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The extrusion rate of a lava dome is a critical parameter for monitoring silicic eruptions and forecasting 
their development. Satellite radar backscatter can provide unique information about dome growth during 
a volcanic eruption when other datasets (e.g., optical, thermal, ground-based measurements, etc.) may 
be limited. Here, we present an approach for estimating volcanic topography from individual backscatter 
images. Using data from multiple SAR sensors we apply the method to the dome growth during the 
2021 eruption at La Soufrière, St. Vincent. We measure an average extrusion rate of 1.8 m3s−1 between 
December 2020 and March 2021 before an acceleration in extrusion rate to 17.5 m3s−1 in the 2 days 
prior to the explosive eruption on 9 April 2021. We estimate a final dome volume of 19.4 million m3, 
extrapolated from the SAR sensors, with approximately 15% of the total extruded volume emplaced in the 
last 2 days. A possible explanation for the acceleration in extrusion rate could be the combined emptying 
of a conduit and reservoir of older material before the ascent of gas-rich magma in April 2021.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

After 41 years of quiet, La Soufrière Volcano, St. Vincent, be-
gan a new phase of extrusive dome growth on 27 December 2020. 
By the beginning of April 2021 the new dome had grown steadily 
around the southwest section of the 1979 dome (Fig. 1). Starting 
on 9 April 2021 the eruption suddenly transitioned into an explo-
sive phase that lasted until 22 April 2021, completely reshaping the 
summit crater (Joseph et al., 2022). Understanding and forecasting 
such transitions from extrusive to explosive phases of eruptions is 
critical for hazards assessment and mitigation (Fink and Anderson, 
2000; Joseph et al., 2022) and relies on robust monitoring data 
(e.g., Griffiths and Fink, 1997; Pallister et al., 2013; Scharff et al., 
2014).

Transition from an effusive to explosive eruption occurs when 
the overpressure in a conduit exceeds confining pressure and has 
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been attributed to both shallow changes in a volcano’s edifice 
(‘top-down,’ depressurisation) and events deeper in the magmatic 
system (‘bottom-up,’ increased overpressure). Some top-down trig-
gers of explosive eruption, such as changes in the shallow stress 
regime caused by dome collapse (e.g., Pallister et al., 2013), high 
rainfall (e.g., Carn et al., 2004), or changes in extrusion direction 
(e.g., Watts et al., 2002) are detectable from ground- or satellite-
based observations (e.g., Ryan et al., 2010; Pallister et al., 2013). 
Deeper triggers (Metcalfe et al., 2022), such as the crystallisation 
or degassing of an ascending magma, or an increase in conduit 
permeability, may not result in diagnostic changes at the surface. 
However, the resulting increases in magma ascent rate (e.g., Castro 
et al., 2012; Wang et al., 2015) can be inferred from (1) changes in 
seismicity (e.g., Nakada et al., 1999; Roman et al., 2016) or (2) in-
creases in extrusion rate, if measurements are sufficiently frequent.

High-temporal-resolution measurements of dome growth are 
difficult to obtain from the ground, being limited by accessibility, 
resources, cloud coverage and rapidly changing hazards. Although 
optical aerial and satellite imagery can have sub-metre pixel res-
olution (e.g., Pléiades, WorldView), and one can make Digital El-
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Location and overview of La Soufrière. (A) map of the Lesser Antilles arc and the Atlantic and Caribbean plate subduction zone, (B) Sentinel-2 (S2) image (29-12-
2019) of the island of St. Vincent with extent of SAR tracks shown in green and the summit of La Soufrière in red, (C) optical and (D-H) SAR images in radar geometry 
showing the dome growth in La Soufrière crater between December 2020 to April 2021. SAR satellite abbreviation: CSK, COSMO-SkyMed; TSX, TerraSAR-X; S1, Sentinel-1. 
(For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)
evation Models (DEM) directly with stereo optical imagery, these 
datasets depend on daylight and low cloud coverage. Similarly, the 
bistatic approach using TanDEM-X data to calculate measurements 
of elevation change over time (e.g., Poland, 2014; Albino et al., 
2020) require a pair of images acquired at the same time. Histori-
cal time series of dome extrusion (e.g., Zharinov and Demyanchuk, 
2008; Ryan et al., 2010; Harnett et al., 2019) therefore tend to 
have large gaps or rely on measurements averaged over weeks to 
months.

Synthetic Aperture Radar (SAR) sensors have the benefit of be-
ing independent of the time of day and meteorological conditions. 
SAR backscatter has previously been used to observe dome stabil-
ity and growth (e.g., Pallister et al., 2013; Plank et al., 2019) and 
to track changing morphology (e.g., Wadge et al., 2011; Walter et 
al., 2015). Structural information such as dome heights and vol-
umes have been extracted from SAR backscatter through the use 
of radar shadows (El Reventador, Ecuador, Arnold et al., 2017), fea-
ture tracking (Mount Cleveland, Alaska, Wang et al., 2015) and 
simulating SAR backscatter signals to construct synthetic domes 
(Shinmoe-dake, Japan, Ozawa and Kozono, 2013). The recent study 
by Angarita et al. (2022) demonstrates a method similar to that 
presented here to quantify changes at Shishaldin Volcano.

Here, we present an analysis of the 2021 dome growth at La 
Soufrière volcano on the island of St. Vincent using radar backscat-
ter from multiple sensors. We describe an approach to extract to-
pographic profiles from SAR backscatter images. Using data from 
multiple SAR satellite systems (i.e., TerraSAR-X, COSMO-SkyMed 
and Sentinel-1), we construct a time series of 32 dome volume 
estimates between December 2020 and April 2021. We show that 
the extrusion rate remained relatively constant until two days be-
fore the explosive eruption on 9 April 2021.

