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Location map showing thermal areas (in red) and noteworthy geographic features in the
Yellowstone National Park region. The red line marks Yellowstone Caldera.

Cover. Photograph of seismic station YPC on Pelican Cone in Yellowstone National Park with
Yellowstone Lake is in the background. Seismic monitoring is conducted under permit YELL-SCI-0114.
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Conversion Factors

International System of Units to U.S. customary units

Multiply By To obtain
Length
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
Volume
cubic kilometer (km?) 0.2399 cubic mile (mi®)
liter (L) 0.2642 gallon (gal)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as °F = (1.8 x °C) + 32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as °C = (°F—32)/ 1.8.
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Volcano and Earthquake Monitoring Plan for the
Yellowstone Caldera System, 2022-2032

By the Yellowstone Volcano Observatory’

Executive Summary

The Yellowstone Volcano Observatory (YVO) is a
consortium of nine Federal, State, and academic agencies
that: (1) provides timely monitoring and hazards assessment
of volcanic, hydrothermal, and earthquake activity in and
around Yellowstone National Park, and (2) conducts research
to develop new approaches to volcano monitoring and better
understand volcanic activity in the Yellowstone region and
elsewhere. The U.S. Geological Survey (USGS) arm of YVO
is also responsible for monitoring and reporting on volcanic
activity in the Intermountain West of the United States.

The previous YVO monitoring plan for the Yellowstone
region spanned 2006-2015 and focused on strengthening the
region-wide coverage, or backbone, of monitoring systems
(Yellowstone Volcano Observatory, 2006). The goals of
that plan have largely been achieved thanks to significant
investments in instrumentation and infrastructure, especially by
the National Science Foundation EarthScope Plate Boundary
Observatory (now known as the Network Of The Americas,
or NOTA) and the American Reinvestment and Recovery Act.
This revision of the monitoring plan, covering 2022-2032,
builds upon these improvements to monitoring systems in the
Yellowstone region while also accounting for new insights into
the dynamics of the area’s seismic, volcanic, and hydrothermal
activity. These additional improvements are designed to fill
gaps in the monitoring network and to better understand and
track hazards associated with hydrothermal processes. These
improvements include:

+ Conversion of remaining analog seismic stations to digital,

'Attendees of the planning meeting and contributors to this publication include
Michael P. Poland, Shaul Hurwitz, Jennifer Lewicki, R. Blaine McCleskey, Wendy
Stovall, R. Greg Vaughan, David Susong, Carol Finn, JoAnn Holloway, and
Raymond Kokaly (U.S. Geological Survey); Jefferson Hungerford, Erin White,
William Keller, Behnaz Hosseini, and Annie Carlson (National Park Service);
Jamie Farrell and Robert Smith (University of Utah); Madison Myers, Eric
Boyd, William Inskeep, Laura Dobeck, Daniel Colman, Mark Young, Roland
Hatzenpichler, Brent Peyton, and Cathy Whitlock (Montana State University);
Payton Gardner (University of Montana); Jeff Johnson (Boise State University);
Simon Carn (Michigan Technological University); Ken Sims and Brad Carr
(University of Wyoming); and John King (Lone Pine Research). Additional input
was provided by Paul Bedrosian, Deb Bergfeld, Laura Clor, David Shelly (U.S.
Geological Survey); David Mencin and Glen Mattioli (UNAVCO); and Tonie Van
Dam (University of Utah). The manuscript was reviewed by David Susong and
Peter Cervelli.

* Addition of Global Positioning System (GPS)? stations in
the vicinity of Norris Geyser Basin and other areas where
changes in deformation rate and style have been observed,

* Implementation of continuous gas monitoring in several
areas of Yellowstone National Park, and

» Improvements to lake, meteorological, and hydrological
monitoring to better track hydrothermal activity, including
that occurring on lake bottoms, and to aid in understanding
of whether such activity might be influenced by external
forces, like environmental conditions.

