


3.8 EarthScope and the Hydrosphere,

Cryosphere, and Atmosphere

Water is unique in the Earth system in that it exists in
abundance in all three phases (solid, liquid, and vapor). It
is responsible for the development of life and serves as the
primary way in which Earth balances latitudinal and sea-
sonal differences in incoming solar radiation. The uneven
distribution of land and ocean surfaces influences the global
distribution of water, creating regions that contain condi-
tions of both severe water abundance and scarcity. As the
climate changes, the distribution of water will also change.
Observing and monitoring spatial and temporal changes in
the water cycle is crucial to our ability to understand and
predict a future climate. As an inherently multidisciplinary
program with unique facilities, EarthScope has the potential
to make strong and significant contributions to questions
related to Earth’s hydrosphere, cryosphere, and atmosphere.
It can provide unique observational capabilities of how water
is distributed within Earth (as discussed in Section 3.6), on
its surface, and up through the atmosphere. The EarthScope
community can play a pivotal role in hydrologic, climate, and
biosphere studies that are of critical interest to humanity.

3.8.1 HYDROSPHERE

SUBSURFACE AQUIFERS: The goal of hydrology is to bet-
ter understand how water is transported and stored on and
beneath the land surface. Geodesy has only fairly recently
been used for hydrologic research. NASA’s Gravity Recovery
and Climate Experiment (GRACE)—Ilaunched in 2002—
has provided heretofore unavailable estimates of seasonal,
interannual, and secular changes in water storage at spatial
scales of a few hundred kilometers and greater (Figure 3.8.1).
GRACE senses water by measuring changes in gravity asso-
ciated with mass change (e.g., because of aquifer pumping
and ice sheets melting). GPS and InSAR sense water trans-
port by measuring changes in Earth’s surface elevation (e.g.,
aquifer pumping results in ground subsidence). The effect
of loads such as snow can also be resolved by PBO, pro-
viding data that are essential for management of the water
supply and flood control systems. Because of their differing
temporal and spatial sensitivities, GRACE, GPS, and InSAR
provide complementary pictures of the water cycle. With the
GRACE mission now past its design lifetime, and no follow-
on mission set for launch, PBO provides a critical facility for

Figure 3.8.1. Amplitude of the annual cycle in stored water, in cen-
timeters of water equivalent thickness, as inferred from the GRACE
satellite gravity mission between April 2002 and June 2008. Evident in
this map is the high-snowfall region running from southern Alaska down
the Pacific Northwest coast; the arid regions of southwestern United
States, and the high-precipitation regions of Central America, south-
eastern United States, and Maritime Provinces of Canada. (from J.Wahr,
unpublished manuscript)

monitoring water usage in the western United States for the
next decade. Both the measured surface changes and their
loading effects can be used to improve hydrological models,
predict drought conditions, and better understand the trans-
fer of water between the land and the atmosphere.

SOIL MOISTURE FROM GPS DATA: Soil moisture is
another important part of the water cycle. Soil moisture data
are needed to constrain models of evaporation and transpira-
tion at the land-atmosphere boundary. Soil moisture varia-
tions also have important implications for surface energy
flux. Recently PBO data have been used to measure near-
surface soil moisture (Sidebar | 7). PBO data—available on
a daily basis—complement planned NASA satellite missions
that have limited temporal sensitivicy. GPS soil moisture
and GPS vegetation water content data are also valuable for
weather prediction and climate models that rely on ground
information that is not measured by satellites.
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MONITORING SUBSURFACE FLUIDS: High-resolution
seismic imaging, such as that obtainable with the FA, offers
imaging capabilities at the meter-to-kilometer scales needed
to define aquifers and fine-scale sedimentary structures.
Repeated seismic surveys to detect temporal changes related
to fluid migration can be used for the management of hydro-
carbon reservoirs, aquifer systems, and proposed CO, stor-
age facilities, and will be critical to the expected expansion of

geothermal energy production.

SEISMIC “NOISE” FROM OCEAN WAVES: Ocean wave
systems driven by surface winds continuously excite a glob-
ally detectable seismic background wave field at periods from
several seconds to hundreds of seconds. Nascent studies of

these ocean-generated seismic signals using very large broad-
band seismic arrays, such as the TA, are providing both new
insights into Earth’s storm processes and gravity/seismic wave
interactions with the solid Earth. The microseism is a unique
geographic integrator of storm-induced wave energy that
complements ocean-based, space-based, and meteorologi-
cal measurements, and is particularly sensitive to the ocean
wave state near coasts (Sidebar | 8). The integrated microseis-
mic energy levels show significant correlation with El Nifio-
Southern Oscillation events in the Pacific Ocean, and even
show increases over the past 30 years, with very important
implications for the increases in ocean warming, storm activ-
ity, and global climate change. The ocean-wave-induced
microseismic “noise” energy at periods of 4-30 s has been

SIDEBAR 17. MEASURING SOIL MOISTURE AND SNOW DEPTHWITH GPS

The GPS instruments installed by PBO measure crustal defor-
mation by precisely estimating positions. Given that one of the
major corrupting errors in GPS measurements are signals that
reflect from the ground, both the GPS receiver and antenna
used by PBO were designed to suppress the effect of ground
reflections. Despite these efforts, Larson et al. (2008) found
that these ground reflections can be quantified and used to
study near-surface soil moisture variations (Figure 1). In a
follow-up study, Larson et al. (2009) demonstrated that snow
depth can also be measured using GPS data (Figure 2). Ground
measurements of soil moisture and snow depth such as could
be provided by PBO offer important temporal sensitivity

unavailable from satellites and illuminate local scale variations.
Both are critical for weather forecasting, climate studies, water
management, drought prediction, and flood control.
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Figure 2. Variation in snow depth over a 50-m
transect measured by hand with ultrasonic snow
depth sensors compared to data from multiple GPS
satellites shown by colors (methodology described
in Larson et al., 2009).



SIDEBAR 8. MICROSEISMS AND EARTH HUM

A. Power spectral density probability distribution function
(McNamara and Buland, 2004; Aster et al., 2008) showing
Earth’s background seismic spectrum and its three globally
predominant principal oceanic components recorded at Global
Seismographic Network station TUC in Tucson, Arizona. DF —
the “double frequency” microseism excited by standing wave
components of the ocean gravity wave field; SF — the “single
frequency” microseism excited by waves impacting coasts, and
the “hum” signal near 100 s, attributed to very-long-period
(infragravity) ocean waves near continental shelves and to be a
predominant source of Earth’s incessant normal mode excita-
tion (see C, below). (after Bromirski, 2009)

B. Seismic array beam-formed image of the near coastal
microseism source zone during hurricane Katrina (for August
29,2005) using 150 broadband stations in southern California,
demonstrating the ability to image microseism source zones
using the EarthScope TA in combination with other California
stations. (1) 14 s vertical component surface (Rayleigh) wave
slowness map (0-0.5 s/km horizontal wave slowness radial
scale) in decibels. (2) 5.3 s vertical component phase inter-
preted as a P wave (0-0.15 s/km radial scale). (3) Same as
(2), but showing the radial component of the seismic signal.
(4) Back-projected source region inferred from (2) (after
Gerstoft et al., 2006). At right: (top) GOES-12 NASA digitally
processed image of the storm on this day. (bottom) Same-
day WAVEWATCH Ill (Tolman, 2005) wave height hindcast
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estimated from buoy measurements. Note the preferential
microseism excitation to the east of the storm consistent with
typical maximum winds at the storm’s leading right hand quad-
rant and associated hindcast wave heights east of the eye.

C. Localization of the hum signal source using seismic
array back-projection from data recorded by the EarthScope
Transportable Array during its deployment in the western
United States, showing episodes in Pacific Mexico/Central
America (top), and Atlantic Europe/Northern Africa (bottom),
with high-power periods indicated by black dots. R, at right,is a
measure of inferred source power localization. (after Bromirski
and Gerstoft, 2009)
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increasingly exploited for crust- to mantle-scale imaging in
recent years via revolutionary and still rapidly developing cor-
relation-based methodologies and applications (Sidebar |8).

3.8.2 CRYOSPHERE

Earth’s cryosphere is currently undergoing rapid change, and
the application of seismology, InSAR, GPS, and gravity to
glacial systems has dramatically increased since EarthScope’s
inception. Recent NSF development efforts have facilitated
the deployment of EarthScope-style portable seismic and
GPS instrumentation at new scales and in some of the plan-
et’s harshest environments. A fundamental interest in the
dynamic processes and stability of smaller glacial systems,
such as the rapidly evolving temperate and sub-polar moun-
tain glacial systems of Southeast Alaska and adjacent Canada,
has spurred both new scientific studies and increased deploy-
ment of geodetic and seismic instrumentation. Southeast
Alaska is a globally significant locale for monitoring the
rapid retreat of glaciers and examining interactions of glacial
loading/unloading, solid Earth viscoelastic isostatic rebound,
and hydrospheric loading in a large temperate system. For
example, isostatic rebound both influences coastal sea levels
and constrains past glaciations. Improved understanding of
rebound will require geodetic data collection and modeling
of uplift, heat flow, gravity variations, mantle-scale structure
via seismic imaging, and storage and deformational effects of
the hydrologic system. Detailed modeling and assessment of
inundation scenarios can be significantly enhanced through
LiDAR mapping coupled with isostatic rebound modeling.
Ground-based measurements in such systems can be valu-
ably coupled with NASA Earth-observing missions, such as
GRACE (Sidebar 19). Anticipated widespread deployment
of EarthScope instrumentation in northern Alaska also offers
the possibility of new observations of its rapidly changing
permafrost system via GPS, LiDAR, or other EarthScope-
facilitated data collection and research.

3.8.3 ATMOSPHERIC WATER VAPOR

Water vapor is Earth’s most abundant greenhouse gas. It has
a recycling time in the atmosphere of approximately one
week and serves as the primary way in which energy is trans-
ported poleward through the atmosphere from the equator.
The latent heat that is released when water vapor condenses
into its liquid or solid state is a source of energy that fuels
the general circulation of the atmosphere and creates storm

systems. Improvements in geodetic analysis techniques have
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led to new observational systems to study the atmosphere,
particularly atmospheric pressure and water vapor. GPS can
provide accurate observations of total column water vapor,
also called precipitable water vapor (PWV), in all weather
conditions with high temporal resolution. These data create
a potential opportunity for PBO to make a significant con-
tribution to atmospheric science and meteorology.

