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TODAY’S TOPICS

Geodetic Capabilities 
•Geodesy Toolbox for Geosciences 
•Plate Boundary Observatory - a network of geodetic observing systems 
•Key observables 

Modes of Deployment & Levels of Support 
•UNAVCO-led community Networks
•UNAVCO-assisted PI Networks with different levels of support

• O&M, network monitoring, data recovery, data management & archive
•GPS Seamless Archive Centers  

Science Contributions & Emerging Opportunities
•Time-variant deformation
•Sensing Earth Environment
•Supporting a dynamic reference frame
•A new generation of InSAR - open Sentinel, NISAR observations and opportunities for GPS-InSAR integration
•GRACE Follow On 
•Seafloor geodesy
•Federation of GPS Archives across the Americas



A GEODESY TOOL BOX FOR GEOSCIENCES

of the Earth, and their change with time – is among the most 

ments in global infrastructure drive towards millimeter-level 

diverse array of Earth processes both within and beyond solid 

-
cision and sampling rate locally, regionally, and globally; 
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A GEODESY TOOL BOX FOR GEOSCIENCES

Point Observations:
GPS      Global Positioning System - 3D daily positions with sub-
centimeter uncertainty in a dynamic global reference frame

RTGPS High Rate, Real Time GPS - 1 Hz or 5 Hz sample rate 
streaming with ~0.5 second latency, several centimeters uncertainty 
on epoch-by-epoch positions - local or global reference frame

GNSS    Global Navigation Satellite Systems – International satellite 
navigation systems like GPS for positioning with global coverage 
(GLONASS, BEIDOU, GALILEO, IRNSS) 

GPS/Meteorology - Integration of weather observations (Met Pack) 
with tropospheric water vapor GPS observations 

Tide Gauge-GPS Colocation - Integration of water level 
measurements in a global reference frame

GRACE-GPS Integration - Integration of gravity observations with 
GPS ground control

Geodetic imaging:
InSAR   Interferometric Synthetic Aperture Radar – differenced 
pairs of satellite radar images that map deforming zones such as 
faults, volcanoes, glaciers, and aquifers
 
LiDAR   Light Detection and Ranging

 TLS       Terrestrial Laser Scanner – ground-based LiDAR, 
typically mounted on a tripod, providing very high-resolution 
imaging of small areas

Borehole Geophysics:
Borehole Strainmeter – measures the change in shape of a 
borehole at approximately 200 m depth with sensitivity at the 
scale of one ten-millionth of a human hair

 
Borehole Seismometer – measures ground deformation at very 
high frequencies with great sensitivity and is collocated with a 
borehole strainmeter in the Plate Boundary Observatory

 
Tiltmeter – measures the changing inclination of the Earth's 
surface over time, at a scale of one ten-thousandths of a degree



EARTHSCOPE PLATE BOUNDARY OBSERVATORY

Integrating geodetic observations for full spectrum 
deformation characterization:
•1,100+ cGPS
•~400 RT-GPS
•collocated meteorologic observations 
•Borehole systems combining:

• 79 strain meter, seismometer ± pore pressure 
@ ~250 meters depth

• 25 tilt meter in a shallow bore for inaccessible 
volcano settings

•Additional campaign & long-term GPS deployments
•Geodetic Imaging - GPS-InSAR
•Integration with USArray tomography

Science and impact goals:
•characterize the structure and evolution of the 
North American continent
•Provides civil Earth observations beyond science - 

• earthquake, volcano, hydrology & climate 
hazards

• for surveying & reference frame products



Ground deformation:
•3D point motion - 5 Hz to daily, weekly positions, 
with sensitivities from mm to cm
•Borehole strain with nm sensitivity
•Seasonal and other periodic variations
•Episodic or protracted deformation events
•Velocity field

Environmental factors:
•Meteorological observations at the ground surface
•Soil moisture
•Vegetation index
•Water level, snow depth, and other changing 
reflective surfaces
•Precipitable water vapor in the troposphere
•Volcanic ash plumes
•Excitement of the ionosphere by solar storms, 
earthquakes, and tsunamis
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TLALCOCNET & 
COCONET

COCONet Plan:  83 New and Refurbished 
cGPS-Met Stations

COCONet Stations Completed: 71

COCONet Stations To Be Completed:  12

Tide Gauge Stations:  2

TLALOCNet Plan:  37 New and Refurbished 
cGPS-Met Stations (including UNAM stations)

TLALOCNet Stations Completed: 14

TLALOCNet Stations To Be Completed:  23 
(11 UNAVCO, 12 UNAM)

Baja California RAPID   
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cGPS to be installed on 
the pier and within 5 km 
of the pier, will add GPS 
to 2 existing tide gauge 
stations.
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Seafloor Geodetic Approaches to Subduction Thrust Earthquakes 

Fujimoto 
2013

H. Fujimoto: Seafloor Geodetic Approaches to Subduction Thrust Earthquakes 29

Fig. 6. Schematic illustration showing the concept of an observation system to monitor local crustal movements (courtesy of Prof. M. Kido). (a) Four
acoustic units are installed across a splay fault, where localized strain is expected. (b) Master acoustic units (red) transmit acoustic signals to slave
units (blue). The slaves act as precision transponders (PXPs) and return the signals. Then, each of the masters records the return signal to measure the
round-trip travel time. A master also works as a slave for another master. The masters are equipped with ocean bottom pressure recorders (OBPRs)
and temperature recorders (T) to monitor vertical crustal movements and temperature variations. Acoustic paths across the fault (light blue) are used to
detect the horizontal strain, while the paths along the fault (green) are used to monitor the effect of sound speed variation on the acoustic ranging. (c)
Acoustic transducers must be kept at least 3 m above the seafloor (for about a 1 km distance) to ensure that the downward bending path directly reaches
from one to the other. The acoustic unit is sustained by a prop. Its bottom end is connected to an anchor through a universal joint, which reduces the
torque acting on the anchor against bottom currents for long-term installation stability. The apparent change in the range due to the leaning of the prop
can be corrected by a compass and a tiltmeter equipped in each instrument.

et al. (2002) estimated that a splay fault played a key role in
the generation of big tsunamis associated with the Tonankai
earthquakes that have occurred repeatedly off the Kii Penin-
sula. Ito and Obara (2006) showed that very-low-frequency
earthquakes may have occurred near the splay faults and es-
timated the slip rate there to be 2–10 mm/yr. Our plan is to
monitor the activities of these splay faults based on arrayed
acoustic ranging by using the PXPs and differential pres-
sure monitoring by using ocean bottom pressure recorders
(OBPRs), as shown in Fig. 6. The key point is that the two
along-fault lines measure sound speed variations in the study
area because there should be little tectonic displacement each
side of the fault, and that the effect of sound speed variation
on the strike-normal measurements can be corrected by using
the sound speed variations monitored in the two along-fault
lines.