The 2022-2032 monitoring plan for the Yellowstone volcanic
system also proposes to improve monitoring of hydrothermal areas
to better understand these dynamic systems and their associated
hazards. To date, only a single seismometer has been placed within
one of Yellowstone National Park’s geyser basins because seismic
noise associated with boiling water can hinder interpretation of
overall seismic and magmatic activity, but this concern has been
mitigated by improvements to backbone monitoring. Deployment
of geophysical, geochemical, hydrological, and geological
monitoring instruments in geyser basins will be accompanied by
campaigns to measure gas and water chemistry and flux, as well as
aerial and satellite surveys of gas and thermal emissions.

Close collaboration between Y VO member institutions and
other research agencies is needed to achieve these monitoring
goals and to use the derived data to advance understanding of
how Yellowstone Caldera and similar volcanic systems work. At
the same time, attention must be paid to minimize the impact of
monitoring efforts and infrastructure on the environment. YVO
thus commits to serving as stewards of the natural, cultural, and
historical resources in and around Yellowstone National Park
while maximizing scientific gain for the betterment of society.

Background and Motivation

The Yellowstone Volcano Observatory (YVO), one of five
observatories overseen by the USGS Volcano Science Center, was
established in 2001 as a consortium between the U.S. Geological
Survey (USGS), University of Utah, and Yellowstone National

?In this report, we use “GPS” as a general reference for Global Navigation
Satellite Systems (GNSS). In the Yellowstone region, some GNSS stations receive
only GPS signals, while others receive signals from multiple systems. GPS-only
systems will gradually be upgraded by UNAVCO as resources allow.
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Park. This partnership was intended to formalize and build

upon decades of geologic monitoring and research by the three
institutions in the Yellowstone region, and to provide monitoring
data and interpretive capabilities in support of geologic hazards
assessment. The consortium was expanded in 2012-2013 with the
addition of UNAVCO (a non-profit university consortium funded
by the National Science Foundation), University of Wyoming,
Montana Bureau of Mines and Geology, Idaho Geological Survey,
and Wyoming State Geological Survey, and then again in 2020 to
include Montana State University. These institutions substantially
broaden YVO's expertise and have cemented a partnership that is
regionally, institutionally, and experientially diverse.

The aims of YVO include: (1) research into volcanic,
hydrothermal, and earthquake processes in the Yellowstone region,
which offers a natural laboratory for better understanding volcanic
processes and improving hazards assessments, and (2) monitoring
of activity associated with the Yellowstone volcanic system
to provide timely warnings and interpretations for emergency
managers and the public in the case of volcanic or seismic unrest.
These aims require a robust monitoring network to both facilitate
research into Yellowstone Caldera’s magmatic, hydrothermal,
and tectonic systems and detect changes that might be related to
hazardous processes.

There is a broad range of volcanic and earthquake hazards that
are associated with the Yellowstone Caldera system. The region has
experienced three massive, caldera-forming eruptions in the past
2.1 million years, the most recent of which formed Yellowstone
Caldera about 631,000 years ago. A similar-sized eruption would
cause significant amounts of ash to fall on large swaths of the
United States and would influence global climate for many years.
More common volcanic activity is the emplacement of lava flows,
which are generally non-explosive but have volumes exceeding
tens of cubic kilometers. Several dozen flows have erupted both
within and outside Yellowstone Caldera since its formation. Within
the caldera, eruptions of rhyolite lava occurred in several phases.
At least seven rhyolite lava flows erupted between the time of
caldera formation and about 450,000 years ago, at least two erupted
approximately 255,000 years ago, and >20 erupted between
about 170,000 and 70,000 years ago. No magma has reached the
surface in Yellowstone Caldera in the past 70,000 years. Outside
the caldera, the youngest lava flows are about 80,000 years old
(Christiansen, 2001; Christiansen and others, 2007).