1.1. Soufrière St. Vincent

La Soufrière (1,234 m) is the current active volcanic centre on 
the main island of St. Vincent and is situated in the northern sec-
tion of the island (Fig. 1). La Soufrière is considered one of the 
most active volcanoes in the Caribbean, with at least five explo-
sive eruptions since the first recorded eruption in 1718 (Robertson, 
1995).
2

La Soufrière is monitored by the University of the West In-
dies Seismic Research Centre (UWI-SRC), assisted by the Soufrière 
Monitoring Unit (SMU) of National Emergency Management Or-
ganisation (NEMO) of St. Vincent and the Grenadines. Historical 
eruptions were characterised by both explosive activity and effu-
sive dome growth.

In December 2020, La Soufrière entered a new period of activ-
ity with a new dome growing on the edge of the 1979 dome first 
observed on 27 December 2020 (Joseph et al., 2022). The Govern-
ment of St. Vincent raised the volcanic alert level in December to 
‘Orange’ in response to the extrusive activity (NEMO, 2020a). By 
mid-February 2021 the dome had grown to approximately 90 m 
in height and had transitioned into an elongated coulee, curl-
ing around the southwest edge of the 1979 dome (Fig. 1). Dur-
ing the extrusive phase, 12 measurements of the 2021 lava dome 
were made by UWI-SRC and SMU through photogrammetry using 
ground-based (i.e., from the crater rim) and aerial (i.e., UAVs, heli-
copters and fixed-wing aircrafts) imagery. A volcano-tectonic (VT) 
earthquake swarm was observed on 23–25 March 2021, marking 
a change in eruptive style and suggesting movement of magma 
towards the surface (NEMO, 2020c; Joseph et al., 2022). The rate 
of earthquakes increased on 5–6 April 2021 with the first banded 
tremor appearing on the 8 April (Joseph et al., 2022); the volcanic 
alert level was raised to ‘Red’ (at 18:00 UTC on 8 April), trigger-
ing an evacuation order for sections of the island (NEMO, 2020b; 
Joseph et al., 2022).

At 12:41 UTC on 9 April 2021 La Soufrière started to erupt ex-
plosively, with multiple explosions occurring over the day. Over 
the following week the volcano continued to erupt, with pyro-
clastic flows, continuous venting, and ashfall over St. Vincent and 
on neighbouring Barbados (11 April 2021). The newly emplaced 
dome that had been growing since the beginning of the year, the 
1979 dome, and much of the previously existing crater floor were 
completely destroyed. These changes were confirmed by the first 
observations of the volcano summit from SAR images acquired on 
10 April 2021 from ICEYE at 02:03 UTC (Fig. S12) and Capella at 
14:02 UTC (Joseph et al., 2022). Explosive activity ceased on 22 
April 2021 at La Soufrière and the seismicity has remained low 
since then. The alert level was lowered to ‘Orange’ on 6 May 2021 
(NEMO, 2020b; Joseph et al., 2022) and to ‘Green’ in March 2022.
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Table 1
SAR acquisitions used to monitor St. Vincent Dome growth. Images are acquired by three sensors (COSMO-SkyMed, CSK; TerraSAR-X, TSX; Sentinel-1, S1) for five tracks 
(indicated by subscript).

Acquisition Date Sensor Acquisition Date Sensor Acquisition Date Sensor

31 Dec. 2020 22:19 1S1 24 Jan. 2021 22:19 TSXa 09 Mar. 2021 22:19 TSXa

02 Jan. 2021 22:19 2TSXa 30 Jan. 2021 22:18 S1 13 Mar. 2021 22:18 S1

08 Jan. 2021 22:10 3TSXb 04 Feb. 2021 22:19 TSXa 19 Mar. 2021 22:18 S1
12 Jan. 2021 22:19 S1 05 Feb. 2021 22:19 S1 20 Mar. 2021 22:19 TSXa

13 Jan. 2021 22:19 TSXa 10 Feb. 2021 22:10 TSXb 25 Mar. 2021 22:19 S1
17 Jan. 2021 21:38 4CSKa 11 Feb. 2021 22:18 S1 31 Mar. 2021 22:18 S1
18 Jan. 2021 21:38 CSKa 15 Feb. 2021 22:19 TSXa 31 Mar. 2021 22:19 TSXa

18 Jan. 2021 22:18 S1 17 Feb. 2021 22:18 S1 06 Apr. 2021 22:19 S1
19 Jan. 2021 22:10 TSXb 23 Feb. 2021 22:18 S1 07 Apr. 2021 21:38 CSKa

22 Jan. 2021 21:32 5CSKb 01 Mar. 2021 22:18 S1 08 Apr. 2021 21:38 CSKa

24 Jan. 2021 22:19 S1 07 Mar. 2021 22:18 S1

1Sentinel-1 Descending; 2TerraSAR-X Descending 085; 3TerraSAR-X Descending 039
4COSMO-SkyMed S2_17 Ascending; 5COSMO-SkyMed S2_25 Ascending
2. Data and methods

We develop a method that allows us to make measurements 
of new volcanic topography from single SAR backscatter images on 
the assumption that relative brightness derived from SAR backscat-
ter range is proportional to the local topographic gradient. We 
make empirical estimations of the scaling factors and offsets re-
quired to map backscatter onto local slope and integrate along 
range lines to retrieve a relative height for each range pixel. We 
then apply a triangular mesh interpolation in radar geometry, in-
cluding a smoothing factor and edge constraints, to estimate the 
full lava dome shape, before returning to geographic coordinates 
to calculate the dome volume and extrusion rates.

