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Abstract: On 3 March 2024, a new effusive eruption began from a sub-circular fissure on
the southeast upper flank of the Fernandina volcano (Galápagos archipelago, Ecuador).
Although the eruption posed no threat to people, as the island is uninhabited, it provided
an opportunity to test a rapid response system for effusive eruptions, based on satellite
infrared (IR) data. In this work, we illustrate how the analysis of data from multiple IR
sensors allowed us to monitor the eruption in near real-time (NRT), providing recurrent
updates on key parameters, such as (i) lava discharge rate and trend, (ii) erupted lava
volume, (iii) lava field area, (iv) active flow front position (v) flow velocity, (vi) location
of active vents and breakouts, and (vii) emplacement style. Overall, the eruption lasted
68 days, during which 58.5 ± 29.2 Mm3 of lava was erupted and an area of 14.9 ± 0.5 km2

was invaded. The eruption was characterized by a peak effusion rate of 206 ± 103 m3/s,
an initial velocity of ~2.3 km/h, and by an almost exponential decline in the effusion
rate, accompanied by a transition from channel- to tube-fed emplacement style. The
advance of the lava flow was characterized by three lengthening phases that allowed the
front to reach the coast (~12.5 km from the vent) after 36 days (at an average velocity of
~0.015 km/h). The results demonstrate the efficiency of satellite thermal data in responding
to effusive eruptions and maintaining situational awareness at remote volcanoes where
ground-based data are limited or completely unavailable. The requirements, limitations,
and future perspectives for applying this rapid response protocol on a global scale are
finally discussed.

Keywords: rapid response; effusive eruptions; satellite infrared data; forecasting

1. Introduction
Lava flows represent a significant natural hazard for people living near volcanoes and

pose a major risk to infrastructures in regions prone to lava flow inundation [1,2]. Between
1950 and 2020, basaltic lava flows threatened inhabited areas 38 times at 12 volcanoes,
causing 25 documented deadly incidents and resulting in 659 fatalities caused directly by
lava flows [3,4]. Statistically, lava flows account for a smaller proportion of volcano-related
fatalities (~4% of all deaths), as their typically slow movement allows people sufficient time
to evacuate [4]. However, the eruptions of Nyiragongo (Democratic Republic of Congo)
in 1977, 2002, and recently 2021 demonstrated how extremely fluid lavas can rapidly

Remote Sens. 2025, 17, 1191 https://doi.org/10.3390/rs17071191

https://doi.org/10.3390/rs17071191
https://doi.org/10.3390/rs17071191
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-7181-4122
https://orcid.org/0000-0003-0661-6749
https://orcid.org/0000-0002-7833-5359
https://orcid.org/0000-0001-7866-3347
https://orcid.org/0000-0003-3820-6875
https://doi.org/10.3390/rs17071191
https://www.mdpi.com/article/10.3390/rs17071191?type=check_update&version=2


Remote Sens. 2025, 17, 1191 2 of 26

inundate urbanized areas, leaving little to no time for evacuation [5–7]. While rare, lava
flow inundations of inhabited areas can have devastating and long-lasting consequences
for affected communities [3]. Recent eruptions at the Fogo volcano in 2014, Kilauea in 2014
and 2018, La Palma in 2021, and the Reykjanes peninsula since 2021 [8–13] underscore
the widespread and enduring socio-economic impacts of such events [7,8,10]. Lava flows
destroy everything in their path and can have severe consequences for small communities
by disrupting access to drinking water and by cutting off roads and communication
routes [1,2,7]. Evacuation to emergency accommodation may also result in permanent
displacement, leading to long-term physical and mental health impacts [14]. Effusive
eruptions can also trigger cascading hazards, such as caldera collapses, block-and-ash
flows, landslides, and tsunamis, which may impact even larger areas compared to those
exclusively at risk of lava flow inundation [7,15].

Therefore, it is clear that local authorities dealing with risk mitigation at lava-flow-
forming volcanoes need to be promptly informed (rapid response) and be aware of how the
eruption is evolving (situational awareness) in order to achieve two main goals: (1) evalu-
ation of the impacts that the ongoing activity and derived hazards have, or can have, on
inhabited areas and (2) definition of the possible short- to long-term scenarios.

In recent years, some rapid response systems to natural hazards, based on satellite
data, have been developed ([16] and are referenced therein). For example, the International
Charter “Space and Major Disasters” (https://disasterscharter.org/; accessed on 31 January
2025) and the Copernicus Emergency Management Service (CEMS; https://emergency.
copernicus.eu/; accessed on 31 January 2025) use satellite data to provide mapping services
in cases of emergencies and disasters, including those linked to volcanic eruptions [17,18].
Between 2018 and 2024, the International Charter and CEMS were activated five times to
respond to effusive eruptions, namely for Etna (Italy), Soufriere de St. Vincent (St. Vincent
Island), and Nyiragongo (Democratic Republic of Congo) in 2018; La Palma (Canary
Islands) in 2021; and Wolf (Galapagos) in 2022 (https://disasterscharter.org/activations;
https://mapping.emergency.copernicus.eu/activations/; accessed on 3 February 2025).
These services provide information on the extent of lava flow(s) to local and national
authorities involved in managing the emergencies, based on optical and radar images.
Although these products are essential for the rapid evaluation of the impact that lava flow(s)
have on the affected area (i.e., to assess the damage to built-up areas and infrastructures),
they are not specifically designed to respond to effusive eruptions since they do not provide
critical information on the progress of the eruption, nor do they allow for an evaluation of
the possible forthcoming scenarios.

In 2015, the working group RED SEED (Risk Evaluation, Detection, and Simulation
during Effusive Eruption Disasters) was created to test the current capabilities of the
scientific community to respond to effusive eruptions and to discuss the best practices
to allow the near real-time (NRT) delivery of global standard “products” for a timely
and adequate humanitarian response ([16] and the references therein). The RED SEED
highlighted how satellite thermal data currently constitute the most robust and widely
used method for estimating lava discharge rates and erupted volume in NRT [19–23].
The fast sharing of these thermally derived products can guide lava flow propagation
models capable of informing the authorities with flood probability maps and associated
uncertainties [20,23,24], and it provides a robust way to maintain situational awareness
throughout long-lasting eruptive crisis [25,26]. Nonetheless, infrared data enable tracking
of the complex development of lava fields, which are often accompanied by phenomena
such as lava tunnelling, resurfacing, and the opening of ephemeral vents [20,23,24] that
pose a scientific challenge to lava flow modeling. Their timely identification is crucial, as

https://disasterscharter.org/
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new flow units can arise along the emplaced flow(s), potentially impacting previously
unaffected areas [10,11].

In some regions (e.g., Italy, France, Iceland, USA, Ecuador), some systems/protocols
based on satellite thermal data have been successfully applied, supporting stakeholders in
preparing and planning for losses associated with lava flows [13,20,27–29]. However, for
many other lava-flow-forming volcanoes, an international response chain is often required
to assist observatories in monitoring the effusive event and informing the local authorities
on the status of the eruption [24].