The tectonic setting of the Yellowstone region makes it one
of the most seismically active areas of the United States. Major
earthquakes include the 1959 magnitude (M) 7.3 Hebgen Lake
earthquake, just outside the western boundary of the park, and a
M6.1 earthquake near the Norris Geyser Basin in 1975. An average
of 1,500-2,500 earthquakes a year are located within or adjacent
to Yellowstone National Park, a few of which are likely to be in
the M3—4 range and can be felt by people nearby. Seismic swarms,
which are defined as the occurrence of many earthquakes in the
same small area over a relatively short period of time, are common
and can include thousands of small (<M3) earthquakes (for
example, Farrell and others, 2009). Although seismic swarms can
be associated with magma migration, most seismic activity in the
Yellowstone region is due to tectonic faulting and the movement of
hydrothermal fluids (for example, Farrell and others, 2010; Pang
and others, 2019; Shelly and Hardebeck, 2019). Distinguishing

between the different sources of earthquakes is of critical importance
to hazards assessment and to forecasting of volcanic activity
(Christiansen and others, 2007).

Finally, the hydrothermal system associated with Yellowstone
Caldera and its surroundings has produced explosions that span
a range of sizes. Small explosions, commonly from existing
hydrothermal features, occur almost annually. Over a dozen much
larger explosions, leaving craters hundreds of meters to a few
kilometers across, are evident in the post-glacial (since ~15,000
years ago) geologic record of the region. Craters like Duck Pond
and Turbid Lake were produced by catastrophic boiling of shallow
groundwater. Mary Bay, at 2.6 kilometers (km) in diameter, is the
largest known hydrothermal explosion crater on the planet, having
formed about 13,000 years ago. The most recent large hydrothermal
explosion occurred about 3,000 years ago and resulted in the
formation of the 500-meter (m)-diameter Indian Pond on the north
side of Yellowstone Lake (Christiansen and others, 2007; Morgan
and others, 2009).

All of these geologic events have the potential to recur in
the Yellowstone region, and some, especially small hydrothermal
explosions and strong earthquakes, are likely to take place within the
coming decades. An assessment of the threat posed by all potentially
active volcanoes in the United States ranked Yellowstone Caldera
as 21 out of the 161 volcanoes considered (Ewert and others, 2005,
2018). The threat score is based on a combination of potential
hazards, like hydrothermal explosions and the exposure to those
hazards, which is heightened in the Yellowstone region owing to
the millions of people who visit the national park (although the
risk is seasonal, with many more people exposed during summer
compared to winter months). In the event of hazardous geological
activity, YVO will follow a response plan that outlines the protocols,
policies, and tools that will be used, as well as the roles of the
member agencies and scientific teams (Yellowstone Volcano
Observatory, 2014).

In addition to monitoring geologic hazards, YVO seeks to
support the National Park Service in its Congressional mandate to
monitor and preserve hydrothermal resources in Yellowstone National
Park. The Geothermal Steam Act of 1970, as amended in 1988,
directs the U.S. Department of the Interior to preserve and monitor
hydrothermal features in units of the National Park Service. This
effort includes a research program directed at geothermal resources
and involving both the National Park Service and the USGS. In
discussing the Yellowstone region, we follow Heasler and others
(2009) in defining a geothermal system as one that transfers heat from
within the Earth to the surface and a hydrothermal system as a subset
of geothermal systems in which the transfer of heat involves water
in either its liquid or vapor state. We thus refer to the Yellowstone
volcanic system’s hydrothermal system, given the critical and
ubiquitous role of water in the transfer of heat.

In 2006, YVO published a volcano and earthquake monitoring
plan for 20062015 (Yellowstone Volcano Observatory, 2006). The
current report builds upon the previous monitoring plan, the goals
of which have largely been achieved thanks to more than 15 years
of investment and effort by the agencies that make up YVO. This
document presents the rationale for supporting further upgrades
to monitoring systems as a means of increasing YVO'’s ability to
track earthquake and volcanic activity in the Yellowstone region in
support of hazards assessment, research, and resource preservation.