Historically, there are very few continuous time series of
atmospheric water vapor in the western United States. A
warming climate will create an atmosphere with increased
capacity to hold water vapor. PBO GPS stations provide an
infrastructure that can be used to make high-accuracy, con-
tinuous measurements of PWYV (Sidebar 20). Other observ-
ing methods, such as satellites, radiosondes, and other types
of ground-based remote-sensing techniques, do not have the
combined spatial and temporal resolution that the PBO net-
work provides while also being relatively insensitive to other
forms of atmospheric water such as clouds, rain, and snow.
Accurate measurements of both the spatial and temporal
changes in atmospheric water vapor are essential for testing
and improving regional and global climate models that can
be used to make decisions regarding land use, agricultural
production, and population redistribution.

Most of the western United States has an arid climate, with
long periods of drought followed by extremes in precipita-
tion. The North American Monsoon (NAM) serves as the
primary climatological feature that controls precipitation
patterns in the Southwest. The NAM provides the majority
of warm season rain that occurs in Arizona, New Mexico,
Utah, and Colorado. Exceptionally strong NAM seasons are
known to create flash-flood events that impact infrastruc-
ture, agriculture, and human safety. Despite its significance,
the NAM is poorly understood, with large uncertainties in
estimates of its spatial extent and annual variability. A large
field project in 2004 called the North American Monsoon
Experiment (NAME) showed that GPS PWV estimates are
very useful for monitoring the flow of atmospheric water
vapor, and an increased capacity to make the GPS-based
estimates was recommended by the NAME science team.
Data from PBO can greatly increase the number of PWV
measurements in the region.

Cold fronts and other baroclinic disturbances are “atmo-
. . b2l M

spheric rivers” that move moisture poleward and may be

responsible for up to 90% of the moisture moving into the

continental mid-latitudes. These rivers replenish aquifers



and snow pack along the west coast of the United States,
linking the atmosphere to the terrestrial components of the
water cycle. The relatively dense distributions of PBO sta-
tions in California, Oregon, and Washington may provide
an improved understanding of the precipitation events that
are created when these moist atmospheric flows are forced
across the coastline and across the complex topography of
the West Coast.

3.8.4 INFRASOUND

The atmosphere is an efficient propagator of low-frequency
sound energy (infrasound) at global distances. Under cer-
tain conditions, the infrasound field couples strongly and

bidirectionally with the solid Earth seismic field, and thus
constitutes an extension of solid Earth seismology into the
atmosphere. Studies of the infrasonic field allow for novel
deep sounding of atmospheric structure (Sidebar 2 1) and
facilitate quantitative characterization of volcanic, oceanic,

and other infrasonic sources.

RECENT BREAKTHROUGHS

» The high density and high resolution of EarthScope GPS
receivers can provide continuous monitoring of soil mois-
ture variations, snow depth, and vegetation water content
(Sidebar 17).

WITH GPS AND SATELLITE DATA

Coupled glaciological and solid Earth response to deglaciation
and seasonal snow and hydrological loading. GRACE mass con-
centration (mascon) time series for five glaciated regions in
the St. Elias, Glacier Bay, Yakutat, Juneau, and Stikine icefields
(left), and daily GPS height estimates with error bars for con-
tinuous GPS sites (right) for stations GUS2,AB43,AB44,AB50,
ELDC, QUIC, and WHIT (see map at left). For comparison
to the GPS time series, GRACE mascon variation values are
reversed in sign (because excess mass causes depression of
the surface and hence a negative vertical geodetic signal) and
arbitrarily rescaled. The GPS measurements show, in general,
a larger secular trend than GRACE-inferred mass changes,
‘ reflecting post-glacial viscoelastic rebound response to earlier

-

el avi e rd [madeds )

-
]

-

SIDEBAR 19. MEASURING CHANGES IN GLACIAL MASS |

|
glacial unloading not included in GRACE modeling. Overlain ‘
curves on the GPS data show a model consisting of a linear ‘
trend plus annual and semiannual sinusoidal terms. Note that ‘
the amplitude of the seasonal deformation signal is as large

as 20-25 mm (40-50 mm peak-to-peak variations), which are
among the largest such variations on Earth. (figure courtesy of ‘
J. Freymueller, University of Alaska. GRACE mascon time series
from Luthcke et al.,2008)
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SIDEBAR 20.ATMOSPHERIC WATER VAPOR AND GPS

In a classic example of one scientist’s noise becoming anoth-
er’s signal, the geodetic community improved software analysis
strategies in order to improve the accuracy of station posi-
tion estimates; these improvements were later found to be
useful for atmospheric science.When station surface pressure
data are available, estimates of atmospheric delay can be trans-
formed into precipitable water vapor (PWV). Water vapor
is the most abundant atmospheric greenhouse gas; it is also
highly variable and not easily measured. GPS data from PBO

Q0 10 20 0 40 50 & m
WV (mrn)

Figure I:PWYV estimates from GPS operations that are analyzed by
the COSMIC program at UCAR (http://www.suominet.ucar.edu).
These measurements provide valuable information on atmospheric
water vapor that is useful for an array of atmospheric science appli-
cations including climate and weather.

« Seismic energy recorded by USArray in the microseis-
mic band is being used to infer past and current ocean
wave heights, thus helping to monitor climate change
(Sidebar 18).

« A very-long-period Earth “hum” has recently been

detected and is being used to infer Earth’s deep structure

(Sidebar 18).

Portable seismic stations and GPS are being used to moni-

tor glacial motion.
GPS, inSAR, and GRACE are providing continuous
groundwater monitoring (Figure 3.8.1 and Sidebar 16).

« Atmospheric water vapor can be monitored in near-real
time using GPS data; these measurements can be used to
improve NOAA forecasts (Sidebar 20).

Migration of USArray TA data at atmospheric acoustic

speeds has revealed that detection of atmospheric events by
the seismic stations is common. USArray can therefore be
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provide a useful way to derive PWV in the western United
States, where there is a lack of observational instrumentation
to make high-resolution temporal and spatial measurements
of atmospheric water vapor (Figure |). Evaluation of errors in
the analysis fields used for numerical weather models reveals
that PBO data should provide useful information for atmo-
spheric researchers interested in studying the complex climate
and weather that evolves over the complex topography that
inspired the creation of EarthScope (Figure 2).

Figure 2: Fractional error in the NOAA Rapid Update Cycle (RUC)
analysis fields for PWV. The majority of stations in the western
United States are part of PBO.

used to monitor acoustic noise sources in the atmosphere
(e.g., bolides and volcanic explosions) and to derive atmo-
spheric structure (Sidebar 21).

OUTSTANDING QUESTIONS

+ Can the EarthScope facilities be used to map water
(groundwater, atmospheric water, soil moisture, snowpack,
glaciers, and vegetation water content) in time and space in
the western United States and Alaska with a resolution that
complements other meteorological measurements?

Can loading/hydrological processes (groundwater, lakes,
rivers, glaciers, and dams) be modeled accurately enough
to be helpful for hydrologic/atmospheric scientists and
water supply managers?

Can the EarthScope facilities be used to further our under-
standing of large-scale atmospheric phenomena?



SIDEBAR 21.INFRASOUND RECORDINGS BY USARRAY
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A bolide over Oregon recorded by the USArray
TA on February 19, 2008, demonstrates the strong
coupling between infrasound and the solid Earth
seismic wavefield. In addition to seismographs, the
infrasonic airwave was recorded by four infrasound
arrays (I10CA, I56US, and I57US of the International
Monitoring System,and by the NVIAR array in Nevada
[operated by Southern Methodist University]; azi-
muths and ranges to infrasound arrays are indicated
by white arrows and text). The accompanying map
shows USArray stations recording the downgoing
tropospheric signal in red; green stations recorded the strato-
spherically channeled signal that becomes visible near a range
of 200 km. Black stations recorded a signal associated with

this event with an as yet undetermined propagation path.

Concentric circles around the epicenter show 100-km dis-
tance increments. Recordings from the shaded stations west
of the bolide shown in the record section display the gradual
loss of tropospheric signal and the emergence of the strato-
spherically ducted signal near a range of 200 km.The vertical-
component records have been band-pass filtered between
0.8 and 3.0 Hz and time has been reduced at 450 m/s.

Reference
Hedlin, M., C. de Groot-Hedlin, D. Drob, K. Walker, A. Le Pichon, and

M. Zumberge, Studies of atmospheric sources and propagation using

the USArray, Eos Trans. AGU, Fall Meet. Suppl., 2008.

+ Can the EarthScope facilities be used to characterize
atmospheric propagation paths and can this information

improve our understanding of atmospheric dynamics?

+ How are the ice mass, permafrost, and Arctic freeze-thaw

cycles changing?

+ What other routine “data products” can be developed from
EarthScope data to serve the hydrologic, cryospheric, and

atmospheric communities?
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4. EARTHSCOPE CONTRIBUTIONS
TO UNDERSTANDING

EARTHQUAKE, TSUNAMILVOLCANO,
AND LANDSLIDE HAZARDS

Understanding natural hazards such as earthquakes, volcanic eruptions, tsunamis, and landslides

is of fundamental societal as well as scientific value. Achieving many of EarthScope’s scientific

goals will lead to a better understanding of the underlying processes causing these catastrophic

events that affect the United States and other countries. As the USArray TA completes its jour-

ney across the continent and into Alaska, it will be detecting seismicity in areas where presently

no comparable networks exist. Precise measurements of active deformation from GPS, InSAR,

and strainmeters can pinpoint where faults are accumulating elastic strain or where volcanoes

are inflating. LIDAR mapping of topography offset by faulting can reveal the surface slip in past

carthquakes (Sidebar |3), giving us insights into how the faults might rupture in the future.

Records of past earthquakes, volcanoes, and landslides are crucial for helping us understand the

potential for future natural hazards and making accurate hazard maps.

4.1 EarthScope Contributions to Community Response

EarthScope is well positioned to speed the scientific commu-
nity’s response to hazardous events by rapidly providing data
on the extent of damage and the magnitude of subsequent
hazards, for example, aftershocks from earthquakes, volcanic
eruptions and resulting lahars, and mudslides and secondary
landslides. In the immediate aftermath of a destructive event,
a rapid response is important so that the scientific commu-
nity can obtain the ephemeral, time-critical data required to
better understand the fault structures or magmatic systems.
The same data types can be equally important for ongoing
hazard assessment. Rapid assessments of damaged regions
using LiIDAR, UAVSAR, or InSAR images, especially in
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remote regions, can help direct emergency response and
recovery efforts. Real-time displacements of GPS stations
and high-resolution locations of post-event seismicity along
a fault zone can be used to rapidly determine the location
and extent of rupture in a large earthquake. Volcanoes almost
always exhibit precursory deformation and seismicity before
an eruption. A pre-eruptive response can capture unique data
for both hazard evaluation and understanding magmatic
processes. Post-event experiments, including rapid-response
drilling, can give information about the immediate post-
seismic and post-eruption processes, which is essential for
understanding the physical processes controlling the system.