The Fernandina volcano (Galápagos archipelago) is a privileged target for satellite
observations since remotely sensed data can partially compensate for the lack of more
conventional monitoring networks [30]. Currently, the monitoring system on the island,
run by the Instituto Geofísico de la Escuela Politécnica Nacional (IG-EPN), consists of only
three permanent seismic stations, with field campaigns complementing the surveillance
program (for gravity, GPS, lava, and tephra collection). Prior to the advent of continuous
satellite observations, activity at Fernandina was observed only by ships and aircrafts, and,
since the island cannot be seen from most other parts of the archipelago, many of the past
smaller effusive eruptions were not observed in real-time.

In this work, we used the March 2024 Fernandina eruption as a case study to test the
effectiveness of satellite infrared data in providing robust information for rapid response
and situational awareness during an effusive eruption. We present the following series
of parameters: time-averaged lava discharge rate (TADR), lava flow volume and area,
maximum length, and velocity of lava flow fronts, which were obtained from different
multispatial and multispectral IR sensors that were processed in NRT (or within 24 h of
acquisition) to inform and update the IG-EPN on the developments of the eruption. The set
of parameters (including maps and time series) were summarized in explanatory panels
(for easy dissemination) that have been used to assess the status of activity and, in some
cases, define short-term scenarios. The proposed methodology is potentially applicable to
any effusive eruption in the world, enabling rapid response with global application.

2. Materials and Methods
2.1. Study Area: Fernandina Volcano

Fernandina Island is the emerged part of the westernmost and youngest volcano in
the Galápagos archipelago. The volcanic edifice is a typical shield volcano that reaches an
altitude of 1476 m above sea level (Figure 1), with a subaerial volume of approximately
140 km3 [31]. The island is sub-circular with a diameter of about 30 km and a summit caldera
that is approximately 5 × 6 km in diameter and 900 m deep. An intra-caldera lake is present
most of the time and may interact with magma intrusions into the caldera [32]. Volcanism in
Fernandina is associated with the Galápagos hot spot plume and is thought to have begun
at least 32 ky ago [33]. It has been estimated that over the last 1 ky, the minimum eruption
rate was ~0.004 km3 yr−1 [31], or about half of the most productive Kı̄lauea volcano
(0.009 ± 0.01 km3 yr−1) [34]. Erupted lava is actually evolved tholeiitic basalts whose
almost invariant composition suggests homogenization and mixing processes occurring
at shallow depths (3 km or less) [35,36]. Radar interferometry data suggest the presence
of a shallow reservoir (~1 km below sea level) connected to a deeper system, located
approximately 5 km below sea level, recurrently fed by the hotspot magmatism [37–41].
Inter-eruptive periods are usually characterized by the uplift of the caldera floor and the
upper flanks of the volcano, apparently caused by the accumulation of magma in both
reservoirs [37,38,41]. The complex interaction between reservoir geometry, topographic
stresses, unloading of the caldera, and stresses induced by previous intrusions is thought
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to be the origin of intrusion orientation and the alternation between circumferential and
radial eruptions [37–42].

Recent volcanic activity has seen alternating phases of intense effusive activity (from
both circumferential and radial fissures), and episodes of caldera collapse coupled with
explosive activity [32,43,44]. The last caldera collapse occurred in 1968 following an effusive
eruption on the SE flank (<0.1 km3) and a large hydromagmatic event (VEI 4) sourced
from the caldera floor [45]. The volume of lava and ash from that eruption amounted
to only a small percentage of the subsequent ~1.5 km3 collapse, suggesting a possible
magmatic intrusion or underwater eruption at the origin of the collapse [35,43]. Since
then, the volcano has erupted 15 times (VEI 0 to VEI 2), alternating effusive eruptions from
circumferential fractures, near the caldera boundary faults, to radial fractures, extending
along the outer flanks [46]. From 1988 to 2020, the volcano erupted eight times (Figure 1)
in 1988, 1995, 2005, 2009, 2017, 2018, and 2020. The volume erupted in this period was
approximately 177 Mm3, with individual eruptions producing between ~6 and ~57 Mm3 of
lava with durations from 2 to 73 days [46,47]. All these eruptions began with Hawaiian-
style lava fountaining (<100 m) that fed rapid channel-fed lava flows descending the
flanks [35,48]; later, the eruptions become less vigorous with one or a few active vents,
showing Strombolian activity.
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Figure 1. (a) Fernandina Island (Galapagos Archipelago; inset (a’)) and recent lava flows digitized
from [38–40,49]. The white dashed box depicts the zoomed area presented in (b). (b) The contours
of the latest lava flow (this work) were obtained from the analysis of visual and infrared satellite
data (see the text for details and Supplementary Materials S2). The map was created with the open-
source software Quantum GIS (QGIS 3.38.0). Stereographic World projection was created with the
M_Map package 1.4 [50]. The digital elevation model (DEM) was up-sampled from the Shuttle Radar
Topography Mission (SRTM—NASA JPL 2013). Bathymetry was accessed from the National Oceanic
and Atmospheric Administration (NOAA; https://www.ncei.noaa.gov/access/metadata/landing-
page/bin/iso?id=gov.noaa.ngdc.mgg.dem:11516; accessed on 4 March 2024). Contour lines were
calculated on resized SRTM. Coastlines (1:50,000 scale) were accessed free of charge from the Ecuador
Geoportal at https://www.geoportaligm.gob.ec/portal/ (accessed on 4 March 2024).
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Continued ground deformation and low seismicity were recorded after the 2020
eruption and prompted the publication of a special report of IG-EPN on 12 November
2021 [51], suggesting the possibility of renewed eruption in the medium- to long-term
(weeks to years). On 26 February 2022, a seismic swarm was detected in Fernandina and
lasted about 4 h [52]. The new eruption began on 3 March 2024, with lava emitting from a
circumferential fissure system on the volcano’s upper southeast flank (Figure 1) [53–56].

2.2. Sensors

Maximizing the number of available satellite scenes is essential to timely assess rapidly
evolving eruptions [57,58]. Studies have highlighted that multiplatform and data fusion ap-
proaches are key to comprehensively tracking the evolution of the eruptive phenomena, ex-
ploiting the peculiarities of both high-spatial and high-temporal resolution sensors [59–61].
In this work, we gathered information from a wealth of platforms and sensors (Table 1),
with spatial resolution ranging from 4 m to 1000 m, to track and assess in NRT the evolution
of the 68-day-long eruption at the Fernandina volcano that started on 3 March 2024.

Table 1. Characteristics of the sensors used in this work. Color-shaded headings at the top indicate
the product latency, namely the time elapsed between scene acquisition and product availability.
The sensors are divided into two subgroups depending on the workflow used for processing (see
Section 2.3).
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We used moderate resolution data (375–1000 m) in Middle-Wave InfraRed (MIR,
3.0–5.0 µm) and Thermal InfraRed (TIR, 8.0–13.0 µm) for the rapid quantification of the
main eruptive parameters and for the construction and updating of the time series pre-
sented in the next paragraphs. This was performed following the workflow of the Middle
Infrared Observation of Volcanic Activity (MIROVA), an automatic volcanic hotspot de-
tection system [62], which allows NRT analysis with 1–4 h of latency (Table 1). To retrieve
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morphological and chronological information about the evolution of the ongoing effu-
sive activity, we also used a combination of Short-Wave InfraRed (SWIR, 1.1–3.0 µm) and
Visible—Near InfraRed (VNIR, 0.4–1.1 µm) imagery that allows for less rapid (6–12 h to
>12 h, respectively) but highly accurate mapping at variable scales (Table 1).