The Tohoku group carried out an experiment from August
2007 to June 2008 to examine the long-term stability of the
acoustic ranging system. Four instruments were deployed
on the flat bottom to form an array as shown in Fig. 6.
Unfortunately one of the master units failed to record the
data, and the observed record covered only four months due
to a problem with the batteries. Each instrument measured
the temperature and the tilt as well as the travel time every
30 minute. The observed round trip travel time between a

master (M2) and each of two PXPs (S1 and S2) indicated
a variation with a peak-to-peak amplitude of about 0.75 m.
Most of the variation was caused by changes in sound speed
due to temperature changes. The repeatability of the acoustic
measurements is markedly improved with the correction for
temperature and tilt, as shown in Fig. 7. The rms residuals of
the results were about 1 cm (Osada et al., 2012a).

3. GPS-Acoustic Geodetic Observations on the
Seafloor

3.1 Measurement system
Since the velocities of tectonic crustal movements are

too slow to be directly measured, Spiess (1985) proposed
a method for measuring seafloor crustal movements based
on repeated precise positioning of an acoustic benchmark.
He planned to measure the position combining sea surface
GPS positioning and underwater acoustic positioning. Then,
seafloor crustal movements are measured on the geodetic
framework of GPS. This method is called GPS-Acoustic
(GPSA) seafloor positioning. A schematic illustration of the
observation is shown in Fig. 8. The PXPs for the acoustic po-
sitioning are basically the same as those for seafloor acoustic
ranging. An array of PXPs acts as the acoustic benchmark
on the seafloor. Three or four PXPs are used to remove the
effect of sound speed variations in the ocean on the acoustic

doi:10.5047/meep.2014.00202.0023 c⃝ 2014 TERRAPUB, Tokyo. All rights reserved.
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Fig. 38. A plan of the cabled ocean floor observatory along the Japan Trench (courtesy of Dr. K. Uehira). The average interval of the stations will be 30
km offshore Northeast Japan and 40 km on the outer rise near the trench. Three-component seismometers and two pressure sensors will be installed at
each station.

of the coastal arrival times and the amplitudes of the first peak
of the tsunami, more than 20 minutes before the maximum
amplitude wave reached the coastal site nearest to the source.

The source region of an earthquake which causes a large
tsunami is generally broad, and OBPRs in the source region
record the effects of both the tsunami and the vertical dis-
placement of the seafloor. Tsushima et al. (2012) proposed
a method of tsunami waveform inversion to accurately esti-

mate a tsunami source by incorporating the effect of perma-
nent seafloor displacements observed by OBPRs within the
source region.

These methods need a longer time for a larger earthquake
due to the longer period of the tsunami generated by a broader
source region. Ohta et al. (2012b) developed an algorithm to
estimate static ground displacements due to earthquake fault-
ing from real-time kinematic GPS (RTK-GPS) time series.

doi:10.5047/meep.2014.00202.0023 c⃝ 2014 TERRAPUB, Tokyo. All rights reserved.

•Seafloor geodesy system 
•S-cable deployment



TODAY’S TOPICS

Geodetic Capabilities
•Geodesy Toolbox for Geosciences
•Plate Boundary Observatory - a network of geodetic observing systems
•Key observables

Modes of Deployment & Levels of Support  
•UNAVCO-led community Networks 
•UNAVCO-assisted PI Networks with different levels of support 

• O&M, network monitoring, data recovery, data management & archive - Rapid response 
•Network of Geodetic Networks for the Americas   

Science Contributions & Emerging Opportunities
•Time-variant deformation
•Sensing Earth Environment
•Supporting a dynamic reference frame
•A new generation of InSAR - open Sentinel, NISAR observations and opportunities for GPS-InSAR integration
•GRACE Follow On 
•Seafloor geodesy
•Federation of GPS Archives across the Americas
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PART 1:  SECTION 3 - GAGE FACILITY PLAN:  THE NEXT FIVE YEARS

GEODESY ADVANCING GEOSCIENCES AND EARTHSCOPE:  THE GAGE FACILITY

VOLUME 1

3.  GAGE Facility Plan:  The Next Five Years
The critical role of US national and global high precision 
geodetic infrastructure has been delineated by a number 
of recent studies completed under the aegis of the National 
Research Council and commissioned by NSF and other 
federal stakeholders, including DoD, NASA, NOAA, and 
USGS.  These documents: Precise Geodetic Infrastructure, 
NRC, [2010]; Tsunami Warning and Preparedness, NRC, 
[2011]; New Research Opportunities in the Earth Sciences 
(NROES), NRC, [2012]; make a compelling case that ad-
ditional resources and renewed commitment to geodetic 
science, instrumentation, and integrated systems of precision 
geodesy is in the US national interest.  Reinvestment in global 
geodetic infrastructure will allow the US, in cooperation with 
its international partners, to address a wide array of emerging 
basic and applied science initiatives. Many of these endeavors 
have direct implications for evaluation of long-term global 
change, mitigation of natural hazards, and the development 
of a strong and diverse technologically literate workforce for 
the next century.  

In the first sections of this proposal, we have outlined the 
tools, techniques and ongoing and emerging scientific issues 
that invigorate the UNAVCO science community.  This sec-
tion describes how the GAGE Facility will play a critical role 
in development and testing of new and existing techniques, 
processes and technologies, installation of enhanced or 
upgraded instrumentation, maintenance of existing geodetic 
resources, in particular the PBO component of EarthScope, 
and, perhaps most importantly, training and field engineering 
support for members of the UNAVCO and the broader global 
geodetic communities in pursuit of their NSF- and NASA-
funded scientific projects.  UNAVCO’s commitment to build-
ing extensible capabilities within its staff and international 
communities has supported a global proliferation of geodesy 
resources that address a broad range of geoscience applica-
tions (Figures 3-1 and 3-2).

During the past decade, the UNAVCO science community 
has been energized by the diversification of its subdisci-
pline communities and the increasing diversity of available 
geodetic technologies and applications.  Part of this enhanced 

Figure 3-1. Growth in global geodesy resources.  In the five years since the last core support proposal, the number of continuously operating GPS (cGPS) stations archived 
at the UNAVCO Data Center has grown considerably and now numbers 2,376 stations.  A proliferation of community networks modeled on the Plate Boundary Observatory 
now provide denser cGPS observations (red) on every continent and rim both Greenland and Antarctica. Campaign observations (yellow) provide even greater spatial density in 
actively deforming zones. Topography from the Global Digital Elevation Model (GTOPO30), U.S. Geological Survey, EROS Data Center Distributed Active Archive Center (EDC 
DAAC). Figure made with GMT.