4.2 Identifying and Assessing Hazard

Through real-time continuous GPS measurements, improved
records of seismicity, and high-resolution airborne and
satellite images of temporal changes in the land surface,
EarthScope can make key contributions to our understand-
ing of where faults, volcanoes, and landslide structures are
active and what hazards they pose. For example, InSAR
measurements of the Three Sisters volcanic system in the
Cascades of central Oregon revealed active inflation beneath
what was thought to be a dormant volcano. As described in
Section 3.6.4,PBO also captured crustal deformation related
to magma ascent prior to the onset of the 2006 eruption of
Augustine Volcano in Alaska. Other studies are focusing on
volcanoes elsewhere in the Cascade arc and in the Aleutians,
Long Valley, Yellowstone, the Rio Grande Rift, and the Basin
and Range. GPS and InSAR data can constrain fault slip
rates and determine the depth of the locked/creeping tran-
sition on active faults; the product of these two quantities
is proportional to the long-term earthquake moment rate,
which drives hazard calculations.

4.3 Suggested Actions

The ability to better forecast and respond to hazards and
mitigate the associated risks remains an important goal for
EarthScope. The following actions are important for an
increased EarthScope contribution to natural hazard assess-

ment over the next five to 10 years:

« Provide InSAR deformation products (interferograms and
tools to facilitate time series analysis) for improved spatial
resolution of the strain field.

« Convert as many PBO sites as possible to real-time, high-
sample-rate data acquisition to provide good spatial resolu-
tion of real-time deformation data.

TA data have been used in western states to augment per-
manent seismic networks, aiding in the location and assess-
ment of seismic sources. In regions that have relatively sparse
seismic networks, use of TA data may improve detection
thresholds and location accuracy, features of the TA that
will become increasingly important as the TA moves east-
ward and to Alaska. The TA will also better define the crust’s
attenuation structure, which is critical for predicting the
propagation of damaging seismic waves and the resulting
strong ground motions that destroy the bridges, roads, and
buildings in which we live and work.

Earthquake prediction is an elusive and controversial goal
of seismology. Recent work has made significant progress
on short-term, probabilistic forecasts. Aftershock warnings
are now routinely issued based on the usual statistics of
sequences. The TA’s broad spatial extent will permit improve-
ment of these forecasts by measuring statistical behaviors
in regions and under conditions that have been previously
unsampled. The combined instrumentation will also allow
testing of new ideas and methods to identify the immediate
triggers of earthquakes.

» Contribute data for improving routine earthquake loca-
tions using 3D velocity models and EarthScope seismic
data resources.

» Coordinate with NASA to enable rapid UAVSAR
(Uninhabited Aerial Vehicle Synthetic Aperture Radar)
response to events.

» Coordinate with USGS to ensure that telemetered seismic
and deformation data are immediately available for moni-
toring faults and volcanoes.

» Develop a response plan for high-probability destructive

events.
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5. EXPANDING

EARTHSCOPE’S REACH

The EarthScope community includes not only the researchers, postdoctoral asso-

ciates, students, and technicians working with the data or developing models to

explain observations derived from the data, but the broader community of sci-

entists, teachers, students, and members of the public who are interested in the

natural processes occurring around them (Sidebar 22).

5.1 The EarthScope Research Community Today

The EarthScope Program at NSF has funded more than 120
independent researchers since it was established in 2004. This
number, however, underestimates the impact of the program
because the data produced by EarthScope facilities have
enabled research projects and outreach efforts that extend
well beyond funded projects. The large, and growing, num-
ber of EarthScope-related presentations at national meetings
reflects this impact. For example, there were 175 abstracts
with EarthScope, PBO, SAFOD, or USArray in the title or
text at the fall 2008 meeting of the American Geophysical
Union; this number had increased to 219 for the fall 2009
meeting. In each year, these abstracts involved ~600 differ-
ent co-authors. The number of publications acknowledging
EarthScope also continues to grow rapidly.

In 2007, NSF established a rotating, university-based
EarthScope National Office (ESNO) to facilitate commu-
nication among NSF, the facilities, the research community,
and the public. This office will move every three to four
years. The office is awarded based on a competitive, peer-
reviewed process. The first ESNO (2007-2010) was located
at Oregon State University (OSU) and took responsibility
for managing the newsletter and web content, as well as orga-
nizing the speaker series, the National Meeting, and other
workshops. The OSU ESNO also expanded EarthScope’s
Education and Outreach efforts from the K—12 classroom to
informal education venues by organizing a series of regional
workshops to train park and museum stafl’ to incorporate
EarthScope observations and science results into their inter-

pretive programs and exhibits.

5.2 Expanding and Strengthening the
EarthScope Research Community

A major objective for EarthScope in the next decade is to
further enlarge and diversify the EarthScope community in
order to maximize integrative and multidisciplinary research.
Some of these links are obvious. For example, collaboration
between geophysicists and geologists has been recognized
as essential from EarthScope’s inception. Recent funding
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of ambitious, integrated, and interdisciplinary proposals
that include high-resolution geophysical studies as a bridge
between geologic observations and large-scale subsurface
images will involve a large cross section of the geoscience
community (e.g., Figure 3.2.3).



SIDEBAR 22.THE EARTHSCOPE EDUCATION AND OUTREACH PYRAMID

Any particular EarthScope science project commonly involves
interactions among a handful to scores of scientists, including
Pls, students, postdocs, and their collaborators.The results are
disseminated to scientists working on related Earth science
research via scientific journals and presentations at AGU, GSA,
SSA, and other professional meetings. These results can reach
a broader spectrum of the Earth and other scientists when
presented at colleges and universities. One example is the
ongoing EarthScope Speaker Series (http://www.earthscope.
org/speakers), whereby EarthScope scientists present their
findings in seminars that reach faculty and students in geol-
ogy, geophysics, and physics departments across the country.
Other examples are web sites established by individual Pls and
mini-courses that provide training for using various types of
EarthScope data or data processing tools (e.g., strainmeters,
massive seismic data sets).

A large audience for EarthScope data and results is K—12
teachers and students. Much EarthScope science is directly
related to Earth science topics (e.g., the “Big Ideas” of the NSF-
funded Earth Science Literacy Principles: http://www.earth-
scienceliteracy.org). Because these topics are directly corre-
lated with state and national science standards, schools are
eager recipients of these materials. EarthScope can increase its
impact through the inclusion of EarthScope information in main-
stream textbooks. For example, a feature on the EarthScope
TA appears in the new Pearson Education middle school text-
book program, which will reach tens of millions of students.

EarthScope
Science

Scientists

FarthScope Discoveries and their Meanings

Workshops and training courses have an important role to
play in expanding the pool of scientists who can use the
diverse range of EarthScope data. One mechanism to foster
communication across disciplines is the periodic convening of
EarthScope Institutes, which bring large groups of scientists
together to address major, cross-cutting themes that require

- EarthScope Researchers
- Other Earth Scientists
- Scientists From Other Disciplines

Educators

- College/University Faculty
- K—12 Teachers

- Park/Museum Interpreters
- News Media

IRIS and UNAVCO have ongoing programs to reach students
at all levels by training K—12 and college teachers:
* http://www.iris.edu/hq/programs/education_and_
outreach/professional_development
* http://www.unavco.org/edu_outreach/workshops.html

Examples of Pl-driven projects to train K—12 teachers include:
* Bob Butler’s “Teachers on the Leading Edge” project in
the Pacific Northwest. http://orgs.up.edu/totle
» Sally McGill in the San Andreas region. http://gsa.confex.
com/gsa/2009AM/finalprogram/abstract_166921.htm
» Skip Nelson in the Midwest. http://gsa.confex.com/
gsa/2009AM/finalprogram/abstract_163015.htm.

A number of efforts engage informal educators (“interpret-
ers”) in parks, museums, libraries, and other settings where vis-
itors are by their own choice rather than as part of a required
learning activity. An example is the series of workshops for
interpretive professionals in parks and museums initiated by
Bob Lille and the EarthScope National Office (http://www.
earthscope.org/eno/parks).

One aspect of Education and Outreach that is not cur-
rently very well developed is technical outreach to science
and engineering practitioners and policymakers. Development
of this branch of EarthScope outreach programs should be
encouraged.

Students

- College/University
- K-12
- Lifelong Learners

The Public

- Planning/Policymakers

- Science/Engineering Practitioners
- Land Owners

- Park/Museum Visitors

observational, theoretical, and laboratory approaches. Such
Institutes not only serve as incubators for novel ideas and
proposals, but also create an intellectual framework to attack
the broad science goals of EarthScope. In order to facilitate
future multidisciplinary collaboration, additional mecha-
nisms suggested at the 2009 Snowbird workshop included
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pilot money for small-group planning meetings. It is impor-
tant to note that multidisciplinary investigations with multi-
ple investigators complement, but do not replace, traditional
single investigator and/or disciplinary investigations.

As illustrated by Sidebars | 7-21, a major attraction of the
EarthScope facility is its ability to promote discovery-based
science in a variety of new and unexpected directions. This
activity is leading to new collaborations among scientists
from disciplines that were not explicitly considered when
planning the facility, including atmospheric scientists, ocean-
ographers, hydrologists, and geomorphologists.

Educating and involving the next generation of EarthScope
scientists is a key priority of the program. Young investigators
are represented across the range of EarthScope projects, and
they have been active participants in EarthScope meetings.
To sustain this trend, young investigators should continue
to be encouraged to join and lead workshops and collabora-
tive proposals. EarthScope policies regarding instrument use
and data release should be considered in light of the tenure
deadlines faced by junior faculty. In addition, an EarthScope
postdoctoral fellowship program should be pursued. Classes
to train investigators—{rom graduate students to senior
scientists—in the special techniques required to take full
advantage of the massive data sets or new data types provided
by EarthScope are also needed.

