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Ground movements caused by landslides lead to significant damage and disruption of highway 

networks in mountainous areas around the world and in Iran, such as the Haraz Road. While 

difficult to predict, continuous monitoring of land deformation along roads and highways is 

critical for early identification of hazards before major failures occur. Common slope 

monitoring approaches using piezometers, inclinometers or geodetic measurements are 

typically time-consuming and logically challenging. These reactive methods may be effective 

for smaller locations with movement history but cannot be used for continuous deformation 

measurement and only apply where sufficient prior movement has occurred to prompt 

instability signs. Interferometric Synthetic Aperture Radar (InSAR) is a promising option for 

detecting active landslides over large areas. In this study, we combined Sentinel-1 InSAR 

(LiCSAR) data products based on the New Small Baseline Subset (NSBAS) processing to 

estimate ground displacement field from January 2020 to October 2022 in Haraz Road 

landslide area. Results showed ground deformation ranging from 24-30 mm/year, with most 

landslides occurring on slopes over 40% grade during the last two years. Time series analysis 

of ground deformation and rainfall suggests these landslide events tend to occur a few days to 

a week after heavy rainfall. Coherence change time series also revealed the lowest coherence 

value of 40, compared to pre-landslide values around 130, in periods following landslide 

occurrences. Overall, this research demonstrates the value of InSAR and time series analysis 

for understanding continuous, slow slope movements on roads and unstable areas to help 

predict possible future landslides. 
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1. Introduction 

    Landslides are one of the most destructive and common 

natural hazards worldwide (Dou et al., 2020). Landslides 

occur when sloping soil layers are due to external factors 

such as heavy rainfall, earthquakes and human activities 

separate and move downwards (Lari et al., 2014). In 

addition, unstable slopes with slow motion have sufficient 

potential to damage or weaken engineering infrastructure 

such as roads, buildings and dams (Cooper et al., 2008; 

Tomás et al., 2018). Landslides pose a significant threat to 

road infrastructure in mountainous regions worldwide, 

including Iran. Recent damaging landslides in Iran have 

occurred on critical transportation routes such as the 

Mosulati Givi-Khalkhal road in June 2018, the Haraz Road 

in April 2022 and or landslides on roads such as Tehran-

Chalus in March 2021. These events often result in road 

closures, traffic delays, and costly emergency repairs. While 

individual landslides are difficult to predict precisely, 

continuous monitoring of ground deformation along 

vulnerable roads can identify emerging hazards before they 

escalate into major failures. 

Traditional deformation monitoring relies on a single 

point measurement from instruments like inclinometers or 

GPS/GNSS receivers. While accurate, these techniques are 

labor-intensive, expensive, and only detect movement at 

isolated locations on already unstable slopes. 

Interferometric Synthetic Aperture Radar (InSAR) is one of 

the promising options as a continuous monitoring tool for 

ground deformation. It is capable of measuring ground 

deformations at sub-centimeter scales regardless of weather 

conditions or day and night. Radar satellites also have short 

revisiting periods and wide spatial coverage, which enables 

continuous monitoring of large-scale areas. With the 

increasing number of satellites and recent advances in 

InSAR processing techniques, the accuracy of ground 

deformation measurements keeps improving and is 

becoming a key technology for detecting geological hazards. 

By transitioning from reactive point measurements to 

proactive area monitoring, transportation agencies can better 

understand landslide hazards, prioritize at-risk locations, 

and respond more effectively to safeguard road 

infrastructure against landslide impacts through early 

warnings, and preventative mitigation measures. Adopting 

wide-area early warning systems can ultimately reduce 

landslide costs and impacts while keeping critical 

transportation links open. 

