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Abstract
In 2000 at the first AGU session in this decadal series, and a year after the launch of the Terra satellite as part of the NASA
Earth Observing System (EOS), we discussed the prospects for infrared (IR) data to advance volcano science. There were
high expectations despite none of the sensors on Terra (or any of the future EOS missions) being designed specifically for
volcanology. Ten years later, we focused on the IR data from those sensors and their added value to high-profile eruptions.
We also looked forward to 2020 and the promise of integrated networks of ground and orbital IR instruments operating in
sensor webs to improve near real-time data collection critical for eruption forecasting and response. By 2010, the EOS-era
sensors had provided a long-term record of volcanic activity; however, most were well past their design lifetimes. We noted,
“The prospects for accurate volcanology from space in 2020 are therefore less clear, even if the need for such observations has
never been more important,” which arguably proved true. At the 2020 session, we argued that a paradigm-shift in spaceborne
volcanology will only come about if a dedicated orbital IR volcano observatory is launched in the next decade. Critically, the
observatory needs to acquire hypertemporal IR data with the improved spectral and spatial resolutions required to analyze
ongoing dynamic processes such as the mass flux rates feeding plumes and flows. This mission concept has been proposed
and, if selected, would see science returned in time for the next AGU volcanology session in 2030.
Keywords Infrared remote sensing · Volcanic activity · Future mission concept

Introduction
Every ten years since 2000, the perspectives regarding the
potential of orbital and ground-based infrared data for volcanology have been discussed at a series of decadal-themed
sessions at the American Geophysical Union (AGU) Fall
Meetings (Mouginis-Mark et al. 2000; Ramsey and Harris
Editorial responsibility: J.H. Fink; Deputy Executive Editor: J.
Tadeucci
This paper constitutes part of a topical collection:
Looking Backwards and Forwards in Volcanology: A
Collection of Perspectives on the Trajectory of a Science
* Michael S. Ramsey
mramsey@pitt.edu
1

Department of Geology and Environmental Science,
University of Pittsburgh, Pittsburgh, PA 15260, USA

2

Laboratoire Magmas et Volcans, Université Clermont
Auvergne, Clermont‑Ferrand, France

