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Abstract 

 

The recent volcanic unrest on Iceland's Reykjanes Peninsula was an excellent opportunity to better understand volcanic processes 

and develop hazard mitigation strategies. The eruption was studied using various direct and remote-sensing techniques. Here, we 

present an innovative UAV-based TomoSAR approach application, combined with photogrammetry, to explore the external and 

internal structures of an active volcanic vent within the Sundhnúkur crater row, where nine eruptions have occurred since December 

2023. The surveys were conducted on 20 May 2024 (12 days after the end of the March–May eruption) and on 1 August 2024 (40 

days after the May–June eruption). For optical data collection, we used a DJI Mavic 3T quadcopter, equipped with an RGB camera 

and an infrared sensor. The radar data were acquired using a UAV-based interferometric SAR system, Explorer RD350, which is 

capable of collecting P-band data in helical-trajectory mode. The optical data were processed using the standard photogrammetric 

workflow, and the SAR data were processed using the Refractive Back Projection algorithm, which enabled the extraction of 

amplitude images as slices at given depths with a ground penetration of up to 20 m. Our results show that the higher-intensity areas 

in the subsurface images correspond to the vent's crater center, while the lower-intensity areas correspond to the slopes of its cinder 

cone, composed of loose volcanic material. We assume that the higher-intensity areas in the amplitude images represent structures of 

denser material at depth, e.g., a lava conduit within the volcanic cone. 

 

 

1. Introduction 

Aerial photogrammetry has been used to study volcanoes for 

several decades, dating back to the mid-20th century (Dvigalo et 

al., 2016). It was successfully applied to monitor ongoing (at 

that time) eruptions, e.g., on La Palma, Spain (Walter et al., 

2023) and Reykjanes, Iceland (Pedersen et al., 2022), as well as 

to reveal hazardous events that occurred at volcanoes several 

decades ago, e.g., in Askja caldera, Iceland (Shevchenko et al., 

2024). Volcanoes are particularly interesting objects to 

investigate with comparative photogrammetric analysis, as they 

are highly dynamic landforms that can drastically change their 

edifices over short timescales (Shevchenko et al., 2020). 

Unmanned Aerial Vehicles (UAVs) are increasingly used in 

volcanological research, enabling independent, safe data 

collection in the hazardous environments of active volcanoes 

(James et al., 2020). 

 

Synthetic Aperture Radar Tomography (TomoSAR) (Fornaro et 

al., 2024) is a recent technique with the potential to significantly 

advance volcanological research, particularly when using P-

band sensors (wavelength 0.3–1.0 m), which enable subsurface 

exploration. So far, UAV-based P-band TomoSAR has been 

successfully used to detect ant nests (Oré et al., 2022), locate 

buried bodies (Oré et al., 2024), analyze tree roots in boreal 

forest (Persson et al., 2024), etc. Here, for the first time, we 

present the application of the UAV P-band TomoSAR 

approach, combined with photogrammetry, to study the external 

and internal structures of an active volcanic vent within the 

Sundhnúkur crater row on the Reykjanes Peninsula in Iceland 

(Figure 1). 

Iceland is one of the most active volcanic regions in the world, 

with frequent fissure eruptions. The recent unrest on the 

Reykjanes Peninsula began in January 2020 with intense 

seismicity and inflation (Flóvenz et al., 2022); the first eruption 

occurred within the Fagradalsfjall volcanic complex in March 

2021, followed by two more eruptions in 2022 and 2023 in the 

area (Troll et al., 2024). In December 2023, eruptive activity 

emerged approximately 6 km west of Fagradalsfjall, at the 

Sundhnúkur crater row in the Svartsengi volcanic system (Parks 

et al., 2025). Since then, nine eruptions have occurred at 

Svartsengi, and further eruptions can be expected. 
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Figure 1. The explored volcanic vent within the Sundhnúkur 

crater row; UAV photo from 1 August 2024, view from the 

west. The inset shows the location of the vent in Iceland. 

 

2. Methods 

2.1 Data acquisition 

To study the Sundhnúkur active vent, we used optical and SAR 

UAV sensors. The surveys were conducted on 20 May 2024 (12 

days after the end of the March–May eruption) and on 1 August 

2024 (40 days after the May–June eruption). The launching 

point was established on a lava flow protection barrier (Pinter et 

al., 2026) ~1 km away from the vent. 

 

For optical data collection, we used a DJI Mavic 3T Real-Time 

Kinematic (RTK) quadcopter, equipped with a 48 MP ½″ 

CMOS camera and infrared sensor (8–14 μm thermal infrared 

range). We performed automatic mapping of the area at a fixed 

flying height of 120 m from the launching point. 