Many studies have used InSAR techniques to assess 

landslide risk and develop active landslide monitoring 

mechanisms globally. Examples are provided of studies 

using Sentinel-1 time series InSAR to analyze landslide 

behavior and displacement rates in relation to factors like 

precipitation. For example, Tsironi et al. in 2022 examined 

the kinematic behavior of active landslides across several 

sites in the Panachaikon Mountain area, Achaia 

(Peloponnese, Greece) using Sentinel-1 InSAR time series 

analysis for the 2016-2021 period. They found that the 

maximum displacement rate of each landslide was located 

near its center. Their findings showed that the total 

precipitation rate can control the increasing displacement 

rate of an active landslide. Additionally, a vast portion of the 

Achaia mountainous area suffers from slope instability 

appearing in various degrees of ground displacement, 

greatly impacting its morphological features and residential 

areas (Tsironi et al., 2022). Liu et al. in 2018 utilized a 

combination of multi-sensor and multi-temporal radar 

imagery datasets (ALOS/PALSAR 1/2, TerraSAR-X and 

Sentinel-1A/B) to investigate small-scale loess landslides on 

the Loess Plateau terrace from December 2006 to November 

2017. In total, 32 regions of active landslides were identified 

from December 2006 to March 2011, and 48 active 

landslides from January 2016 to November 2016. Moreover, 

they observed that loess landslides and bedrock landslides 

exhibit different formation processes (Liu et al., 2018). In 

another study, Jacquemart and Tiampo (2020) proposed a 

novel approach for landslide stability assessment using 

relative interferometric coherence from Sentinel-1 and 

Normalized Difference Vegetation Index (NDVI) from 

Sentinel-2. They calculated the ratio of average 

interferometric coherence or NDVI on an unstable slope to 

the surrounding hillside slope. They demonstrated that the 

coherence ratio of the Mad Creek landslide decreased by 

50% when the landslide accelerated five months prior to its 

catastrophic 2017 failure (Jacquemart & Tiampo, 2020). 

While past research utilized high-resolution radar data, 

widespread application of InSAR for large-scale monitoring 

has been limited by processing costs and data availability. 

The Sentinel-1 mission provides a unique opportunity for 

affordable, automated InSAR monitoring over large areas 

using cloud computing platforms like COMET-LiCSAR 

(Lazecký et al., 2020; Wright et al., 2023; Sadeghi et al., 

2023; Ghorbani et al., 2023; Babaei et al., 2024; Ghorbani 

et al., 2024). This research proposes processing LiCSAR 

products and applying atmospheric correction to reduce 

noise. The aim is to improve the automatic identification of 

signs of slope instability along Haraz Road. Time series 

InSAR deformation and coherence data will be evaluated 

alongside instability triggers like rainfall and soil moisture 

levels. The results will promote further understanding of 

gradual, ongoing slope movements in unstable areas and 

enable early warning of potential landslides affecting vital 

Haraz Road infrastructure. 

2. Description of study area and data 

    The Haraz Road axis is a critical transportation route in 

Iran's Mazandaran province. This area features diverse 

geology that heightens the risk of hazards directly impacting 

transportation infrastructure (Figure 1). Careful attention to 

geological characteristics is vital when constructing, 

maintaining, or repairing systems along this route. 

Limestone, marl, sandstone, shale, and river sediments 

comprise most roadside outcrops. Igneous and pyroclastic 

rocks also emerge, often related to Eocene and Jurassic 

volcanic deposits. The discontinuities between sedimentary 
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strata and volcanic intrusions can exacerbate slippage and 

collapse hazards despite the abundance of fractures and 

joints (Dehghan Farouji & Beitollahi, 2022). The Razan 

landslide zone in the Central Alborz Mountains poses a 

significant risk for the region. This area was originally an 

ancient landslide thought to have been triggered by a major 

earthquake along the North Alborz fault in past millennia. 

More recently, the zone has become destabilized due to 

extensive mining of sand and gravel for construction 

materials. Given the freshly disturbed geology and 

continuing mining extractions, the Razan landslide zone 

remains highly prone to future slides. This represents a 

concern for the nearby Haraz Road which traverses the zone. 

Mitigation of landslide risk in the Razan area will require 

restrictions on mining activities and stabilization of the most 

vulnerable slopes overlooking the highway. 

 

 

Given the necessity of understanding landslide hazards for 

transportation networks, this study performs time series 

analyses of landslide detection using Sentinel-1 radar data. 

We acquired 80 Sentinel-1 images spanning January 2020 to 

October 2022 over a 250 km 2 area of the Haraz Road axis. 

The 12-day interval dataset from the satellites' descending 

orbit enabled interferometric processing and derivation of 

unwrapping phase and coherence products (Figure 2). These 

are obtained from the COMET-LiCS portal 

(https://comet.nerc.ac.uk/COMET-LiCS-portal/) to detect 

and characterize landslide risks along this critical Iranian 

highway over time. 