We exploit 32 SAR images from three sensors (TerraSAR-X, 
COSMO-SkyMed and Sentinel-1) acquired from January 2021 to 
April 2021 (Table 1) to observe the dome growth at St. Vincent 
(Fig. 1). The acquisition of high-resolution X-band data (i.e., CSK 
and TSX) was coordinated and supported by the CEOS Volcano 
Demonstrator, and output products were provided to UWI-SRC 
during the eruption to support monitoring efforts. For each sen-
sor geometry we co-register the image to the first in the dataset 
and multi-look to give the pixel range dimensions shown in Sup-
plement Table 1. Multi-looking reduces the contribution of speckle, 
which would otherwise introduce noise to our estimations of to-
pography. We use the GAMMA-remote sensing software (Werner 
et al., 2000) to produce the backscatter images. We use a Digital 
Elevation Model (DEM) constructed from three 2014 Pleiades im-
ages (2 m pixels) and 2018 Copernicus DEM (30 m pixels) (Grandin 
and Delorme, 2021) to calibrate our estimates of relative bright-
ness and act as reference points for the height profiles extracted 
from SAR cross sections.

SAR backscatter (σ0), describes the radar pulse scattered back 
towards the sensor by the ground surface and is affected by local 
gradient, surface roughness and dielectric properties.

Surface scatterers are the main variables that determine the 
backscatter signal of the ground surface. Slopes facing towards the 
satellite will appear brighter than ones facing away (due to the 
effect of differences in local incidence angle), although this contri-
bution can be corrected through radiometric terrain corrections if 
accurate DEMs are available (Small, 2011; Meyer et al., 2015). The 
roughness of a surface is dependent on instrument wavelength. 
Smooth surfaces will demonstrate specular reflection, but as the 
surface roughness increases, there will be more non-coherent or 
diffuse scattering, resulting in lower magnitude backscatter. Lastly, 
the dielectric properties of the ground surface also affect backscat-
ter. However, in many applications moisture content is considered 
the main influencing factor, with higher moisture content reduc-
ing the proportion of the wave that is absorbed and increasing 
3

the measured backscatter (Woodhouse, 2017; Flores-Anderson et 
al., 2019). The resulting backscatter is therefore controlled by the 
constructive and destructive interaction among these factors (i.e., 
surface roughness, local incidence angle and dielectric properties), 
which can lead to a complex signal that can be difficult to inter-
pret. Further, these surface scatterers are dependent on the satel-
lite instrument properties (e.g., polarisation, wavelength and inci-
dence angle), making direct comparisons among sensors and tracks 
more challenging. Different polarisation, (e.g., VV or VH) will pro-
duce different signals over the same type of surface depending on 
orientation of the scattering target. For example, cross-polarised 
sensors are more sensitive to vegetation changes as a result of 
the depolarising effect from volume scattering (Woodhouse, 2017; 
Flores-Anderson et al., 2019). Cross-polarisation may therefore bet-
ter distinguish between different degrees of vegetation coverage 
than co-polarisation, which can help better distinguish volcanic de-
posits (Solikhin et al., 2015).

La Soufrière’s crater prior to the explosive eruption was domi-
nated by grass and small shrubs, with more rock exposure found 
on the crater wall and the rougher 1979 dome. The area between 
the 1979 dome and the crater wall was relatively flat with a small 
crater lake in the eastern section.

We use calibrated SAR backscatter intensity images (σ0), rather 
than the raw intensity images (I0) in our analysis. These two quan-
tities are related by I0 =kσ0, where k is a calibration constant of 
the SAR system. For our dataset, we assume that local incidence 
angle is the dominant contributor to the backscatter signal. Slopes 
facing towards the satellite are foreshortened, meaning there are 
more returns per ground unit, whereas slopes facing away are 
lengthened and have fewer ground returns. When the local inci-
dence angle of slopes (i.e., angle between the normal to the slope 
and the SAR line-of-sight) is greater than the satellite incidence 
angle (i.e., angle between the satellite line-of-sight and the nor-
mal to the surface of the ellipsoid, θ in Fig. S1a), we observe radar 
shadows for slopes facing away and layovers for slopes facing to-
wards the sensor. In a SAR image a radar shadow appears as a gap 
in data where no returns are recorded. Regions of layover do re-
turn radar signals, but as the sensor will image the top of the slope 
before the base, each radar unit receives returns from multiple lo-
cations at the same radar range, producing a layered image that 
results in ambiguity in the location of the reflectors.

2.1. Topographic change from SAR backscatter

2.1.1. Estimation of relative brightness
SAR backscatter is dependent on sensor parameters that vary 

between sensors. We therefore estimate scaling factors that de-
scribe how relative brightness relates to topography. We estimate 
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Table 2
SAR sensor parameters used to examine the St. Vincent dome growth.