 

The radar data were acquired with the UAV-based 

interferometric SAR system, Explorer RD350 (Figure 2), which 

operates in three bands (C, L, and P) and three modes (linear, 

circular, and helical) (Pantoja et al., 2022). For our ground-

penetrating TomoSAR purposes, we used only P-band 

acquisitions (frequency – 400 MHz) conducted in helical-

trajectory mode (Figure 3). The automated helical flights were 

performed at heights ranging from 120 m to 80 m, with two and 

a half loops and a gradually increasing radius from 150 m to 

230 m, focusing on the vent and capturing an area of 1.42 Ha. 

Data referencing was performed in real-time mode with the pre-

flight installation of the GNSS ground station (GS). 

 

Figure 2. Employment of Explorer RD350 in Iceland to study 

volcanic unrest: a. Explorer RD350 with the ground station at 

the recently emplaced lava flow; b. The author is launching the 

drone to survey the vent. 

 

 

Figure 3. Map view of the helical flight trajectory of Explorer 

RD350 over the Sundhnúkur vent; the map base is orthomosaic 

generated from the 20 May 2024 optical survey data. 
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2.2 Data processing and analysis 

The general processing workflow is presented in the flowchart 

(Figure 4). The optical data were processed using the standard 

photogrammetric workflow in Agisoft Metashape v. 2.0.2 

(Civico et al., 2024), which includes the following steps: (i) 

manual data quality check with exclusion of all blurry images 

and uploading high-quality georeferenced photos to Metashape; 

(ii) camera alignment with overlapping image matching and 

triangulation to obtain camera positions and orientations; (iii) 

generation of depth maps and sparse point clouds with 

automated Multi-View Stereo (MVS) technique; (iv) extraction 

of final products – dense point clouds, Digital Elevation Models 

(DEMs), and visible and infrared orthomosaics of 2–5 cm 

resolution. Before DEMs generation, the point clouds were 

cleaned in Metashape by removing isolated points, which 

improved the DEMs’ quality. 

 

The P-band SAR data were processed using a workflow 

developed by the Explorer RD350 manufacturer, which 

comprises several main steps described below. 

 

(i) Preparation of raw data and processing parameters, i.e., 

conversion of the ground station and drone GNSS files into 

specific file formats using the RTKCONV program within the 

open-source RTKLIB package; obtaining precise coordinates of 

the ground station in the RTKPOST program using a permanent 

GNSS station as a base, in this case – Reykjavik station 

(REYK00ISL); and obtaining refractive index of the surveying 

material, in this case – of basaltic lava. The refractive index was 

obtained as the square root of the effective dielectric constant, 

which was laboratory-measured from the Sundhnúkur eruption 

lava samples collected in the field. 

 

(ii) Pre-processing, which includes environment setup, i.e., data 

allocation into specific directories; automated data quality check 

and corrections, e.g., cutting of the radar data to remove parts 

from the time when the drone was still on the ground, which can 

influence the processed image quality; and range compression 

to increase spatial resolution. The last two procedures were 

automatically performed in the GNU Data Language (GDL) 

program ‘proz,/heli’ developed by the Explorer RD350 

manufacturer. 

 

(iii) Batch configuration allows customizing processing by 

entering required parameters and automates the workflow by 

sequentially executing numerous commands. The following 

parameters were set for the automated processing: coverage area 

– 200×200 m, horizontal resolution – 20 cm, vertical resolution 

– 1 m, and refractive index of basaltic lava – 1.9. In this step, 

we also created a link to the photogrammetrically derived UAV 

DEM, which was used in the next step to improve the accuracy 

of the amplitude images, following Rocha et al. (2025). 

 

(iv) Refractive Back Projection (RBP) is a time-domain 

algorithm that enables the extraction of amplitude images as 

slices at given depths, with a ground penetration of up to tens of 

meters, depending on the medium's scattering properties. Unlike 

frequency-domain algorithms, it handles arbitrary flight paths 

and produces geocoded images; however, it requires an accurate 

DEM and substantial computational resources. Moreover, RBP 

accounts for the refraction effect in subsurface imaging and 

allows processing with a refractive index other than 1, which is 

essential in our case. We used the RBP algorithm's automatic 

implementation in the GDL program ‘back’ developed by the 

Explorer RD350 manufacturer. The main steps of the algorithm 

– definition of the image sample grid, calculation of the slant 

range and fractional range index, and data interpolation and 

accumulation into the sample grid – are described in detail in 

previous studies (Xu et al., 2023; Góes et al., 2023). 