Levels of Support for Community Networks

• High – UNAVCO Facility provides centralized 
O&M support that may include retrieving the data, 
monitoring station data flow, and proactively 
responding to problems with data flow or station 
hardware. Problems are fixed remotely working with 
collaborators if necessary. If maintenance trips or 
materials are required for O&M, these are funded by 
the PI’s project.
•Medium – PIs or collaborators download the data 
from the stations, monitor station data flow, and 
handle most problems themselves. UNAVCO 
provides engineering and medium-level technical 
support on a request basis. Any UNAVCO 
Engineering maintenance trips and materials required 
for O&M are covered by the PI’s project.

•Low – UNAVCO provides only archiving support 
and a low-level of technical support.  UNAVCO does 
not monitor or download data from the stations.



• Three $200,000 NSF 
  RAPID Proposals 
• Funded in March, April 2010 
  to three PI’s 
• UNAVCO equipment utilized 
•  Involving 10 Government and 

academic institutions from the 
USA, Chile, and Argentina. 

•  Instituto Geográphico Militar (Chile) 
•  Universidad de Concepción (Chile) 
•  Universidad de Chile 
•  Instituto Geográphico Nacional (Arg.) 
•  Universidad Nacional de Cuyo (Arg.) 
•  UNAVCO (USA) 
•  Ohio State University (USA) 
•  University of Hawaii (USA) 
•  University of Memphis (USA) 
•  Caltech (USA) 

Large-scale multi-national, multi-institutional collaboration to install 
25 temporary GPS stations in 4 weeks following the earthquake  

 

In 2011 the stations were made permanent under NSF I&F funding 

Maule, Chile Mw = 8.8 February 27, 2010 NSF-RAPID 
UNAVCO GPS Field Deployments

Support for Community Networks



Coordinated Observations - Maule

See Smalley Poster

EAR!"RAPID'('GPS'Observa2ons'in'Chile'of'Co(seismic'and'
Post(seismic'Deforma2on'Associated'with'the'27'Feb,'2010'
Mw'8.8'Maule,'Chile'Earthquake''

EAR(!"RAPID:''GPS'Observa2ons'in'Argen2na'of'Co(seismic'
and'Post(seismic'Deforma2on'Associated'with'the'27'Feb,'
2010'Mw'8.8'Maule,'Chile'Earthquake"
" "
EAR(!"RAPID'('Data'Communica2ons'Support'for'GPS'
Observa2ons'of'Crustal'Deforma2on'Associated'with'the'
2010'Chile'Earthquake'"
" "

EAR(!"Con2nental'Dynamics:''Collabora2ve'Research:'Great'
Earthquakes,'Megathrust'Phenomenology'and'Con2nental'
Dynamics'in'the'Southern'Andes"
For"the"upgrade"of"25"cGPS"sta6ons"in"Chile"and"Argen6na,"including"purchase"
of"new"GNSS"receivers"and"antennas,"and"associated"field"costs."

Organiza6ons"and"ins6tu6ons"involved:!!UNAVCO,"University"
of"Hawaii,"The"Ohio"State"University,"University"of"Memphis,"
California"Ins6tute"of"Technology,"Universidad"de"Chile,"
San6ago,"Universidad"de"Concepción,"Insi6tuto"Geográphico"
Militar"de"Chile,"Ins6tuto"Geográphico"Nacional"de"
Argen6na,"Universidad"Nacional"de"Cuyo"Argen6na."

Number"of"people"involved:"">"100



Maule earthquake co-seismic & post-seismic deformation
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Smalley,8 & 
Socquet9

2013



DATAWORKS FOR GNSS
•Software and hardware solutions for managing GNSS data 
flow and metadata
•Developed under COCONet and TLALOCNet by 
UNAVCO for international collaboration
•Regional Data Centers established in Barbados, Colombia, 
Mexico, and Nicaragua
•Training conducted in December 2014

GSAC - GNSS Seamless Archive Centers
•For data discovery, access and interaction, initially among 
three U.S. NASA archives
•Based on shared metadata
•The holdings of all archives are visible from each
•Implementation now extended to key European partners

GSAC IMPLEMENTATION ABROAD 
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GSAC - GNSS Seamless Archive Centers
•For data discovery, access and interaction, initially among 
three U.S. NASA archives
•Based on shared metadata
•The holdings of all archives are visible from each
•Implementation now extended to key European partners

GSAC IMPLEMENTATION ABROAD 



NETWORK OF GEODETIC NETWORKS
FOR THE AMERICAS

DATAWORKS FOR GNSS
•Software and hardware solutions for managing GNSS data 
flow and metadata
•Developed under COCONet and TLALOCNet by 
UNAVCO for international collaboration
•Regional Data Centers established in Barbados, Colombia, 
Mexico, and Nicaragua
•Training conducted in December 2014

GSAC - GNSS Seamless Archive Centers
•For data discovery, access and interaction, initially among 
three U.S. NASA archives
•Based on shared metadata
•The holdings of all archives are visible from each
•Implementation now extended to key European partners

Network of Geodetic Networks for the Americas - 
•UNAVCO seeks additional key partners for western 
hemisphere-scale implementation
•Collaborative development and dissemination of tools for 
data management, archiving and distribution 



TODAY’S TOPICS

Geodetic Capabilities
•Geodesy Toolbox for Geosciences
•Plate Boundary Observatory - a network of geodetic observing systems
•Key observables

Modes of Deployment & Levels of Support 
•UNAVCO-led community Networks
•UNAVCO-assisted PI Networks with different levels of support

• O&M, network monitoring, data recovery, data management & archive
•GPS Seamless Archive Centers  

Science Contributions & Emerging Opportunities 
•Time-variant deformation 
•Sensing Earth Environment 
•Supporting a dynamic reference frame 
•A new generation of InSAR - Sentinel, NISAR observations and opportunities for GPS-InSAR integration 
•GRACE Follow On  
•Seafloor geodesy 
•Federation of GPS Archives across the Americas



INFLUENCE  OF TOPOGRAPHY  AND THERMAL CIRCULATIONS
 ON MOISTURE IN THE ATMOSPHERE

Villamil-Ortero, 
Meiszberg, 
Haase,
Min,
Jury,
Braun, 
2014

•educational research for 14 students from University of 
Puerto Rico and Purdue University 

•circulation and moisture from GPS and meteorological 
observations 

•common onshore westerly flow of 4 m/sec - thermally driven 
sea breeze with twin gyres that form a wake 

