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 Abstract 

Interferometric Synthetic Aperture Radar (InSAR) is a remote sensing technique allowing to measure 

deformation with mm-precision over large areas. It has been used since the early 90’s to monitor 

natural hazard and anthropogenic deformation. This report presents a short description of the 

technique, as well as two examples of the application of the technique regarding deformation over 

the Reykjanes Peninsula. The first example gives an overview of long-term tectonic and anthropo-

genic deformation between 2015 and 2018 for the entire peninsula. The second example is focused 

on the co-seismic displacements associated with an M5.6 earthquake happening on the 20th of 

October 2020 in the center of the peninsula. 
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1 Introduction to InSAR 

1.1 SAR 

Synthetic Aperture Radar (SAR) is one type of radar imaging. A radar instrument sends a 

pulse of energy and measures how much of it is reflected. The resolution of a traditional radar 

sensor is directly correlated with the size of its antenna, i.e. the longer the antenna the better 

the resolution. A radar instrument in space at an altitude of 800 km and with a 10 m long 

antenna has a pulse resolution of about 5 km, which is unexploitable. However, the same point 

on the ground will be seen by many pulses. Therefore, the motion of the satellite can be used 

to generate a synthetic km-long antenna. This allows to achieve a resolution of a few meters, 

even sub-meter for specific acquisition modes. 

The two main information recorded by a SAR instrument are the amplitude of the signal (how 

much energy is reflected by the ground) and its phases (a value between -π and π).  

1.2 InSAR 

The principle of interferometric SAR (InSAR) is to compare the phase between two 

SAR acquisitions. The two acquisitions need to be acquired from the exact same location, 

otherwise no signal can be extracted. The basic processing is to align very precisely the two 

acquisitions by using their amplitude signal. Once this is done, the phase from both 

acquisitions can be subtracted to form an interferogram. 

𝜑𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑜𝑔𝑟𝑎𝑚 = 𝜑𝑎𝑐𝑞𝑢𝑖𝑠𝑡𝑖𝑜𝑛_1 − 𝜑𝑎𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛_2  

The phases of this interferogram contain various signals: deformation, satellite orbits, 

topography, atmosphere, and noise.  

𝜑𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑜𝑔𝑟𝑎𝑚 = 𝜑𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 +  𝜑𝑜𝑟𝑏𝑖𝑡𝑠 + 𝜑𝑡𝑜𝑝𝑜𝑔𝑟𝑎𝑝ℎ𝑦 + 𝜑𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒 + 𝜑𝑛𝑜𝑖𝑠𝑒 

For deformation studies we try to isolate the deformation part of the signal. To do so, we 

correct for the satellite orbits using known orbital parameters and for the topography using a 

high-resolution digital elevation model (DEM). The atmosphere can be corrected for by using 

weather models for single interferograms and time-series analysis for series of interferograms. 

The noise can be reduced by spatial filtering. 

Once all the corrections have been applied, we obtain a deformation interferogram in the line-

of-sight (LOS) of the satellite. This means that we measure the ground deformation along one 

dimension, away or toward the satellite, unlike GPS, where the deformation is measured in 

three dimensions. In order to get a better understanding of the deformation, and to have an 

easier interpretation, it is possible to extract the vertical deformation and the east-west 

deformation. The principle is to decompose the signal from interferograms covering the same 

time period but acquired from different point of view. The resulting deformation are called 

near-East and near-Up to reflect the approximation during the decomposition process. 

InSAR has successfully been used to measure a wide range of ground deformation: earth-

quakes (Massonnet et al., 1993; Pagli et al., 2003), volcanoes (Sigmundsson et al., 2010), land-

slides (Schlögel et al., 2015), plate tectonics (Vadon & Sigmundsson, 1997; Drouin & Sigmunds-

son, 2019), geothermal areas (Drouin et al., 2017; Juncu et al., 2017), dams (Wang et al., 2011), 

etc. InSAR time-series can achieve mm precision of deformation measurements (Ferretti et al., 

2007). If the ground surface changes too much between the two acquisitions, then no signal is 
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recorded. This is usually caused by vegetation growth or snow cover. The former is not an 

issue in most part of Iceland, but the latter means that deformation measurements can usually 

not be made during the winter months in snow covered areas. 

2 Deformation in Reykjanes 

2.1 2015–2018 velocities 

The Sentinel-1 SAR mission from the Copernicus program (European Space Agency) is one of 

the main providers of SAR data. Images are acquired every 6 or 12 days over most of the world 

and are available free of charge. For Iceland, images were acquired every 12 days between 

2015 and 2017 and are acquired every 6-days since 2017. This unprecedented amount of data 

allowed to create deformation velocity maps for all of Iceland (Drouin & Sigmundsson, 2019). 

The velocities obtained from InSAR are in a very good agreement with the velocities measured 

at continuous GPS sites through the country. Figure 1 shows the part of these maps covering 

the Reykjanes Peninsula for 2015–2018. 