 

In the RBP algorithm, a DEM is primarily used to model the 

acquisition topography, ensuring precise focusing of SAR data, 

especially in complex or rugged terrain. A DEM enables the 

algorithm to compute precise distances from the sensor to each 

pixel in the scene, thereby preventing distortion caused by 

topographic variations (Rocha et al., 2025). In cases of stable 

topography in the survey area, for example, the NASA Shuttle 

Radar Topography Mission (SRTM) can be utilized in RBP for 

topographic correction. However, in our case, it wasn't 

applicable because the topography changed significantly due to 

the eruption, and DEMs from the same surveying days were 

necessary. Therefore, we applied topographic correction using 

the DEMs obtained with optical UAV (see above). 

 

(v) As a final product of TomoSAR processing, we obtained a 

stack of 21 amplitude images per acquisition: one surface image 

and 20 subsurface images with 1-m vertical resolution and 20-m 

ground-penetrating depth. 

 

Figure 4. The general workflow chart shows the main steps of 

photogrammetric and TomoSAR processing, and their 

combination to study the surface and subsurface features of the 

Sundhnúkur vent. 

 

The optical DEMs and orthomosaics, together with P-band 

TomoSAR amplitude images, were analyzed and compared in 

QGIS v. 3.44.7. The infrared data were analyzed using DJI 

Thermal Analysis Tool v. 3.1.0. The higher-intensity areas in 

the amplitude images generated at specific depths were 

measured in 2D horizontal and vertical spaces relative to 

topographic features identified in the optical DEMs and 

orthomosaics. 
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3. Results 

Our surveys focused on the largest vent within the new 

Sundhnúkur crater row, which was active during the fourth 

eruption from 16 March to 8 May 2024 and the fifth eruption 

from 29 May to 22 June 2024; morphologically, this vent is a 

cratered cinder cone (Figure 5–8). The resulting DEM from 

optical data acquired on 20 May 2024 (Figure 5a) shows that 

the cone reached a maximum height of 20 m relative to the 

surrounding lava field, with a foot diameter of ~100 m. The 

elongated crater had a rim measuring 42 × 58 m and a depth of 

14 m. The DEM from our survey conducted on 1 August 2024 

(Figure 5b) shows that the cone's relative height reached a 

maximum of 27 m, and the surrounding lava field level rose by 

an average of 10 m. The foot diameter increased to ~112 m, and 

the new elongated crater rim dimensions were 53 × 75 m. The 

crater reached 25 m in depth, measured from the highest point 

of the rim (in the NW part). The center of the crater has shifted 

~15 m towards SW since 20 May 2024, which is not visible in 

Figures 5–8 between (a) and (b) because all maps were centered 

according to the center of the crater. 

 

Figure 5. Hillshade visualizations of the DEMs from the optical 

UAV surveys of the Sundhnúkur cinder cone on 20 May (a) and 

1 August (b) 2024, showing two stages of the cone 

morphological development, with one eruption in between. 

 

The processing of infrared data revealed that on 20 May 2024, 

the maximum apparent surface temperature within the crater 

was ~400°C, 12 days after the eruption (Figure 6a). The thermal 

anomalies are mainly observed along the crater rim and on the 

crater's inner walls, possibly due to the constant crumbling of 

cooled surface material in steep, unstable parts of the crater, 

exposing hot rock. Moreover, the hot gas might preferentially 

rise through the rim rather than the crater center, causing higher 

temperatures along the rim, since rims are much more porous 

and therefore provide a preferred pathway for hot steam/gas. 

The crater floor appeared to be mostly at relatively low 

temperatures (from ~5°C to ~30°C), most likely due to the crust 

formed atop the conduit lava. On 1 August 2024, the highest 

apparent surface temperature, mostly observed along the crater 

rim, was ~290 °C, 40 days after the next eruption (Figure 6b). 

The thermal anomalies are attributed to parts of the crater rim 

where sagging is also observed in the DEM (Figure 5b). The 

crater floor appeared to be, again, at relatively low temperatures 

(from ~10°C to ~40°C). 

 

Figure 6. Infrared orthomosaics generated from UAV data 

acquired on 20 May (a) and 1 August (b) 2024, showing thermal 

anomalies inside the crater and on the outer slopes of the 

Sundhnúkur cone. 