•diurnal cycling of precipitable water (PW) 
•widespread uplift reflects water loss 
•WRF model overestimates PW in the west - 

evapotranspiration as a mechanism? 
•convective instability leads to local rainfall



GPS DETECTION OF ASH PLUMES AND VERTICAL DEFORMATION DURING THE 
JULY 2003 DOME COLLAPSE:  SOUFRIÈRE HILLS VOLCANO, MONTSERRAT 

Medina, 
Mattioli, 
Braun, 
2013

 COCONet FY2014-Q4 Report  
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In collaboration with Dr. Glen Mattioli and UNAVCO, UCAR/COSMIC (John Braun) and 
UNAVCO (Glen Mattioli) jointly sponsored Josh Russell, a RESESS student from the 
University of Missouri, during the summer of 2014. Josh investigated the use of GPS signals to 
detect volcanic plumes through the analysis of attenuated Signal to Noise Ratio (SNR)  

Figure 4: Left panel. SNR residuals for station MVO1 (see map), the station farthest from the dome that recorded 
GPS data during the 2003 dome collapse. The dome is labeled as SHV and marked with a red cross. Peak 
seismicity is marked by the black line at approximately 3:35 UTC. Right panel: cGPS site locations, which are part 
of the CALIPSO network (Mattioli et al., 2004) on Montserrat (map modified from Mattioli et al., 2010). 
 
observations during the 2003 Soufrière Hills Volcano (SHV) massive dome collapse. The 
results of Josh’s initial work are encouraging (see Figure 4), and Josh is now preparing his 
manuscript for publication and will be presenting his research at the GSA Annual Meeting in 
Vancouver, BC (Russell et al., 2014).   
 
Two manuscripts were accepted for publication in the last quarter. The first, Anthes et al. 
(2014), summarizes the events leading to the installation of a COCONet station in Cuba, and 
the related collaboration of U.S. and Cuban scientists. The second manuscript by Villamil et al. 
(2014), investigates the key atmospheric features of thermal circulations in Mayaguez, Puerto 
Rico.  
 
References: 
Anthes, R., A. Robock, J. C. Antuna, O. Garcia, J. J. Braun, and R. E. Arrendondo: 
Cooperation on GPS-Meterology between the Untied States and Cuba, Bulletin of the 
American Meterological Society, In Publication, 2014.  
 

Joshua B. Russell*12, John J. Braun3, Glen S. Mattioli24 
1University of Missouri, 2UNAVCO, 3UCAR, 4University of Texas Arlington  

Using GPS signal to noise ratio (SNR) observations to detect and characterize the  
volcanic plume associated with the 2003 Soufrière Hills Volcano dome collapse   

*Contact: jbrhy4@mail.missouri.edu 
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observed&across&receivers.&
*
Primary*Observa)ons:*
•  MVO1:(Large(azimuthal(varia#on(in(a2enua#on(

for(July(13K14(
•  HERM:(Localized(pa2ern(of(a2enua#on(

trending(northKsouth.(
•  SOUF:(Single(satellite(track(to(the(northwest(on(

13(July(shows(a2enua#on(in(direc#on(of(SHV(

Figure*6:((Right)*SNR(residuals(plo2ed(as(a(func#on(of(zenith(and(azimuth(for(July(
12K14(showing(plume(signal(before,(during,(and(a_er(the(main(collapse(on(July(13.(
Residuals(with(a(standard(devia#on(of(zero(have(been(removed.(

HERM(MVO1( SOUF(

MVO1*Observa)ons:*
•  Onset(of(SNR(a2enua#on(

matches(#ming(of(peak(
seismicity.(

•  Two(dis#nct(pulses(of(
a2enua#on(separated(by(
~26(hours.(

Conclusions*

TEMPORAL*DETECTION*
•  SNR*aTenua)on*consistent*with*collapse*)ming:(Plume(detected(by(

each(GPS(receiver(at(#me(of(dome(collapse.(
•  Plume*signal*before*collapse:(CoKignimbrite(ash(clouds(associated(with(

pyroclas#c(flows(observed(on(12(July((Maholi(et(al.,(2007,(Geology).*
SPATIAL*VARIATION*
•  Localized*plume*signal*at*HERM:*Plume(travels(from(south(to(north(

directly(over(HERM,(consistent(with(GOES(images(for(13(July(2003(
(Figure(9).*

•  Azimuthal*varia)on*in*plume*signal*for*MVO1:(As(plume(travels(to(
MVO1((~7km(north),(it(spreads(out(spanning(a(larger(area(and(leading(to(
more(azimuthal(varia#on(of(plume(signal.(

•  Less*aTenua)on*at*SOUF:*No(satellite(tracks(to(the(north(for(eleva#ons(
<41°(for(SOUF(leaving(the(plume(mostly(in(a(“blind(spot”((Figure(9).(

Figure*10:*GOES(satellite(
image(and(TOMS(SO2(
Index(showing(SHV(
plume(movement(
northeast(of(the(vent(on(
the(day(of(the(dome(
collapse((13(July(2003).(

Figure*8:*ZWD(#me(series(for(each(of(the(three(
receivers((Medina(et(al.,(2013).(The(peak(dome(
collapse(on(13(July(is(marked(in(black.(

SNR&a/enua$on&is&observed&at&
all&three&sites&on&day&of&dome&
collapse&(13&July&2003).&

Figure*4:*Time(series(for(SNR(
residuals(at(each(receiver(
(12K14(July(2003).(The(main(
dome(collapse((~03:35(UTC(
13(July)(is(marked(in(red(and(
subsequent(erup#ons(
determined(from(seismic(data(
marked(in(black((Herd(et(al.,(
2005).(HERM(loses(power(
midKday(14(July(due(to(
pyroclas#c(flows.(

Zenith&Wet&Delay&(ZWD)&spike&
coincident&in&$me&with&large&SNR&
a/enua$on&for&HERM,&sugges$ng&
that&plume&ac$vity&contributes&to&the&
ZWD&es$mates.&

MVO1(

HERM(

SOUF(

SHV(
TRV(

Figure*1:*Map(of(Montserrat(showing(
the(three(GPS(sites(used(in(this(study(
marked(by(black(circles.(The(Soufriere(
Hills(Volcano((SHV)(is(marked(by(the(
larger(red(circle.((Modified(from(
Maholi(et(al.,(2010,(GRL)(
(
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Figure*5:*Map(of(Montserrat(
illustra#ng(receiver(
loca#ons(rela#ve(to(the(
SHV.(The(three(GPS((
receivers(used(in(this(study(
are(shown(as(green(
diamonds.(The(Soufriere(
Hills(Volcano((SHV)(is(
marked(in(blue(and(the(Tar(
River(Valley((TRV)(outlined(
in(yellow.(
(
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HERM*Observa)ons:*
•  Largest(a2enua#on((K15(dBK