Relation to the National Volcano Early
Warning System

In 2019, Congress authorized the establishment of a National
Volcano Early Warning System (NVEWS) in the United States.
The purpose of NVEWS is to provide a “proactive, fully integrated
national-scale volcano monitoring effort to ensure that volcanoes
in the United States are monitored commensurate with the threat
they pose” (Cervelli and others, 2021). The initial five-year
monitoring plan for establishing and operating NVEWS (Cervelli
and others, 2021) calls for prioritizing additional monitoring
infrastructure at 34 high- and very high-threat volcanoes in the
United States. This list was developed in 2018 based on a snapshot
of threat and monitoring status at that time. Yellowstone Caldera
is not on this list of priority volcanoes, which reaffirms the robust
nature of the existing backbone monitoring system for the volcano
overall; however, improvements and upgrades are still desired
to expand hazards monitoring and assessment capabilities in
the Yellowstone region. Some of the improvements described
in this plan reflect a renewed concern regarding hydrothermal
explosion hazards, as well as new approaches to better understand
and monitor hydrothermal systems in and around Yellowstone
National Park.

The monitoring plan for the Yellowstone volcanic system
outlined in this report identifies two important priorities for
deciding future investments in monitoring infrastructure. First,
existing stations will be maintained and upgraded strategically,
and any gaps in monitoring networks filled. The priority will be
to address gaps in core monitoring instrumentation and capability
that support early warning of hazards, consistent with the
USGS commitment to NVEWS. As resources allow, additional
investments will be made in instrumentation to investigate
underlying processes and answer basic questions about how the
magmatic and hydrothermal systems in the Yellowstone region
work. Second, expansion of monitoring into hydrothermal
areas will not only offer scientific insights into the dynamics of
hydrothermal systems, but also the potential for measuring and
understanding precursory phenomena to hydrothermal explosions.
Steam-driven explosions are the most common volcanic hazard
in the Yellowstone region, with small explosions occurring almost
annually, and larger events that form craters hundreds of meters
across occurring every few centuries or millennia—far more often
than magmatic eruptions (Christiansen and others, 2007; Morgan
and others, 2009).

While Yellowstone Caldera is not specifically targeted as
a priority for additional instrumental monitoring by the current
NVEWS management plan (Cervelli and others, 2021), the
volcanic system is a natural laboratory that is worthy of additional
focus due to the scientific return, which will inform volcano
surveillance and hazards research elsewhere, particularly on
studies of large silicic caldera systems. Additional instrumentation
is also consistent with evolving NVEWS priorities as the
importance of monitoring the underappreciated hazards posed by
even small hydrothermal explosions is recognized. This report
presents a plan for enhancing volcano and earthquake monitoring
capabilities in the Yellowstone region that can be conducted
consistent and in parallel with NVEWS implementation.

Progress Made since 2006-2015 Plan 3

Goals

To achieve the overall goal of improving knowledge and
awareness of earthquake and volcanic hazards in the Yellowstone
region, as well as meeting Federal mandates for monitoring
Yellowstone National Park’s hydrothermal features through
the Geothermal Steam Act of 1970 as amended in 1988, YVO
proposes to include the following upgrades and improvements to
its volcano and earthquake monitoring strategy:

+ Upgrade remaining analog seismic stations to digital,

* Densify the GPS network to provide additional continuous
deformation monitoring in areas of persistent ground
motion, like Norris Geyser Basin,

* Develop a robust network of continuous, near-real-time
solute-flux monitoring stations on the major rivers draining
Yellowstone to rapidly identify anomalous discharges of
thermal fluids from sub-basins of the hydrothermal system,

+ Establish permanent continuous gas monitoring stations
and produce new maps of CO, emissions across the
park to determine accurate background levels for the
Yellowstone volcanic system,

* Conduct more monitoring of meteorological parameters,
like precipitation and air pressure, and investigations of the
groundwater system through the establishment of continuous
monitoring wells, studies of cold spring discharge, and
geophysical investigations of the shallow subsurface,

« Utilize both airborne and satellite remote sensing to detect
changes in thermal and gas emissions, both via direct
monitoring and through proxies like vegetation health,

* Improve lake, environmental, and hydrological monitoring
to better track hydrothermal activity on lake bottoms and
shorelines, and

 Expand the use of multi-parameter geophysical monitoring
in Yellowstone National Park’s thermal basins to better
understand geyser and hot spring activity and detect changes
that may be precursors to hydrothermal explosions.