We can see that the near-East velocities span about 20 mm/y. This amounts for the plate 

spreading in Iceland as the Reykjanes Peninsula defines the plate boundary between the North 

American plate and the Eurasian plate. The near-Up velocities show a subsidence of about -30 

mm/y related to geothermal exploitation at the Reykjanes geothermal field (Receveur et al., 

2019). Subsidence is also visible at the Svartsengi geothermal field and within the Krýsuvík 

area. 
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Figure 1.  Near-East (top panel) and near-Up (bottom panel) average velocities between summer 2015 

and summer 2018 from Drouin & Sigmundsson (2019). Background shows shaded 

topography, roads (black lines), buildings (black areas), and water (blue/grey areas). 
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2.2 Earthquake deformation: 20th October 2020 example 

On the 20th of October 2020 at approximately 13:43 GMT, an M5.6 earthquake occurred at the 

center of the Reykjanes Peninsula, about 25 km SW of Reykjavík. It was clearly felt in the 

capital area and the rest of the peninsula. This was one of the largest earthquakes recorded in 

the area since the 70’s (Björnsson et al., 2020). The Sentinel-1 mission provides two 6-days 

interferograms covering the event: 20–26 Oct. for the descending track T155 and 16–22 Oct. for 

the ascending track T16. As described in Section 1.2, the two interferogram signals were 

decomposed to extract the near-East and near-Up displacements shown in Figure 2. Also, the 

focal mechanism of the M5.6 earthquake shows right-lateral strike-slip movement on a N-S 

oriented fault plane, as shown in Figure 2. 

We can see that the co-seismic displacements are relatively large, with a total amplitude of 

around 10 cm for both near-East and near-Up components. By taking the first derivative of the 

displacement field, we get an image of the strain rate associated with the earthquake. We have 

highlighted areas of high-strain rate, shown in red color in Figure 2b and 2d. These areas 

highlight discontinuities in the displacements field and therefore indicate faults which moved 

during the earthquake. The deformation across these faults is likely to be larger than the values 

shown on the displacement fields because of the resolution at which the data was analyzed 

(about 50 m). 

2.3 Volcanic unrest: early 2021 example 

On the 24th of February 2021 at approximately 10:05 GMT, a M5.7 earthquake occurred near 

Mt. Fagradalsfjall, Reykjanes Peninsula, about 5 km west of the 20th of October earthquake. 

Many subsequent earthquakes were observed along the plate boundary from Svartsengi 

geothermal area to Kleifarvatn Lake. The largest earthquake and most other large earthquakes 

were right-lateral strike-slip earthquakes happening along N-S faults. In the following days, 

seismic and InSAR data suggested that a dike was intruding into the crust beneath Mt. 

Fagradalsfjall and going NE towards Mt. Keilir. On the 3rd of March, another tremor pulse was 

observed, and the seismicity started to migrate SW from Mt. Fagradalsfjall. The latest 

interferogram seems to indicate that this activity is caused by a new dike or a prolongation of 

the previous one, toward the SW. Note that this event is ongoing at the time of the writing and 

that the current interpretation of the deformation being caused by dikes could change in the 

future. 

The deformation is still on-going in the area and the acquisition are offset by a couple of days 

between tracks. This means that both ascending and descending interferograms do not cover 

the same deformation. Therefore, the decomposition process to get the East and Up total 

displacements is much more uncertain than usual. The results show over 50 cm of East-West 

deformation and over 30 cm of vertical deformation (Figure 3). Most of this deformation is 

caused by the diking but earthquakes also have a significant contribution. Dikes travelling 

within the crust can generate grabens with fault movements in the order of meters (Ruch et 

al., 2016) but this has not been observed in the current case. Observed fault movements since 

the beginning of the unrest are most likely associated with earthquakes. 
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Using the InSAR data shown in Figure 3, visible faults were mapped manually (Figure 4). The 

InSAR images are noisier than in the case of the 2020 October earthquake which makes it 

difficult to create a Figure comparable to Figures 2B and 2C. Faults close to the epicenter of the 

main shock may have moved but no deformation data have been recovered in this area and 

therefore they could not be mapped. 

The line-of-sight (LOS) displacements covering the M5.7 earthquake on the 24th of February 

show over 10 cm of deformation. This is comparable to the 20th of October earthquake. 

However much less fractures are visible on the deformation field, indicating that the main 

fault ruptured mostly at depth unlike in October where the fault propagated to the surface up 

to 7-8 kilometers to the north. 
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Figure 2.  Near-East (A) and near-Up (C) total co-seismic displacements for the 20th October 2020 

earthquake. High-strain areas (red) for near-East (B) and near-Up components (D). 

Background shows the main earthquake focal mechanism (data: Veðurstofa Íslands, Czech 

Academy of Science, ÍSOR, Orka náttúrunnar; processing: Þorbjörg Ágústsdóttir & Egill 

Árni Guðnason, ÍSOR), the reference area (dashed area), shaded topography, roads (black 

lines), buildings (black areas, and water (blue/grey areas). 
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Figure 3.  Near-East (A) and near-Up (B) total displacements between the 23rd February and the 8th 

March 2021. Background shows the reference area (dashed area), shaded topography, roads 

(black lines), buildings (black areas), and water (blue/grey areas). 
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Figure 4.  Focal mechanism of a selection of large earthquakes (magnitude > 4.8) that occurred on the 

24th of February and onwards, shown in the location of the earthquake (data: Veðurstofa Íslands, 

Czech Academy of Science, ÍSOR, Orka náttúrunnar; processing: Þorbjörg Ágústsdóttir & 

Egill Árni Guðnason, ÍSOR). The date of the earthquake is indicated over the focal mechanism. 

The black focal mechanism is for the M5.7 earthquake. Background shows shaded topography, 

moving faults as inferred from InSAR (red lines), roads (black lines), buildings (black areas, 

and water (blue/grey areas). 

 

3 Conclusions 

As shown in this report, InSAR can be used to measure deformation over most of the 

Reykjanes Peninsula. This can be applied to long-term deformation spanning many years due 

to plate spreading and geothermal utilization, or much more brutal and short-term changes 

associated with large earthquakes or volcanic unrest. The large spatial coverage of InSAR 

allows to map the full extent of such deformation. The continuous deformation field provided 

by this technique can be used to derive areas of high strain, which are the most critical 

information for infrastructures. 
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