2.2.1. Moderate Resolution MIR-TIR Sensors (0.375–1 km)

MODIS (Terra and Aqua): The National Aeronautics and Space Administration
(NASA) Moderate Resolution Imaging Spectroradiometer (MODIS) sensor aboard Terra
(1999) and Aqua (2002) satellites orbit the Earth at an altitude of 705 km. With a cross-track
field of view (FOV) of 99◦, the swath of MODIS covers a width of 2330 km, allowing
complete coverage of the globe twice daily [63]. MODIS data span 36 spectral bands,
ranging from 0.62 µm to 14.38 µm. Amongst them, the MIR bands B21 and B22 and the
TIR channel B31, at 1 km resolution (Level 1b—Calibrated Radiance), are automatically
ingested into the MIROVA system [62] from the NASA-LANCE system (Land, Atmosphere
Near real-time Capability for Earth observation’s; https://lance.modaps.eosdis.nasa.gov/;
last accessed on 26 March 2025).

VIIRS (SNPP and NOAA-20): The Visible Infrared Imaging Radiometer Suite (VIIRS)
is an instrument onboard the Suomi National Polar-Orbiting Partnership (SNPP) and the
Joint Polar Satellite System’s (JPSS) JPSS-1 (NOAA-20 or N20) platforms, launched in
October 2011 and November 2017, respectively. Both platforms are placed in a polar orbit
at a nominal altitude of 824 km [64]. VIIRS sensors have a FOV of 112.56◦, with a swath
width of 3060 km, providing, like MODIS, full coverage of the globe at both daytime and
nighttime [65]. The sensors collect information across 22 spectral bands, from 0.412 µm to
12.01 µm. Amongst the comprehensive spectral range of VIIRS instruments, the coexistence
of MIR and TIR channels at moderate (M13 and M15; 750 m) and imaging (I4 and I5; 375 m)
spatial resolution has widely and successfully been employed to assess volcanic activity
worldwide [66–68]. As with MODIS, Level 1b data (calibrated radiance) are automatically
downloaded from the LANCE system and ingested into the MIROVA workflow.

2.2.2. High-Resolution SWIR-TIR Sensors (20–100 m)

MSI (Sentinel 2A/2B): Sentinel-2 consists of two sun-synchronous twin satellites,
Sentinel-2A and -2B, operating simultaneously at 180◦ to each other. These were launched
by ESA in June 2015 and March 2017, respectively. The two satellites cover Fernandina’s
latitude with a revisit time of 5 days. The platforms host onboard the MultiSpectral
Instrument (MSI) sensor, which operates from the VNIR to SWIR wavelengths, with a
spatial resolution of 10 and 20 m/pixel, respectively. In this work, the Sentinel-2 data
of Level 1C (top of atmosphere reflectance in fixed cartographic geometry) are analyzed
by using the reflectance of three SWIR bands, namely B12 (2.19 µm), B11 (1.61 µm), and
B8A (0.86 µm) (see Table 1 for details). These bands have been proven to be extremely
sensitive to high-temperature targets, such as active lava surfaces and flow fronts [69–71].
Data are automatically downloaded from the Copernicus Data Space Ecosystem (https:
//dataspace.copernicus.eu/explore-data; last accessed on 26 March 2025) as they become
available (typically within 6–12 h from acquisition).

OLI (Landsat 8/9): Landsat 8 and Landsat 9 are two polar sun-synchronous satellites
that were launched in February 2013 and September 2021, respectively, by NASA-USGS.
These platforms host onboard the Operational Land Instrument (OLI) that can capture
VIS, NIR, and SWIR images with a resolution of 15 to 30 m/pixel and have a revisit time
of 8 days at Fernandina’s latitudes. Similarly to Sentinel-2, the Level-1GT (systematic
terrain correction) data are analyzed using three SWIR bands (resampled at 20 m reso-
lution for consistency with Sentinel-2; see [70] for details), namely B7 (2.11–2.29 µm), B6

https://lance.modaps.eosdis.nasa.gov/
https://dataspace.copernicus.eu/explore-data
https://dataspace.copernicus.eu/explore-data
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(1.57–1.65 µm), and B5 (0.85–0.88 µm) (Table 1). Data are automatically downloaded from
AWS S3 storage (https://registry.opendata.aws/usgs-landsat/; last accessed on 26 March
2025) and processed through the Massimetti et al. [70] algorithm as soon as they become
available (typically within 6–12 h from acquisition).

TIRS (Landsat 8/9): In addition to the OLI sensor, the Landsat 8 and 9 satellites
host the Thermal Infrared Sensor (TIRS) instruments that can capture TIR images with a
100 m/pixel spatial resolution and an 8-day revisit time at Fernandina’s latitudes. Band
10 (top-of-atmosphere radiance) at 10.60–11.19 µm (Table 1) is used to identify thermally
anomalous areas, particularly those covered by active and cooling lava flows [57]. As
for Landsat OLI, the TIRS data (Level 1GT) are downloaded from AWS S3 storage (https:
//registry.opendata.aws/usgs-landsat/; last accessed on 26 March 2025) once available for
download (approximately 6–12 h after acquisition).

ASTER (Terra): The Advanced Spaceborne Thermal Emission and Reflection Ra-
diometer (ASTER), like the MODIS sensor, is aboard the Terra satellite, providing radi-
ance measurements in 14 spectral bands, from visible and near-infrared (VNIR channels,
0.52–0.89 µm), short-wave infrared (SWIR channels, 1.6–2.43 µm; no longer functioning
since April 2008), and thermal infrared (TIR channels, 8.125–11.65 µm) wavelengths, with
spatial resolutions of 15, 30, and 90 m, respectively [72]. The acquisition of ASTER images is
variable and related to individual acquisition requests (e.g., Urgent Request Protocol; [73]).
Here, we used ASTER level 1T data (Precision Terrain Corrected Registered At-Sensor
Radiance) that contain calibrated at-sensor radiance, geometrically corrected and orthorec-
tified into UTM projection. We analyzed selected cloud-free TIR images (channel 13,
10.95–11.65 µm), with 90 m/pixel of spatial resolution, to locate the thermal anomalies
associated with active and cooling lava flow units. The ASTER images are downloaded
from https://earthexplorer.usgs.gov/(last accessed on 26 March 2025) and are typically
available within 24 h of the acquisition.