Hz).(
•  Plume(signal(begins(on(12(

July(and(con#nues(through(
15(July.(

•  Posi#ve(SNR(residuals.(

SOUF*Observa)ons:*
•  A2enua#on(only(during(

the(main(dome(collapse(
on(13(July.(
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Plume((
Signal(

TROPOSPHERIC*DATA*
•  ZWD*spike*correlates*with*plume*signal:(Suggests(a(significant(delay(

caused(by(the(volcanic(plume.(
GEOMETRIC*ANALYSIS*
•  Es)mates*of*Plume*eleva)on*lower*than*expected:(Maximum(plume(

height(cannot(be(sufficiently(constrained(using(a(single(satellite(track.*

Rarely(is(GPS(used(as(a(tool(for(studying(volcanic(plumes.(However,(we(successfully(
use(GPS(SNR(to(detect(the(SHV(plume(and(provide(first(order(constraints(on(its(
movement(that(are(consistent(with(GOES(satellite(image(observa#ons.(The(peak(
SNR(a2enua#on(observed(here(is(larger(in(magnitude(and(longer(in(dura#on(than(
found(in(a(previous(study.(We(show(that(SNR(is(useful(for(iden#fying(plume(signal(
buried(within(tropospheric(delay(data,(though(addi#onal(work(is(needed(in(order(
to(separate(and(quan#fy(the(plume(delay.(Analysis(of(sta#onKplume(geometry(
yields(a(plume(eleva#on(lower(than(expected.(Resolu#on(was(poor(due(to(limited(
satellite(coverage(at(the(#me(of(collapse(and(addi#onal(satellite(tracks(would(be(
required(to(resolve(the(maximum(eleva#on(of(the(plume.(
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SIGNAL*ATTENUATION:*
GPS(signals(have(been(shown(to(
a2enuate(when(passing(through(volcanic(
plumes((Larson,(2013).(This(a2enua#on(
can(be(detected(through(the(analysis(of(
Signal(to(Noise(Ra#o((SNR)(observa#ons.(

•  Remove(data(for(satellite(eleva#ons(<25°(to(avoid(noisy(mul#path(
reflec#ons.(

•  Determine(nominal(performance(of(each(satelliteKreceiver(pair(by(
averaging(over(2°(bins(of(eleva#on(and(azimuth(for(a(series(of(days(
when(no(plume(is(present.(Addi#onally,(compute(the(standard(
devia#on(about(the(mean(SNR.(

•  Compute(SNR(residuals(by(subtrac#ng(the(mean(SNR(from(the(observed(
data.((

•  Use(a(threshold(detec#on(of(4(standard(devia#ons(below(the(mean(

Geometric*Analysis*

tan(θ)=h/r

Plume*Height:*
a)  3K3.5(km(
b)  9K11(km(

SOUF(
eleva#on:
~425m(

θ(

SHV(MVO1( SOUF(

rSHV(

rMVO1(

hMVO1(

hSHV(

a)(
(

b)(
(

Figure*9:*Schema#c(illustra#ng(sta#onKplume(geometry(for:(a)(plume(above(SHV,(b)(plume(above(MVO1.((
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Figure S.1 Montserrat GPS site location map.  Insert map shows location of Montserrat relative to other islands in the
northeastern Caribbean.  Sites are superimposed on digital elevation map created from GTOPO30 data.  The approximate
location of the vent and center of mass of andesite domes of Soufriere Hills Volcano is marked as a red cross labeled SHV. 
GPS sites are coded by type, with campaign sites shown as blue diamonds with yellow outlines.  These sites were 
abandoned after NOV 1999. Nearly all observations were made with Trimble 4000SSi receivers and choke-ring antennae.
Continuous sites are shown as upright or inverted triangles and are color coded based on receiver type and 
agency/project under which they were originally installed.  All sites deployed choke ring antennae unless otherwise noted.
Upright yellow triangles (HERM, MVO1, WTYD) and upright yellow triangle (REID) with red border were installed by UPRM 
with NASA funding in mid-1996 and were rehabilitated in early 1998. All sites deployed Trimble 4000SSi receivers. 
REID was destroyed in late 1997 and never rehabilitated.  Inverted blue triangles with red borders (SOUF, SPRI) were 
installed 1999 by the MVO/BGS and deployed Leica MC1000 receivers.  HARR was originally a campaign site, which later
became a semi-continuous site, with a Leica MC1000/AT302 receiver/antenna combination.  In NOV 2000, a new 
monument was built and a choke-ring antenna installed (see text, Figs. S.2 and Table S.2 for additional details). Both 
 WTYD and HARR receivers were replaced with Ashtech micro-Z receivers in late 2003 and 2004, respectfully, and SPRI
was replaced with a Trimble 4000SSi in 2004. The upright red triangles (AIRS, GERD, OLVN, TRNT) were sites installed in 
2003 by UARK with NSF/CALIPSO funding.  Initally, all sites deployed Ashtech micro-Zs.  All four sites were upgraded 
to Trimble NetRS receivers in early 2007. See Table S.1 for additional details.
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•1853, 1900, 1950 & 2012 
•Mw 7.6 Nicoya ruptured locked portion 
•Previously locked region offshore
•pairing of locking extent & subsequent co-seismic rupture by near-field geodesy contrains future earthquake potential  
•it is exceedingly useful to have a subaerial forearc!
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all locking and slip occurs on the fault plane (subduction
megathrust), using published slab geometry (13) and inversion
techniques (14). The estimated locked or slip patches are 30 km or
larger, limited by the spatial resolution of our network (Supporting
Information).
The temporal resolution of the onset time of individual SSEs is

of order 5–10 d, limited by data noise (8, 9). The multiple slip
patches shown as single events in Fig. 3 (e.g., 2007.4) probably do
not occur simultaneously. They likely migrate both in time and
space, but their temporal migration is not well-resolved. Typical
migration speeds for SSEs in Cascadia are about 10 km/d (15–
17). In Costa Rica, time lags between on-shore events and off-
shore events recognized by pressure transients in a borehole
hydrologic observatory suggest propagation speeds as high as 20
km/d (18). Because our network only spans about 50 by 100 km,
it would take at most 5–10 d for a series of SSEs to migrate
across our network, comparable to the temporal resolution of
our data. We have therefore considered events together in
a single group (a composite event) if they occur within the same
30-d period. Possible up-dip, down-dip, or along-strike migration
of several better resolved events is discussed in ref. 9.
The spatial distribution of coseismic rupture for the 2012