Multilook Resolution
Sensor Band Incidence Angle Polarisation Factor Range × Azimuth [m]

COSMO-SkyMed X (3.1 cm) 44.2-44.4 HH 4×4 1.5×2.8
TerraSAR-X X (3.1 cm) 50.9 HH 4×4 3.6×5.1
Sentinel-1 (Asc) C (5.5 cm) 43.0 VV & VH 4×1 9.3×14.0
Sentinel-1 (Desc) C (5.5 cm) 31.0 VV & VH 4×1 9.3×14.0
ALOS-2 L (23.6 cm) 36.3 HH & HV 2×2 4.3×3.8
these factors for each image by comparing an area where topog-
raphy is unchanged to the simulated backscatter (σs) that we cal-
culated from the pre-eruptive DEM using a Lambertian backscatter 
model. We consider a ‘stable’ area to be one where there has been 
no change in topography and minimal change in scattering prop-
erties, ideally where the scaling factor is dominantly influenced by 
the local incidence angle. In the SAR images of St Vincent, we ex-
clude the site surrounding the new dome and the surrounding area 
of vegetation die-back and alteration (approximately 27% of the St. 
Vincent crater in the TSX image) from estimation of scaling factors. 
Using an unstable area will distort the simulated SAR, which will 
then not correlate well with the real SAR signal and produce inac-
curate scaling factors. For most datasets we used the 1979 dome 
as the ‘stable’ area used to calculate the scaling factors (Fig. 1). 
However, for the lower-resolution Sentinel-1 we incorporated ar-
eas outside the 1979 dome to increase the number of data points 
used to estimate the scaling factors. We then apply an iteratively 
reweighted least squares method to determine the best linear scal-
ing factors (m, c) between the simulated backscatter, σs , and the 
real backscatter values, σ0. These scaling factors vary among sen-
sors due to different (1) levels of noise present, (2) calibrations 
of sensors, and (3) satellite geometry and parameters (i.e., wave-
length). Finally, we apply the scaling factors to the whole image 
(including where topography has changed) to estimate a relative 
backscatter (σr = mσ0 + c).

Although no radiation is scattered back to the sensor from 
shadows, they still have non-zero σ0 values introduced by thermal 
noise and residual radiation from sidelobes. We therefore mask out 
the data gaps caused by radar shadows using a threshold estimated 
from the maximum backscatter within a known shadow in each 
SAR dataset (e.g., from La Soufrière crater wall, Table 2).

2.1.2. Retrieval of topography along range lines
Based on the assumption that the local incidence angle is the 

dominant scattering property of the radar backscatter signal, we 
can express this in terms of the gradient of topography, h, in radar 
(slant range) geometry,

σr ∝ dh

dδ
(1)

where δ is the range pixel spacing. A relative brightness of 1 im-
plies flat topography, whereas values > 1 are caused by slopes that 
face the satellite and < 1 are caused by slopes facing away (Fig. 
S1).

To calculate h from σr we need to integrate along each range 
line. Following Taud and Parrot (1995) and Paquerault and Maitre 
(1998), we calculate relative height (εi ) with respect to the first 
point, set to 0, for the ith point along a line in range by;

εi = εi−1 + δ(σr − 1) (2)

This equation is valid provided there is no layover or radar 
shadows (Supplementary Text). To mitigate the gaps in data caused 
by radar shadows, we use the width of the shadow in the SAR 
range line and calculate the corresponding shift in height, �H, for 
each radar shadow present in the cross-section:
4

�H = W range cos θ (3)

where W range is the width of the shadow in radar geometry and θ
the incidence angle, (Fig. S1d). We then apply this correction �H
to all of the heights following that radar shadow.

Because we apply the summation independently on each range 
line, inconsistencies between consecutive range lines can give rise 
to apparent ‘jumps,’ typical of topographic maps derived from 
radarclinometry methods (Wildey, 1986; Guindon, 1990). Differ-
ences between the shape of our relative height profile and the 
true topography can be introduced by layover, inadequate estimate 
of scaling factors, speckle, or by changes in backscatter caused by 
differences in roughness or dielectric constant. We therefore esti-
mate a best-fit vertical adjustment by masking out the 2021 dome 
and comparing the shape of our relative height profile with the 
pre-eruption DEM along the same line in range. Until this point, 
we have not made any adjustment for the influence of layovers 
in our estimated profiles. To accurately calculate the vertical shift, 
we apply a layover mask constructed from the pre-eruption DEM. 
We then use the DBSCAN clustering algorithm (Ester et al., 1996) 
to determine the different clusters between the two profiles and 
then calculate the linear gradient, such that a value of 1 indicates 
a perfect match between our estimations and DEM topography. We 
select the cluster with a linear gradient closest to 1 and use the 
corresponding y-intercept, y, to shift our relative height profiles, 
such that best estimates of the new topography, dtopo, takes the 
form dtopo(i) = εi−1 + δ(σr − 1) + y, neglecting corrections for any 
shadows (Fig. 2).

2.1.3. Inversion for dome shape
To construct a complete dome surface from the multiple topo-

graphic profiles along range lines we divide the outline of the SAR 
dome into a regular triangular mesh and solve for the height of 
each node, assuming that the topography changes linearly across 
each triangle (Fig. 3). The resolution of the constructed mesh is 
lower than the original heights estimated from the SAR images 
such that multiple height estimations fall into a single triangle 
(Table S2). This smooths the small-scale variations originating in 
backscatter noise and bridges areas where there are gaps in height 
measurements (e.g., radar shadows). Using the topographic pro-
files in range, dtopo, and the DEM height values for the edge of 
the dome, dedges, the system of equations for this model can be 
written as,

[
h
] = (G T W −1G)−1G T W −1d (4)

G =
⎡
⎣

Gsar
K 2∇2

Gedges

⎤
⎦ Wdiag = [r1, r2, · · · rn,0] d = [

dtopo 0 dedges
]