2.2.3. Very High-Resolution VNIR Sensors (<10 m)

PlanetScope (CubeSats): PlanetScope’s constellation consists of a series of a com-
mercial satellite and approximately 130 CubeSats (Dove) small platforms with a sun-
synchronous orbit that image Earth’s surface at nadir geometry with a revisit frequency
of about 1 day since their initial deployment in June 2022. The fine spatial resolution
(4 m/pixel) captures detailed morphologies of active lava flows, complementing SWIR
data for the comprehensive characterization of lava surfaces at very high temperatures [23].
The newest PSB.SD (SuperDove) sensor, active since March 2020, is capable of imag-
ing the Earth’s surface in seven visible bands (443–705 nm) and one NIR band (865 nm;
https://go.planet.com/psscene-imagery-spec; last accessed on 15 June 2024). Here, we
downloaded orthorectified eight-band surface reflectance PlanetScope Scene products from
Explorer (https://www.planet.com/explorer/; last accessed on 15 June 2024) in a grid of
ca. 110 km2, comprising the area of Fernandina island inundated by lava flows, from the
caldera rim in the north to the coastline in the south. To highlight the active lava body and
thermal features, as well as to facilitate lava flow mapping, we used multiple false-color
RGB compositions, exploiting the full spectral range available.

2.3. Workflows and Parameters

Satellite data were processed following two main workflows, whose combination
produced a list of parameters useful for the rapid response of the effusive eruption (Figure 2).
A set of NRT parameters was derived within 1–4 h of the acquisition, from the analysis of the
moderate resolution MODIS and VIIRS, as per MIROVA workflow (Figure 3). Additionally,
higher-resolution images were automatically or manually processed as soon as the data

https://registry.opendata.aws/usgs-landsat/
https://registry.opendata.aws/usgs-landsat/
https://registry.opendata.aws/usgs-landsat/
https://earthexplorer.usgs.gov/(last
https://go.planet.com/psscene-imagery-spec
https://www.planet.com/explorer/
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from various sensors were made available by data providers (HRES Workflow). The latency
of these HRES data varies from 6 to 12 h for MSI, OLI, and TIRS and to >12 h for ASTER
and PlanetScope (Table 1). Datasets from both workflows were repeatedly integrated
and cross-compared, resulting in a set of parameters having different latencies and being
characterized by variable degrees of detail (Figure 2). In the next section, we provide an
overview of the workflows and techniques (automatic and manual) used to extract each
parameter. The time series of all parameters are available in Supplementary Materials S1.
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Figure 2. Schematic diagram of the workflows used for the rapid response protocol tested during the
Fernandina 2024 eruption. The continuous integration of moderate spatial resolution data, processed
in NRT (0.375–1 km; 1–4 h latency) with high resolution data (4–100 m; latencies > 6 h), allows for the
reconstruction and delivery of nine eruptive parameters with varying degrees of information and
detail (see the text and Table 1 for more explanation).
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2.3.1. MIROVA NRT Workflow (Moderate Resolution MIR and TIR Data)

A schematic diagram of the MIROVA NRT workflow is shown in Figure 3. MODIS
and VIIRS Level 1B radiance and geolocation products are automatically downloaded
from the LANCE system, within 1–4 h from the image acquisition [62,66]. As soon as a
new scene became available, MIR and TIR bands were resampled to a regular 51 × 51 km
UTM grid centered on the volcano summit (coordinates provided by the Global Volcanism
Program). By employing spectral and spatial filters, the core step of the MIROVA algorithm
thermally detected anomalous pixels within the investigated scene (i.e., hotspots; see [62,66]
for details). With the anomalous pixels identified (binary lava flow mask), the following
volcanological-relevant parameters were retrieved.

Volcanic Radiative Power (VRP): The hotspot-contaminated pixels are used to esti-
mate the Volcanic Radiative Power (VRP, in Watt) following the original MIR method [74]
adapted for volcanic features (see [62,75] for details):

VRP = ∆LMIR × σε

αεMIR
× Apix (1)

where σ is the Stefan–Boltzmann constant (5.67 × 10−8 J s−1 m−2 K−4), and ε and εMIR

are the surface spectral emissivity at all wavelengths; in the MIR channel (both set to 1
for simplicity), Apix is the pixel area in m2, and α is a wavelength-dependent constant.
According to [58], the value of α can be computed for any MIR channel as follows:

α = −8.6344 × 10−10 × λ + 6.3796 × 10−9 (2)

where λ (in µm) is the central wavelength of the used MIR band (Table 1).
∆LMIR represents the excess MIR radiance, namely the total above-background radi-

ance of the hotspot-contaminated pixels. This can be solved as:

∆LMIR =
n

∑
i=1

LMIRhot(i)− LMIRbk (3)

where n is the number of hotspot contaminated pixels present in a scene, LMIRhot is the
ith hotspot pixels’ radiance, and LMIRbk is the averaged radiance of the surrounding, non-
alerted pixels, these representing ambient (background) conditions. In basaltic eruptions,
VRP is substantially associated with the “active” and younger portion of a lava field (at
T > 600 K), emplaced during the 12–24 h prior to image acquisition [75]. To maximize the
number of volcanological suitable acquisitions and to obtain the best and most representa-
tive thermal signature of the ongoing eruption, MODIS- and VIIRS-derived VRP time series
were finally combined into a unique dataset. The VRP timeseries was continuously super-
vised by visualizing each image and excluding data contaminated by clouds or acquired in
unfavorable viewing conditions.

Time-Averaged Discharge Rate (TADR) and Erupted Volumes (Vol): The time-
averaged lava discharge rate (TADR, in m3/s) was calculated for each suitable acquisition,
under the assumption that a relationship exists between VRP and TADR [75], which is
shown in the following:

TADR =
VRP
crad

(4)

where crad (in J m−3) is a best-fit parameter that embeds the rheological, insulation, and
topographic conditions of the observed lava flow. For the 2024 Fernandina eruption, we
set this parameter to 2 × 108 J m−3, which is typical of basaltic effusive eruptions and
allows for the rapid calculation of TADR with an associated uncertainty of ±50% [75]. As
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discussed in Section 5, lower uncertainties may be obtained by calibrating the crad value
based on the analysis of previous eruptions.

The estimation of TADR enabled the retrieval of the cumulative erupted lava volume
(Vol, in m3) by assuming a linear trend between each consecutive TADR measurement and
by integrating the supervised time series [75]. The ± 50% uncertainty was then propagated
to the estimate of the erupted volume.

Vent location, Active flow length (Lhot) and velocity (vhot): Hotspot-contaminated
pixels derived from MIR data (MODIS and VIIRS) also provide first-order information
on the spatial extent of the thermal anomaly (lava flow mask). This implies that the
location of the vent area, flow front(s), and advancement rate of the lava flow(s) can be
estimated at a pixel-level accuracy (from 0.375 to 1 km; Table 1), subject to supervision.
The approximate location of the vent may be initially identified manually, by considering
the topography and the geometry of view. However, it can be refined and updated as
additional images, including high-resolution data, become available (see Section 2.3.2). The
length of the lava flow was calculated by considering the distance (line of sight) between
the farthest extending hotspot-contaminated pixel and the pixel containing the vent. The
error associated with these measurements was ±1 pixel since even a small hot component
lets the overall MIR pixel-integrated radiance rise exponentially and spread across adjacent
pixels [74,76]. It should be noted here that this distance (hereby called Lhot), being based on
MIR-derived lava flow mask, is relative to the position of the “active” (hot) front of the flow
at the time of the image acquisition. Hence, it does not necessarily represent the maximum
distance reached by the lava flow (here called Lmax), which instead may be represented by
the cooling portion of the emplaced units (see below).