3

School of Earth Sciences, University of Bristol, Bristol, UK

2013). In each of the three presentations, we considered
only past, current, and potential applications and missions
involving mid-infrared (MIR, 3.5–5.0 μm) and thermal
infrared (TIR, 5.0–13 μm) data and have chosen to group
these regions under the more general term, infrared (IR,
3.5–13 μm). The prime focus of the AGU sessions was to
conduct both a prospective look ahead during the next ten
years as well as a retrospective analysis on what was said ten
years prior. Over three different sessions from 2000 to 2020,
we have focused on the applications of remote sensing (in
general) and IR data (in particular) to volcano science. In
the first session, Wessels and Ramsey (2000) discussed data
fusion, with a particular emphasis on the new NASA EOS
and the ever-increasing IR data volumes that were to come
in the next decade. EOS offered a series of multi-instrument flagship-class missions providing coincident datasets
(including IR) at many different spatial, spectral, and temporal scales. Although none of the EOS instruments were
specifically designed for volcanology, the data were clearly
applicable (Mouginis-Mark et al. 1991). The concept of
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instrument sensor webs for volcano science was also introduced given the large amounts of expected data.
A decade later, Ramsey and Harris (2010) looked back
at what was forecast and ahead to what might be coming in
the next ten years. The EOS system was fully established
in 2010 with the launches of the second and third flagshipclass satellites, Aqua in 2002 and Aura in 2004, respectively.
Together with the data from Terra, which launched in late
1999, EOS was providing unprecedented IR data at a wide
range of resolutions. The sensors captured data of notable
eruptions during that decade such as Mt. Etna (2001), Mt.
St. Helens (2004), Merapi (2006), Sarychev Peak (2009),
and Eyjafjallajökull (2010). The large data volumes necessitated automated, near real-time thermal detection systems
such as MODVOLC and, later, MIROVA (Middle Infrared Observation of Volcanic Activity). These were being
globally-coordinated to display thermal change and derive
products such as time-averaged discharge rate (TADR) and
mass flux (Wright et al. 2004; Coppola et al. 2015). Sensor
webs were also created to leverage the very different spatial
and temporal scales of data such as the Advanced Very High
Resolution Radiometer (AVHRR) and Moderate Resolution Imaging Spectroradiometer (MODIS) combined with
the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and the Landsat Thematic Mapper/Enhanced Thematic Mapper Plus (TM/ETM +) sensors
(Duda et al. 2009), or the synergistic use of the instruments
aboard the Earth Observing 1 (EO-1) satellite (Davies et al.
2006). Volcano-focused orbital sensor webs served two key
roles during early years of EOS, which continued well into
the next decade. First, they allowed lower spatial (> 1 km),
higher temporal (< 1 day) resolution sensors to trigger data
acquisition by the higher spatial (< 100 m), lower temporal (> 10 days) resolution instruments. This improved the
temporal cadence of the higher spatial resolution data and
provided the ability to detect smaller and lower-temperature
Fig. 1  ASTER IR-derived thermal time series of Kliuchevskoi
volcano compared to that from
AVHRR. The ASTER orbital
sensor web provided more
data, which allowed detection
of deviations of only several
degrees from the baseline (red
arrow) more than 6 months
prior to the eruption (well
before AVHRR). Modified from
Reath et al. (2016)
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thermal precursory activity months before an eruption (e.g.,
Fig. 1). Second, sensor webs advanced capabilities for
autonomous thermal detection and onboard data processing
(Davies et al. 2006).
This “golden age” of IR data applied to volcanology was
reflected in the exponential growth of publications from
2000 to 2010 (Harris 2013). Importantly, these papers were
increasingly being published in volcano specific, rather than
remote sensing focused, journals. In the 2010 AGU presentation and paper that followed (Ramsey and Harris 2013),
we also took note of the now aging orbital infrastructure and
the lack of suitable follow-on missions. This, though, was
balanced somewhat by the proliferation of ground-based IR
camera systems as that technology became less expensive.
A transition was also occurring in the analysis of orbital
data from simple hot spot detection to deriving meaningful
volcanic parameters (e.g., thermal, mass, and volume flux)
over time, which could then inform numerical modeling of
lava flow emplacement (Wright et al. 2008; Ramsey et al.
2019). In preparation for the 2020 AGU session, we summarized our past two presentations and developments over
the preceding 20 years, noting five recurring themes:
1. Ever-increasing data volumes from ground and spaceborne IR instruments
2. New opportunities for ground-based measurements with
inexpensive IR systems
3. Growth of operational systems to ingest the high volumes of existing (archived) and new data
4. Remote sensing data moving from a snapshot in time to
time-series modeling and monitoring
5. State of the orbital infrastructure from the dawn of EOS
to hopeful follow-on missions that never materialized
Here, we discuss these themes and place them in the
context of current capacities, arguing for a pressing need to
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make a step-wise jump in our orbital capabilities, in terms of
spatial, spectral, but most importantly, temporal resolutions.
Until that time, all volcano applications remain dictated by
the “workhorses” developed by NASA and NOAA in the
1980s through to the early 2000s and designed, primarily,
for non-volcanic applications.

Background
The first satellite with a IR capability, TIROS-2, was
launched on 23 November 1960, and the first papers detailing applications of that data in volcanology followed later in
the decade with reports of hot spot detection in Hawaii and
at Surtsey (Dozier 1981; Gawarecki et al. 1965; Friedman
et al. 1967, 1969; Friedman and Williams 1968; Williams
and Friedman 1970). Initial papers focused on basic detection issues, with derivation of higher-level parameters, such
as hot spot size, temperature, heat flux, and TADR coming
later. These used short-wave infrared (SWIR) data because
the longer-wave IR data commonly saturated at the higher
temperatures of lava (Rothery et al. 1988; Glaze et al. 1989;
Harris et al. 1998). In parallel, time series of derived parameters were constructed and applied for event tracking, from
both AVHRR and Landsat TM/ETM + data in the 1990s
(Oppenheimer et al. 1993; Holasek et al. 1996; Harris et al.
1997). Since that time, use of IR data in volcanology has
become operational, with derived products being fed into
modeling and multi-disciplinary studies to understand and
track volcanic processes, such as lava flow propagation (Harris et al. 2019) and quantifying volcanic emissions (Watson
et al. 2004). However, the state of orbital IR data providing global coverage could be argued to have reached a stasis point so that although science derived from the IR data
developed, the orbital capabilities have not (Fig. 2). This
is not to say that orbital IR sensor development has ceased
in the past decade. IR image data with a wide field of view
is being provided by the ECOsystem Spaceborne Thermal
Radiometer Experiment on Space Station (ECOSTRESS),
which greatly improves the temporal resolution (Hulley et al.
2017). A new hyperspectral IR sensor, the Hyperspectral
Thermal Imager (HyTI), will also be staged on the International Space Station (ISS) and provide hyperspectral resolution IR (25 bands) data (Wright et al. 2020). However,
both are limited in coverage by the ISS equatorial orbit and
the short design lives of ISS-based instruments. Finally, the
Thermal infraRed Imaging Satellite for High-resolution
Natural resource Assessment (TRISHNA) mission by the
French and Indian space agencies is planned for 2025 with
a focus on terrestrial water stress as well as coastal and continental water (Lagouarde et al. 2018). TRISHNA will provide global coverage with an improved spatial (57 m) and
temporal (8 days) resolution to that of ASTER, but with