Progress made since 2006-2015 Plan

The “Volcano and Earthquake Plan for the Yellowstone
Volcano Observatory, 2006-2015” (Yellowstone Volcano
Observatory, 2006) included recommendations for upgrading
seismic, geodetic, gas, water, and thermal monitoring. The plan also
recommended the development of a more robust telemetry network
to support the proposed upgrades to real-time monitoring. Many of
the major goals of the monitoring plan with respect to continuous
observations were achieved, thanks in part to investments made
possible by the 2009 American Reinvestment and Recovery Act
(ARRA) and the development of the National Science Foundation
EarthScope Plate Boundary Observatory (PBO)—a system
designed to enhance crustal deformation monitoring in the western
United States and that was federated with other GPS networks into
the Network Of The Americas (NOTA) on October 1, 2018.
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The specific elements of the 20062015 plan (shown in

italic), and the progress made toward those goals since the plan’s
publication, are detailed below.

Seismology

L.

Upgrade 10 of the single-component seismometers to

broadband sensors. This goal was met with ARRA funding.

Add five new seismic stations to poorly monitored areas
around Yellowstone National Park. Permits issued by
Yellowstone National Park and the U.S. Department of
Agriculture Forest Service allowed for installation of three
new seismic stations in poorly monitored areas: stations
YHR, YEE, and YNE (fig. 1).

Install three-component borehole seismometers in PBO
boreholes. Borehole seismometers were installed as part of
the PBO project.

Geodesy

L.

11.5°

Coordinate with PBO to install continuous GPS stations
at West Thumb, Roaring Mountain, and the northwestern

1m1° 110.5°

park boundary, and install strainmeters in PBO boreholes.
Through UNAVCO, PBO installed continuous GPS stations
in the northwestern corner of Yellowstone National Park
(station P712) and at West Thumb (station P713) (fig. 2),
but no instruments were installed near Roaring Mountain
(although a semi-permanent GPS station was established
nearby—see below). Strainmeters were installed in five
PBO boreholes that were drilled in 2007-2008 at Lake
Village, Canyon Junction, Madison Junction, Norris
Junction, and Grant Village (fig. 2).

Add two tiltmeter stations in existing boreholes in developed
areas. No tiltmeters were established in existing holes as
had been originally intended; however, six tiltmeters were
installed in PBO boreholes that were drilled in 20072008
at Lake Village, Canyon Junction, Madison Junction, Norris
Junction, about halfway between Norris Junction and
Mammoth Hot Springs, and Grant Village.

Install radar reflectors above the level of winter snowpack
to allow for satellite interferometric synthetic aperture
radar (InSAR) measurements to be made during winter. No
radar reflectors have been installed at Yellowstone Caldera.
Growth of the PBO continuous GPS network and the
development of new InSAR processing techniques lessened
the importance of this goal.
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Gas, Water, and Thermal Monitoring

1. Install 3—4 gas monitoring stations to carry out continuous
long-term measurements of H,S and CO, concentrations
near active thermal areas where degassing is prevalent.

