region was struck by an earthquake 

with a moment magnitude of M7.5 on October 26, 2015, 

causing the death of 300 people [4]. These events raised the 

need to study the destructive damages of such earthquakes to 

identify the vulnerable regions against rockslide hazards to 
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provide a safer environment for the people inhabiting these 

remote regions. 

Interferometric Synthetic Aperture Radar (InSAR) 

technique has been used successfully to study surface 

deformation due to several phenomena such as glacier 

movements [5], earthquakes [6] [7] [8], and land subsidence 

[9]. However, InSAR has some drawbacks. For example, 

tropospheric and ionospheric delays have a significant impact 

on InSAR observations; InSAR is also affected by the accuracy 

of the satellites’ orbital data. Moreover, the values of crustal 

deformation obtained from InSAR are subjected to errors in 

phase unwrapping and present relative deformation values. 

To mitigate tropospheric delay effects presented in InSAR 

[10] and [11] have incorporated GPS based Zenithal 

Tropospheric Delay (ZTD) with a topography based turbulence 
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 Abstract — This paper presents our analysis of the 2022 Afghanistan 

earthquakes with moment magnitudes of M4.9 and M5.3 that occurred on 

January 17th, 2022. We used Sentinel-1 data and the interferometric synthetic 

aperture radar (InSAR) technique to estimate crustal deformation and map the 

damaged regions. These earthquakes have caused many human casualties and 

urban destruction. We present our analysis technique that utilizes state-of-the-

art cloud processing and correction services in hazard estimation and 

management. The estimated crustal deformation caused by these earthquakes 

shows surface deformation values ranging from -16 cm to +7 cm. Moreover, we 

identified the damaged regions using the phase coherence difference technique. 

The damaged regions are mainly in rough terrain regions, which indicates the 

high risk of a rockslide in our study region. We utilize online services for the 

cloud processing of InSAR data and analysis, also, we used an online service for 

tropospheric delay correction which shows high reliability for the frequent need 

for InSAR processing which is required to establish a valid system for continuous 

monitoring and assessing the natural hazards such as earthquakes. 
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model, [12] used an exponential altitude-based model estimated 

from GPS ZTD, [7] and [13] used ZTD estimated from the 

continuous GPS network and kriging algorithm for correcting 

the tropospheric delay at Tokyo area, Japan. [14] used a bilinear 

algorithm to remove baseline errors applied on interferograms 

and a nonlinear algorithm applied after phase unwrapping. [15] 

used GPS velocities to correct baseline errors by removing a 

linear ramp from an interferometric stack in San Andreas fault. 

To identify damaged regions, the coherent change detection 

technique (CCD) was proposed, which relies on the 

interferometric phase decorrelation rate of the radar signals 

observed before and after the earthquake. Many researchers 

applied CCD techniques to detect disasters’ related damages 

like earthquakes [16], floods [17], soil liquefaction [18], 

industrial explosions [19], and volcanos [20]. [21] presented the 

relation between InSAR phase decorrelation and the severity of 

damages using the difference between pre- and post-event 

coherence maps. [22] used a coherence-based change index to 

identify the urban damage resulted from the Bam earthquake.  

This paper utilizes InSAR technique and Sentinel-1 SAR 

images to estimate the crustal deformations caused by the 2022 

Afghanistan earthquakes and map the damaged regions to 

identify the hazardous areas. We used Sentinel-1 SAR images 

to create coseismic and preseismic interferograms. Because the 

GPS stations are not available in our study region, we used the 

Generic Atmospheric Correction Online Service for InSAR 

(GACOS) [23] to remove the tropospheric artifact in the 

generated interferograms. The ionospheric artifact was 

neglected because Sentinel-1 uses a C-band signal which is 

hardly affected by ionospheric activity. The estimated crustal 

deformation shows a slide motion that is consistent with the 

existing faults map of the region. Moreover, we used the 

coherence difference methodology [18] [19] to estimate and 

map damaged regions. 

This paper is organized as follows, Section 2 presents the 

study area and dataset, section 3 describes the analysis 

methodology, section 4 presents the application results of the 

Afghanistan Northern region and finally, section 5 is dedicated 

to conclusions. 

 

II.STUDY AREA AND DATASET 

A. Study Area 

This paper focuses on the Northeastern part of Afghanistan 

near the city of Qala i Naw (Figure 1), which was unfortunate 

to endure the devastating damages of the two earthquakes that 

struck Afghanistan on January 17, 2022. The first earthquake 

occurred at 09:35 UTC with a moment magnitude of M4.9, its 

epicenter location was at 63.667˚ East and 34.936˚ North, and 

a depth of 10 km [2]. The second earthquake occurred nearly 

two hours later at 11:40 UTC with a moment magnitude of 

M5.3, its epicenter location was at 63.621˚ East and 34.929˚ 

North and a depth of 11.4 km [3]. In Figure 1. b the locations of 

the epicenters are shown in addition to the seismic fault lines in 

the study region acquired from the U.S. Geological Survey [24]. 