6

a slightly lower spectral resolution. None of these sensors
provide global data focused on volcanoes at the required
temporal, spectral, and spatial cadence required for consistent, long-term volcanology.

Discussion
The 2020 AGU presentation: retrospective
assessments
The 2020 AGU session, “The Decade-by-Decade Evolution of Volcano Science in the 2 1st Century,” had us once
again looking back to our 2010 presentation to assess the
predictions for IR volcano remote sensing and then ahead
to the next decade. Arguably, the major advances in IR technology and data capture remained ground-based over the
2010–2020 period. Infrared camera systems are now standard equipment on nearly all volcano campaigns, and permanent installations with continuous data acquisition have
become common place at a few well-monitored sites such as
Etna, Kilauea, and Piton de la Fournaise. Along with available orbital data, these ground-based camera data are fully
integrated into multi-geophysical monitoring and analyses
of ongoing eruptions (e.g., Bonaccorso et al. 2014; Patrick
et al. 2019; Peltier et al. 2020).
However, despite the IR data availability from orbital
systems, rarely are they frequent enough, or of sufficiently
high spatial resolution, to completely document an eruptive
cycle. For example, orbital systems are ideal for initial hot
spot detection and geolocation as well as for extraction of
source terms such as TADR or sulfur dioxide (SO2) emission flux (Coppola et al. 2009; Laiolo et al. 2018). However,
this is only possible in cases where the data are available at
a reasonable cadence (e.g., MODIS at four times per day).
Even this rate cannot capture the rapid changes in an ongoing eruption such as the mass flux of an ash-rich plume or
the advance of a lava flow developing over time scales of
minutes. Instead, only ground-based IR cameras can provide
the spatial and temporal detail for full integration into eruption response models of plume or flow behavior (Bonaccorso
et al. 2014; Harris et al. 2019). For example, Patrick et al.
(2019) analyzed integrated IR camera and seismic data to
discriminate the processes that controlled the Kilauea lava
lake level from 2009 to 2017 (Fig. 3), gaining insights not
possible using existing IR orbital capabilities. The cost and
size of these cameras have also enabled new platform possibilities (e.g., UAV-based) and measurement capabilities such
as the multiple synchronized cameras for 3D data generation
of gas plumes (Wood et al. 2019) and the addition of multispectral capabilities for compositional analysis (Thompson
et al. 2019).
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Fig. 2  Family tree for the three
main classes of orbital IR sensors. Classes are named after
the first sensor in each family:
GOES (4-km pixels, 15-min
cadence), AVHRR (1-km pixel;
6-h cadence), and TM (60-m
pixel; 16-day cadence). A
new satellite/sensor in a series
is listed only after successful launch and if a significant
change in the instrument specifications had occurred. Adapted
and updated from Harris (2013)
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Fig. 3  Lava level changes due
to gas pistoning at the Kilauea
lava lake. a–c Thermal images
from the IR camera during the
gas pistoning phase. The lake
is roughly 80 m in diameter,
and north is towards the top of
each image. d Lava level over
18 h on November 20, 2010.
Two gas piston events occurred,
each producing a plateau in
the level that was sustained for
several hours. e Seismic data
showing a significant decrease
in tremor as the lava level rises,
due to a shutdown in spattering
and reduction in gas emissions.
Modified from Patrick et al.
(2019)