A multi-component gas analyzer system (Multi-GAS)

11°

Progress Made since 2006-2015 Plan

station was installed as a part of temporary (summer only)
deployments near Norris Geyser Basin in 2016 and in

the Solfatara Plateau in 2017, and as part of a year-round
experiment near Mud Volcano in 2021, but no permanent
gas-composition-monitoring stations have been established
in Yellowstone National Park.
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Install 34 CO, gas-flux monitoring stations. After
successful test deployments in 2016 and 2017, a continuous
and telemetered eddy covariance CO, and heat flux
monitoring station was installed near Norris Geyser Basin
in 2018. The station was removed in 2020 for repair after
several components failed, but it operated continuously for
over 2 years. Lessons learned from its performance will be
used to guide future installations.

Add new streamgaging stations at locations including
Firehole River above Midway Geyser Basin, Gibbon River
near Norris Geyser Basin, Yellowstone River near Mud
Volcano, Yellowstone River south of Yellowstone Lake,
Boundary Creek, and Bechler River. No new streamgages
were installed in Yellowstone National Park, although
capabilities to existing stations were increased to allow

for continuous measurements of specific conductance (a
proxy for chloride flux and several additional solutes). The
Boundary Creek streamgaging station was decommissioned
in 2004, and a recent study (McCleskey and others, 2020)
did not support future addition to the network because

the hydrothermal discharge from southwest Yellowstone

Caldera is captured at the existing Fall River monitoring site.

Install a network of telemetered temperature sensors at
Norris Geyser Basin. Using ARRA funding, a system of

10 temperature monitoring stations was installed in 2010 to
track changes at various features in Norris Geyser Basin. As
0f 2021, 9 of the stations are still maintained.

Continue geochemical and thermal monitoring campaigns,
including:

a. Annual gas flights to calculate CO, discharge. Gas
flights with fixed-wing aircraft have not continued
owing to funding limitations.

b.  Ground-based gas-flux measurements. CO, fluxes
were measured by eddy covariance and portable soil
CO, fluxmeter techniques. Volumetric mixing ratios of
H,0, CO,, and H,S were measured by a Multi-GAS
instrument near Norris Geyser Basin in 2016 (Lewicki
and others, 2017a,b), and at Solfatara Plateau in 2017
(Lewicki and others, 2019; Yellowstone Volcano
Observatory, 2019) before year-round deployment of
the eddy covariance system near Norris Geyser Basin in
2018 (Yellowstone Volcano Observatory, 2021a, b, c).

c.  Sampling of gas and water from selected features for
geochemical analysis. Gas and water sampling of
selected hydrothermal features have occurred annually
throughout Yellowstone National Park; data are
available from Bergfeld and others (2019), McCleskey
and others (2012, 2016, 2019), and McCleskey and
Stevens (2019).

d.  Annual thermal infrared monitoring flights over
thermal areas. Thermal flights have not continued
owing to funding challenges, but overall thermal

monitoring has occurred via satellite (Vaughan and
others, 2012, 2013, 2020).

e.  Reconnaissance of lake-floor vent systems. A major
effort funded by the National Science Foundation and
supported by USGS and YVO during 20162018
focused on better understanding the hydrothermal
dynamics of Yellowstone Lake (HD-YLAKE). The
work resulted in numerous new insights into lake-
bottom thermal systems and their activity over time
(Sohn and others, 2017).

In addition to the above specific efforts, the 20062015
monitoring plan proposed continuing to support temporary
deployments of dense, portable instrument networks, and to focus
additional monitoring in thermal areas, like Norris Geyser Basin
and Upper Geyser Basin (Yellowstone Volcano Observatory,
2006). Additional power and radio hardware was added at Sawtell
Peak, Mount Washburn, and Horse Butte to make the telemetry
more robust. Data storage units were added to those locations
to maintain data integrity in case of a transmission dropout,
backfilling data once telemetry is back online. Monitoring
of hydrothermal areas has advanced, for example, with the
installation of the YNM seismometer station at Norris Geyser
Basin (fig. 1)—the instrument can detect eruptions of Steamboat
Geyser—and the establishment of the Norris Geyser Basin
temperature monitoring network, but comprehensive monitoring
of hydrothermal activity continues to be a goal.