5.3 Beyond the Research Community

Efforts to convey EarthScope observations, scientific results,
and their broader meanings to audiences beyond techni-
cal journals and research meetings can have great impact.
EarthScope provides a unique opportunity to bring geo-
physics and the study of Earth to citizens across the United
States. It is an unfortunate artifact of our educational system
that Earth science is generally taught only in middle school,
if at all, and that only 7% of Americans get any Earth sci-
ence education in high school. Earth science therefore relies
greatly upon informal education as a primary means of cap-
turing the interest and imagination of American citizens. The
public readily appreciates many of the Earth science topics
that are directly related to EarthScope, such as earthquakes
and volcanoes. These topics are commonly the biggest draws
in exhibits at science museums and in popular science televi-
sion programs. The ideas involved with probing into the San
Andreas Fault, watching as the western United States wrin-
kles or stretches, and having a giant upside-down stethoscope
that moves across the continent, listening to the heartbeat
of our planet, are ideas that can captivate most citizens. It
is imperative, therefore, that the Earth science community
continue to use the opportunity that EarthScope provides to
increase America’s awareness and appreciation of geoscience.
As EarthScope moves from its successful facilities installation
stage to achieving rapid advances in the understanding of the
structure and dynamics of the North American continent,
efforts must be made to ensure that these exciting discover-
ies reach the public’s attention. EarthScope also provides a
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great opportunity to improve science literacy by showcasing
research into Earth that can be incorporated into the formal
education system at all levels.

Permanent geodetic, seismic, and magnetotelluric stations
have been installed across the United States. Seismic stations
are being reinstalled in Cascadia, and more than half of the
U.S. states have yet to be reached by the EarthScope TA.
Thus, great opportunities remain for the ongoing engage-
ment of a range of audiences throughout the United States
as well as targeted regional audiences. Prior to arrival in a
region, USArray and UNAVCO have outreach programs
dedicated to station siting. The TA program, which involves
large numbers of faculty and students making contact with
landowners of potential sites, is particularly noteworthy
(Appendix 9.1.1). In addition, opportunities to reach the
general public should be increasingly encouraged. The per-
manent seismic, magnetotelluric, and geodetic backbone sta-

tions can also be used to excite and maintain interest.

The ultimate goal of EarthScope Education and Outreach
(E&O) is to broaden the community of contributors
and users of EarthScope resources. The 2002 and 2007
EarthScope Education and Outreach Implementation Plans
outlined a variety of ways in which scientific and lay audi-
ences can learn about and benefit from EarthScope obser-
vations and discoveries. Five specific goals for EarthScope
E&O that are highlighted in the plans are to:



« Create a high-profile public identity for EarthScope that
empbhasizes the integrated nature of the scientific discover-
ies and the importance of EarthScope research initiatives.

Establish a sense of ownership among scientific, profes-
sional, and educational communities as well as the public
so that a diverse group of individuals and organizations can
and will make contributions to EarthScope.

+ Promote science literacy and understanding of EarthScope
among all audiences through informal education venues.

« Advance formal Earth science education by promot-
ing inquiry-based classroom investigations that focus on
understanding Earth and the interdisciplinary nature of
EarthScope.

« Foster use of EarthScope data, discoveries, and new tech-

nologies in resolving challenging problems and improving

our quality of life.

Achieving these goals requires that EarthScope data and dis-
coveries, and their implications, reach a broad spectrum of
audiences that includes scientists, educators, students, land-
owners, policymakers, and the general public (Sidebar 22).
The EarthScope research community will need to eficiently
take advantage of outreach infrastructures that already exist.
The EarthScope National Office can be a facilitator in this
effort by compiling training materials for local scientists
who are interested in informing their communities about

EarthScope. Ideas include:

* Preparing a web-based public relations packet, with infor-
mation, maps, images, videos, and names of local scientists
willing to be interviewed by local newspaper and radio/TV
reporters; reporters are eager to get information about local
stories with national impact.

« Coordinating EarthScope E&O activities to ensure that
the highest E&O priorities are being met. Possible actions
include tracking activities across the program, recruiting
individuals to develop specific activities, and establishing
E&O networks to increase visibility.

 Working with the EarthScope facilities and other groups
involved in Earth science education and outreach to make
available succinct and attractive K-12 and undergraduate
lesson plans that are tailored to the local geology and incor-
porate national and state science standards, which is neces-
sary for school adoptions.

+ Creating and maintaining a complete registry of EarthScope
E&O products.

» Continuing to develop regional Active Earth kiosk mod-
ules to be installed in informal education venues nation-
wide. IRIS designed the original Active Earth kiosk, which
focuses on general information about seismology. Regional
modules, which cover broader aspects of the geology and
natural hazards in Cascadia, the Basin and Range, and
the San Andreas fault zone, have been developed through
collaborations among the EarthScope National Office,
IRIS, and UNAVCO. These modules have been con-
nected with workshops for informal educators in parks and
museums in order to introduce the geologic interpreters

to the kiosks and their content.

EarthScope, through the National Office, facilities, and indi-
vidual researchers, should provide a variety of educational
products and training venues to reach a wide variety of audi-
ences. If vigorously pursued, this is a win-win situation: audi-
ences of all types get access to exciting new discoveries and
increased public support for science enhances recruitment of
the next generation of scientists (including minorities and
underrepresented groups). EarthScope E&O can play an
essential role in realizing NSF’s overall mission by leveraging
current investments in “people, ideas, and tools,” facilitating
integration of research and education, and developing the
workforce for the twenty-first century.
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6. EARTHSCOPE DATA
IN THE SERVICE OF
EARTHSCOPE SCIENCE

The primary goal of EarthScope is to facilitate synoptic science aimed at address-

ing questions associated with the structure, dynamics, and evolution of the North

American continent. EarthScope facilities are a foundation for this work by provid-

ing seismic, magnetotelluric, GPS geodesy, strainmeter, LIDAR, InSAR, borehole,

and cognate data sets, with open data access, and providing open-source software

for the benefit of the whole community. This open-access paradigm is serving as a

model for other science efforts worldwide. From its inception, however, EarthScope

has recognized that answering the questions highlighted in Section 3 requires many

types of geological and geophysical data as well as geodynamic models to tie the dif-

ferent types of data together.

6.1 Current Access to EarthScope Data and Data Products

As EarthScope science becomes more mature and inter-
disciplinary, it is important to broaden the definition of
“data” and establish a classification system for different types
of “data products.” The following classification was estab-
lished when EarthScope was initially defined.

+ Data (raw and quality-controlled geophysical data from
EarthScope instruments and rock samples from SAFOD
core and drill cuttings)

« First-order data products (first level of data reduction, such
as GPS coordinates, earthquake locations, and magnetotel-
luric response functions)

« Higher-order data products (e.g., strain rate maps, seismic
tomograms, electrical conductivity models, and mantle
flow models)

« Interpretive products (e.g., volcanic hazard assessments
and earthquake probability maps)

Data and some first-order data products are currently being

provided by the facilities (see Appendix 9.1.3), and discussions
are underway both within the EarthScope advisory structure
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(the EarthScope Cyberinfrastructure Subcommittee) and
through the main facility data centers to begin providing
higher-level data products. For example, a subcommittee of
the IRIS Data Management System Standing Committee is
charged with designing a framework for the implementa-
tion of tools to visualize and compare different 3D velocity
models. Although it is widely recognized that development
of higher-level data products is needed, it is important to
maintain a dynamic balance between standardization of such
products and continuing research into better data analysis
methods. Good coordination of efforts between the facili-
ties and the EarthScope advisory and research community
is also essential.

Successful integration across its many data types is critical
for achieving many of the EarthScope science objectives. A
unified portal (EarthScope Data Portal; http://www.earth-
scope.org/data) provides unrestricted access to raw data
and derived data products from the EarthScope facilities.
Currently, higher-order and interpretive products developed
and maintained by individual investigators (e.g., a shear wave



splitting database, P- and S-wave tomography databases,
seismic surface wave group and phase velocity maps derived
from ambient seismic noise, earthquake ground motion
animations, regional moment tensors, receiver function ref-
erence models, continuous deformation maps of the west-

ern United States and Hawaii, and time-dependent strain

6.2 Steps Toward an Integrated

maps) as well as complementary geophysical and geological
databases, are compiled by the EarthScope National Office
and can be accessed from a single web page (http://www.
earthscope.org/science).

Cyberinfrastructure System for EarthScope

EarthScope’s continued success depends on having a cyber-
infrastructure framework that facilitates the processing, dis-
tribution, and analysis of core data sets, as well as the model-
ing and integration of a variety of data. Having an effective
framework would significantly democratize the process of
using EarthScope data. Although there has been notable
progress in developing an infrastructure to turn raw and
quality-controlled data into first-order derived products, per-
haps the single greatest challenge remaining is to address the
lack of software for the analysis, interpretation, and integra-
tion of those products. Analysis software is produced both by
academic and commercial groups (some of which has been
made available at low cost to academic groups for student
training), but this software can require specialist knowledge
or licensing to use, require computing power and mainte-
nance that can be prohibitive for small groups, or be so spe-
cialized that it is not flexible enough to accommodate a wide
range of research needs. Examples include 3D/4D commer-
cial seismic and electromagnetic imaging software products
that could be suited to licensing on TerraGrid, SDSC, and
other national research computer systems.

Additional improvements are desirable in the area of rou-
tine EarthScope data processing. The current structure is for
individual investigators to maintain their own mix of indi-
vidually assembled data processing components, often opti-
mized for pre-EarthScope data volumes. Greater capability,
efficiency, and “buy-in” from a wider community would be
expected if routine data processing software were organized
on a community-wide basis, and if derived data products
were made available in an agreed-upon form (e.g., having
InSAR interferograms available in addition to raw SAR
images). At present, too much effort is spent developing data

processing codes that already exist but are not discoverable or

documented. It would also be helpful to establish standards
for use of SAR and its integration with other data products.
EarthScope provides a unique framework for setting format
standards and benchmarks that should be exploited to fur-
ther the integration of disparate data sets and for develop-
ing community software according to accepted interface
standards.

Another challenge is the integration of data with very dif-
ferent characteristics. Data integration often begins with the
“simple” task of overlaying map layers displaying different
information at the same scale and projection. This task is
often more difficult than it sounds because the metadata
that provide information about the data (e.g., the geodetic
datum used to establish latitude, longitude, and elevation)
may not be readily available or may be missing altogether.
There is a general need for a catalog of GIS data resources
through the EarthScope data portal, with links to GEON
as well as to widely used commercial environments such as
Google Earth. By providing incentives for researchers to reg-
ister GIS layers that may be of use to others, the integra-
tion and synthesis goals of EarthScope can be advanced. An
expanded EarthScope data portal could incorporate synoptic
continent-wide data sets (e.g., gravity, magnetic, seismic-
ity, heat flow, and the USGS national atlas) in a common
format, tying in state and regional GIS data (e.g., geologic
maps, faults, and drilling data).