 

 

Figure 1. (a) Location of study region within Afghanistan (black 
rectangle), (b) Study area with SAR image coverage and the epicenters of 

the earthquakes under study (red dots), and the faults lines map (blue lines) 

[24]. Base map provided by (© Esri) [25] 
 

B. Dataset 

We utilize Copernicus Sentinel-1 data 2022, provided by 

the European Space Agency (ESA). Three Sentinel 1-A, C-

band Interferometric Wide swath SAR images were acquired 

using polarization of Vertical – Vertical (VV) mode in 

descending direction (Figure 1.b). We use single look complex 

(SLC) images with multi-looking of 4-by-20 pixels in the 

azimuth and range directions, respectively. The final products 

were geocoded using Copernicus Digital Elevation Model 

(DEM) 30m resolution (GLO-30) [26] and resampled to 80 m 

by 80 m pixel size in Universal Transverse Mercator (UTM) 

zone 41 N. 

We use the acquired images to create three interferograms 

and their corresponding coherence maps (Table 1). This 

interferometric stack formation ensures more accurate change 

detection results by enabling us to isolate the pixels’ behavior 

before and after the event.  
 

TABLE 1 

DETAILS OF SAR IMAGES 
 

No. Master Slave 
𝑩⊥ 

(m.) 

∆T 

(DAYS) 
Figures 

Satellite 

Signal 

Direction 

1 5 Jan. 

2022 

17 Jan. 

2022 
-9.93 12 

Figure 

3.a 
Sentinel 1-A 

  

(C-band) 

(VV)  

Descending 

2 5 Jan. 

2022 

29 Jan. 

2022 
-46.63 24 

Figure 

3.b 

3 17 Jan. 
2022 

29 Jan. 
2022 

-36.71 12 
Figures 
2.a, 2.b 

 

III.METHODOLOGY 

This paper presents the analysis and estimation of crustal 

deformation induced by the 2022 Afghanistan earthquakes that 

occurred on January 17, 2022. (1) presents the interferometric 

phase generated by complex conjugating two SAR single look 

complex (SLC) images. The interferometric phase contains 

topographic effects 𝜙𝑇𝑜𝑝𝑜 which is removed using the 

Copernicus GLO-30 DEM. The interferometric phase also 

contains surface deformation 𝜙𝐷𝑒𝑓𝑜𝑟𝑚., tropospheric 

effects 𝜙𝑇𝑟𝑜𝑝𝑜, ionospheric effects 𝜙𝐼𝑜𝑛𝑜, baseline error 

𝜙𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  and noise  𝜙𝑁𝑜𝑖𝑠𝑒.  
 

𝜙𝐼𝑛𝑆𝐴𝑅 = 𝜙𝑇𝑜𝑝𝑜 + 𝜙𝐷𝑒𝑓𝑜𝑟𝑚. + 𝜙𝑇𝑟𝑜𝑝𝑜 + 𝜙𝐼𝑜𝑛𝑜 + 𝜙𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 +

𝜙𝑁𝑜𝑖𝑠𝑒                       (1) 
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Tropospheric delay is highly variable, and it affects the 

whole deformation map, as well as causes extra local 

disturbances, depending on a variety of factors including 

altitude, water vapor, temperature, and wind. The ionospheric 

effect is mainly dependent on solar activity and the radio wave's 

inverse squared frequency; therefore, its effect can be neglected 

when using radio waves with high frequency like the C-band 

used in Sentinel-1, according to (2). 
 

𝜏𝑝ℎ𝑎𝑠𝑒 = −
2𝐾0𝑆𝑇𝐸𝐶

𝑓2  [m]                                                      (2) 

 

Where the constant K0 equals 40.28 m3s-2 and STEC is the 

Slant range Total Electron Content (TEC). The TEC refers to 

the density of atmospheric free electrons in a unit area cylinder 

in the direction of nadir. The STEC is proportional to TEC by 

(1/ cos 𝑧), where z is the zenith angle [27]. 

Complex interferograms were generated as shown in (Table 

1), flattened using DEM, filtered, and phase unwrapped using 

Minimum Cost Flow (MCF). Moreover, the phase coherence 

was estimated for each interferogram. It should be noted that 

because of the small normal baseline and the accurate orbital 

data obtained the effect of baseline error was minimal in our 

processed scenes; therefore, the baseline error was neglected in 

the processed unwrapped phase. The unwrapped phase was 

converted to displacements using. 
 