Status of Volcano and Earthquake
Monitoring in 2022

The Yellowstone Volcano Observatory employs a variety
of methods to assess volcanic and earthquake activity in the
Yellowstone region. A network of seismometers is used to locate
earthquakes that may be caused by fault movement or subsurface
fluid migration and can also be used to track seismic wave
speeds, providing constraints on the structure of the subsurface.
Deformation-monitoring equipment, including GPS stations,
tiltmeters, and strainmeters, detect subtle displacement of the
ground, which can help to identify regions of magma, water,
or gas accumulation or withdrawal. Water and gas chemistry
measurements provide insights into hydrothermal and magmatic
conditions occurring beneath the ground, and thermal monitoring,
both from direct measurements and via satellite, can pinpoint
changes in surface temperatures associated with variations in the
characteristics of Yellowstone National Park’s thermal basins. Data
from ground-based networks are telemetered, often in real-time,
to data centers and research institutes—for example, operated
by University of Utah Seismograph Stations, UNAVCO, and
USGS—so that changes in deformation, earthquake activity, and
thermal and gas emissions can be immediately identified and
interpreted in terms of potential hazards. Satellite data are also
available at low latency, and campaigns to collect samples of water
and gas, as well as geophysical data from specific areas, provide
a context in which to interpret both long- and short-term changes



detected by satellite and continuous monitoring. Used together,
these data can:

* Track earthquake activity, including seismicity that is
associated with major tectonic events, like the 1959
M7.3 Hegben Lake earthquake just west of Yellowstone
National Park (for example, Farrell and others 2009),

* Identify differences between tectonic, hydrothermal, and
magmatic activity, which is critical to forecasting potential
future volcanic eruptions (for example, Farrell and others,
2010; Pang and others, 2019; Shelly and Hardebeck, 2019;
Wicks and others, 2020), and

* Assess changes in thermal activity that may provide an
indication of the potential for hazardous hydrothermal
explosions (for example, Vaughan and others, 2020).

Below, we describe the status of earthquake and volcano
monitoring in and around Yellowstone National Park as of 2022.
For additional background on monitoring caldera systems, and
on the specific monitoring networks employed in the Yellowstone
region, see Lowenstern and others (2006) and the 20062015
YVO monitoring plan (Yellowstone Volcano Observatory, 2006).

Seismology

Seismicity in the Yellowstone Plateau is monitored by
the University of Utah Seismograph Stations, which has the
responsibility for operating and maintaining the Yellowstone
Seismic Network (https://www.usgs.gov/volcanoes/yellowstone).
The network consists of 46 separate stations, many of which have
multiple channels (fig. 1). A total of 150 channels are used to
detect and locate seismicity in the Yellowstone region, providing
a magnitude of completeness of M1.5 (Farrell and others, 2009),
meaning that all earthquakes M1.5 and greater can be located
regardless of where they occur in the Yellowstone region. The
network also regularly records earthquakes in the AM0-1 range, and
even M<0, in areas of Yellowstone National Park and surroundings
where seismic coverage is densest.

Ground Deformation and Gravity Change

Ground deformation monitoring stations in the
Yellowstone region include a mix of continuous and
semipermanent GPS, borehole strainmeters, and borehole
tiltmeters (fig. 2). Continuous ground deformation monitoring
stations in the Yellowstone region are maintained by
UNAVCO as part of NOTA (Murray and others, 2020). There
are 15 continuous NOTA GPS stations within Yellowstone
National Park and a similar number just outside the park
that provide real-time information on surface deformation
across the Yellowstone Plateau (https://www.usgs.gov/
volcanoes/yellowstone). In addition, as part of the PBO
project, UNAVCO installed five borehole strainmeters, six
borehole seismometers, and six borehole tiltmeters within
Yellowstone National Park (Jaworowski and others, 2016).
Since 2008, USGS scientists have also deployed more than a
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dozen semipermanent GPS (SPGPS) stations during summer
months (Dzurisin and others, 2017). SPGPS stations fill
gaps in the continuous GPS network, which is important

for better understanding subsurface processes (for example,
Wicks and others, 2020) and for studying seasonal changes,
like deformation associated with the level of Yellowstone
Lake—work that was aided by the installation of a lake level
gage near Grant Village by UNAVCO in 2017 (Yellowstone
Volcano Observatory, 2019).