The active (hot) flow front velocity (km/day) was finally calculated by differentiating
over time the active lava flow length (Lhot), by filtering the time series using a Savitzky–
Golay filter (to remove high-frequency noise) and by resampling the filtered dataset to 1
data point per day.

Maximum flow length (Lmax): The maximum distance reached by the lava flow (Lmax)
was instead obtained from the VIIRS night data at a 375 m resolution, using the TIRVolcH
algorithm [77]. Unlike the MIROVA system, which works on the MIR bands, this algorithm
is based on the TIR channels and was specifically designed to detect low-temperature ther-
mal anomalies (T < 600 K). The spectral response of TIR bands to lower temperatures allows
for the detection of ground elements a few degrees above the background, thus making TIR
observations more effective in accurately determining the geometrical characteristics of the
whole lava field, including previously emplaced and cooling flow units [77]. Furthermore,
TIR bands, being less sensitive to high temperatures, suffer less from blurring effects (i.e.,
sensor’s point spread function (PSF); [78,79]), thus improving the estimation and accuracy
of the length, width, and shape of the volcanic products [76]. The calculation of the Lmax

was conducted following the procedure described above (Section 2.3.1) but considering the
mask of hotspot-contaminated pixels detected by TIRVolcH rather than the one used by
MIROVA. The error associated with this measurement was again ±1 pixel.

2.3.2. HRES Workflow (High- to Very High-Resolution VNIR-SWIR-TIR Data)

As soon as the VNIR, SWIR, and TIR images became available, a series of measure-
ments were conducted to support the NRT dataset provided by MIROVA. This activity
allowed us to: (i) distinguish between active (Ahot) and inactive (cooling) portions of the
flow field, (ii) manually map the total area (ATOT) as the eruption progressed, and (iii)
accurately identify the position of the vent and the main thermal structures.

Active lavas flow area (Ahot): MSI and OLI radiance data, collected by Sentinel-2
and Landsat missions, were implemented in the MIROVA system to automatically track
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the presence of hot pixels through a hybrid hotspot-detection algorithm based on SWIR
reflectance [70]. This system homogenizes the spatial resolution of Landsat (30 m) to that of
Sentinel 2 (20 m) and automatically localizes hot surfaces (T > 600 K) to track the evolution
of the active (hot) lava flow area (Ahot).

Total Lava flow Area (ATOT): To ensure the most representative reconstruction of
lava flow advancement dynamics, a supervised inspection of high-resolution VIS and IR
imagery from multiple sensors was conducted throughout the eruption. Images were
imported daily into the open-source software Quantum GIS (QGIS) and compared with
each other (on multiple bands) to detect changes associated with the new lava flow. The
result of this operation was a contour map of the areal evolution of the flow (Figure 4), from
which the total area and expansion rate were measured (see Supplementary Materials S2).
Following the approach outlined by [80], we estimated the maximum computational error
associated with a one-pixel offset along the entire perimeter of the lava field, corresponding
to approximately ±3.5% of the total flow area. However, as noted by [80], such errors are
likely to be negligible, since some pixels will fall inside the boundary, while others will lie
outside of it.
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High-resolution mapping of active vent and thermal structures: Spatial resolution is
key to accurately determining the spatial features of lava flow(s). VNIR, SWIR, and TIR data
acquired by high- to very high-resolution sensors, were used for locating and analyzing the
high-temperature structures associated with the eruption. This high-resolution mapping
allowed us to accurately determine the position and dimensions of the opening fissures in
the first days of the eruption, to locate the main vent on the SE flank of the caldera, and
to track and measure the development of the lava channel and the lava delta. In addition,
this wealth of data allowed us to locate skylights and breakouts, all associated with the
development of a major lava tube systems. The thermal structure (hereby defined as the
spatial distribution of high-temperature pixels) was then used to infer the emplacement
style of the lava field (i.e., channel- vs. tube-fed).

3. Results: NRT Products for Rapid Response and Situational Awareness
Over the 68 days of the eruption, the integrated data from multiple infrared sensors

made it possible to follow the space-time evolution of the lava flow in NRT. Below, we
provide an overview of the dataset collected during the first 48 h (rapid response) as well
as during the evolution of the eruption (situational awareness). The set of information
obtained from the analysis of this data was periodically transmitted by e-mails to the
IG-EPN, which integrated them into internal discussions and activity reports [54–56].

3.1. Rapid Response

The eruption began on 3 March 2024, at 05:50 UTC (2 March 2024, at 11:50 pm Galá-
pagos time, GALT) with the opening of a series of en echelon fractures located on the
south-eastern outer edge of the caldera at an altitude of >1100 m a.s.l. (Figure 4a) [81]. At
06:42, a VIIRS image showed the first thermal anomaly of the eruption (Figure 5a), but
due to the very high satellite zenith angle (>64◦), this acquisition was unfavorable for both
the accurate localization of the lava flow(s) and the quantification of the VRP. However, it
allowed us to roughly place the activity on the south-eastern edge of the caldera and along
the SE flank at an altitude higher than 600 m a.s.l. At this time (52 min after the beginning
of the eruption), it was still unclear whether there was effusive activity (also) inside the
caldera. At 07:30, 100 min after the beginning of the eruption, VIIRS detected a second
thermal anomaly, this time with excellent viewing conditions (satellite zenith angle of 7.6◦;
Figure 5b). This second image allowed us to exclude the presence of active lava inside
the caldera and provided the first evidence of a ~3-km-long sub-circumferential fissure
system, located at an altitude higher than 1000 m a.s.l.. The strong thermal anomaly was
associated with an initial TADR of 206 ± 103 m3/s (Figure 6b) generated by at least three
clusters of pixels, possibly associated with as many fracture segments and related flow units.
From the image, we also recognized two possible flow fronts extending downslope on the
south-eastern flank, up to altitudes of 550 m (Unit 1) and 500 m (Unit 2) a.s.l., respectively
(Figure 5b). Unit 2 appeared to be the hottest and most advanced of the two, with a Lhot