3. NSBAS processing by LiCSBAS time-series analysis 

    LiCSBAS is an open-source package based on Python 

coding to carry out InSAR time series analysis using 

LiCSAR products (i.e. unwrapped interferograms and 

coherence, GACOS data) that are freely available on the 

COMET-LiCS web portal (Morishita et al., 2020). Initially, 

we downloaded LiCSAR products automatically by running 

the script. Then the conversion file format was done. In the 

next step, to reduce the impact of unwrapping errors in 

Haraz region, before the subsequent time-series analysis, 

pixels with a coherence of 0.1 are masked and then the data 

are unwrapped automatically using SNAPHU (Hanssen, 

2001). Thereafter, all the unwrapped data and corresponding 

coherence images are clipped to the Haraz region. The 

unwrapped coverage and coherence threshold are set to <0.5 

and 0.06, respectively. The unwrapped interferograms are 

resampled and geocoded using the Shuttle Radar 

Topography Mission Digital Elevation Model (SRTM DEM 

30 m). Overall, the baseline network obtained from Sentinel-

1 images for the descending (D-35) tracks include 388 

interferogram that contain noisy data or do not pass a phase 

loop closure test (indicating severe unwrapping errors) are 

automatically excluded from the analysis. To estimate the 

ground displacement field and velocity of a surface pixel 

over time using a sequence of displacement data, a Small 

Baseline inversion is carried out on the network of 

interferograms. If we possess a stack containing M-

unwrapped interferograms: 

 1,...,
T

Md d d                                                                            (1) 

Produced from N images taken at ordered times (𝑡0,…,N-1), 

N-1 incremental displacement vector and 

 1 1,....,
T

Nm m m                                                                       (2) 

(i.e., mi is the incremental displacement between time ti-

1 and ti) can be derived by solving: 

 

d Gm                                                                                (3)  

( 1)G M N                                                                         (4) 

 

where G is a design matrix of zeros and ones describing 

the relationship between the network of the considering that 

the unwrapped interferogram is the sum of corresponding 

successive incremental displacements (Morishita et al., 

2020). Cumulative displacements for each acquisition (i.e., 

the displacement time series) are simply calculated by 

summing the incremental displacements. The mean 

displacement velocity is then derived from the cumulative 

displacements by least-squares. Even though Sentinel-1 data 

are constantly being acquired with short spatial and temporal 

baselines in most areas, there could still be gaps in the Small 

Baseline network due to decorrelation associated (Morishita 

et al., 2020). 

The New Small Baseline Subset (NSBAS) approach 

proposed by López-Quiroz et al. (2009) and Doin et al. 

 
                           

 

                             

Figure 1.  Geographical location of the Razan landslide zone 

and the frame of Sentinel-1 InSAR (LiCSAR) images that 

covers the Haraz Road area. 
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(2011) is used to obtain more realistic displacement time 

series even with a disconnected satellite image network. 

Thus, NSBAS can estimate displacements across network 

gaps by assuming linear motion by Equation (5). Then, the 

constrained system can be solved by a least-square inversion 

in Equation (6). This allows NSBAS processing by 

LiCSBAS time-series analysis to provide velocity estimates 

over larger areas, particularly in low coherence regions, 

compared to the traditional Small Baseline Subset (SBAS) 

implementation which skips all processing for any column 

containing a NaN (Maghsoudi et al., 2022; Ghorbani et al., 

2022). 

 

d vt c                                                                                        (5) 

           

(6) 

where 𝛾 is a scaling (weighting) factor of the temporal 

constraint. 

 

Centre for Medium-Range Weather Forecasts (ECMWF) 

data based Generic Atmospheric Correction Online Service 

for InSAR (GACOS) were utilized to correction of the 

tropospheric noise present in interferograms 

(http://www.gacos.net/). According to Figure 3(a,b), the 

standard deviation (STD) of unwrapped phases before and 

after GACOS corrections has been calculated to reduce 

tropospheric noise for each interferogram. GACOS 

corrections significantly reduced the STD for each 

interferogram from an average of 2.8 rad to 2.5 rad overall 

Figure 3(c). For some interferometers, the phase noise was 

reduced by 50% on average, from 2.7 rad down to 1.2 rad. 

Finally, after GACOS corrections, the maps are high-pass 

filtered in time and low-pass filtered in space, to separate 

noise components from the displacement time series. 

 

 

4. Results 

     We estimated the surface deformation time series at each 

landslide location in the Haraz Road using LiCSBAS. Then, 

assessed the relationship between InSAR time series with 

precipitation and soil moisture. 

