


EarthQuakes
When the

Background: A UNAVCO team 
installs a GNSS monitoring sta-
tion in Alaska. Stations operate 
unattended and send data to 
regional connection points via ra-
dio datalinks—courtesy of Michael 
Jackson, Trimble.

Inset: UNAVCO !eld engineer 
Peter Gray installs an EarthScope 
PBO reference station on Mt. St. 
Helens in Washington; Mt. Rainier 
is in the background—courtesy of 
Mike Jackson.
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Background: This digital point-cloud recon-
struction of a tyrannosaurus rex (“Stan”) at 
the Manchester Museum of the University of 
Manchester, United Kingdom was created in 
LFM software. T he U.S. Geological Survey (USGS) reported that in 2011 

we experienced more than 2,420 earthquakes of mag-
nitude 5.0 or larger worldwide. That’s 10% more than in 
2010 and more than 30% higher than the average over 
the previous 10-year period. At the same time, global 
population has increasingly concentrated in urban cen-
ters, many of which are located in known hazard zones. 
Aging infrastructure in many urban centers increases 
the potential impact of any hazardous event. To miti-
gate the risk, scientists are using GNSS to develop an in-
creased understanding of the motion of Earth’s tectonic 
plates. This knowledge enables emergency managers to 
reduce damage and improve emergency response. 

Measuring Tectonic Motion
Geophysicists describe three types of seismic motion 

related to the Earth’s plates. Interseismic motion is the 
ongoing slow, elastic movement of plates that occurs 
between large earthquakes, without movement on the 
fault itself. Coseismic motion, caused by excessive stress 
from this movement, is visible in the shaking and rapid 
displacement of the surface during an earthquake and 
its aftershocks. 

Following an earth-
quake event, the fault 
experiences postseis-
mic motion, in which 
the stresses around the 
fault are redistributed or 
released as a result of the 
changes caused by the 
quake. In some cases, 
postseismic surface mo-
tion can be more than 1 
cm (0.03 ft) per day as 
the fault settles into its 
new normal state. Then 
the interseismic motion 
resumes, and the cycle 
repeats. 

For decades, researchers have used seismic sensors 
to detect the Earth’s surface motion. In concept, a seis-
mometer consists of a housing attached to the earth. 
Inside the housing, a mass is suspended on a spring. 
When the earth moves, the housing moves with it. But 
the mass, isolated by the spring, tends not to move. This 
enables the seismometer to measure the velocity of the 
ground relative to the stationary mass. 

Different seismometers are calibrated to detect dif-
ferent types of motion and are especially useful at higher 
frequencies where the earth is shaking at 1 Hz or fast-
er. While seismometers excel at measuring the magni-
tude and frequency of even tiny movements, they can’t 
determine the overall direction or distance moved, and 
they tend to stop working or saturate during very large 
displacements. 

For more than two decades, GNSS has played 
a central role in understanding the movement 
of the Earth’s surface. Today, GNSS helps plan, 
manage, and respond to seismic emergencies. 

By John Stenmark, LS

A young Chilean views the damage 
from a 2010 earthquake to Route 
P-22 west of Arauco—courtesy of 
Leonardo Perez (IGM).
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second. This rapid update allows the 
RTN to capture coseismic shaking in 
real time. The RTN also distributes refer-
ence information that enables individ-
ual GNSS rovers to compute their own 
positions with high precision.

The CORS stations serve two func-
tions. For the geophysicists, they can 
measure all three types of seismic mo-
tion, thus providing a detailed picture 
of movement before, during, and after 
an earthquake. The second function of 
CORS is to provide geodetic reference 
points that can be used by scientists, 
surveyors, and emergency respond-
ers following a disaster. While these 
three groups have different functions 
and goals, they all require an accurate 
reference frame for their positioning 
operations. 