of about 3.8 ± 0.5 km (Figure 6d). This distance was reached by the lava in less than two
hours, thus implying an initial velocity of ~2.3 km/h (Figure 6e). If this velocity had been
maintained, the front would have reached the coast (9–10 km away) in the next 5–6 h.
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Figure 5. (a) First thermal image of the eruption acquired by VIIRS at 06:42 UTC on 3 March (52 min
after the start of the eruption). The thermal anomaly is located on the SE edge of the caldera and
extends both inside and outside (on the SE flank), remaining at an altitude higher than 600 m a.s.l. The
anomaly is spread across several pixels, also over part of the caldera, and is poorly defined due to the
very high satellite viewing angle (satellite zenith angle of 64◦). These unfavorable viewing conditions
did not allow us to ascertain whether effusive activity was ongoing inside the caldera, nor to quantify
the VRP and, in turn, the TADR. (b) The second image acquired by VIIRS at 07:50 UTC on 3 March
(100 min after the start of the eruption). The excellent viewing conditions allowed us to estimate
an initial TADR of 206 ± 103 m3/s and to exclude the presence of lava flows inside the caldera. It
also enabled us to identify a sub-circumferential ~3 km long fissure system and approximate the
main vent and location, as well as locate the position of the flow front. (c) The first PlanetScope was
acquired at 15:20 UTC. This high-resolution image allowed us to precisely locate a portion of the
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The PlanetScope image acquired at 15:36 UTC (Figure 5c) revealed that, during the first
hours of the eruption, the lava flowed out from several segments of the eruptive fissures,
forming a large lava field spread over an area of at least 5.5 km2 (Figure 6d). The advanced
portions of Units 1 and 2 are clearly visible in this image and appear to be cooling. The
same image allowed us to retrieve the exact position of the main active vent and to notice
that, 9 h 50 min after the start of the eruption, a third unit (Unit 3), sub-parallel to Unit 2,
had advanced 5.7 ± 0.1 km from the vent and shows signs of cooling at the front. This unit
advanced by only 2 km compared to Unit 2, thus suggesting a general decrease in the bulk
advancement velocity of the active flow fronts (Figure 6e).

The reduction in effusive activity was confirmed a few hours later by the MODIS
image acquired at 19:50, according to which, the TADR was lowered to 51.9 ± 26.0 m3/s,
and an active flow front (likely Unit 3) traveled up to 6.4 ± 1 km from the vent (Figure 6d),
thus suggesting a further advancement at ~0.17 km/h (Figure 6e). The volume of lava
erupted in the first 14 h was estimated at 6.4 ± 3.2 Mm3 (Figure 6c), which, together with the
estimate of the area described above, suggests that the initial flow field was characterized
by thin, low-viscosity lava, no thicker than 0.5–2 m.
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Figure 6. Example of the rapid response informative panel released after the first 48 h of eruption.
(a) Map of thermal anomalies (VIIRS 375 m; acquired on 5 March 2024 at 07:42 UTC) showing the
location, extent, and spatial evolution (upper insets) of the lava flow. Time series of (b) TADR,
(c) volume, (d) flow area (e) flow length, and (f) flow front velocity, as recorded from the integrated
analysis of thermal data. The stars indicate the most up-to-date measurements. Shaded areas in the
time series outline uncertainties in the values provided for each parameter.

By March 4, at 07:20, the TADR had slightly increased to 89 ± 44 m3/s, but it declined
again in the following hours, reducing to 25 ± 12 m3/s at 19:06 (Figure 6b). The front had
advanced only 0.8 km in 24 h (~0.03 km/h), reaching a maximum distance of 7.2 ± 1 km
from the vent. On 5 March, at 03:45, the TADR reduced to 18.5 ± 9.2 m3/s, and the
front had stopped advancing, causing the activity to retreat backward to 6.4 km from
the vent (Figure 6d). According to these data, during the first two days of activity, the
eruption produced 12.4 ± 6.2 Mm3 of lava, with a mean eruption rate of 74.9 ± 37.5 m3/s.
The analysis of high-resolution data (Figure 4) revealed that the area covered by lava
during this initial phase was ~7.35 km2 (Figure 6d), implying an average expansion rate of
2.45 km2/day and a bulk lava thickness of 2.3 ± 1.15 m. This information was continuously
updated and is summarized in information panels containing maps and time series, such
as the one illustrated in Figure 6.

3.2. Lava Flow Evolution for Situational Awareness

As the eruption proceeds, situational awareness may become more difficult to main-
tain, especially during long-lived eruptions where field observations, reports, and direct
information become increasingly rare. Satellite data were continuously updated to monitor
the progress of the effusion, the erupted lava volume, the lava flow area, and its advance-
ment (Figure 7). Particular attention was given to promptly detecting and communicating
changes in the eruptive trend or flow’s advancement through maps and time series.
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making any front advance (Figure 7a–d). This activity produced the emplacement of flow 

Figure 7. Summary of the parameters recorded during the Fernandina March–May 2024 eruption:
(a) time-averaged discharge rate (TADR), (b) erupted lava volume (Vol), (c) total (in blue, ATOT)
and hot (in red, Ahot) flow area, (d) maximum (Lmax) and active (Lhot) flow length, with the blue
dashed line depicting the distance of the coast from the vent (in line of sight), and (e) active flow
front velocity (vhot). Shaded areas in the time series indicate uncertainties in the values provided for
each parameter. The annotations highlight the trends, dates, and events when major changes were
observed. Cyan stars indicate the day the lava entered the sea.

Between 5 and 10 March, the TADR fluctuated between ~20 and ~30 m3/s but without
making any front advance (Figure 7a–d). This activity produced the emplacement of flow
units parallel to and partially overlapping Unit 3, causing the flow field to enlarge its
area without producing a substantial elongation of active units (which remained within
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6 km of maximum length (Figure 7c,d)). Starting on 10 March, a gently declining TADR
trend was accompanied by a new phase of lengthening (black arrow in Figure 7d). The
renewed advancement persisted for about 10 days, with an average flow front velocity of
~0.021 km/h (thus two orders of magnitude lower than the initial phase), leading the active
flow front to a reach distance of 10.0 ± 1 km on 20 March (Figure 7d,e).

A clear reduction in the effusion rate occurred between 16 and 23 March (from 15
to 2 m3/s) and caused the active front to retract again, reaching a maximum distance of
7.8 ± 1 km from the vent (Figure 7a–d). Since 24 March, the effusive activity, slightly
reinvigorated, brought an increase of the TADR, 3 days later, up to 8.5 ± 4.2 m3/s. This
renewed effusive activity produced a third phase of lengthening, with the active front(s)
advancing anew, with an average velocity of 0.017 km/h (Figure 7d,e). Although the total
area of the flow continued to increase, since late March, the active “hot” area, detected by
SWIR images, was strongly reduced (Figure 7b), likely due to a change in the emplacement
style, with the development of a main lava tube system (cfr. Figures 8 and 9). At this stage,
the upper lava field, at an elevation higher than 250 m a.s.l., appeared to be thermally well
insulated, as shown by the sequence of thermal maps in the insets of Figure 8a. By April
2, the tube system fed three advancing pahoehoe flow branches that reached ~10.6 km
from the vent and were located ~1.9 km from the coast (Figure 8b). Based on the spatially
scattered structure of the thermal anomalies and the absence of a radiating lava channel,
we inferred that these flow units were characterized by pahoehoe lava. On April 3, at 07:50
UTC (Figure 8a), the flow fronts were still active, and we estimated that the distance to the
coast was reduced to ~1.5 ± 0.375 km (Figure 7d). On the same day, an email was sent to
IG-EPN to update the situation and to advise that, due to under-current feeding conditions
(TADR of 5.4 ± 2.7 m3/s; advancement rate ~0.017 ± 0.009 km/h), the lava flow could
reach the coast in the following 3–4 days. By that time, the flow field had already covered
an area of 13.0 ± 0.45 km2, with a total volume of 46 ± 23 Mm3 (Figure 7b,c).