4.1. Ground deformation derived by LiCSBAS 

     The ground deformation map along with the slope map 

for further interpretation of the Haraz Road area is shown in 

Figure 4. Figure 4a shows the map of the mean displacement 

velocity in the sensor line of sight (LOS) from January 2020 

to October 2022 in the Haraz Road area. The mean 

displacement velocity is estimated between -24 mm/yr to 

+14 mm/yr during the 2-year observation period. The red 

colors in the deformation map indicate moving away from 

the satellite (subsidence), while blue colors indicate uplift 

and moving towards the satellite. Subsidence is mostly 

observed in places with gentle to steep slopes (<5%) (Figure 

4b). 

 
                          

Figure 2.  The process of analysing InSAR data to 

measure the ground displacement field. 
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As a result, the main subsidence found (from -24 mm/yr 

to -10 mm/yr) is observed in the southeastern and southern 

areas around the road. Positive displacement values are also 

seen in most areas with a very gentle slope in the study area, 

especially in flat areas such as the upstream areas of the 

road. The green areas in the map indicate the sensitivity of 

low risk areas where landslides are unlikely to occur but may 

sometimes occur. The yellow to red colors in the steep slope 

indicate areas where the probability of landslide and soil 

erosion is higher. As can be seen in the figure, most 

deformation pixels located in areas with slopes above 40% 

were more at risk of collapse. In fact, it can be concluded 

that active landslides are moving in the same direction as the 

 

 
Figure 3. Effect of tropospheric phase delay correction 

of each interferogram using GACOS based on weather 

forecast model (ECMWF) at (a) before GACOS, (b) 

after GACOS and (c) correlation diagram of the STD of 

unwrapped phases before and after the GACOS 

correction. 

 

 
Figure 4. The ground deformation map along with (a) 

the mean LOS velocity map obtained from LiCSAR data 

products by LiCSBAS from, (b) Slope map and (c) 

Aspect. 

 

(a) 

(b) 

(c) 

(a) 

(b) 

(c) 
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deformed pixels towards the south and southwest along the 

road (Figure 4c). Our research results show that the most 

deformation of active landslide masses has occurred along 

the Haraz-Baladeh Road in the Razan landslide zone. Those 

located at the lowest part of the mountains near the road have 

recorded the highest mean velocity of deformation along the 

sensor line-of-sight for monitoring (generally between -6 

mm/yr and +5 mm/yr) and well delineate the landslide 

boundary (Figure 5). Three identified active landslide 

locations in this landslide zone include the debris slide 

occurred in the afternoon of 2 April 2022 (A), the mining 

(B) and the mountain thrust due to explosion and mining in 

the summer of 2021 (C), having the highest deformation 

potential indicating a relatively steep slope. 

     For further interpretation, the annual deformation time-

series of the region were carried out using LiCSBAS. This 

allows us to determine whether the unstable slope conditions 

pre-existed or are still ongoing. Figure 6 shows the 

deformation time-series at the three landslide locations from 

January 2020 to October 2022. The results indicate that the 

reported time frame of the mountain thrust landslide activity 

along the Haraz Road, the period of April 5, 2022, with a 

deformation rate of about 8 mm/yr had the highest 

deformation potential. Landslides in Noor valley in the 

Central Alborz occurred along major faults such as the 

Baladeh fault and on the important North Alborz fault 

hanging wall. Therefore, this region along the Haraz Road 

is at risk in terms of landslides during rainfall and 

earthquakes and other hazards, and attention to construction 

and the existence of an early warning system is essential 

disaster management in these areas. 

 

      By observing the LiCSBAS InSAR time-series, rainfall 

and reviewing the soil moisture data in the area in Figure 7, 

it becomes clear that the landslide deformation is closely 

related to precipitation. With increasing intensity and 

duration of rainfall, water infiltration into the soil increases. 

This situation has affected the increase in weight and pores. 

When water continuously enters impermeable soil that acts 

as a viscous surface, the ground becomes unstable and 

weathering causes ground movement. The change in water 

content in the soil causes a difference in soil properties, 

reducing soil resistance (Blasio et al., 2011; Serrano et al., 

2019). To assess the impact of precipitation in this area, 

satellite precipitation data from the Global Precipitation 

Measurement (GPM) mission were used 

(https://gpm.nasa.gov/missions/GPM) (Figure 7a). The 

average annual precipitation in the study area is about 17 

mm and the highest amount of precipitation belongs to the 

months of April. Also, the soil moisture at shallow and 

subsurface depths of the soil layer has been calculated based 

on the satellite dataset Soil Moisture Active Passive (SMAP) 

(https://smap.jpl.nasa.gov/). 