∆ = −1 ∗
ϕ ×λ

4 π
                    (3) 

 

Where 𝜆 is the wavelength and ϕ is the unwrapped phase. 

All InSAR products were processed by ASF DAAC HyP3 2022 

using the hyp3_gamma plugin version 5.2.0 running GAMMA 

release 20210701 [28]. 
 

A. Tropospheric Correction 

The process of tropospheric correction is to calculate the 

tropospheric delay difference map for the InSAR unwrapped 

phase. We use the Generic Atmospheric Correction Online 

Service for InSAR (GACOS) [23] to estimate the tropospheric 

delay at the observation times of the master and slave images 

for each interferometric pair and by differencing the two maps 

(4)., the tropospheric delay can be estimated and used to correct 

the generated interferograms. 
 

𝑑 𝑍𝑇𝐷𝐼𝑛𝑆𝐴𝑅 = 𝑍𝑇𝐷
𝐷𝑎𝑦2

− 𝑍𝑇𝐷
𝐷𝑎𝑦1

            (4) 
 

GACOS employs the Iterative Tropospheric Decomposition 

(ITD) model to separate stratified and turbulent signals from 

tropospheric total delays and provide high spatial resolution 

zenith total delay maps for use in InSAR correction and other 

applications. GACOS offers the following essential features: (i) 

global availability; (ii) near real-time operation; and (iii) ease 

of implementation. 
 

B. Coherence Estimation 

Interferometric phase coherence is a measure of how 

comparable two acquisitions' interferometric SAR returns are. 

The amount of the estimated coherence reflects how much the 

target has changed between the acquisition times of the SAR 

images. (5) is used to calculate the complex phase coherence 

(𝛾) [29]. 
 

𝛾 =  
𝐸〈𝑠1∙𝑠2

∗〉

√𝐸〈|𝑠1|2〉∙𝐸〈|𝑠2|2〉
                     (5) 

 

Where 𝑠1 and 𝑠2 are the coregistered SAR images complex 

signal, * is the operator of the complex conjugate, |∙| is the 

absolute operator and 𝐸〈∙〉  is the mathematical expectation. 

Practically, estimating the mathematical expectation of radar 

signals is not feasible, therefore the ensembled average of 

coherence (𝛾) is calculated by averaging signals over a moving 

window with the assumption of uncorrelated noise and signal 

(6) [30] [29].  
 

𝛾 =  
|∑ 𝑠1𝑖∙𝑠2𝑖

∗ ∙𝑒𝑗𝜙(𝑖)𝑁
𝑖=1 |

√∑ |𝑠1𝑖|2𝑁
𝑖=1 ∙∑ |𝑠2𝑖|2𝑁

𝑖=1

                (6) 

 

Where 𝑖  is the ith pixel in the moving averaging window 

with a total number of N pixels. The coherence value 𝛾 is biased 

because of the correlated portion of the signal 𝜙(𝑖)  in the 

InSAR phase. This portion of the InSAR phase contains 

topography, motion, and viewing geometry effects. The phase 

decorrelation effects are illustrated by [29] which decomposed 

the decorrelation sources as in (7). 
 

𝛾𝑡𝑜𝑡𝑎𝑙 = 𝛾𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙 . 𝛾𝑠𝑝𝑎𝑡𝑖𝑎𝑙 . 𝛾𝑡ℎ𝑒𝑟𝑚𝑎𝑙            (7) 
 

Where 𝛾𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙  is the estimate of physical changes of the 

pixels’ phase between acquisitions, 𝛾𝑠𝑝𝑎𝑡𝑖𝑎𝑙  is related to the 

geometric relations between the acquisitions and 𝛾𝑡ℎ𝑒𝑟𝑚𝑎𝑙  is 

related to the radar thermal noise.  
 

IV.APPLICATION 

A. Crustal Deformation 

We created a coseismic interferogram using the Sentinel-1 

images that were acquired on January 17th and January 29th, 

2022 (Table 1) using Alaska Satellite Facility Vertix service 

[28]. The interferogram was flattened using Copernicus GLO-

30 DEM, unwrapped using MCF, and geocoded with a spatial 

resolution of 80 m by 80 m. Figure 2.a shows the coseismic 

interferogram with wrapped phase from -π to π, the fringes 

suggest deformation in a slip mode which is consistent with the 

fault lines [24] shown in Figure 1.b. The estimated coseismic 

coherence is presented in Figure 2.b and shows high coherence 

in many regions and other heavily decorrelated regions which 

correspond to the surface changes in rough terrain regions that 

can be attributed to the occurrence of rockslides.  