We also reiterated the theme from 2010 of the aging
orbital infrastructure. Fortunately, most of the EOS-era
instruments are still operating with those on Terra now being
more than twenty years old, despite being designed for a
six-year mission life. Although there was new instrument
development for some classes of EOS instruments, the most
notable being Visible Infrared Imaging Radiometer Suite
(VIIRS) as a follow-on for MODIS (Fig. 2), many either
have had no follow-on development or hopeful concepts
never materialized (e.g., the Hyperspectral Infrared Imager
(HyspIRI) mission as a follow-on for ASTER). Notably,
these planned missions did not have the diversity of measurements nor the varied set of observations of the entirety
of EOS.

The 2020 AGU presentation: prospective views
The growing potential of significant global IR data gaps
was noted in recent community-driven reports. The NASA
CORE (Challenges and Opportunities for Research in ESI
(Earth Surface and Interior)) Report (Davis et al. 2016)
and the National Academy’s Decadal Survey (NRC 2018)
have specific goals for understanding volcanic systems,
their precursory activity, and their hazards. Plans are now
being developed for a new sequence of sensors that will
address some of the important questions raised in the 2018
Decadal Survey, including volcanic hazards. For example,
that document listed a series of designated observables and

linked specific instrument constraints required to measure
each of these observables. One of these, Surface Biology
and Geology (SBG), is now in the formulation phase by
NASA and contains an IR system with a similar spectral
resolution to ASTER, but with slightly improved spatial
(60 m) and much improved temporal (1–2 days) resolutions. Unlike the prior HyspIRI mission concept, which
arose from recommendations in the 2007 Decadal Survey,
SBG appears to be headed for a launch in the 2026–2027
timeframe. Until that time, ASTER remains the only
higher spatial resolution, multispectral IR orbital instrument providing global coverage and a notable focus on
volcanology.
In the “Earth Surface and Interior: Dynamics and Hazards” chapter of the 2018 Decadal Survey, the second Science Question, “How do geological disasters directly impact
the Earth system and society following an event?” had two
associated measurement objectives:
1. Rapidly capture the transient processes following disasters for improved predictive modeling, as well as
response and mitigation through optimal retasking and
analysis of space data.
2. Assess … the extent of surface change (< 100 m spatial resolution) and atmospheric contamination, and
the composition and temperature of volcanic products
following a volcanic eruption (hourly to daily temporal
sampling).
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These questions and their associated measurement objectives, specifically applied to volcanic eruptions, require IR
data at much improved temporal, spatial, and spectral resolutions relative to ASTER and even to a large degree, the
current IR instruments in development, including the SBG
instrument concept. Volcano observations are only a small
fraction of the SBG mission objectives (similar to ASTER),
and therefore the planned data are a marginal improvement
over ASTER for volcano science, particularly in terms of
spatial and spectral resolutions.
Orbital data for volcanology are historically limited
because images are only a 2D snapshot of a 4D event.
Despite decades of orbital data analysis, volcano science
still lacks the fundamental ability to forecast a new eruption,
capture high-frequency data during ongoing eruptions, and
reliably predict when that eruption will be over (Bonny and
Wright 2017). Fortunately, unlike many other natural hazards, volcanoes commonly display an array of longer-term
(weeks to months) precursory activity such as increased
thermal output, changes in gas composition and emission
rates, and surface deformation. However, once an eruption
starts, changes on timescales of seconds-to-minutes serve as
precursory probes into the dynamics of the volcanic system
(e.g., magma supply to the surface, pulsing in plumes, transport and cooling of lava flows, fumarolic convective heat
transfer). Emission fluxes and their variability are short-lived
but key observables (Wadge 1981). Understanding these
dynamics (and their rates) is fundamental to connecting the
products of an eruption to the underlying magmatic source
processes and thereby provides insight into ongoing trends
and future eruptive potential (Holland et al. 2011).
Therefore, the fundamental paradigm-shift in orbital volcano science will only come when high spatial resolution,
Fig. 4  Current and planned/
proposed (shown in italic)
land-viewing IR sensors. There
is a clear distinction between
the incremental differences of
the high spatial, low temporal
resolution sensors (upper left)
and those with lower spatial
and higher temporal resolutions (upper right). An orbital
IR volcano observatory needs
to fill the critical sub-100-m,
hypertemporal parameter space
shown by the red, hatched oval.
By comparison, typical ground
based IR camera data are shown
by the black, hatched oval
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unsaturated IR data can be acquired at a temporal frequency
approaching that of ground-based IR cameras (Fig. 4). Just
as these cameras dramatically improved our understanding of volcanic processes over older point-source thermal
measurements, an orbital volcano observatory with > 10
unsaturated bands of data across the 3.5–13 µm wavelength
region at cadences of a few minutes (e.g., hypertemporal)
for pixels of a few tens of meters is required to make these
measurements synoptically at all the erupting and restless
volcanoes. Although thermal camera observations have
improved our ability to measure rapidly evolving, but relatively localized, phenomena such as at-vent plume dynamics
and lava lake motions, they do not have the synoptic capability of the orbital view necessary for measurements across
entire plume-cloud systems or active lava flow fields. Higher
temporal and spatial resolution data will also enhance our
ability to catch gaps in cloud cover, which is a notorious
limit for both ground-based and orbital IR remote sensing.
In this regard, placing the observatory in an orbit with an
early morning (~ 9:00) overpass time when cloud cover is
less likely over volcano summits would be a significant
improvement. Further, an early-hours overpass also ensures
a reduction in solar heating that can eclipse subtle thermal
anomalies that commonly manifest in the earliest phases of
renewed activity. Future global missions such as SBG will
operate in a much later afternoon orbit making cloud obscuration and solar heating even worse problems. Finally, the
polar orbit capability ensures coverage of all active sites,
and not just a select few where ground-based cameras are
installed, or limited by the equatorial coverage of the ISS.
An orbital volcano observatory would provide a fundamental
advance in volcanology through its ability to capture unsaturated, high resolution, IR data at hypertemporal timescales.
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It would allow hundreds of volcanoes to be studied concurrently to extract precursory changes in eruption behavior,
construct much-needed baselines, and model future hazards,
which is the reason that the Decadal Survey deemed this
data cadence as an objective with the highest priority (NRC
2018).