earthquake (19) is defined by a dense network of broad-band
seismometers, strong motion sensors, and a subset of our GPS
stations that recorded dynamic ground displacements at a high
rate. These data suggest that the event initiated offshore at ∼13
km depth, then ruptured down-dip, reaching a maximum slip of
4.4 m at a depth of about 25 km, stopping at a depth of about 30–
35 km near the upper plate Moho. This main rupture patch,
beneath the Nicoya Peninsula, is similar to that obtained from
static GPS offsets (1). Our inter-SSE locking pattern (Fig. 2) and
that obtained from an earlier analysis of campaign and contin-
uous GPS results defining average interseismic site velocities (2)
both reveal a locked patch closely coinciding with the 2012
earthquake rupture. However, the new inter-SSE site velocities
require an additional locked patch down-dip and east of the 2012
rupture that can be understood in the context of the SSEs that
also occur there, as discussed below.
Fig. 3 shows the individual SSEs for 2007 and later and their

cumulative slip. The largest events were deeper, down-dip of
seismic rupture. However, all recorded events had at least some

shallow slip, and four had shallow slip in excess of 30 mm.
Shallow SSEs have been reported in only a few subduction zones:
New Zealand (20, 21), Japan (22, 23), and Ecuador (24). We
suspect the paucity of such events is at least in part a sampling
artifact, as many on-shore geodetic networks lack sensitivity to
slip events far offshore (25, 26). Our network has sensitivity up to
about 30 km offshore, but not beyond (Supporting Information).
Pressure transients in a borehole hydrologic observatory at the
base of the subduction prism offshore the Nicoya Peninsula
suggest that some shallow SSEs propagate to within 1 km of the
trench (18).
In terms of magnitude and location relative to coseismic

rupture, we can distinguish two classes of slow slip:

i) Large events down-dip and mainly east of the main earth-
quake rupture, in or near the Golfo de Nicoya region, in-
cluding the one immediately preceding the earthquake (Fig.
3). These events occur near the intersection of the down-
going slab and the upper plate Moho, at the down-dip
projection of the Fisher seamount chain.

ii) Smaller offshore events, up-dip of the main earthquake rup-
ture. If slow slip propagates all of the way to the trench,
where we lack resolution, the magnitude of up-dip events
is underestimated.

When the SSEs in Costa Rica are considered as a group,
a striking pattern emerges: They surround the area of coseismic
rupture; none occur within the 2012 rupture zone (Figs. 3 and 4).
In contrast to the complementary pattern between slow slip and
seismic rupture, inter-SSE locking and slow slip have a more
complex relationship: Except for a small offshore locked patch to
the northwest that is not well-resolved (Supporting Information)
and the well-resolved earthquake rupture patch, many locked
regions also slip in SSEs (Figs. 2 and 4). The summed moment
for the 2007 and later SSEs (1.6 × 1020 Nm) is equivalent to an M
7.5 earthquake, suggesting that SSEs constitute an important
part of the strain release budget.
If the rate and spatial pattern of strain accumulation were

constant over the entire 62-y (1950–2012) interseismic period,
a fully locked patch would have a total slip deficit of about 5 m.
The maximum coseismic slip in 2012 was comparable (4.4 m);
a Mw 6.9 event in 1978 (1, 19) may have contributed to the small

Fig. 1. Surface displacement field for all SSEs recorded in northern Costa
Rica since 2007, compared with the average inter-SSE surface velocity field
during the same period. Error ellipses are omitted for clarity but are roughly
the size of the arrowheads: The mean displacement uncertainty is 0.9 mm
and 1.2 mm for the north and east components, respectively, and 0.5 mm/y
for both components of velocity (1 SE). Uncertainty estimation procedures
are described in ref. 9.

Fig. 2. Amount of locking (1, fully locked; 0, slipping) on the plate interface
associated with the inter-SSE velocity field shown in Fig. 1. Heavy line with
teeth (on upper plate, pointing in the down-dip direction) shows the loca-
tion of the Middle America Trench. Dashed lines represent depth contours
on the dipping plate interface, at 20 km and 45 km, respectively (13). The
rupture area of the 2012 earthquake (19) is outlined with a black line (see
also Fig. 4) coinciding with a preearthquake locked patch.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1412299111 Dixon et al.

•September 5, 2012 Mw 7.6 
•Rich history of preceding SSEs release significant inter seismic strain 
•Constrain a map of slip deficit that controlled the seismic rupture
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all locking and slip occurs on the fault plane (subduction
megathrust), using published slab geometry (13) and inversion
techniques (14). The estimated locked or slip patches are 30 km or
larger, limited by the spatial resolution of our network (Supporting
Information).
The temporal resolution of the onset time of individual SSEs is

of order 5–10 d, limited by data noise (8, 9). The multiple slip
patches shown as single events in Fig. 3 (e.g., 2007.4) probably do
not occur simultaneously. They likely migrate both in time and
space, but their temporal migration is not well-resolved. Typical
migration speeds for SSEs in Cascadia are about 10 km/d (15–
17). In Costa Rica, time lags between on-shore events and off-
shore events recognized by pressure transients in a borehole
hydrologic observatory suggest propagation speeds as high as 20
km/d (18). Because our network only spans about 50 by 100 km,
it would take at most 5–10 d for a series of SSEs to migrate
across our network, comparable to the temporal resolution of
our data. We have therefore considered events together in
a single group (a composite event) if they occur within the same
30-d period. Possible up-dip, down-dip, or along-strike migration
of several better resolved events is discussed in ref. 9.
The spatial distribution of coseismic rupture for the 2012

earthquake (19) is defined by a dense network of broad-band
seismometers, strong motion sensors, and a subset of our GPS
stations that recorded dynamic ground displacements at a high
rate. These data suggest that the event initiated offshore at ∼13
km depth, then ruptured down-dip, reaching a maximum slip of
4.4 m at a depth of about 25 km, stopping at a depth of about 30–
35 km near the upper plate Moho. This main rupture patch,
beneath the Nicoya Peninsula, is similar to that obtained from
static GPS offsets (1). Our inter-SSE locking pattern (Fig. 2) and
that obtained from an earlier analysis of campaign and contin-
uous GPS results defining average interseismic site velocities (2)
both reveal a locked patch closely coinciding with the 2012
earthquake rupture. However, the new inter-SSE site velocities
require an additional locked patch down-dip and east of the 2012
rupture that can be understood in the context of the SSEs that
also occur there, as discussed below.
Fig. 3 shows the individual SSEs for 2007 and later and their

