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HARNESSING

™HE GPS DATA

By Geoffrey Blewitt,
William C. Hammond,
and Corné Kreemer

hie Earth has moved, and you need to
~know where, how much, and why. Imag-
ine that you are a volcanologist in Indo-
' nesia wanting to predict eruptions by
detecting rapid land uplift. Or maybe you
are a flood forecaster in Texas needing
~ - - dataon how fast the coast is subsiding. Perhaps you
— are a geologist in Tanzania who dreams of measuring
* the East African Rift’s slow spread apart.

‘% What’s the one data set that can help you todo
these things and more? It is the rich trove of informa-
. tion from GPS. The.good news is that zbu have free.
access to this treasure trove in a one-stop shop, pro-
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A GPS station_in Lassen Volcanic National Park in California. Credit: Larry Larsen/
_Alamy Stock Photo. ) 2
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Artist’s impression of a GPS Block IIF satellite, one of the newest GPS
satellites in orbit. Credit: NASA

vided by the Nevada Geodetic Laboratory (NGL; bit.ly/Eos
_NGL).

NGL takes raw GPS data from more than 17,000 stations
around the globe and makes data products that are multi-
purpose. For example, the same data can be used to study
the tectonics of continental rifting and to improve the global
reference frame for studies of global sea level change.

Anyone can access all these data through our portal. But
we recognize the sheer volume. We recognize that the
sheer volume of the total set of GPS data is overwhelming,
so we’ve built an interface that lowers the barrier to partic-
ipation by novice users of GPS data and allows them to
pursue their own investigations.

Geodesy and Beyond

Thanks to a series of innovations and exponential growth
over the past 3 decades, GPS has become an important tool
for geodesy and geophysics, pushing forward the science
and precise measurement of the Earth’s various active
processes. GPS now forms an integral component of the
newest generation of Earth science and natural hazard
assessment capabilities for monitoring and understanding
earthquakes, tsunamis, volcanoes, mountain growth, aqui-
fers, sea level, glaciers, ice sheets, mantle flow, terrestrial
water storage, and water vapor, to name a few.

The field of geodesy—which measures the size, shape,
gravitational field, and spin of the Earth and how they all
change over time—was the first to use GPS for science. In
fact, geodesy had been instrumental in improving GPS data
analysis that enables pinpoint positioning using high-
precision equipment. But now the scope of applications is
broadening rapidly.

We are witnessing an exponential explosion in the
number of geodetic-quality GPS stations around the
globe, in the amount of data collected, and in the quan-
tity and variety of data products for scientific applica-
tions. This explosion is both a cause and an effect of sci-
entists’ starting to use GPS data from many traditionally
nongeodetic disciplines. Moreover, feedback from multi-
ple disciplines leads to improved models of geodetic
observables, thus improving GPS data products for all.

Harnessing the data is therefore essential to enabling
new applications and discoveries. Doing this requires
implementing an operational system that makes it easier
for inexperienced users to access the data and conduct
their own investigations.

NGL’s operational system fills this need. What’s more,
we foster geoscience collaboration and education by mak-
ing our GPS data products open access.

A Changing Landscape

In the early days of GPS, geodesists expended enormous
effort to improve positioning precision for regional net-
works of just a few GPS stations. Now we obtain and pro-
cess data from a global distribution of stations. NGL
obtains all the available geodetic GPS data—currently from
more than 17,000 stations—to place every observation in
the context of every other observation in a global frame of
reference aligned with Earth’s center of mass.

Managing the resulting flood of data has challenged us
to invent new processing strategies, automatic systems,
algorithms, and robust estimation techniques. Our system
now produces, and makes publicly available, data products
such as position coordinates (latitude, longitude, and
height) for all geodetic-quality GPS stations around the
globe that are known to us with various data intervals,
latencies (lag times between when data are collected and
when they are available to use), and reference frames that
might be useful to other users.

Hundreds of organizations collect, manage, and distrib-
ute the original data from these stations. These organiza-
tions cooperate under various service-oriented institu-
tions, such as the International Global Navigation Satellite
Systems Service (IGS) and UNAVCO, a university-governed
consortium that facilitates geoscience research and educa-
tion using geodesy.

In total, NGL scours more than 130 Internet archives in
an attempt to find all possible useful GPS data so that users
need to visit only one access point to get all the data prod-
ucts they require, from the scale of a city to the scale of the
entire planet.