(5)

where h are the unknown height observations for the triangular 
vertices; G is a design matrix constructed from Gsar (number of 
SAR points × total number of vertices), the matrix of interpolated 
kernels representing the shape function (Wang and Wright, 2012) 
for each height observation (Fig S4); ∇2 is the Laplacian smoothing 
operator (number of interior vertices × total number of vertices) 
with an umbrella smoothing factor, K 2; and Gedges is the matrix 
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Fig. 2. Topography extracted from radar backscatter range line. TerraSAR-X images (A) 13 January 2021 and (B) 31 March 2021 with cross-section lines over the 2021 dome. 
The growth of the 2021 dome can be seen in (C) the radar backscatter range line cross-sections with the corresponding simulated Synthetic Aperture Radar (SAR) signal 
produced from the Digital Elevation Model (black line) and (D) the retrieved topography for all cross-sections shown in (C). Zero values (C) and gaps in data (D) correspond 
to radar shadow locations.
that contains a weighted edge constraint (number of edge ver-
tices × total number of vertices). For the smoothing factor, K 2, 
used in the Laplacian operator, we apply a small value (K 2 = 0.5) 
to minimally smooth the structure but remove any large artifacts 
otherwise introduced over data gaps. Further, to avoid smooth-
ing of the dome beyond where we know its edges to be, we 
include edge constraints (Gedges) that indicate where we are confi-
dent about location the dome edge (dedges), and elevations can be 
obtained from the DEM in radar geometry. We reduce the contri-
bution from range lines that were particularly distorted by radar 
layovers, which can cause errors to propagate along the range line 
(e.g., the negative and positive elevation difference over stable por-
tions of topography, Fig. 3d-f), by applying a weighting matrix (W) 
to our system to reduce the influence from these particular lines.

The weighting values used for our triangular mesh interpolation 
are the RMSE between each range line and the corresponding pre-
existing DEM line (with the new dome masked out). The diagonals 
of the weighting matrix (Wdiag), are the respective RMSE values 
associated with each SAR data point (r1, r2, . . . , rn) and we assign 
additional zeros to the end of the diagonal that corresponds to the 
total number of vertices to account for the Laplacian (K 2∇2) and 
edge constraint (Gedges) components in the design matrix (G). Pro-
files that deviate from the known topography will produce larger 
values, which are then accordingly down weighted in Eq. (4).

After solving for a smooth continuous mesh of dome heights 
in radar geometry, we translate our new elevation maps back into 
5

geographic coordinates (Fig. 3g-i). To do this, we return our trian-
gular mesh back into range lines and convert the coordinates of 
each line into Cartesian geometry (Text S1, Eq.1). We use a look-up 
table to geographically locate the start and end of each line.

Because we used multi-looked images for the SAR height ex-
tractions, when we translate an individual range line back into its 
geographic coordinates, the translation results in gaps in heights 
between lines. We apply a second triangular mesh in geographic 
coordinates to bridge these data gaps and fully construct the dome 
geometry without any additional weighting, smoothing, or con-
straints. By comparison to the original pre-eruption DEM, we can 
then calculate the dome heights and volumes for each SAR image 
(Fig. 3g-i, S6, 4). For a more complete description of the method 
see supplementary text and figures S1–S3.

2.2. Estimation of extrusion rates and uncertainties

Using our dome volumes estimates, we calculate extrusion rates 
between pairs of images that have the same geometry. We do this 
separately for each sensor to avoid introducing uncertainties asso-
ciated with combining different sensor resolutions and geometries. 
We consider the largest sources of uncertainty in our estimates to 
be the systematic effects of radar layover, which introduce distor-
tions to the topographic profiles retrieved, and which vary between 
satellite geometries. We calculate the volume uncertainties by es-
timating the percentage of the dome that is affected by layover. 
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Fig. 3. (A) Sentinel-1 (18 January 2021), (B) TerraSAR-X (15 February 2021) and (C) COSMO-SkyMed (07 April 2021) examples of the range line retrieval of topography. (D-F) 
show the difference between the extracted height from SAR and the pre-eruption DEM. (G-I) show the final dome shapes shown as shaded relief maps. (J-L) show the original 
SAR baskscatter images used to estimate the dome topography. Note (A-F) are in radar geometry and (G-I) are in geographic coordinates. The green outline in E indicates the 
area used to calculate average difference between SAR topography and the pre-eruption DEM.
This estimate depends on the accuracy and resolution of the pre-
eruption DEM, which we need to identify where these distortions 
occur. We then use these percentage errors to calculate the up-
per and lower limits for our dome volumes. It is important to 
note that while our estimations of uncertainties relate solely to the 
systematic, higher-magnitude errors associated with the satellite 
geometry, there are other sources of error associated with noise in 
backscatter (e.g., speckle, changes to surface scatterers). We mit-
igate the contribution of these sources of noise by multi-looking 
our data, applying speckle filters, and using the triangular mesh 
interpolation. However, even after these corrections, some uncer-
tainties remain, especially in areas where the properties of surfaces 
scatterers vary over time (e.g., crater floor and wall). For example, 
the differences between TSX-retrieved topography and the DEM for 
areas where topography is unchanged vary between 10 and 24 m 
(area used is outlined in green, Fig. 3e).
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2.3. SAR pixel tracking