cumulative slip. The largest events were deeper, down-dip of
seismic rupture. However, all recorded events had at least some

shallow slip, and four had shallow slip in excess of 30 mm.
Shallow SSEs have been reported in only a few subduction zones:
New Zealand (20, 21), Japan (22, 23), and Ecuador (24). We
suspect the paucity of such events is at least in part a sampling
artifact, as many on-shore geodetic networks lack sensitivity to
slip events far offshore (25, 26). Our network has sensitivity up to
about 30 km offshore, but not beyond (Supporting Information).
Pressure transients in a borehole hydrologic observatory at the
base of the subduction prism offshore the Nicoya Peninsula
suggest that some shallow SSEs propagate to within 1 km of the
trench (18).
In terms of magnitude and location relative to coseismic

rupture, we can distinguish two classes of slow slip:

i) Large events down-dip and mainly east of the main earth-
quake rupture, in or near the Golfo de Nicoya region, in-
cluding the one immediately preceding the earthquake (Fig.
3). These events occur near the intersection of the down-
going slab and the upper plate Moho, at the down-dip
projection of the Fisher seamount chain.

ii) Smaller offshore events, up-dip of the main earthquake rup-
ture. If slow slip propagates all of the way to the trench,
where we lack resolution, the magnitude of up-dip events
is underestimated.

When the SSEs in Costa Rica are considered as a group,
a striking pattern emerges: They surround the area of coseismic
rupture; none occur within the 2012 rupture zone (Figs. 3 and 4).
In contrast to the complementary pattern between slow slip and
seismic rupture, inter-SSE locking and slow slip have a more
complex relationship: Except for a small offshore locked patch to
the northwest that is not well-resolved (Supporting Information)
and the well-resolved earthquake rupture patch, many locked
regions also slip in SSEs (Figs. 2 and 4). The summed moment
for the 2007 and later SSEs (1.6 × 1020 Nm) is equivalent to an M
7.5 earthquake, suggesting that SSEs constitute an important
part of the strain release budget.
If the rate and spatial pattern of strain accumulation were

constant over the entire 62-y (1950–2012) interseismic period,
a fully locked patch would have a total slip deficit of about 5 m.
The maximum coseismic slip in 2012 was comparable (4.4 m);
a Mw 6.9 event in 1978 (1, 19) may have contributed to the small

Fig. 1. Surface displacement field for all SSEs recorded in northern Costa
Rica since 2007, compared with the average inter-SSE surface velocity field
during the same period. Error ellipses are omitted for clarity but are roughly
the size of the arrowheads: The mean displacement uncertainty is 0.9 mm
and 1.2 mm for the north and east components, respectively, and 0.5 mm/y
for both components of velocity (1 SE). Uncertainty estimation procedures
are described in ref. 9.

Fig. 2. Amount of locking (1, fully locked; 0, slipping) on the plate interface
associated with the inter-SSE velocity field shown in Fig. 1. Heavy line with
teeth (on upper plate, pointing in the down-dip direction) shows the loca-
tion of the Middle America Trench. Dashed lines represent depth contours
on the dipping plate interface, at 20 km and 45 km, respectively (13). The
rupture area of the 2012 earthquake (19) is outlined with a black line (see
also Fig. 4) coinciding with a preearthquake locked patch.
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all locking and slip occurs on the fault plane (subduction
megathrust), using published slab geometry (13) and inversion
techniques (14). The estimated locked or slip patches are 30 km or
larger, limited by the spatial resolution of our network (Supporting
Information).
The temporal resolution of the onset time of individual SSEs is

of order 5–10 d, limited by data noise (8, 9). The multiple slip
patches shown as single events in Fig. 3 (e.g., 2007.4) probably do
not occur simultaneously. They likely migrate both in time and
space, but their temporal migration is not well-resolved. Typical
migration speeds for SSEs in Cascadia are about 10 km/d (15–
17). In Costa Rica, time lags between on-shore events and off-
shore events recognized by pressure transients in a borehole
hydrologic observatory suggest propagation speeds as high as 20
km/d (18). Because our network only spans about 50 by 100 km,
it would take at most 5–10 d for a series of SSEs to migrate
across our network, comparable to the temporal resolution of
our data. We have therefore considered events together in
a single group (a composite event) if they occur within the same
30-d period. Possible up-dip, down-dip, or along-strike migration
of several better resolved events is discussed in ref. 9.
The spatial distribution of coseismic rupture for the 2012

earthquake (19) is defined by a dense network of broad-band
seismometers, strong motion sensors, and a subset of our GPS
stations that recorded dynamic ground displacements at a high
rate. These data suggest that the event initiated offshore at ∼13
km depth, then ruptured down-dip, reaching a maximum slip of
4.4 m at a depth of about 25 km, stopping at a depth of about 30–
35 km near the upper plate Moho. This main rupture patch,
beneath the Nicoya Peninsula, is similar to that obtained from
static GPS offsets (1). Our inter-SSE locking pattern (Fig. 2) and
that obtained from an earlier analysis of campaign and contin-
uous GPS results defining average interseismic site velocities (2)
both reveal a locked patch closely coinciding with the 2012
earthquake rupture. However, the new inter-SSE site velocities
require an additional locked patch down-dip and east of the 2012
rupture that can be understood in the context of the SSEs that
also occur there, as discussed below.
Fig. 3 shows the individual SSEs for 2007 and later and their

cumulative slip. The largest events were deeper, down-dip of
seismic rupture. However, all recorded events had at least some

shallow slip, and four had shallow slip in excess of 30 mm.
Shallow SSEs have been reported in only a few subduction zones:
New Zealand (20, 21), Japan (22, 23), and Ecuador (24). We
suspect the paucity of such events is at least in part a sampling
artifact, as many on-shore geodetic networks lack sensitivity to
slip events far offshore (25, 26). Our network has sensitivity up to
about 30 km offshore, but not beyond (Supporting Information).
Pressure transients in a borehole hydrologic observatory at the
base of the subduction prism offshore the Nicoya Peninsula
suggest that some shallow SSEs propagate to within 1 km of the
trench (18).
In terms of magnitude and location relative to coseismic

rupture, we can distinguish two classes of slow slip:

i) Large events down-dip and mainly east of the main earth-
quake rupture, in or near the Golfo de Nicoya region, in-
cluding the one immediately preceding the earthquake (Fig.
3). These events occur near the intersection of the down-
going slab and the upper plate Moho, at the down-dip
projection of the Fisher seamount chain.

ii) Smaller offshore events, up-dip of the main earthquake rup-
ture. If slow slip propagates all of the way to the trench,
where we lack resolution, the magnitude of up-dip events
is underestimated.