At the highest level of integration and synthesis, interface
standards are needed to promote sharing of model prod-
ucts (e.g., tomographic and electrical conductivity models).
There is a strong desire by the EarthScope community to
share models, which can be facilitated by separating inter-
face standards from the internal and external formats of the
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models. Metadata standards for models are also needed so
that information on spatial resolution and related param-
eters can make results understandable to non-specialists.
By establishing interface standards, metadata requirements
and, where appropriate, format standards, EarthScope can
be proactive in ensuring that EarthScope data and data prod-
ucts are compiled, archived, and released in ways that are as
straightforward and seamless as possible.

Additional activities that EarthScope should nurture and

encourage include:

« Incorporation of appropriate pre- and syn-EarthScope data
sets obtained outside of the EarthScope program, with the
goal of integrating these other sources into EarthScope
databases for enhanced analyses and interpretations.
Examples might include tighter integration with USGS
activities and compilation of seismic, magnetotelluric, and
other geophysical transect data obtained prior to or outside
of EarthScope.

« Greater incentives for potential EarthScope data product
users to make use of data discovery tools. Additional devel-
opments are required to provide data products in simpler
formats that are more familiar to end user communities
(such as EDI, ASCII, Excel, and MATLAB formats), and
to provide greater ease of access for the general public.

« A standard set of tutorials and exercises to familiarize stu-
dents across multiple disciplines with EarthScope tools.
Education and outreach efforts can further the develop-
ment of tutorials for cross-disciplinary education as well
as for student training in the use of discipline-specific data
management and modeling tools.

« Use of national high-performance computing resources
and development of new algorithms to derive process-
ing kernels that can take advantage of modern multi-core
desktop class computers, including emerging GPU-based
architectures that can incorporate hundreds to thousands
of desktop processing cores. There may be increasing syn-
ergies with GEON and other community cyberinfrastruc-
ture initiatives.

+ Virtual institutes (e.g., OpenEM.org) to provide commu-
nity services such as forums, webinars, open source soft-
ware repositories, and data portals that could be built on
the foundations of the current EarthScope.org web services.
These services also need to include providing collaborative
wortkgroup resources that enable EarthScope researchers to

share workspaces.
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/. LINKS TO OTHER PROGRAMS

EarthScope’s ultimate goal is to produce and disseminate high-quality scientific results. In

pursuit of this goal, it will be productive and efficient for EarthScope to pursue explicit links

with other NSF and non-NSF programs in support of research, education, and outreach.

7.1 NSF MARGINS Program

The science goals of EarthScope and the NSF MARGINS
program intertwine, yet the programs remain distinct.
EarthScope makes use of revolutionary on-land geophysi-
cal facilities and focuses on North America; these traits are
complemented by the onshore-offshore nature of MARGINS
studies and MARGINS’ emphasis on global comparisons. As
previously mentioned, EarthScope is collaborating with the
MARGINS program to support projects in regions of mutual
interest, including the Cascadia subduction zone and the
Salton Trough/Gulf of California. In 2009, both programs
put out a joint call for proposals to support facility-related

investments in the form of ocean bottom seismographs

7.2 Other NSF Programs

Other NSF programs that can potentially collaborate with the
EarthScope program, either by co-funding projects or support-
ing projects that use EarthScope data, include the following:

+ Geophysics, Continental Dynamics, Petrology, Geochem-
istry, Sedimentology and Tectonics programs in EAR

« OCE programs such as IODP (International Ocean
Drilling Program), Marine Geology and Geophysics

+ Ocean Observing Initiative (OOI)

- Office of Polar Programs

« Atmospheric and Geospace Sciences (AGS)

« Office of International Science and Engineering

« George E. Brown Network for Earthquake Engineering
Simulation (NEES)

(OBSs) to support onshore/offshore studies of the Cascadia
margin. MARGINS is also in the process of creating a new
science plan, and integrated EarthScope-MARGINS studies
are expected to be increasingly important in the future. For
example, as the TA moves to the rifted margins of eastern
North America and the Alaska-Aleutian subduction zone,
many more natural partnerships will emerge. The next decade
should see the initiation of EarthScope Virtual Institutes,
similar to the MARGINS Theoretical and Experimental
Institutes, to bring investigators together from different disci-
plines and different communities to compare results and find

solutions in an informal and collegial atmosphere.

The IODP has a strong record of integrated science and is
the standard for core repositories; it will be involved in any
drilling on the continental margin for future EarthScope/
MARGINS ICDP

Continental Drilling Program) will be involved inany onshore

collaborations. The (International
drilling. The Marine Geology and Geophysics Program port-
folio includes offshore seismic, electromagnetic, and geo-
detic research, as well as management of the Ocean Bottom
Seismic Instrument Pool (OBSIP). The Office of Polar
Programs has potentially significant overlap with respect to
studies in Alaska. If possible, the EarthScope/Polar Programs
relationship should be clarified prior to the movement of
USArray to Alaska. The Office of International Science and
Engineering has overlap with USArray efforts in Canada as

well as possible future collaborations with Mexico.
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7.3 Related NSF-Funded, Community-Based Initiatives

There are several NSF-funded, community-based initiatives
that complement EarthScope.

« SCEC (Southern California Earthquake Center) is an inde-
pendent center funded primarily by NSF and the USGS.
Collaboration between EarthScope and SCEC has already
yielded significant results. The broad geographic extent of
EarthScope’s PBO, as well as the detailed fault mechanism
studies of SAFOD, have assisted SCEC in developing a
comprehensive understanding of earthquakes in Southern
California. SCEC is also well versed in the potential and
pitfalls of developing community models, which provide
a mechanism for compiling integrated data sets and evalu-
ating their implications; lessons learned by SCEC about
nurturing interactions between different communities and
integrating different types of data may be transferable to
EarthScope.

+ CIG (Computational Infrastructure for Geodynamics)
is an organization that develops and maintains software
for computational geophysics and tectonics. At the 2009
Snowbird meeting it became clear that geodynamic model-
ing is a key mechanism for integrating different data sets.

+ GEON is a collaborative project to develop cyberinfra-
structure for integration of three- and four-dimensional
Earth Science data. Because geophysical data are a core
focus of the GEON Project, communication between the
two programs is essential.

« COMPRES (Consortium for Materials Properties Research
in Earth Science) can be informed by the detailed studies
of the deep Earth provided by USArray, and vice versa.

« CIDER (Cooperative Institute for Dynamic Earth
Research) shares interests in deep Earth structure, compo-
sition, and dynamics and can help in collaborative research
and student training using EarthScope data.

« CUAHSI (Consortium of Universities for Advancement
of Hydrologic Science) can help identify new uses for
EarthScope data (see Section 3.8).

7.4 WInSAR and the European Space Agency

Continued close collaboration between WInSAR and
EarthScope will ensure dense SAR data coverage, support-
ing the “fourth leg” of EarthScope and enabling significant
advances in the measurement and modeling of spatially vari-
able geophysical processes. WInSAR is both a committee
under UNAVCO and a group recognized by foreign space
agencies for the distribution of data to U.S. scientists. Close
collaboration with the European Space Agency (ESA) can
provide dense SAR data coverage for the EarthScope area and

7.5 The Private Sector

The hydrocarbon industry has great potential for interaction
with EarthScope. For example, industry has access to a large
number of reflection profiles and is currently defining and
using the cutting-edge of technology with respect to active
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partly make up for the missing InSAR satellite (EarthScope’s
fourth, but unfunded, leg). GeoEarthScope obtained excel-
lent SAR coverage for 2005-2008. It is important that simi-
lar imagery be acquired in the future through WInSAR. It is
particularly important that the forthcoming Sentinel satellite
(to be launched in 2011) include North America in its rou-
tine observation plan. SAR imaging of the North American
continent should be seen by all parties as a European contri-
bution to EarthScope.

source seismology. The EarthScope science community would
welcome access to some of these data and to data acquisi-
tion and processing techniques pioneered by industry. Closer
interaction also benefits the industry because a significant



percentage of the students working on EarthScope-related
projects and using EarthScope-produced data will eventu-
ally find employment in the hydrocarbon industry, either
for exploration or for monitoring of reservoirs, and there are
significant concerns within the industry about the size and
quality of the pipeline for training future employees.

It is likely that seismologists will be increasingly needed
in the hydrocarbon industry and by hydrologic consult-
ing companies for reservoir delineation and monitoring.
Applications include CO, sequestration and monitoring of
water resources as well as the traditional areas of hydrocar-

bon exploration and extraction.

7.6 International Universities and Geological Surveys

International collaboration with EarthScope is also critical.
Although the Canadian LITHOPROBE program has ceased,
it provided an initial impetus for the EarthScope program.
Looking forward, interaction with Canadian geophysicists
and geologists is essential for achieving the EarthScope goal
of understanding the evolution of the continent. This is par-
ticularly evident in the Great Lakes region of North America,

where the boundaries of tectonic terranes do not correlate
well with the location of the lakes or the international bor-
der. The adjacent areas of Mexico must, in similar fashion, be
studied to reconstruct the geological evolution of the south-
western United States. Northern Mexico is poorly known
from both a seismological and geological point of view, and
thus data from this area would be particularly valuable.

/.7 Other Earth Science Education and Outreach Programs

EarthScope can leverage its education and outreach efforts by
collaborating with other initiatives. For example, EarthScope
and the E&O components of IRIS and UNAVCO have been
working to varying degrees with the National Association of
Geoscience Teachers (NAGT), National Science Teachers
Association (NSTA), Digital Library for Earth System
Education (DLESE), Global Learning and Observations to
Benefit the Environment (GLOBE), Research Experience in

Solid Earth Science for Students (RESESS), SCEC, NEES,
Science Education Resource Center (SERC), Significant
Opportunities in Atmospheric Research and Science
(SOARS), and Teachers on the Leading Edge (TOTLE). Not
only do EarthScope audiences (Sidebar 22) stand to benefit,
increased E&O collaborations will also greatly contribute to
Earth science literacy principles identified as critical to an
educated and informed public by NSF and other agencies.
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8. CONCLUSIONS AND
RECOMMENDATIONS

The EarthScope program offers an unprecedented opportunity within the Earth sciences. The

EarthScope facility, described in the initial (2002) EarthScope Science Plan and implemented with

funding from the NSF Major Research Equipment and Facilities Construction program, has provided

the tools for a decade of exploration of the North American continent. The next decade of EarthScope

science will undoubtedly be very exciting and will likely result in many new and unanticipated discov-

eries as well as answers to many of the questions posed in this Science Plan. To maximize these results,

the following recommendations should be followed.