 

The TomoSAR results show higher- and lower-intensity areas 

in the amplitude images. In the 20 May 2024 surface image 

(Figure 7a), the higher-intensity (brighter) areas correspond to 
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the slopes with a small Local Incidence Angle (angle between 

the radar beam and the surface normal, LIA), such as the SE 

crater wall, while the lower-intensity (darker) areas correspond 

to more horizontal surfaces, such as several flat areas on the 

surrounding lava field or crater floor. The further 1–20 m 

subsurface amplitude images show a gradual transition in the 

higher-intensity area at the center of the cone from repeating 

elongated crater floor outlines to a more circular structure, as 

shown in the image at 13-m depth (Figure 8a). This higher-

intensity central area is surrounded by a lower-intensity area, 

which corresponds to the slopes of the cinder cone. The images, 

generated at depths of 13–20 m, reveal a gradual ~11 m 

migration of the higher-intensity area to the NW. The surface 

amplitude image from 1 August 2024 (Figure 7b) shows that 

slopes with small LIA appear as higher-intensity areas, like 

those in the previous set. The subsurface images, however, 

reveal a gradual transition of the higher-intensity central area 

into a NE–SW linear structure, which aligns with the elongated 

crater bottom, as shown in the image at a depth of 13 m (Figure 

8b). The images representing depths of 8–20 m show a gradual 

~17 m shift of the linear structure towards the SE. 

 

Figure 7. Results of the SAR UAV surveys of the Sundhnúkur 

cinder cone on 20 May (a) and 1 August (b) 2024; amplitude 

surface images generated using the P-band TomoSAR approach 

showing surfaces with a small LIA as higher-intensity areas. 

 

 

Figure 8. Results of the SAR UAV surveys of the Sundhnúkur 

cinder cone on 20 May (a) and 1 August (b) 2024; amplitude 

images at a depth of 13 m likely reveal the conduit structure as a 

higher-intensity area in the center. 

 

4. Discussion 

Since the higher intensity areas in the subsurface amplitude 

images are attributed to the center of the crater, and lower 

intensity areas correspond to the slopes of the cinder cone 

(Figure 8), we can infer that the higher intensity areas can 

represent denser lava in the conduit, while the lower intensity 

areas can show lower density material of the cinder cone, i.e., 

scoria that had been ejected during the eruptions. The higher-

density materials have higher refractive indices (Oré et al., 

2024), which explains why the transition from loose to dense 

volcanic material can be visible in the TomoSAR amplitude 

images. However, the high post-eruption temperatures of lava 

could reduce its density and, consequently, its refractive index; 

nevertheless, the density of even liquid lava (which solidifies at 

800° C – 1,000° C) is higher than that of scoria. Additionally, 

the bedding angle of the surface/subsurface material can 

influence reflectance, and since volcanic conduits or dikes 

typically have a near-vertical orientation, we suggest that our 

findings reflect two stages in the development of the 

Sundhnúkur crater conduit. 
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The DEM comparison revealed a ~15 m shift of the crater 

center (and the whole cone) to the SW after the May–June 2024 

eruption. This shift is in alignment with the general orientation 

of the Sundhnúkur crater row and the May–June 2024 eruption 

fissure (NE–SW), which crosscut the cone; however, it is 

perpendicular to the NW–SE gradual shifts of the higher-

intensity areas revealed in the subsurface amplitude images. 

This observation requires further analysis using 3D subsurface 

visualizations, which will be the next stage of our research. 

 

To the best of our knowledge, this work is the first to apply the 

P-band UAV TomoSAR approach to active volcanic structures, 

which is also a major limitation, because there are no 

comparable examples. Moreover, ground truthing, an essential 

part of remote sensing research, was not possible in our case 

due to the hazardous environment of the investigated object. 

One way to validate our results would be to compare them with 

the results of other aerial approaches with ground-penetrating 

capabilities applied during or shortly after an eruption, e.g., 

aeromagnetic or Very Low Frequency (VLF) electromagnetic 

methods. 

 

5. Conclusions 

(i) For the first time, we applied a ground-penetrating P-band 

UAV TomoSAR approach to an active volcanic vent. 

 

(ii) We assume that the higher-intensity areas in the amplitude 

images can represent structures of denser material at depth, e.g., 

a lava conduit inside a cinder cone. 

 

(iii) Our results may indicate that the orientation angle of the 

transient zones between materials with different reflectance 

properties could also affect the representation of subsurface 

objects. 

 

(iv) We suggest that it is crucial to combine ground-penetrating 

P-band data collection with optical surveys to compare the 

surface and subsurface structures. Moreover, it is especially 

necessary for dynamic objects such as active volcanoes, since 

their topography can change substantially during an eruption, 

and global DEMs (such as SRTM), which are usually used for 

topographic correction in the RBP algorithm, do not represent 

the actual surface. 

 

(v) The innovative application of the UAV-based P-band 

TomoSAR in volcanological research presented here has a 

limitation: it is impossible to obtain ground-truth data during or 

shortly after an eruption. Comparisons with other UAV-based 

geophysical surveys can serve as a means of validation. 
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