An Open-Access Resource

NGL makes its data products available online, including
metadata, lists of stations, plots of position coordinates,
tables of data holdings, and descriptions of new items
relating to the products. Stations in a given field area can
be found using a clickable and scalable interactive map. All
products are openly available, many as simple text files,
allowing data to be accessed automatically and built into an
analysis workflow.

Every week, NGL updates the daily position coordinates
of some 10,000 stations. Every day, we update 5-minute
position coordinates for more than 5,000 stations. Every
hour, we update 5-minute position coordinates for about
2,000 stations. These lower-latency products have proved
to be useful, for example, for gaining early insight into
large earthquakes by measuring permanent coseismic dis-
placements and postseismic displacements caused by fault
after-slip and upper mantle relaxation.

NGL also routinely updates station velocities—the speed
and trajectory at which stations are moving in the global
reference frame—which can be used to image the rates of
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We are witnessing an exponential explosion in the number

of geodetic-quality GPS stations around the globe.

deformation of Earth’s surface for a variety of interdisci-
plinary applications. These velocities are estimated
robustly using the Median Interannual Difference Adjusted
for Skewness (MIDAS), a median-based GPS station veloc-
ity estimator that is insensitive to outliers, seasonality,
step functions (abrupt changes) arising from earthquakes
or equipment changes, and statistical data variability [Ble-
witt et al., 2016]. MIDAS also provides velocity error bars
based on subsampling the data that prove to be realistic,
for example, when comparing estimated velocities of sta-
tions that are close to each other or are separated by a tec-
tonically stable region. Furthermore, documented step
functions are made available, with links to known earth-
quakes and equipment changes.

Expanding Capabilities

The availability of precise GPS data that are dense in space
and time is transforming how scientists model and visual-
ize active Earth processes in ways we would never have
imagined 3 decades ago.

For example, we recently extended our median-based
robust techniques to map motions of Earth’s surface from
GPS point data [Hammond et al., 2016]. Figure 1 shows the
high resolution we can now obtain in the patterns of verti-
cal crustal motion from various processes including glacial
isostatic adjustment (GIA), the slow continent-scale relax-

ation of North America following the Last Glacial Maxi-
mum. Images such as this can help to constrain parame-
ters of GIA models [Kreemer et al., 2018).

In this way, such complete automation of the processing
of all potentially valuable data into freely available prod-
ucts allows everyone to focus more on discovery and inter-
pretation of the results. This data-rich approach provides
greater data redundancy, reproducibility, and statistical
significance of scientific findings.

There’s more: One person’s “noise” may actually be
someone else’s signal. As a necessary part of accurately
determining coordinates of GPS stations, geodesists need
to model and estimate variability in atmospheric refraction
of the GPS signal, which is strongly influenced by water
vapor. Data products derived from these models are useful
to scientists for whom atmospheric refraction is a nuisance
(e.g., those calibrating satellite radar data). To support
research in using these products, NGL recently made a new
data product publicly available: the time series of tropo-
spheric refraction parameters (i.e., total zenith delay and
2-D gradient in delay) every 5 minutes starting in 1996
from all available GPS stations.

But this refraction information—a globally and tempo-
rally self-consistent data set of 35 million daily station
files—provides finely detailed data on the time evolution
of atmospheric water vapor. This information, when com-

2020 VETLESEN PRIZE

ACHIEVEMENT IN THE EARTH SCIENCES

Call for Nominations

Past Vetlesen Laureates
2017 Mark A. Cane, 5. George Philander
2015 Sir R. Stephen J. Sparks

2012 Susan Solomon, Jean Jouzel

2008 Walter Alvarez

Nominations should be sent
prior to 30 June 2019 to:

Sean C. Solomon, Director
Lamont-Doherty Earth Observatory
PO Box 1000

61 Route 9W, Palisades, NY 10964
Tel: 845/365-8546

or via electronic submission to:
vetlesenprize@ldeo.columbia.edu

Lamont-Doherty Earth Observatory
COLUMBIA UNIVERSITY | EARTH INSTITUTE

The Vetlesen Prize, established in 1959 by the G.
Unger Vetlesen Foundation, is awarded for scientific
achievement that has resulted in a clearer understanding
of the Earth, its history, or its relations to the universe.
The prize consists of a medal and a cash award of
$250,000. Nominations are now open for the next prize,
which will be awarded in 2020.