I. MAINTAIN AND ENHANCE THE
EARTHSCOPE NATIONAL OFFICE

The EarthScope National Office has helped to communi-
cate EarthScope progress, data, and research opportunities
and has expanded education and outreach efforts to include
informal as well as formal education. Details of the role of the
office will certainly evolve along with the program. Efforts to
improve communication and integration within the research
community through support of workshops, informative
newsletters, and other means should be encouraged.

2. FACILITATE INTEGRATIVE AND
MULTIDISCIPLINARY RESEARCH

It is essential to broaden the EarthScope community with
the goal of encouraging integrative and multidisciplinary
research. This emphasis applies to scientific communities
that were not closely involved with EarthScope a decade ago
(e.g., hydrologists, atmospheric scientists) as well as the more
naturally related scientific communities (e.g., geologists, geo-
chemists, petrologists, structural geologists, geodynamicists).
Mechanisms to facilitate submission of multidisciplinary or
exploratory proposals that integrate disparate fields and to
expand access to higher-order data products are essential.
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3. ENCOURAGE EXPLORATION

Many of the most interesting scientific results of EarthScope
have been unexpected. EarthScope science should take
advantage of this “discovery” aspect, and use its flexibility to
build on serendipitous findings. Possible means of facilitat-
ing research includes allowing rapid response to earthquakes
and/or volcanic events, supporting unconventional deploy-
ments of geophysical instrumentation, and supporting work
in areas of interest even if they fall outside of the onshore
portions of the United States.

4. ENHANCE OUTREACH EFFORTS

It is critical to create a high-profile public identity for
EarthScope. This will involve better coordination of
EarthScope E&O activities and materials and an overall
assessment of the roles of the many stakeholders in these
activities. Although the EarthScope National Office, facili-
ties, and individual investigators have been active in promot-
ing a wide variety of outreach efforts, there are many oppor-
tunities and new communities that need to be involved in

these activities.



5. DEVELOP EFFECTIVE
CYBERINFRASTRUCTURE

EarthScope will increasingly depend on its cyberinfrastruc-

ture framework to facilitate scientific findings, particularly

for multidisciplinary projects. Immediate needs include:

* Cataloging of and access to data products, derived prod-
ucts, and interpretive products

¢ Establishing of data and metadata standards

* Encouraging and coordinating efforts by IRIS and
UNAVCO to develop software tools to process and analyze
large volumes of data and establish databases of higher-
order data products

¢ Creating greater incentives for potential EarthScope data
product developers to make their products available to the
community

¢ Creating greater incentives for potential EarthScope data
product users to make use of data discovery tools

* Developing a framework for implementing the above

recommendations

6. LINK TO OTHER PROGRAMS

This includes:

* Encouraging international cooperation around the edges
of the EarthScope footprint

¢ Co-funding of projects by multiple NSF programs and
other agencies whose objectives overlap, including facilita-
tion of onshore/offshore experiments

¢ Collaborating with industry on cyberinfrastructure and on
acquisition and processing of active source data

* Improving integration of EarthScope data into databases
used for locating and cataloging earthquakes, moni-
toring volcano inflation and deflation, and other pro-
grams led by agencies such as USGS and NOAA that are
charged with responding to a variety of geological and

environmental hazards

7. SUPPORT INSAR (SPACEBORNE
RADAR) DEVELOPMENT AND
DATA ACQUISITION

Radar measurements of fine-resolution, spatially continuous
crustal deformation are critical to many of the EarthScope
science goals, as they reach inaccessible areas with frequent
revisit times. A U.S. radar satellite mission is needed to
provide these essential data to EarthScope investigators.
Collaborations with other agencies, primarily NASA, should
be pursued to realize this critical data set within the decade.
In the short term, EarthScope should encourage high-level
government agreements and systems to facilitate the use of

data from international satellite platforms.

8. ENHANCE THE
EARTHSCOPE FACILITIES

The community should be proactive in proposing projects that
involve funding for extending or enhancing the EarthScope
facilities in response to evolving science needs. Key aspects of
EarthScope facility enhancement could include:

* Reinstalling the SAFOD borehole observatory and expan-
sion of its capabilities to include additional measurements
(e.g., pore pressure)

* Acquiring new SAFOD cores

* Upgrading additional GPS stations to high-rate, real-time
recording

* Acquiring new USArray seismic and magnetotelluric sta-
tions for onshore/offshore deployments

* Augmenting EarthScope stations with other instruments
that provide new capabilities
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9.APPENDICES

9.1 More on the EarthScope Facilities

9.1.1 USARRAY

TRANSPORTABLE ARRAY (TA): The TA is an array of
broadband seismic stations deployed on a roughly 70-km
grid. All TA stations have real-time data telemetry. At any
given time, there are approximately 400 stations in operation.
Each station is operated for two years and then is moved to
the eastern edge of the active array. The TA has now occupied
over 850 sites in the western United States and is midway
through its multiyear migration toward the Atlantic coast.
Cumulative data return from the TA has exceeded 97%, and
was 99.3% during 2009. See Figure 2.1 for a map of past,
present, and future TA locations.

FLEXIBLE ARRAY (FA): The FA consists of 326 broadband,
120 short-period, and 1700 short-period/short-deployment
instruments that are available for PI-driven experiments that
address EarthScope program scientific goals. FA equipment
also includes solar panels, enclosures, cables, communications
gear, and field computers; PIs must only provide batteries
and personnel to deploy and maintain the stations. Funding
for FA experiments comes from a variety of sources in addi-
tion to the EarthScope program. Figure 2./ also shows the
locations of experiments that have used FA equipment as of
January 2010.

REFERENCE NETWORK (RN): The RN (Figures 2.1
and 2.2) consists of 106 stations located at ~300-km spac-
ing across the contiguous United States, plus nine stations
in Alaska. These stations serve as fixed reference points
for tying together observations made by the “rolling” TA.
Most RN stations are operated by the USGS as part of the
Advanced National Seismic System (ANSS) network, or by
IRIS (referred to as the USArray Permanent Array during
the construction phase of USArray). All RN data flow both
to the IRIS Data Management Center (DMC) and to the
USGS National Earthquake Information Center (NEIC),
where RN data are used in real time for earthquake moni-
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toring applications. Twelve of the RN stations are equipped
with GPS sensors, which provide baseline data for the
PBO/UNAVCO data archive.

MAGNETOTELLURIC ARRAY (MT): The MT compo-
nent of USArray (Figure 2.1) has established seven backbone
stations distributed across the United States. In an ongoing
campaign of MT transportable array installations, 20 por-
table MT instruments have been deployed and relocated
thus far during campaigns in the summers of 20062009,
collecting data from 221 temporary sites in the northwest-
ern United States. A field operations depot and data qual-
ity control group have been established at Oregon State
University, providing operations and maintenance support
for all MT activities.

SITING OUTREACH: The Siting Outreach component
of USArray has conducted a broad spectrum of activities,
including actively working with numerous state and local
organizations to encourage the use and understanding of
USArray. Several outreach workshops have been held to
encourage participation in and awareness of EarthScope.
Universities have been recruited to provide summer student
hires to conduct site reconnaissance for TA stations. To date,
more than 100 students from 25 universities have performed
reconnaissance for nearly 1000 sites. Students from nearly a
dozen universities have also formed the core of magnetotellu-
ric transportable and backbone array field crews since 2008,
providing practical field experience in the MT method.
AS-1 seismometers and Aczive Earth interactive Earth
science kiosks have been acquired and distributed to muse-
ums and other locations to enhance the impact of USArray.
The quarterly EarthScope newsletter, onSize, was originated
by USArray to provide an overview of EarthScope facility
science and status and is distributed to 700 USArray land-
owners. In 2007, the EarthScope National Office took over
the lead editorial role for onSite and expanded the audience
by 1200 to include geoscience departments and the offices



of state geologists. In 2010, the newsletter designed for
the broad science community was renamed nSights—the
EarthScope Newsletter, and onSite returned to its roots as an
outreach newsletter for TA landowners edited by IRIS.

9.1.2 PLATE BOUNDARY OBSERVATORY (PBO)

GLOBAL POSITIONING SYSTEM (GPS): The PBO
network consists of 1100 permanently installed GPS sta-
tions located throughout the United States with a majority
of the stations installed along the Pacific-North American
plate boundary in the western United States and Alaska
(Figure 2.2). PBO also maintains a pool of 100 portable
(campaign) GPS receivers for temporary deployment and
rapid response activities, allowing individual PIs to densify
GPS observations within the PBO network. The PBO net-
work instrumentation operates at over 95% uptime and has

98% network-wide data return.

BOREHOLE STRAINMETERS AND SEISMOMETERS:
PBO includes 74 borehole strainmeters (BSM) and 78
borehole seismometers (Figure 2.2). The strainmeters are
designed to detect deformation on a time scale of minutes
to a month and thus provide a bridge between the seismom-
eters and GPS instrumentation, allowing scientists to charac-
terize a continuum of time scales for active tectonic deforma-
tion from earthquakes to aseismic creep. PBO has developed
training sessions to introduce the scientific community to
the uses of strainmeter data. Short-period seismometers are
included at each site to provide collocated, high-frequency
seismic data for event detection and location and to confirm

aseismic slip.

BOREHOLE TILTMETERS: Measurement of deformation
in the vertical field is essential to constrain fault models and
provide insight into magma body location and rise. Because
the precision of GPS in the vertical is still at the millimeter
level, tiltmeters can provide measurements in periods rang-
ing from days to years, adding to the temporal spectrum of
deformation not covered by GPS. PBO includes 26 borehole
tiltmeters collocated with GPS and BSM stations on active
volcanoes. These tiltmeters are primarily used to study the
volcano shape prior to and during eruptions.

LONG-BASELINE STRAINMETERS (LSM): PBO main-
tains six LSMs. LSMs use a laser to measure the change in
the relative position of end monuments hundreds of meters
apart. These very stable high-precision instruments measure

strain change over months to decades and are an important
tool for cross-validating long-term GPS measurements and
monitoring stored energy near major faults.