We also make pixel-offset tracking estimates of surface dis-
placements in both range (i.e., perpendicular to the satellite track 
direction) and azimuth (i.e., parallel to the satellite track direction) 
using pixel-based cross-correlation. Although Interferometric SAR 
(InSAR) methods are able to measure surface displacements be-
tween acquisitions with centimetre accuracy (e.g., Delgado et al., 
2017; Moore et al., 2021), they require stable ground surface scat-
terers, otherwise the data become completely decorrelated. In con-
trast, pixel-offset tracking can measure larger surface movements 
(i.e., metre-scale) without the use of SAR phase (e.g., Wang et al., 
2015; Schaefer et al., 2017) using pixel-based cross-correlation be-
tween the backscatter signals of the two images. The two SAR 
images used are required to be precisely co-registered, as the ac-
curacy of the pixel-offset measurements is strongly dependent on 
the image co-registration. This method only works if changes are 
relatively small.
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We apply pixel-offset tracking to two 1-day X-band COSMO-
SkyMed (CSK) pairs to detect short-term dome growth during the 
early phase and immediately before the eruption transitioned from 
extrusive to explosive. Based on the large perpendicular baseline 
between our 1-day CSK image pairs (564 m and 2411 m), we ap-
ply a co-registration that makes use of a look-up table formed 
between the SAR images and the DEM in radar geometry based 
on the primary SAR image. For higher-resolution systems with 
large baselines, this method has the advantage that it incorporates 
topography-related offsets in the lookup table and applies them 
during co-registration. We use a small cross-correlation threshold 
of 0.05 to remove some of the obvious outliers from the offset re-
sults. We found that a large cross-correlation window with steps 
of about a third of the window size (i.e., 100×100 pixels window 
and 32×32 step size) maximised the spatial coverage of the dome 
offsets for CSK and returned appropriate offsets across the dome. 
Nevertheless, measurements were not possible over the centre of 
the dome, where surface changes were too large. Pixel-offset maps 
produced from 7 pairs of TerraSAR-X (TSX) images were sparser, 
with a less-distinct offset pattern (Fig. S11) and higher uncer-
tainties. The difference between the TSX and CSK offset tracking 
quality results mainly from the longer time intervals for the TSX 
data (11 days), which capture a longer period of dome growth.

3. Results: dome growth

The gradual growth of the 2021 dome, including changes in 
morphology and surface texture, is observable directly from in-
dividual SAR images (Fig. S7-9, 13-16). The 2021 dome gradually 
changed from uniform central growth to laterally spreading around 
the 1979 dome. In February 2021 we observe the development of 
fractures at either end of the 2021 dome (Fig. S7-8, S14) and in 
April 2021 visible bulging in the center (Fig. S7, S14).

Our analysis has enabled us to estimate dome volumes and 
extrusion rates from the 32 CSK, TSX and Sentinel-1 SAR images 
spanning the dome-growth phase (Fig. 4). This allows us to exam-
ine patterns in extrusion rates for the dome over 3.5 months in 
early 2021 before the eruption transitioned from extrusive to ex-
plosive on 9 April 2021.

3.1. Lava dome growth

To characterise the main dome-growth phase at La Soufrière 
from December 2020 to March 2021, we use a total of 29 SAR 
backscatter images (Fig. 4). The dome at La Soufrière showed 
steady growth with extrusion rates of ∼0.5–5 m3s−1 from De-
cember 2020 to March 2021 (Fig. 4b). Our data indicate that ex-
trusion rate varied over short time scales with shorter timespan 
image pairs (e.g., CSK 1-day pair dates) recording the highest rates. 
However, the extrusion rate recorded over intervals > 10 days is 
remarkably consistent (Fig. 4). Our data are well explained with 
a constant rate of ∼1.8 m3s−1 from the first appearance of the 
dome until 7 April 2021, two days prior to the eruption. Our inde-
pendent measurements of extrusion rate are consistent with those 
presented by Stinton (submitted for publication), who found extru-
sion rates that varied between 0.95 and 2.65 m3s−1, with a long 
term average of 1.85 m3s−1 from 12 sets of photogrammetric mea-
surements made from locations along the rim of the summit crater, 
UAVs, and helicopter and fixed-wing aircraft overflights.

3.2. Pre-explosive phase increase in extrusion rate

At the beginning of April 2021, the dome continued to grow lat-
erally around the older 1979 dome without any significant change 
in rate. However, from the SAR data, we observed a major change 
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in extrusion rate in the days prior to the transition from extru-
sive to explosive. There was a sudden increase in extrusion rate 
from ∼1.8 to 17.5 m3s−1 some time between 21:38 UTC on 7 April 
and 21:38 UTC on 8 April (Fig. 4a). The rapid increase in extrusion 
rate is confirmed by images of rapid inflation acquired by a remote 
camera on the crater rim (Joseph et al., 2022). If we assume this 
new, higher rate was constant during the few days prior to the 
onset of explosive activity, then the transition to higher-rate ex-
trusion would have occurred on 7 April 2021, just after the onset 
of rapid dome inflation as observed by a remote camera (Joseph 
et al., 2022). Our final dome volume calculated from a CSK im-
age acquired at 21:38 UTC on 8 April, approximately 15h before 
the first explosions were recorded (12:41 UTC on 9 April 2021), is 
18.5 million m3, slightly higher than the estimate of final dome 
volume of 16 million m3 made by Stinton (submitted for publi-
cation) by extrapolating a constant extrusion rate of 1.85 m3s−1. 
Using the increased extrusion rate from the 8 April CSK image, we 
extrapolate the dome volume from 8 April to the time of the first 
explosive eruption (12:41 UTC on 9 April 2021) to estimate a final 
dome volume of 19.4 million m3. Because, there is no information 
about the extrusion rate in the hour before the eruption. Thus, we 
assume that the extrusion rate remained constant, which may not 
have been the case. The first post-explosion SAR image, acquired 
on 10 April at 02:03 UTC by ICEYE, showed the complete destruc-
tion of the new dome (Fig. S12).