Complementary Approaches
In New Zealand, John Beavan is a 

crustal dynamics geophysicist at GNS 
Science, a Crown Research Institute. 
Beavan, who has used GNSS for de-
cades, says that the campaign and CORS 
approaches are complementary. In areas 
of low strain, campaign GNSS is suffi-
cient to take measurements over periods 
of years. It’s an accurate and cost-effec-
tive way to provide precise data on the 

systems developed at the University of 
Hawaii and Ohio State. The equipment 
allowed researchers from these orga-
nizations to respond to the earthquake 
within days.

The second method used by geo-
physicists employs continuously op-
erating reference stations (CORS) that 
capture and record GNSS data. A CORS 
site includes a permanently installed 
GNSS receiver together with power and 
communications equipment. Data from 
multiple CORS can be collected and 
processed to provide precise informa-
tion on the continuous motion of the 
GNSS sensors. In some regions, scientif-
ic organizations have established CORS 
networks for research in geophysical, 
atmospheric, or other sciences. In oth-
er locales, governments or private firms  
 

install CORS to provide reference frames 
for positioning needs in surveying, con-
struction, agriculture, and other com-
mercial applications. 

In many areas, multiple CORS are 
connected into a real-time network 
(RTN) that receives a continuous stream 
of data from the individual CORS. The 
RTN combines the information from the 
multiple CORS to compute relative po-
sitions of each CORS, updating the po-
sitions as often as several times each 

That’s where GNSS comes in. GNSS 
can measure the long, slow interseismic 
motion with high precision. It can also 
capture the rapid changes that occur 
during the coseismic earthquake event. 
According to USGS geophysicist Ken 
Hudnut, these GNSS capabilities make 
it a valuable tool in seismic studies. “The 
biggest things we’ve learned from GNSS 
are in the areas where there is really no 
other suitable sensor technology,” Hud-
nut said. “For plate tectonic movements, 
and for the buildup of strain before an 
earthquake and the postseismic move-
ment after an earthquake occurs, GNSS 
is unique.”

Geophysicists measure with GNSS in 
two ways. They use “campaign GNSS” to 
periodically measure designated points 
over long periods. For example, a team 
will visit a point once per year to collect 
hours (or days) of static GNSS obser-
vations. With this approach, it is pos-
sible to measure interseismic motion 
at a relatively large number of points 
in a given area over a number of years. 
This provides a detailed picture of the 
surface motion near a known fault and 
helps scientists estimate the stresses 
accumulating deep underground. 

Immediately after an earthquake, 
teams attempt to recover and remea-
sure as many campaign points as pos-
sible. The data lets them develop an 
accurate picture of the coseismic mo-
tion. Timely measurement is impor-
tant, as postseismic motion provides 
important clues about the behavior 
of the fault. Following an earthquake, 
scientists want to measure as many 
campaign points as possible before 
the coseismic motion is masked by 
postseismic movement. 

To facilitate this rapid response, 
UNAVCO (Boulder, Colorado), the 
University of Hawaii, The Ohio State 
University, and others have devel-
oped GNSS campaign kits designed 
for rapid deployment to earthquake 
zones. (In response to the 2010 Maule 
earthquake in Chile, UNAVCO supplied 
25 campaign kits to research teams, and 
Trimble donated nine Trimble NetRS ref-
erence stations.) The campaign kits con-
tain dual-frequency, survey-grade GNSS 
receivers with geodetic antennas as well 
as power supplies and communications 
equipment to support continuous, un-
attended operation. These systems were 
coupled with rapidly deployable monu-
ments and power and communications 
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Above: Kirby MacCleod of GNS Science oper-
ates a GNSS receiver during a measurement 
campaign in Fiordland; the data was used for 
measuring the coseismic deformation of the 
Mw 7.8 Dusky Sound earthquake in July 2009.

Opposite: Vectors indicate horizontal coseis-
mic displacements in China and Japan from 
the March 2011 M9.0 earthquake—data for 
green vectors courtesy of GSI, solutions courtesy 
of the ARIA team at Caltech and JPL, graph 
courtesy of CMONOC.

slow surface motion. Seismically active 
or densely populated areas benefit from 
CORS observations. 