INSAR AND LIDAR IMAGERY AND GEOCHRONOL-
OGY: The PBO GeoEarthScope initiative included the
acquisition of airborne LiIDAR imagery for the detailed map-
ping of Earth’s surface, satellite InSAR imagery for the precise
mapping of surface change during deformation events (until
September 2008), and geochronology data to provide age
constraints on prehistoric earthquakes and long-term fault
offsets. Combined, these techniques allow the measurement
of strain rates over very broad time scales.

9.1.3 DATA MANAGEMENT

All data can be accessed via the EarthScope portal (htep://
www.carthscope.org/data). Data can also be accessed via
IRIS, UNAVCO, and other groups that are contracted by the
EarthScope program to maintain the databases and provide
software tools to facilitate access. Details are given below.

SEISMIC: All EarthScope seismic data are made freely avail-
able via the IRIS Data Management Center (http://www.iris.
edu/dms/). Data are transmitted to the IRIS DMC from all
components of USArray, as well as from the PBO seismom-
eters and strainmeters and the SAFOD seismometers, tilt-
meters, and strainmeters. Over 20 terabytes of EarthScope
data have been archived by the DMC to date. Data may be
obtained via a variety of data request tools. TA data are avail-

able in near-real time via various streaming data protocols.

MAGNETOTELLURIC: All EarthScope backbone and
transportable array magnetotelluric data and derived data
products are made freely available with no proprietary hold
via the IRIS DMC. Data from the MT transportable array
are retrieved by field crews during site visits and transmit-
ted to the Oregon State University MT data quality control
group, where they are processed and uploaded to the IRIS
DMC. Approximately 1.25 gigabytes of post-quality-control
1-Hz MT time series have been archived by the DMC to
date. Magnetotelluric response functions (impedances and
magnetic transfer functions) are also archived at the DMC,
typically within weeks of receipt of raw data by the quality
control group. Real-time telemetry of MT backbone data to
Oregon State University is being implemented, and a similar
data flow to the IRIS DMC for MT backbone and trans-
portable array data is being developed.
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GPS AND TILTMETER: GPS and tiltmeter data are made
available via the UNAVCO PBO (http://facility.unavco.org/
data/dai2/app/dai2.html#), which manages distribution of
4 terabytes of raw PBO GPS darta and derived data prod-
ucts. Secondary archives are maintained off site to assure

redundancy.

STRAINMETER: PBO strainmeter data are available
through the Northern California Earthquake Data Center

(heep://www.ncedc.org/pbo/).

LIDAR: The “OpenTopography Portal” (http://www.open-
topography.org), developed and maintained by the San
Diego Supercomputer Facility and Arizona State University,
provides access to high-resolution topographic data, includ-
ing LiDAR data acquired by GeoEarthScope. Data can be
downloaded as DEMs, point clouds, and KML files. Data
processing and visualization tools and a user discussion
forum are also available.

9.2 Workshop Agenda

INSAR: Data are supported directly by EarthScope through
the WInSAR consortium, and can be found at http://geoes-
insar.unavco.org/main.php. Investigators must be associated
with a U.S. academic or government institution for data
access. Registration of new institutions is straightforward but

requires completing UNAVCO’s WInSAR web forms.

ROCK SAMPLES: SAFOD core samples are requested via a
web-based tool that can also be used to view the cores (http://
www.carthscope.org/data/safod_core_viewer). Because the
amount of core material is very limited, not all requests can
be filled. Distribution of samples is decided by a committee
of scientists through a protocol designed to optimize use of

the core and minimize conflict of interest.

The Workshop for an EarthScope Science Plan (WESP) was held in Snowbird UT
on October 7-9, 2009 with the following agenda. Presentations from the workshop
can be found at heep://www.earthscope.org/meetings/science_planning workshop.

WEDNESDAY, OCTOBER 7

Speakers are listed with general topics; specific titles will be provided soon. Co-chairs of breakout groups are also listed.

7:00 A.M. - 10:00 A.M. REGISTRATION
Ballroom 3 Lobby

7:00 A.M. - 8:00 A.M.
Peruvian A

BREAKFAST/MEETING WITH WRITING TEAM, ESSC, AND
DISCUSSION (BREAKOUT) LEADERS

7:00 A.M. - 8:00 A.M.
Magpie Room

GENERAL ATTENDEE BREAKFAST

8:00 A.M.— 8:55 A.M.
Ballroom 3

OPENING SESSION
Welcome & Agenda — From Snowbird 2001 into the next 10 years (10 min)
Mike Williams
NSF Perspectives on the Science Plan (10 min)
Greg Anderson, Goran Ekstrom
Tribute to Paul Silver and his contributions to EarthScope (10 min)
Lucy Flesch, Fenglin Niu, Maureen Long
Facility Highlights — Brief updates on facilities progress (25 min)
Bob Woodward, Mike Jackson
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8:55 A.M. - 9:45 AM. PLENARY ONE - BUILDING ON BREAKTHROUGHS — THE NEXT
Ballroom 3 MILESTONE FOR EARTHSCOPE (4 talks, 20 min each plus 5 min of questions)
Fault properties and slip processes
Chris Marone
Plate boundary deformation and 4-D Stress
David Sandwell

9:45 AM. - 10:00 A.M. BREAK
Ballroom 3 Lobby

10:00 A.M. — 10:50 A.M. Making, shaping and breaking a continent: Structure and evolution of North America
Richard Allen
Deep Earth structure and dynamics
Jun Korenaga

10:50 A.M. - 11:00 A AM.PLENARY — BREAKOUT GROUP INTRODUCTIONS
Ballroom 3

11:00 A.M. - 12:20 PM. BREAKOUT SESSION | — BUILDING ON BREAKTHROUGHS

Peruvian A Peruvian B Alpine B Alpine C
Fault properties and slip Plate boundary deformation The structure and evolution Deep Earth structure and
processes and dynamics of the North American litho- dynamics
Jim Evans, Joan Gomberg Joann Stock, Brad Hager sphere and asthenosphere Ed Garnero, Bill Holt
David Foster, Gary Egbert

12:20 PM. - 1:30 PM. LUNCH
Golden Cliff/Eagles Nest

1:30 PM. - 2:30 PM. PLENARY IIA — PANEL AND DISCUSSION — MAKING INTERDISCIPLINARY
Ballroom 3 COLLABORATIONS WORK
Each group will provide a 5-minute introduction to their project and the highlights and
challenges of interdisciplinary work, to be followed by open discussion.
Maureen Long, Randy Keller — High Lava Plains
Ken Creager, Tim Melbourne, Brad Hacker — Cascadia
John Hole, Joann Stock — Salton Trough
Terry Plank — Basin and Range

2:30 PM.—3:20 PM.  PLENARY IIB — NEW RESEARCH DIRECTIONS (4 talks, 20 min each plus 5 min of questions)
Ballroom 3 Geomorphology and landscape evolution: Contributions to EarthScope
Eric Kirby
Structure of the Lithosphere and the Sedimentary Record: Where do they Meer?
Michelle Kominz

3:20 PM. - 3:35 PM. BREAK
Ballroom 3 Lobby

3:35 PM. - 4:25 PM.  Linking EarthScope to the hydrosphere and cryosphere
James Famiglietti
Linking EarthScope to the atmosphere
John Braun

4:25 PM. - 4:30 PM.  BREAK
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4:30 P.M. - 5:50 P.M.

BREAKOUT SESSION Il — INTERDISCIPLINARY COLLABORATIONS AND
NEW RESEARCH DIRECTIONS

Peruvian A
Integrating geological and
geophysical constraints to study
crust and mantle processes
Walter Mooney,

Jeff Vervoort

Peruvian B
Integrating geological and
geophysical constraints to study
Earth surface processes
(including the hydrosphere,
cryosphere and atmosphere)
Kristine Larson,
Jeanne Sauber

Alpine B
New opportunities in educa-
tion and outreach
Jim Davis, Dave Mogk

Alpine C
EarthScope contributions to
understanding earthquake,

volcano and landslide hazards
Tom Heaton, Steve McNutt

6:00 PM. - 7:30 P.M.
Golden Cliff/Eagles Nest

7:30 PM. - 10:00 P.M.
Ballrooms 2 & 3

DINNER

POSTERS (WITH NO-HOST BAR) — “EXCITING DISCOVERIES AND
NEW OPPORTUNITIES”

Jazz band as a tribute to Paul Silver: Ed Garnero, Mike Wysession, and others...

THURSDAY, OCTOBER 8, 2009

BREAKFAST
Early career scientist discussion led by Lara Wagner and Kate Huntington

7:00 A.M. - 8:00 A.M.
Peruvian A

7:00 A.M. - 8:00 AM.
Ballroom 3 Lobby

8:00 A.M. - 9:50 A M.
Ballroom 3

Mike Gurnis

GENERAL ATTENDEE BREAKFAST

Appalachian geology: Key questions for EarthScope

Jim Hibbard

Continental rifting and passive margin development

Cindy Ebinger

Alaskan geology: Key questions for EarthScope

9:50 AM. - 10:05 A.M.
Ballroom 3 Lobby

Terry Pavlis

BREAK

10:05 A.M. - 11:25 AAM.BREAKOUT SESSION Il - NEW REGIONS TO EXPLORE

PLENARY Il = NEW REGIONS TO EXPLORE (4 talks, 20 min plus 5 min ofquestions)
Linking mantle structures to surface deformation through time across the U.S.

Peruvian A
Cyberinfrastructure and
EarthScope: challenges and
opportunities

Gary Pavlis, Vince Cronin

Peruvian B
The Appalachians, the passive
margin the Gulf Coast and
Mississippi embayment
Jay Pulliam, Dennis Harry,
Chuck Bailey

Alpine C

The craton and continental
interior

Dan Holm, Ernest Hauser

Summit Room
Alaska
Sarah Roeske, Sean Gulick

I1:25 A.M. - 12:15 P.M. FREE TIME (view posters in breakout rooms, take a walk, share ideas...)
(Break-out leaders meet to synthesize reports into 5 min presentations)

74




12:15 PM. - 1:30 P.M.
Golden Cliff/Eagles Nest

1:30 PM. - 2:40 P.M.

Ballroom 3

2:40 P.M. - 3:00 P.M.
Ballroom 3 Lobby

3:00 PM. - 3:30 P.M.