The slow progression of pahoehoe branches was recorded by MIR imagery also in the
following days and, on April 8, a Landsat 8 image confirmed that one branch had reached
the coast and was building a new lava delta about 300 m wide (Figure 9e). A second active
branch, to the east of the first, was located about 1 km from the coast (graphical abstract).

After the entry of the flow into the sea, the eruption continued with a steady declining
trend, during which, the gentle effusion rate (TADR < 5 m3/s) fed the gradual areal and
volumetric growth of the distal lava field. This occurred through the opening of several
breakouts, giving rise to resurfacing processes and the superposition of numerous flow
units, typical of a pahoehoe flow field (Figure 9). The eruption ended on May 8, as
evidenced by the sudden drop in the recorded TADR (Figure 7a). The Landsat 8 image of
May 10 (Figure 9h) corroborates the above, revealing a marked fall in high-temperature
thermal anomalies, confirming the end of the eruptive activity. After 68 days of activity,
the lava flow had covered a total area of 14.9 ± 0.5 km2, building a new delta of 0.123 km2.
The final erupted volume was 58.5 ± 29.2 Mm3 (Figure 5).

The sequence of high-resolution SWIR (Figure 9a–h) and TIR (Figure 9i–p) images
analyzed throughout the eruption permitted us to decode the changing emplacement style
and allowed us to track the development of a master tube system that fed the distal lava
field (7–8 km from the vent). The tube was clearly recognizable in the SWIR imagery by
the alignment of highly radiating spots (skylights) that revealed its underground path
(Figure 9d). According to our data, the transition from channel- to tube-fed occurred
between 16 and 23 March, once TADRs remained permanently below 10 m3/s (Figure 7a).
This transition changed the insulation condition of the flow, as evidenced by the clear
decrease in the SWIR-derived active hot area (Figure 7c) as well as by the TIR images
acquired by ASTER (Figure 9i–p). The development of a well-insulated lava transport
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system (master lava tube) was likely the determining factor for the slow but inexorable
progression of the pahoehoe flow units, despite the low effusion rates [82].
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Figure 8. (a) Thermal image acquired by VIIRS on April 3, at 07:30 UTC, indicating that the lava flow
was ~1.5 km from the coast. The lower left informative panel summarizes the TADR, volume, flow
velocity, and maximum distance reached by the flow front(s) at the time of image acquisition. The
upper sequence shows the lengthening phase of the lava field recorded by VIIRS images between 28
March and 3 April 2024. (b) Detail of the PlanetScope image acquired on 2 April 2024, at 16:35 UTC
(band combination: NIR, RedEdge, Red) showing three advancing pahoehoe flow branches, located
approximately 1.9 km from the coast. Orange triangle shows the main vent location.
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Figure 9. Spatio-temporal evolution of the active lava flow derived from the analysis of SWIR (upper
panel; (a–h)) and TIR (lower panel; (i–p)) images. Both sequences show the development of the lava
field and allow the depiction of distinct structures associated with active (SWIR) and cooling (TIR)
structures, such as the eruptive vent, lava channels, active and cooling flow fronts, skylights marking
the underground path of the master lava tube, breakouts giving rise to new flow units, and lava delta.
These images, in addition to providing information on the state of the effusive activity, can be used to
assess areas of potential ephemeral vent openings that could feed new flows.

4. Discussion
The Fernandina eruption allowed us to assess the effectiveness of satellite infrared

data in rapidly responding to an effusive eruption that would have otherwise been barely
monitorable, given the limited ground-based monitoring network. We demonstrated that
the information provided not only enables users to assess the impact of the lava flow(s)
on the territory, but it also offers a robust and continuous stream of data on the eruption’s
progress, supporting situational awareness and facilitating the timely assessment, revision,
and updating of expected scenarios.

During the very early stages of any eruption, one of the most important pieces of
information to be obtained is the position of the eruptive vent. This cannot always be pre-
cisely recognized on the ground or by overflight, especially in poorly monitored volcanoes.
In the case of Fernandina, VIIRS data allowed us to approximately locate the position of
the vent with a delay of about 2 h (Figure 5b), a time sufficient to prepare any mitigation
interventions. However, the exact position of the vent was confirmed only 48 h after the
start of the eruption, when the PlanetScope image was made available (Figure 5c). It should
be noted, however, that these timeframes were possible due to the optimal weather and
could be significantly delayed under adverse meteorological conditions.

The effusion rate is the other fundamental parameter to be rapidly obtained because
it controls the path and advance of a lava flow [83]. This parameter is used as input in
most fluid dynamic models for lava flow simulation [16,84–86]. If the vent location, TADRs,
and volumes are promptly delivered, then they can be ingested into lava flow propagation
models to forecast the area potentially at risk of inundation and generate short-term hazard
maps within the first few hours following the eruption’s onset [20,23,86]. The Fernandina
case reveals how the most dramatic phase occurred in the initial hours of the eruption, when
the high TADR (>200 m3/s) fed a fast-moving lava flow that advanced at a speed > 2 km/h
(Figure 6). The subsequent significant reduction in TADR greatly slowed the flow, which
eventually halted its advancement after 7.8 km. This dynamic (initial effusive burst) is
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quite common in basaltic volcanoes [87], and it highlights how a rapid response is crucial,
especially in the first 24 h of an eruption, when timely access to accurate, multiparametric
information can have a substantial impact on the short-term risk mitigation operations.

The Fernandina eruption also shows how the emplacement mode changed from
channel- to tube-fed, as the eruption progressed and slowed. This transition meant that,
although the effusive rate gradually decreased to values below 5 m3/s (Figure 7a), the flow
continued to advance, invading new areas through slow pulses of pahoehoe flow units,
until it reached the sea at a distance of 12.5 km from the vent (Figure 7d). This progression
and the subsequent construction of a compound lava field are difficult to replicate with
commonly used deterministic models since the formation of lava tubes and the opening of
breakouts remain unpredictable phenomena that require continuous updating of the input
parameters [20]. Therefore, it is essential to continually evaluate the emplacement style,
because it can strongly influence the type and the effectiveness of the propagation models
used. For this purpose, infrared data are of fundamental importance, because they allow
us to evaluate the degree of thermal insulation, which, in turn, strongly affects the ability
of a lava flow to advance [82].

Finally, trend analysis plays a primary role in evaluating ongoing activity and assessing
possible medium- and long-term scenarios. For example, the rough extrapolation of the
flow front velocity described in Section 3.2 allowed us to predict the arrival of lava on the
coast 4–5 days in advance. The eruption was also characterized by a quasi-exponential
decrease of the TADR (Figure 8), typical of pressurized basaltic volcanoes [88]. This trend is
commonly indicative of a gradual decompression of the magmatic system, which tends to
exhaust its elastic energy over time [88]. Actually, its recognition, even if briefly interrupted
at times, was qualitatively used to hypothesize the gradual exhaustion of the effusive
activity as the eruption progressed.