Beavan said that Japan stands out in 
its GNSS monitoring; Japan’s Geospa-
tial Information Authority is considered 
one of the best GNSS monitoring net-
works in the world. Taiwan and west-
ern North America have well-developed 
networks as well. In China, the Crustal 
Movement Observation Network of Chi-
na (CMONOC) has more than 260 mon-
itoring stations in place using Trimble 
NetR8 GNSS reference receivers. When 
the magnitude 9.0 earthquake struck 
eastern Japan in March 2011, CMONOC 
receivers, as far as 600 mi (1,000 km) 
from the epicenter, revealed local co-
seismic displacements of 0.02 to 0.12 ft 
(5 to 36 mm).

Other regions, including Indonesia 
and parts of South America, have na-
scent networks in place, including some 
real-time networks. But to better pro-
tect their populations and economic 
infrastructures, these areas need to in-
crease the number of permanent GNSS 
stations. 

Science and the Surveyor
CORS networks are often integrated 

with scientific and commercial appli-
cations. In Washington, the Washing-
ton State Reference Network (WSRN) 

is a statewide cooperative made up of 
more than 100 GPS and GNSS reference 
stations. WSRN uses Trimble VRS tech-
nology to provide real-time positioning 
services for surveying and other high-
precision positioning users. The WSRN 
receivers also form part of the Pacif-
ic Northwest Geodetic Array (PANGA), 
a network of approximately 350 CORS 
in the Pacific Northwest managed by 
the Geodesy Lab at Central Washing-
ton University. PANGA data is available 
to surveyors and other commercial us-
ers. Similarly, UNAVCO’s Plate Boundary 
Observatory (PBO) operates more than 
1,100 GNSS reference stations in a net-
work concentrating on 11 western states 
plus Alaska and Puerto Rico. PBO pro-
vides free access to PBO data products. 

Back in New Zealand, John Beavan 
explained how GNS Science and New 
Zealand’s Earthquake Commission es-
tablished the GeoNet project to provide 
a modern geological hazard monitor-
ing system. GeoNet is a network of geo-
physical instruments (including GNSS, 
seismometers, and other geophysical 
instruments) and specialized software 
to detect, analyze, and respond to seis-
mic activity. The GNSS network is made 
up of more than 180 Trimble NetR9 and 
NetRS GNSS reference receivers. GNS 
Science operates GeoNet in collabora-
tion with Land Information New Zea-

land (LINZ), the national department 
for geodetic and cadastral surveys. LINZ 
uses GNSS data from roughly 40 Geo-
Net CORS as part of its PositioNZ con-
trol network, making the data available 
for post-processed and real-time posi-
tioning. Additionally, iBASE, a privately-
operated RTN, uses data from PositioNZ 
and Trimble VRS3Net App to provide 
real-time, centimeter-level positioning 
in 16 regions throughout the country. 

GeoNet, LINZ, and iBASE cooperate 
to address scientific, engineering, and 
humanitarian needs, and GeoNet played 
a key role in emergency response to the 
2010 and 2011 quakes. The GNSS net-
work also helped determine the extent 
of horizontal ground movement, up-
lift, and subsidence resulting from the 
quakes. (For more on the New Zealand 
quakes, see PSM’s March 2012 feature.) 
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Earthquakes in California
Over the past decade, the increasing-

ly dense GNSS networks have enabled 
deeper understanding of seismic activ-
ity on the faults and plate boundaries. 
Researchers combine GNSS data with 
historical reports of past earthquakes to 
make calculations on stresses accumu-
lating on the faults. From there, it’s possi-
ble to develop estimates on the strength 
of future quakes. These estimates, often 
presented as seismic hazard maps, indi-
cate the amount of surface shaking from 
an earthquake at various probability lev-
els. But there is no way to predict when 
or where an earthquake will occur with 
any useful certainty. The best we can 
do is to understand the risk and be pre-
pared for the unexpected. An agency in 
California is doing just that. 