Campaign gravity measurements can be combined with
deformation monitoring to map changes in mass beneath the
surface that may be caused by magma and (or) groundwater
accumulation and withdrawal. Gravity surveys conducted in the
1970s—1990s indicate that past episodes of uplift and subsidence
are related to intrusions of magmatic or hydrothermal fluids
and subsequent degassing (Arnet and others, 1997). Surveys
conducted in 2017 have documented that gravity variations are not
substantially influenced by seasonal fluctuations in groundwater
and surface water levels, indicating that the technique is well
suited to track changes in hydrothermal and magmatic processes in
the Yellowstone region (Poland and de Zeeuw-van Dalfsen, 2019).

In addition to ground-based instruments, deformation in the
Yellowstone region is tracked by satellite-based InNSAR. These
data are typically not useful during winter months, when snow
cover obscures the ground, but they provide excellent spatial
resolution of ground motion from summer to summer across one
or more years, or over the course of a single summer.

Gas Chemistry, Water Chemistry, and Meteorology

Measurements of water and gas chemistry are most often
completed by direct sampling of hydrothermal features. By 2018,
water sampling had been conducted at nearly all major thermal
areas of Yellowstone National Park, providing a baseline for
comparison in the event of any future unrest. Limited continuous
gas monitoring was implemented in the mid-2010s. Joint
deployment of an eddy covariance system—a meteorological
technique that measures the turbulent flux of CO,, H,0, and
heat emitted upwind of the sensors—and a Multi-GAS station
(for measuring concentrations of H,0, CO,, H,S, and SO,) was
completed during the summer months near Norris Geyser Basin in
2016 (Lewicki and others, 2017b) and at Solfatara Plateau in 2017
(Lewicki and others, 2019; Yellowstone Volcano Observatory,
2019). The eddy covariance monitoring station was reinstalled for
a two-year deployment near Norris Geyser Basin during 2018—
2020 (Yellowstone Volcano Observatory, 2021a, b, c).

Monitoring of meteorological parameters, like
precipitation, wind, and barometric pressure, which are
critical factors for interpreting seismic, deformation, thermal,
and chemical changes in the Yellowstone region, occurs at
several land-based weather stations across the park and the
greater Yellowstone region (fig. 3). Meteorological stations are
distributed in and around the park and managed by multiple
agencies and programs, including the National Resources
Conservation Service (NRCS) snow telemetry (SNOTEL) sites,
National Weather Service (NWS) sites, National Park Service


https://www.usgs.gov/volcanoes/yellowstone
https://www.usgs.gov/volcanoes/yellowstone
https://www.usgs.gov/volcanoes/yellowstone

(NPS) sites, and a National Ecological Observatory Network
(NEON) station. Instrumentation, data quality, and the number
of years in service vary widely between stations. The NWS
stations are the primary source of long-term observational
records for weather and climate in the park, and several of these
stations have records of more than 100 years. NPS stations
record air temperature, precipitation, relative humidity, soil
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moisture, soil temperature, and solar radiation for climate
studies. Operations began in 2018 in the northern part of the
park at the NEON Blacktail Deer Creek monitoring station,
which is among the most technologically advanced long-term
environmental monitoring stations in the Yellowstone region
and includes an eddy covariance tower, meteorological station,
and broad array of aquatic and terrestrial instrumentation.
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Figure 3. Map showing meteorological monitoring stations

in and around Yellowstone National Park, including National

Resources Conservation Service (NRCS) snow telemetry (SNOTEL) sites, National Park Service (NPS) sites, National
Weather Service (NWS) sites, and a National E