The prize is awarded to a single individual, who can
reside and work anywhere in the world. The prize
is administered by Columbia University’s Lamont-
Doherty Earth Observatory.

Nomination packages should include at least two letters
that describe the nominee’s contributions to a fuller
understanding of the workings of our planet, along
with a one-paragraph biographical sketch and the full
curriculum vitae of the candidate.

For more information about the Vetlesen Prize:
www.ldeo.columbia.edu/the-vetlesen-prize

2004
2000
1996
1993
1987

198

1978
1974
1973
1970
1958
1956
1954
1952
1950

W. Richard Peltier, Sir Nicholas ]. Shackleton

W. Jason Morgan, Walter C. Pitman [II, Lynn R. Sykes
Robert E. Dickinsan, John Imbrie

Walter I Munk

Wallace 5. Broecker, Harmon Craig

M. King Hubbert

J. Tuzo Wilson

Chaim L. Pekeris

William A. Fowler

Allan V. Cox, Richard R. Doell, §. Keith Runcorn
Francis Birch, Sir Edward Bullard

Jan Hendrik Oort

Pentti E. Eskola, Arthur Holmes

Sir Harold Jeffreys, Felix Andries Vening Meinesz
Wi Maurice Ewing

Earth & Space Science News

Eos.org // 21




Even fundamental physics is fair game, as we collaborate
with physicists using the constellation of GPS atomic clocks

as a giant dark matter detector.
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ers for less experienced investi-

H

gators wishing to participate in
the geodetic community, for
example, by installing new GPS
10 stations in a region currently
with sparse coverage, such as
Africa. The idea is that any inves-
= tigator can register a newly
installed GPS station and deposit
data at the UNAVCO archive, and
in return, NGL will process the
data and provide the data prod-
ucts outlined above.

In our experience, the capabil-
ity to process all known datain a
-0  robust turnkey fashion enhances
opportunities for everyone to
make scientific discoveries with-
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out necessarily preplanning all of
the steps that lead to discovery’s
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Fig. 1. GPS stations (circles) and observed rate of vertical displacement of continental North America. Gla-
cial isostatic adjustment dominates this displacement: uplift (red) in Canada and subsidence (blue) in the
United States. California’s Central Valley and the Gulf Coast of Texas and Louisiana exhibit rapid subsid-

door. For example, even funda-
mental physics is fair game, as we
collaborate with physicists using
the constellation of GPS atomic

ence. White regions are statistically consistent with zero motion with respect to Earth’s center of mass.

Rates are plotted on a log scale and interpolated using the GPS imaging method of Hammond et al. [2016].

clocks (on board GPS satellites) as
a giant dark matter detector [Rob-

bined with other data sets, can help with studies of how
climate has behaved over the past 2 decades.

Quality assurance (QA) data are also provided daily
for every station on the basis of statistical analysis of
the processed data, such as how well models fit the raw
observations. Investigators can use QA data to validate
data products before they are ingested into geophysical
analysis, for example, to identify when GPS data start to
degrade because of equipment failure. QA data can also
identify which GPS stations provide the highest-quality
data and which are subject to such environmental
effects as excessive multipath error (caused by reflected
GPS signals in the station environment) or sky obstruc-
tions.

Benefits of Open Access

The success of this enterprise depends critically on the
principle of open availability of GPS data provided by con-
tributing networks. This availability allows us to provide
open, online access to the data products. As a result, net-
work operators can see how results from their data com-
pare with those from other networks, and data users can
quickly access results without having advanced data pro-
cessing expertise. This creates a win-win situation for
everyone concerned.

Motivated by this, NGL and UNAVCO jointly developed
the Plug and Play GPS project (bit.ly/Plug_Play_GPS),
funded by NASA’s Advancing Collaborative Connections
for Earth System Science (ACCESS; bit.ly/Eos_access)
program. The goal of Plug and Play GPS is to reduce barri-

erts et al., 2017). The idea is that

forces of nature possibly associ-
ated with dark matter might affect the highest-precision
devices ever invented: atomic clocks. Comparing atomic
clocks in space is something GPS has been doing routinely
for decades!

The possibilities are seemingly endless. NGL is com-
mitted to continuing to provide this long-running service
to the scientific community, and we encourage research-
ers to explore these data sets and apply their creative
skills to scientific investigations that have yet to be con-
ceived.
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