The California Emergency Manage-
ment Agency (Cal EMA) is tasked to en-
hance safety and preparedness against 
natural disasters. California faces threats 
from multiple natural sources including 
earthquakes, wildfi res, landslides, and 
tsunamis. Cal EMA works closely with 
emergency managers, scientists, and 
engineers to understand risks and plan 
for emergency response. With hundreds 
of CORS providing real-time data, Cali-
fornia is one of the most closely moni-
tored locations on the planet. 

Cal EMA program deputy Kate Long 
said that the seismic research helps re-

duce casualties and damage from earth-
quakes. It’s no accident that Cal EMA’s 
Earthquake and Tsunami (ET) program 
offi ce is housed at the California Insti-
tute of Technology (Caltech), alongside 
the USGS and other seismic experts. 
“We need the information for planning,” 
Long said. “If the scientists are seeing ar-
eas of signifi cant displacement, we are 
interested in that.” 

Jim Goltz, who recently retired as ET 
program manager and still works at the 
Caltech facility, described how a group 
of nine scientists, called the Califor-
nia Earthquake Prediction Evaluation 
Council (CEPEC), uses the information. 
Any time there is anomalous seismic ac-
tivity in the state, Cal EMA can consult 
with CEPEC to look at the data and con-
sider the risks. 

When an earthquake does strike, Cal 
EMA increases its reliance on GNSS data. 
Long and Goltz are part of the emergen-
cy mobilization center at Caltech where 
they see the seismic and GNSS informa-
tion as soon as it is available. Their job is 
to translate the science into actionable 
data for decision makers. “The response 
from the geodetic network has its great-
est value in the fi rst few minutes and 
hours after an event,” Goltz said. 

During an earthquake, the largest 
motion may not occur along the fault. 
Landslides, subsidence, and liquefac-

tion can produce larger displacements 
than those observed along a fault line. 
Real-time GNSS networks can indentify 
the motion and deliver the data to emer-
gency teams. That information is used 
to make decisions on deployment of 
emergency resources. For example, Cal 
EMA can direct reconnaissance teams 
to specifi c locations to check for damage 
to lifelines such as water and gas mains, 
roadways, and communications facili-
ties. “In the fi rst few hours, we need to 
cut through the confusion,” Long said. 
“We need to establish ground truth in 
the affected areas. Then we can pinpoint 
and deploy resources to the most acute 
problems.” 

A Stable Future
Both Goltz and Beavan look to an 

increased role of GNSS in earthquake 
studies and mitigation. One promis-
ing application uses GNSS to issue early 
warnings for tsunamis. A series of GNSS 
sensors along a coastline can detect an 
earthquake offshore, even it if isn’t felt 
by local residents. The GNSS data can let 
offi cials issue alerts quickly after a tsu-
nami-generating quake, giving residents 
valuable time to move to higher ground. 

While the knowledge base of plate 
tectonics and seismic activity continues 
to grow, it remains impossible to predict 
when or where an earthquake will strike. 
“There is no certainty,” Beavan said. 
“The best we can do is to say there is an 
x percent probability that a magnitude y 
quake will occur in a certain geograph-
ic region in the next n years.” While this 
seems quite nebulous, it is a big im-
provement over years past. We can’t pre-
dict earthquakes, but we can certainly 
be better prepared for them.

See our website for a more detailed 
version of this article that includes in-
formation on the history of earthquake 
measurement and specifi c efforts around 
the globe to respond to earthquakes and 
other disasters using mapping and mon-
itoring technology.

JOHN STENMARK, LS, is a writer and con-
sultant working in the AEC and technical 
industries. He has over 20 years experi-
ence in applying advanced technology to 
surveying and related disciplines.

Ken Hudnut takes photos of the fault scarp 
in Baja California in Aug. 2010 following the 
El Mayor - Cucapah earthquake—courtesy of 
Prof. John Fletcher, CICESE.
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