3:30 PM. - 4:30 PM.
Ballroom 3

4:30 A.M. - 5:30 PM.
Ballroom 3 & Any
Breakout Rooms

5:45 PM. - 7:00 PM.
Peruvian A

7:00P.M. - 8:30 P.M.
Ballroom 3

FRIDAY, OCTOBER 9,2009 (WRITING GROUP ONLY)

7:30 A.M. - 8:30 A.M.
Peruvian A

8:30 A.M. - 12:00 PM.
Peruvian A

LUNCH

PLENARY SESSION — THE SCIENCE PLAN — REPORTS FROM BREAKOUTS AND
EARLY CAREER CAUCUS

(Full breakout reports will be made available on web.)

Report from Breakout Session I (20 min report plus 10 min of discussion)

Report from Breakout Session II (20 min report plus 10 min of discussion)

Report from early career scientists (5 min report plus 5 min of discussion)

BREAK

REPORT FROM BREAKOUT SESSION Il (20 min report plus 10 min of discussion)

MODERATED OVERVIEW DISCUSSION

INFORMAL MEETINGS BETWEEN WRITING GROUP AND OTHER PARTICIPANTS

DINNER

WRITING GROUP MEETS

BREAKFAST

WRITING GROUP MEETS

9.3 Workshop Participants

FIRST NAME |[LAST NAME  |INSTITUTION |POSITION

Duncan Agnew Scripps/University of California, San Diego Professor

Richard Allen University of California, Berkeley Associate Professor

Marcos Alvarez IRIS Deputy Program Manager

Falk Amelung University of Miami Associate Professor

Greg Anderson National Science Foundation EarthScope Program Director

Richard Aster New Mexico Tech Professor of Geophysics

Don Atwood Alaska Satellite Facility (ASF) ASF Chief Scientist

Charles Bailey William & Mary Professor

Chaitan Baru zan. Diego Super;omputer Center, University of Director, SDSC Science R&D
alifornia, San Diego

Gerald Bawden U.S. Geological Survey Researcher

Margaret Benoit The College of New Jersey Assistant Professor

Frederick Blume UNAVCO Senior Project Manager

Adrian Borsa UNAVCO PBO Data Products Manager
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FIRST NAME |LAST NAME  |INSTITUTION |POSITION

John Braun COSMIC/UCAR Project Scientist

Jochen Braunmiller Oregon State University Research Associate

Robert Busby IRIS TA Manager

Peter Cervelli H.S. Geological Survey Volcano Science Center Research Geophysicist

enlo Park

David Chapman University of Utah Professor of Geophysics

Ken Creager University of VWashington Professor

Vince Cronin Baylor University Ii’Rrofessor and Director of Center for Spatial
esearch

Chris Crosby ?n‘Dieg'o Superf:omputer Center, University of Project Manager

alifornia, San Diego

Laura Crossey University of New Mexico Professor

James Davis Harvard-Smithsonian Center for Astrophysics Senior Geodesist

Robert Detrick National Science Foundation NSF Division Director, Earth Sciences

Herb Dragert Geological Survey of Canada Research Scientist

Cynthia Ebinger University of Rochester Professor of Geophysics

Gary Egbert Oregon State University Professor

Goran Ekstrom Columbia University Professor

William Ellsworth U. S. Geological Survey Research Geophysicist

Susan Eriksson UNAVCO Director of Education and Outreach

James Evans Utah State University Professor

James Famiglietti University of California, Irvine Professor

Karl Feaux UNAVCO PBO GPS Operations Manager

Karen Fischer Brown University Professor

Lucy Flesch Purdue University Assistant Professor

Sean Ford Lawrence Livermore National Laboratory Researcher

James Foster University of Hawaii Researcher

David Foster University of Florida Professor

Jeff Freymueller University of Alaska Fairbanks Professor

Gary Fuis U.S. Geological Survey Geophysicist

Patrick Fulton Oregon State University Post-doctoral Researcher

Ed Garnero Arizona State University Professor

Joan Gomberg U.S. Geological Survey Research

Sean Gulick University of Texas at Austin Research Scientist/Lecturer

Michael Gurnis California Institute of Technology Professor

Bradley Hacker University of California, Santa Barbara Professor

Bradford Hager Massachusetts Institute of Technology Professor

Bill Hammond University of Nevada, Reno Research Professor

Barry Hanan San Diego State University Professor

Roger Hansen University of Alaska State Seismologist for Alaska, Professor

Dennis Harry Colorado State University Professor

Ernest Hauser Wright State University Associate Professor

Tom Hearn New Mexico State University Professor

Thomas Heaton California Institute of Technology Professor of Engineering

Don Helmberger California Institute of Technology Professor

James Hibbard North Carolina State University Professor

Kathleen Hodgkinson UNAVCO PBO Strainmeter Data Manager

John Hole Virginia Tech Faculty

Daniel Holm Kent State University Professor and Chair

William Holt Stony Brook University Professor

Kate Huntington University of Washington Assistant Professor

Michael Jackson UNAVCO/PBO Plate Boundary Observatory Director

Angela Jayko U.S. Geological Survey Research Geologist

Karl Karlstrom University New Mexico Professor

Randy Keller University of Oklahoma Professor

Graham Kent University of Nevada Director, Nevada Seismological Lab

Eric Kirby Penn State University Associate Professor

Michelle Kominz Western Michigan University Professor

Yev Kontar lllinois State Geological Survey Geophysics Section Head
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FIRST NAME |LAST NAME  |INSTITUTION |POSITION

Jun Korenaga Yale University Professor

Kristine Larson University of Colorado Professor

Vadim Levin Rutgers University Associate Professor

Robert J. Lillie Oregon State University Professor of Geology

Maureen Long Yale University Assistant Professor

John Louie University of Nevada, Reno Professor

Anthony R. Lowry Utah State University Assistant Professor of Geophysics

lan MacGregor Smithsonian Institution Science consultant

Maria Beatrice |Magnani CERI - University of Memphis Assistant Professor

Chris Marone Pennsylvania State University Prof. of Geophysics

Stephen Marshak University of lllinois grgfe§sor and Director School of Earth Society
nvironment

Stephen McNutt Geophysical Inst. University of Fairbanks,Alaska | Research Professor

Charles Meertens UNAVCO Facility Director

Timothy Melbourne Central Washington University Professor

David Mencin UNAVCO/PBO Senior Engineer/BSM Operations Manager

M Meghan Miller UNAVCO President

David Mogk Montana State University Professor of Geology

Mark Murray New Mexico Tech Research Professor

Jessica Murray-Moraleda |U.S. Geological Survey Research Geophysicist

Susan Owen Jet Propulsion Lab Research Geophysicist

Gary Pavlis Indiana University Professor

Terry Pavlis University of Texas at El Paso Professor

James Pechmann University of Utah Research Associate Professor

Zhigang Peng Georgia Institute of Technology Assistant Professor

David Phillips UNAVCO Project Manager Geodetic Imaging

Terry Plank Lamont-Doherty Earth Observatory Professor

Fred Pollitz U.S. Geological Survey Menlo Park Research Geophysicist

Jay Pulliam Baylor University Professor

Christine Puskas University of Utah Postdoctoral Fellow

Sarah Roeske Geology Dept. University of California Davis Research Geologist

David Sandwell Scripps Institute of Oceanography Professor

Jeanne Sauber NASA Goddard Space Flight Center Staff Geophysicists

Adam Schultz Oregon State University Professor

Giovanni Sella NOAA-NGS CORS Program Manager

John Shervais Utah State University Professor

David Simpson IRIS President

Ramesh Singh Chapman University Professor

Joann Stock California Institute of Technology Professor of Geology & Geophysics

Wayne Thatcher U.S. Geological Survey Research Geophysicist

Basil Tikoff University of Wisconsin - Madison Professor

Chad Trabant IRIS Data Management System Director of Projects

Anne Trehu Oregon State University Professor & ESNO Director

Aaron Velasco University of Texas at El Paso Professor and Chair

Frank Vernon University of California, San Diego Research Geophysicist

Jeff Vervoort Washington State University Associate Professor

Lara Wagner University of North Carolina-Chapel Hill Assistant Professor

Gregory Waite Michigan Tech Assistant Professor

Guoquan Wang University of Puerto Rico at Mayaguez Assistant Professor

Linda Warren National Science Foundation EarthScope Associate Program Director

Jim Whitcomb National Science Foundation Section Head Deep Earth Processes

Michael Williams University of Massachusetts Professor

Paul Winberry Central Washington University Researcher

Bob Woodward IRIS Director USArray

Michael Wysession Washington University Associate Professor

Yingjie Yang University of Colorado Senior Research Associate

Peter Zeitler EES Dept. Lehigh Univ. Professor
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9.4 Credits

WORKSHOP PLANNING COMMITTEE

Michael Williams (University of Massachusetts Amherst) — co-chair
Karen Fischer (Brown University) — co-chair

Jeff Freymueller (University of Alaska Fairbanks)

Basil Tikoff (University of Wisconsin at Madison)

Anne Tréhu (Oregon State University and EarthScope National Office)

‘The workshop planning committee also served as
the editorial committee for this report.

SPECIAL THANKS

WRITING TEAM

Rick Aster (New Mexico Tech)

Cindy Ebinger (University of Rochester)
Bill Ellsworth (U.S. Geological Survey)
John Hole (Virginia Tech)

Susan Owen (Jet Propulsion Lab)

Terry Pavlis (University of Texas, El Paso)
Adam Schultz (Oregon State University)
Mike Wysession (Washington University)

The following members of the EarthScope community volun-

teered detailed and constructive reviews of the draft plan:

Geoff Abers Goran Ekstrom
Falk Amelung Gary Fuis

Bruce Applegate Charlotte Goddard
Jay Bass Jim Hibbard

John Braun Andrea Jayko
Jochen Braunmiller ~ Kristine Larson
Tom Brocher Chris LeBoeuf
Emily Brodsky Robert Lillie
Vincent Cronin David Mogk

Selected presentations from the workshop and summaries of break-
out group discussions, as well as contributed research summaries
that provided additional background for the report, can be found at
http://www.earthscope.org/meetings/science_planning_workshop.

Paul Mueller

Terry Plank

Evelyn Roeloffs
David Sandwell
David Simpson
Suzan van der Lee
Phillip Wannamaker
Howard Zebker

Support for the Workshop for an EarthScope Science Plan was
provided by the National Science Foundation under award EAR-
0954294 and by the USGS under award GO9PG00244. Additional
support for development of the plan was provided by NSF through
award EAR-0719204 to the EarthScope National Office.
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