We estimated the tropospheric delay at the time of SAR 

image acquisition using [23] and estimated the tropospheric 

delay difference using (4) Figure 2. c. The estimated 

tropospheric delay was used to correct the unwrapped 

interferometric phase before converting the phase to meters 

using (3). Because of the arid nature of our study regions, we 

can see that the tropospheric delay has a small variation ranging 

from -3 cm to + 3 cm. 
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The final Line of Sight (LOS) deformation map is presented 

in Figure 2.4 which shows the crustal deformation induced by 

the earthquakes in meters after applying phase unwrapping and 

corrections. The deformation ranges from -0.15 m to +0.07 m 

and a clear slide deformation is present in the deformation map 

which is consistent with the seismic fault lines of the regions 

[24]. The slide directions are shown as black arrows in 

Figure 2.d. 
 

B. Damaged Regions 

To estimate damaged regions, we applied the coherence 

difference method [18]. We estimated a preseismic coherence 

map (Table 1, No.1) Figure 3.a and a coseismic coherence map 

(Table 1, No.2) Figure 3.b. Then, we subtracted the preseismic 

coherence from the coseismic coherence, this approach 

identifies the pixels that lost phase coherence as a result of the 

earthquakes. We chose an empirical threshold of <-0.5 [18] for 

the coherence difference map to distinguish the damaged pixels 

in our study regions.  The damaged regions are shown in Figure 

3.c in red color. Most of the damaged regions were located in 

rough terrain regions which indicated rockslide-related 

damages as a result of the earthquakes. 
 

V.CONCLUSION 

The crustal deformation map of the 2022 Afghanistan 

earthquakes was presented which shows crustal deformation in 

the range of -16 cm to +7 cm. The deformation map verifies s 

slide slip motion along the predefined fault lines in the study 

region. The damaged regions were identified using the 

coherence difference technique which shows the vulnerability 

of our study region against the occurrence of rockslides, 

especially in rough terrain and high slope regions. The 

endangered zones are not especially loated near the fault lines, 

but around the rough topography which increase the chance of 

rockslide hazard regardless of the amount of permanent crustal 

motion. We utilized several online InSAR processing services 

in the data processing of this research which shows the high 

level of accuracy and reliability of these novel online services. 
 

 
Figure 2.  (a) Coseismic interferogram (Table 1, No.3), (b) Estimated 

Coseismic phase coherence ranging from 0 to 1, (c) Tropospheric delay in 

meters for coseismic interferogram (Table 1, No.3) (d) The estimated 
coseismic crustal deformation in meters along the LOS direction, the 

arrows show slip direction. 
 

 
Figure 3. (a) Preseismic phase coherence map (Table 1, No.1), (b) 

Coeseismic phase coherence map (Table 1, No.2), (c) Estimated damaged 

region using coherence difference method (red color) 
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Title Arabic:  

 2022زلزال أفغانستان من  الناتجةوالأضرار التحركات الأرضية خريطة 

 الرادارية التداخلية )انترفروجرام(الصور باستخدام 

 

Arabic Abstract: 

 4.9بقوة  2022يناير  17في  2022 نافغانستا يزلزال يركز هذا البحث على دراسة

 قمرال بيانات تم استخدام. بمقياس ريختر و في خلال مدة زمنية مقدارها ساعتان 5.3و 

 تحركات لحساب رفروجرام(التداخلية )انترية االصور الراد وتقنية 1-سنتينال الصناعي

د القشرة الأرضية ورسم خريطة للمناطق المتضررة. تسببت هذه الزلازل في وقوع العدي

ح مقدار تحركات سط تظهر الدراسةمن الضحايا البشرية ودمارًا في المناطق الحضرية. 

 ذلك،ة على سم. علاو 7سم إلى + 16-تتراوح من  حيثهذه الزلازل  من ةالناجم الارض

ضررة لتحديد المناطق المت للإشارة الرادارية الموجي الطور توافقاستخدمنا تقنية فرق 

ة التضاريس الوعرذات مناطق البسبب الزلازل. تقع المناطق المتضررة بشكل أساسي في 

مات ستخدم الخدتم امما يشير إلى ارتفاع مخاطر حدوث انزلاق صخري في منطقة الدراسة. 

ا استخدمنا ، كمالصور الرادارية عبر الإنترنت للمعالجة السحابية لبيانات وتحليلاتالمتاحة 

مطلوبة المن الدقة عالية  درجةالتروبوسفير والتي تظُهر  خطأخدمة عبر الإنترنت لتصحيح 

 .لإنشاء نظام صالح للمراقبة المستمرة وتقييم الأخطار الطبيعية مثل الزلازل
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