Conclusions
As the EOS-era orbital architecture continues to age, many
of the advancements in IR science and technology for volcano science are occurring with ground (and increasingly
UAV) based sensors. The cost and capabilities of IR camera systems continues to improve, a point we made in 2010
(Ramsey and Harris 2013). However, continually operating IR camera systems that provide a long-term record of
activity state are still relatively rare and cannot provide a
synoptic view. Orbital systems are thus still the preferred
choice for global coverage and synoptic studies over time.
Examples of this are the 2021 effusive eruptions in Iceland
and La Palma, where satellite data acquired in close to real
time from an array of missions aided in local crisis response.
These data protocols show that we are moving in the right
direction envisioned pre-EOS (Mouginis-Mark et al. 1991);
however, the technology of orbital systems needs to improve
dramatically to enable the truly real-time, hypertemporal IR
data that an orbital observatory would provide.
Looking ahead to 2030, an orbital volcano observatory
with hypertemporal, unsaturated IR data would provide
synoptic time-series measurements of many volcanoes over
multiple years with an instrument that has the requisite temporal, spectral, and spatial fidelity to measure both active
and restless systems. These data should be acquired globally
and consistently across tectonic boundaries and along entire
volcanic arcs, in contrast to current approaches that commonly focus on singular targets of opportunity. No commercially available satellite-based thermal sensor has ever been
designed solely for volcanological applications. Therefore,
scientists have had to use sensors and data that were never
intended for volcanological roles (Harris 2013). Indeed, high
temporal resolution time series are limited to geostationary
and polar orbiter sensors that have low saturation levels, limited dynamic ranges, and poor detection capabilities given
the 1–4-km pixel sizes. High spatial resolution analyses,
conversely, are limited to repeat periods of days to weeks,
also suffer problems of saturation, and have no MIR capability. Both directions are thus “stuck” in the capabilities of the
past and have advanced little since that time (Fig. 2). Until a
sensor with an appropriate orbit configuration and suitable
wavebands, gain settings, and spatial resolution becomes
available, we will be limited to IR data designed for other
science applications.
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