More quantitative analyses may be tentatively used to predict the final erupted lava
volume and duration [87,88] by assuming that the eruption follows a decay pattern gov-
erned by the following single or double exponential law:

Single: Q(t) = a·exp(t/τ) (5a)

Double: Q(t) = a1·exp(t/τ1) + a2·exp (t/τ2) (5b)

where Q(t) is the effusion rate at time t, and a, τ, a1, τ1, a2, and τ2 are the best-fit exponential
parameters. According to these models, once the exponential parameters are obtained from
fitting the data, the final erupted volume can be predicted as follows:

Vf = aτ (6a)

Vf = a1τ1 + a2τ2 (6b)

The procedure of updating fits as more monitoring data are collected allows the user to
continually evaluate whether Equation (5) adequately fits the data (Figure 10(a1,a2,b1,b2))
and eventually predict the final lava volume Vf through Equation (6).
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Figure 10. The effusion rate trend modeled using (a1) single and (b1) double exponential fit
(Equation (5a,b)). The models (blue dashed line) are run using the data collected until day 10
(red circles) and extrapolated for the next 60 days. The fits are compared with all the data (grey
circles) acquired during the whole eruption. The red horizontal line represents the 0.1% of the
initial maximum TADR. (a2,b2) The erupted volumes are compared to those predicted by the best
fitting obtained after 10 days of eruption (blue dashed line). (a3,b3) The predicted Vf was plotted
as calculated with Equation (6) by iterating the fit as more monitoring data became available. After
day 20, the double exponential model forecasts a final volume within 10% of the real value (blue
horizontal lines).

The examples in Figure 10(a1,b1) show the curves obtained with the two models by
fitting the data acquired during the first 10 days of eruption (blue dashed lines). The appli-
cation of Equation (6) with the relative coefficients resulted in the predicted final volumes
of 38.4 and 62.5 Mm3 (for the single and double exp. models, respectively) in comparison
with the erupted volume of 58.5 Mm3 (Figure 10(a2,b2)). In Figure 10(a3,b3), we plotted the
daily predicted Vf values as more TADR data were available, and the exponential fitting
parameters were updated. The analysis revealed that the single exponential model was
affected by a greater misfit, and that volumes comparable to the one effectively erupted
(±10%; blue lines in Figure 10(a3,b3)) would have been correctly predicted only after 80%
of the total duration. On the other hand, based on the double exponential model, the final
volume would have been predictable, within an error of ±10%, starting on the 22nd day of
the eruption (corresponding to 33% of the total duration of the eruption).

For basaltic volcanoes, the double exponential model has been explained by the release
of elastic energy from two connected magmatic sources [89] or by a single source that ini-
tially behaves elastically and subsequently behaves in a viscoelastic way [90]. Regardless of
the mechanism, the double exponential model fits Fernandina’s data better, thus suggesting
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that the observed trend was possibly composed of two terms (Equation 6b), representing
the two distinct sources/processes.

The exponential trend has been used in the past to predict the end of some basaltic
eruptions, based on the criterion that this type of eruption ends when the effusion rate
drops below 0.1% of the initial maximum value [87]. At Fernandina, the eruption ended
when the TADR dropped below a critical rate of 2 m3/s, which is about 1% of the maximum
initial value (206 m3/s; Figure 10). Although the criterion adopted by [87] was not exactly
met in the Fernandina case, the sharp deviation from the trend observed on April 8 (sudden
reduction in TADR; Figure 6b) suggests the existence of a critical flow rate, below which
the magma path probably closes. This dynamic was observed during the Holuhraun-
Bararbunga eruption [91] and could be a common feature of other Fernandina eruptions
as well. Further measurements of TADR and trends on other Fernandina eruptions may
shed light on the existence and value of this critical flow rate and its potential application
to predict the end of these eruptions.

5. Perspective and Conclusive Remarks
The satellite data used in this work are freely available in any area of the globe, in

NRT, or with minimal latency (Table 1). The approach is therefore potentially applicable to
any volcano in the world, with the same temporal and spatial resolutions and a comparable
degree of uncertainty.

If extended to other eruptions, such a rapid response system can support the manage-
ment of flow-forming eruptions, create lava flow vulnerability models for impact assess-
ments, facilitate the comparison of eruptions, and contribute to building a global database
of effusive eruption attributes. However, to make this approach operational on a global
scale using NRT products accessible to the scientific community, two key requirements
must be met:

i. Team of Experts: the image processing chain, although partially automated, requires
continuous expert supervision to manage the workflows—from raw data processing
to the generation of maps and time series—as well as to ensure accurate interpretation
of the products. Purely automatic systems, while very valuable for immediate initial
assessment, can be misleading in the rapid response, as they lack indications of sub-
pixel cloud contamination, unfavorable viewing geometry, or false alerts(s) detection.
In the example of Figure 5a, without the visual interpretation and evaluation of
satellite viewing conditions (which produced extreme geometric distortion of the
anomaly), the first thermal alert of 3 March, 06:42 UTC, could have been easily
misinterpreted as an intra-caldera eruption. If an eruption starts or shifts into the
Fernandina caldera, some explosive activity could occur, due to magma interacting
with the crater lake [32]. Consequently, the accurate assessment of thermal anomaly
locations and their associated uncertainties is crucial for hazard evaluation. We
emphasize that, for a response to be rapid, rigorous, and reliable, expert review and
supervision of all images and products remain crucial and indispensable requirements.

ii. Calibration: Two of the most important parameters, the TADR and the Vol, are derived
from thermal data, using the relationship between effusion rate and instantaneous
heat loss over the lava’s “active” area (assuming a time-averaged thermal budget; [92]).
This thermal proxy has been declined in many variants (see [25] for a review), and
the one used here involves a specific processing chain starting with the MIR radiance
data, leading to the VRP, and finally ending with the TADR estimates (Section 2.3.1;
Figure 3). It is necessary to underline that the conversion between VRP and TADR
requires an ad hoc, volcano-specific calibration, since their relationship is influenced
by the rheological and topographical conditions during the emplacement [75,93]. At



Remote Sens. 2025, 17, 1191 22 of 26

present, there are several case studies where this approach has been used successfully,
but a database of calibration parameters does not yet exist. Finally, we remark
that the approach expects that data from multiple MIR sensors are consistent with
each other to provide a homogenized time series of VRP following a data fusion
technique [58,66,94,95]. At present, polar satellites represent the main source of data
used for VRP estimation, especially for global volcano monitoring [26]. For this
purpose, we underline that the multiplatform approach proposed here could be
further enhanced by adding other polar sensors (i.e., [58]) to enhance the efficiency of
satellite thermal data for volcanic surveillance.

In conclusion, we believe that the analysis of satellite infrared data is one of the most
effective tools for addressing rapid response and situational awareness during effusive
eruptions. Provided that the above requirements are met, we envisage that the approach
is now sufficiently mature to be transformed into an operational product available to the
international community.
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