The 1-day CSK pixel-offset tracking over the 2021 dome showed 
displacements within the dome itself and no significant changes 
elsewhere in the summit crater (Fig. 5). During the initial dome 
growth phase from 17-18 January 2021, we observed localised 
movements (maximum offset of ∼ 9m) centred around 13◦19’56”N 
61◦11’08”W, which we estimated to be the location of the vent. 
The image from 8 April 2021 showed displacements away from the 
same centre point extending over whole dome (maximum measur-
able offsets of ∼ 15m, Fig. 5f). The order-of-magnitude increase in 
extrusion rate could not be accommodated by continued growth 
of the dome along the central axis of the coulee (e.g., Fig. S8) but 
can be seen bulging around the vent location on 7-8 April (Movie 
S14). Displacement in this area exceeds the threshold measurable 
with pixel-offset tracking. From our measurements, the dome sur-
face rose by 10 m in its central section during this 24 hour period.

4. Discussion

4.1. Transition to explosive eruption at St Vincent 2021

The sudden increase in dome volume and extrusion rate seen 
at St. Vincent in the days prior to the start of the explosive phase 
indicates that the transition was driven by changes in the mag-
matic system (a ‘bottom-up’ process). We see no evidence in the 
pre-eruptive SAR imagery of dome collapse up to 15h before the 
eruption. However, the sudden increase in dome volume between 
7 and 8 April 2021 does correlate with other evidence of rapid 
dome inflation in backscatter images: (1) increased fracturing, (2) 
surface displacements > 15 m, and (3) a bulge surrounding the 
vent (Fig. 5).

Independent evidence of a magmatic change that preceded the 
transition to explosive activity on 9 April includes (1) a change 
in volcano-tectonic earthquakes beneath the volcano on 5-6 April 
(Thompson et al., 2022), (2) the first detection of SO2 on 8 April 
from TROPOMI, a coastal traverse made using UV Spectrometer 
and MultiGAS instruments (e.g., Joseph et al., 2022; Esse et al., in
press), (3) banded tremor and incandescence, both first observed 
on 8 April (Joseph et al., 2022), and (4) ash venting from fractures 
in the rapidly inflating region on the 2021 dome.

The high volume of extruded material (16.4 million m3, red star 
in Fig. 4) up to 7 April and constant extrusion rate indicates the 
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Fig. 4. Time series of (A) cumulative volumes and (B) time-averaged extrusion rates of the dome at La Soufrière from December 2020 and April 2021 extracted from SAR 
backscatter data. The SAR backscatter data extend the photogrammetry observations showing the sudden increase in dome volume and extrusion rate in the days prior to 
the transition from extrusive to explosive eruption. (C) Enlarged time series of the two weeks prior to the eruption, with important changes seen in other datasets (i.e., 
seismicity, SO2 emissions, visual observations superposed). SO2 measurements are time-averaged fluxes over periods of 5–20 hours for the corresponding days (Esse et al., 
in press). Date format is shown as ‘Day Month’ starting in December 2020 until April 2021. VT = Volcano-Tectonic.
steady removal of older material from a combined conduit and es-
tablished magma reservoir, where the loss of material does not 
result in a discernible pressure decay. The subsequent increase in 
extrusion rate to 17.5 m3s−1 is consistent either with the addi-
tion of new magma to the system in April 2021, or, as proposed by 
Joseph et al. (2022)’s conceptual model, to a gas-rich magma in-
jected earlier in the eruption (between December 2021 and April 
2021) that had been slowly pushing up older material intruded in 
1979. The increase in extrusion rate may have started as a grad-
ual response to a decreasing overburden of older, degassed magma 
and a corresponding increase in gas exsolution rate. An alternative 
may be that a sudden increase in gas pressure was caused by in-
ternal processes within the reservoir, allowing gas-rich magma to 
break through a remaining degassed cap.

By 7 April 2021 we observed changes in the SAR backscatter 
that indicated a sudden increase in dome volume as the last of the 
old, degassed material (we estimate 3 million m3 between the 7-9 
April, 15% of the total extruded volume) was erupted. Shortly after, 
the detection of increased SO2 on 8 April (Esse et al., in press) indi-
cated that SO2 reached a critical threshold to force its way to the 
surface, ultimately triggering the 9 April eruption. The timing of 
the increase in extrusion rate estimated from SAR backscatter mea-
surements (7 April) is consistent with the detectable increase in 
SO2 emissions early on 8 April (Esse et al., in press). SO2 emissions 
were reported beginning 1 February 2021 through MultiGAS mea-
surements. However, they remained below the detection threshold 
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for TROPOMI and DOAS until the increase on the 8 April (Esse et 
al., in press).

4.2. Potential for application to future eruptions

Our method for extracting topographic profiles and thus extru-
sion rates from SAR backscatter has potential to be a powerful 
monitoring tool. Extrusion rate is typically one of most challeng-
ing geophysical parameters to obtain safely during an eruption, 
requiring either in-situ measurements near vents or clear condi-
tions for overflights. Volume estimates made from radar satellites 
have potential to increase the temporal resolution of an extrusion-
rate time series, with photogrammetry augmenting when condi-
tions allow (as for the 2021 St Vincent eruption). Photogrammetry 
measurements shown in Fig. 4a were reported during the progres-
sion of the eruption and were based on simplifying assumptions to 
obtain rapid estimations of dome height, area and volume. We as-
sume that the discrepancies between the photogrammetry and SAR 
dome volumes are related to the assumptions of both methods.