 

4.2. Assessing of LiCSBAS time series with precipitation and 

soil moisture data 

It is observed that the highest amount of soil moisture 

from November 2021 to April 2022 is estimated at 100 mm. 

Therefore, we detect deformation before the catastrophic 

collapse of a large slope on Haraz Road, which has 

dramatically changed the natural landscape due to the 

landslide. The landslide occurred on April 5, 2022, after the 

first spring rains. Given the available reports on the 

mountain slip on the Haraz Road, mining operations 

 

 

                            

Figure 5.  Mean LOS velocity map derived from 

LiCSAR data products by LiCSBAS at three landslide 

locations (A, B and C). The red color zones indicate a 

higher potential for landslide activity.   

    

 

 

Figure 6.  Time-series of deformation from LiCSAR 

data products at three landslide locations (A, B and C). 
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continued until mid-March 2022, but due to the Nowruz 

holidays, there were no mining-related explosions. It can be 

understood that the implementation of sand and gravel 

quarrying operations from the landslide toe of Razan has 

affected the occurrence of the landslide, but the main reason 

according to the time series is recent rainfall and increased 

soil moisture before the landslide. This landslide at 

kilometer 44 of Haraz Road caused a debris flow that 

trapped people in dust and they could not pass through this 

area. The time series of deformations obtained from radar 

observations at location A show that before the landslide, 

there was no significant displacement until the time interval 

of February 16, 2022, and the slope around the road was 

stable. But from the time interval of February 28, 2022, to 

April 5, 2022, due to the instability of the slope and slow 

movements of the ground surface up to the debris flow, the 

displacement rate of sliding areas reaches 8 millimeters per 

year. The downward trend in displacement rate from April 

5, 2022, has been slowly changing in slopes around the area. 

Also, given the daily precipitation of the area, it is observed 

that approximately 10 days before the landslide and 

cessation of rainfall, the increase in precipitation was about 

8 millimeters. As a result, we recognize that these events 

may have been located a few days or a week before. 

 

To examine the distinction between coherence loss due to 

the landslide under investigation and natural coherence loss, 

we used a time series of radar coherence derived from 

interferometric pairs with similar acquisition dates before 

and after the slope instability and mountain slide. The 

average value of coherence changes in the time interval of 

the landslide occurrence (with the amount of 90) compared 

to before and after the landslide event is 130 and 40, 

respectively, in the displacement range of location A.  

5. Conclusion 

     Given the history of landslides and other geotechnical 

disruptions on Haraz Road in recent years, continuous 

monitoring and study of this phenomenon is crucial for 

effective control and management. This study successfully 

applied InSAR time series analysis to examine deformation 

at multiple landslide locations, identifying different 

characteristics of landslides in the region. By combining 

LiCSAR data products with the LiCSBAS processing 

package, we obtained detailed surface deformation rates at 

each landslide location. Our results revealed a mean 

deformation velocity of 24 mm/yr during the period from 

January 2020 to October 2022. The most significant 

deformation occurred in the rockfall deposition zone and the 

large sliding zone of Razan. Notably, landslide locations 

with slopes less than 40% showed the highest potential for 

deformation, indicating relatively steep terrain. The 

direction of deformed pixels was predominantly towards the 

south and southwest. The study demonstrated a clear 

relationship between landslide deformation, precipitation, 

and soil moisture. A significant landslide event on April 5, 

2022, with a deformation rate of about 8 mm/yr, coincided 

with heavy rainfall. Analysis of hourly precipitation data 

showed an increase of about 10 mm approximately 10 days 

before the landslide occurred, suggesting a potential window 

for early warning. Importantly, the time series of changes in 

mean coherence values provided additional insights. The 

lowest coherence value of 40 corresponded to the period of 

landslide occurrence, indicating a potential indicator for 

detecting major ground movements. This research not only 

contributes to the understanding of landslide dynamics 

along the Haraz Road but also demonstrates the 

effectiveness of InSAR time series analysis for landslide 

monitoring and early warning. The method developed in this 

study shows promise for detecting and providing early 

warnings for major landslides, which could significantly 

improve road safety and infrastructure management in 

landslide-prone areas. Future work could benefit from 

integrating ground-based measurements, conducting 

sensitivity analyses of NSBAS processing parameters, and 

incorporating additional environmental variables such as 

vegetation cover, longitudinal slope profiles and machine 

learning. These enhancements would further refine the 

methodology and potentially improve the accuracy of 

landslide prediction and risk assessment. 
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