The usefulness of SAR-retrieved topography depends on (1) the 
accuracy of our underlying assumption that σ0 is primarily con-
trolled by topography, (2) satellite radar image resolution and ge-
ometry relative to the new volcanic topography, and (3) the quality 
and resolution of the pre-eruption DEM used to identify areas of 
shadow and layover.
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Fig. 5. COSMO-SkyMed (CSK) pixel tracking maps. Radar backscatter images from (a) 17 January, (b) 18 January, (d) 7 April and (e) 8 April with dome outlines in blue (1st

date) and red (2nd date). (c) and (f) Pixel tracking maps for (c) January and (f) April overlain on cross-correlation standard deviations. Arrows show the direction of surface 
displacement in range and azimuth direction, and grid represents the step window used (CSK, 32×32). Location of images is shown in Fig. 1H.
Our assumption that local topographic gradient is the primary 
control on backscatter is justified only where surface roughness 
and dielectric proprieties are relatively steady. We can correct for 
these effects where variations are uniform across the structure. For 
the lava dome at La Soufrière, based on ground and satellite im-
agery, we could confidently assume that the surface roughness of 
the new dome was uniform across the dome and through time; 
however, this was not the case for other parts of La Soufrière’s 
crater, or other domes elsewhere. For example, we observed that 
σ0 on sections of the 1979 dome adjacent to the 2021 dome de-
creased over the course of the eruption, a change that we attribute 
to the removal of vegetation caused by the emission of gases from 
the growing dome (Fig. S10).

To explore the accuracy of our method, we use synthetic topo-
graphic cross-sections to test the impact of varying incidence angle 
and the local incidence angle (Fig S2). We found that radar layovers 
had a greater impact on the accuracy of the retrieved topography 
than radar shadows, which can be easily identified from backscat-
ter images. The edges of regions of layover are harder to identify 
in backscatter, and since topographic change is unknown for real 
data, cannot be reliably predicted. In the synthetic models, a sin-
gle section of radar layover would skew the final profile shape, but 
our correlations meant that the overall height estimations were 
similar to the original profile. When a layover interacted with a 
radar shadow, the estimated topography contained distortions and 
differ significantly from the original synthetic cross-section (Fig. 
S2). The distortion introduced by the layovers in our estimations 
of topography is under-constrained and cannot be corrected. In 
this dataset, layovers are most significant during the early pe-
riod of dome growth, when the edges are relatively steep and 
not constrained by the surrounding topography. Lower incidence 
angles produced larger areas affected by radar layovers, and we 
found that an ALOS-2 ascending track and the Sentinel-1 descend-
ing track (that ultimately did not contribute to our results) were 
less successful in retrieving the dome heights because of smaller 
incidence angles, 37◦ and 31◦ respectively (Table 2). We consider 
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layover to be the largest source of uncertainty in our results, es-
pecially for the descending tracks as the 2021 dome grew into the 
layover of the crater wall, concealing the backscatter signal from 
the dome (Fig. S3).

4.3. Optimising SAR acquisitions

The different SAR datasets covering the 2021 dome growth at St 
Vincent allowed us to test how different sensor polarisations and 
resolutions affected our estimates of topography. We found that 
unmitigated speckle greatly increased the noise in our retrievals 
of topography. Higher-resolution sensors allowed us to multi-look 
and apply speckle corrections to the images while retaining high 
spatial resolution (CSK 1.5×2.8 m pixels at 4×4 looks, range by 
azimuth and TSX 3.6×5.1 m at 4×4 looks, range by azimuth). Al-
though the multi-looked Sentinel-1 images (9.3×14.0 m at 4×1 
looks, range by azimuth) were much lower resolution, their fre-
quent acquisitions and multiple tracks covering the dome-growth 
period provided a denser temporal spacing for extrusion rate esti-
mates and allowed a much denser time series than possible from 
X-band alone. We also found that the Sentinel-1 cross-polarisation 
images (i.e., VH) produced less accurate topographic estimates, 
presumably due to their greater sensitivity to volume scattering 
and vegetation (Patel et al., 2006).

Based on this, we found the ideal SAR imagery for estimating 
topography from backscatter has the following characteristics: (1) 
co-polarization, (2) a geometry that minimises shadow and lay-
over, and (3) is acquired as frequently as possible. In practice, these 
characteristics are most likely to be achieved for any individual 
eruption by analysis of a constellation of different SAR instruments. 
The most appropriate geometry for tasking is especially hard to 
predict in advance of an eruption, as the shape of new topogra-
phy determines to the locations of shadow and layover. Volcanic 
craters, domes with steep sides, and flows that fill steep valleys 
are all likely to be bounded by zones of shadow and layover. Al-
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though this source of uncertainty can be minimised by choice of 
geometry, it is unlikely to be eliminated.

5. Conclusions

We successfully estimated topography from 32 SAR backscatter 
for the 2020–2021 eruption of La Soufrière, St. Vincent volcano us-
ing five different geometries from three sensors (TerraSAR-X, TSX; 
COSMO-SkyMed, CSK; and Sentinel-1). The topographic estimates 
allowed us to estimate a time series of dome volume and thus ex-
trusion rate. The processing timeframe from raw SAR data to final 
retrieved topography was about done within a day, and depend-
ing on the resolution of the data and size of the target feature. We 
found that high-resolution, co-polarisation imagery with small ar-
eas affected by layover (i.e., larger incidence angles) resulted in the 
most reliable dome-volume estimates.

Extrusion rate at La Soufrière was relatively stable between De-
cember 2020 and March 2021, with an average rate of 1.8 m3 s−1. 
By 7 April 2021, extrusion rate increased by an order of magni-
tude to 17.5 m3 s−1, before the explosive phase on 9 April 2021, 
15 hours after our last SAR measurement. The final dome volume 
measured from SAR data was 18.5 million m3 with a maximum 
height of ∼140 m. This increase in extrusion rate is consistent with 
an incursion of gas-rich magma into the conduit, which then led 
to the explosive phase of the eruption.
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