When the SSEs in Costa Rica are considered as a group,
a striking pattern emerges: They surround the area of coseismic
rupture; none occur within the 2012 rupture zone (Figs. 3 and 4).
In contrast to the complementary pattern between slow slip and
seismic rupture, inter-SSE locking and slow slip have a more
complex relationship: Except for a small offshore locked patch to
the northwest that is not well-resolved (Supporting Information)
and the well-resolved earthquake rupture patch, many locked
regions also slip in SSEs (Figs. 2 and 4). The summed moment
for the 2007 and later SSEs (1.6 × 1020 Nm) is equivalent to an M
7.5 earthquake, suggesting that SSEs constitute an important
part of the strain release budget.
If the rate and spatial pattern of strain accumulation were

constant over the entire 62-y (1950–2012) interseismic period,
a fully locked patch would have a total slip deficit of about 5 m.
The maximum coseismic slip in 2012 was comparable (4.4 m);
a Mw 6.9 event in 1978 (1, 19) may have contributed to the small

Fig. 1. Surface displacement field for all SSEs recorded in northern Costa
Rica since 2007, compared with the average inter-SSE surface velocity field
during the same period. Error ellipses are omitted for clarity but are roughly
the size of the arrowheads: The mean displacement uncertainty is 0.9 mm
and 1.2 mm for the north and east components, respectively, and 0.5 mm/y
for both components of velocity (1 SE). Uncertainty estimation procedures
are described in ref. 9.

Fig. 2. Amount of locking (1, fully locked; 0, slipping) on the plate interface
associated with the inter-SSE velocity field shown in Fig. 1. Heavy line with
teeth (on upper plate, pointing in the down-dip direction) shows the loca-
tion of the Middle America Trench. Dashed lines represent depth contours
on the dipping plate interface, at 20 km and 45 km, respectively (13). The
rupture area of the 2012 earthquake (19) is outlined with a black line (see
also Fig. 4) coinciding with a preearthquake locked patch.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1412299111 Dixon et al.

•September 5, 2012 Mw 7.6 
•Rich history of preceding SSEs release significant inter seismic strain 
•Constrain a map of slip deficit that controlled the seismic rupture
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CAFA relative to the CA at 8–16 mm a21 from northern Costa Rica to Guatemala [Correa-Mora et al., 2009;
LaFemina et al., 2009, and references therein]. Shallow, destructive Mw! 6.5 strike-slip earthquakes along
the Central American volcanic arc accommodate CAFA-CA relative motion [La Femina et al., 2002; Corti
et al., 2005]. The Central Costa Rica Deformed Belt (CCRDB; Figure 1), a seismically active zone of distributed
deformation, has been proposed to mark the southeastern margin of the CAFA [Marshall et al., 2000; Lewis
et al., 2008].

Directly inboard of the Cocos Ridge, marine deposits record Quaternary uplift of the outer fore arc at rates of
6.5 mm a21 and 2.1–7.7 mm a21 on the Osa and Burica Peninsulas, respectively [Sak et al., 2009; Morell et al.,
2011]. The inner fore arc Fila Coste~na Thrust Belt (Figure 1), an imbricate thrust system running subparallel to
the MAT, has a minimum cumulative displacement of 36 km since the middle Pliocene [Fisher et al., 2004;
Sitchler et al., 2007]. The Cordillera de Talamanca, a "3800 m high extinct volcanic arc, coincides with the
width of the Cocos Ridge (Figure 1), which has been implicated with back-arc migration of the volcanic arc in
central Costa Rica at <2 Ma [Marshall et al., 2003]. Crustal shortening is also indicated by back-arc thrusting
and Mw> 7 earthquakes along the North Panama Deformed Belt (NPDB), a seismically active fold and thrust
belt [Adamek et al., 1988; Silver et al., 1990; Camacho et al., 2010] and incipient subduction zone [Camacho
et al., 2010], running from central Costa Rica to the Maracaibo subduction zone, Colombia (Figure 1).

The Panama Region (PR) lies north and east of Cocos Ridge and is bounded by the Cocos (CO), Nazca (NZ),
and CA plates, and the CAFA, Choco (CH), and North Andes (ND) blocks (Figure 1). Adamek et al. [1988]
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Figure 1. GPS-derived velocity field (black vectors) in a Caribbean-fixed reference frame. Velocity uncertainty ellipses are removed for
clarity; see supporting information Figure S1 and Tables S1 and S2 for velocity uncertainties. Note vector scale in legend. Azimuth and rela-
tive rate in mm a21 of the Cocos and Nazca plates relative to the Caribbean plate, open arrows. Holocene volcanoes, red triangles. Plate
boundaries, heavy black lines. National boundaries, thin black lines. CAFA, Central American fore arc; NPDB, North Panama Deformed Belt;
SPDB, South Panama Deformed Belt; UF, Unguia Fault Zone; AUFZ, Atrato-Uraba Fault Zone; Maracaibo SZ, Maracaibo Subduction Zone;
BFZ, Balboa Fracture Zone; CFZ, Coiba Fracture Zone. Inset: geologic features in Costa Rica, including; CCRDB, Central Costa Rica Deformed
Belt; FC, Fila Coste~na Thrust Belt; CT, Cordillera de Talamanca; NP, Nicoya Peninsula; OP, Osa Peninsula; BP, Burica Peninsula. Black box indi-
cates an area of data used for profile shown in Figure 4. Topographic and bathymetric data from Amante and Eakins [2009].
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CAFA relative to the CA at 8–16 mm a21 from northern Costa Rica to Guatemala [Correa-Mora et al., 2009;
LaFemina et al., 2009, and references therein]. Shallow, destructive Mw! 6.5 strike-slip earthquakes along
the Central American volcanic arc accommodate CAFA-CA relative motion [La Femina et al., 2002; Corti
et al., 2005]. The Central Costa Rica Deformed Belt (CCRDB; Figure 1), a seismically active zone of distributed
deformation, has been proposed to mark the southeastern margin of the CAFA [Marshall et al., 2000; Lewis
et al., 2008].

Directly inboard of the Cocos Ridge, marine deposits record Quaternary uplift of the outer fore arc at rates of
6.5 mm a21 and 2.1–7.7 mm a21 on the Osa and Burica Peninsulas, respectively [Sak et al., 2009; Morell et al.,
2011]. The inner fore arc Fila Coste~na Thrust Belt (Figure 1), an imbricate thrust system running subparallel to
the MAT, has a minimum cumulative displacement of 36 km since the middle Pliocene [Fisher et al., 2004;
Sitchler et al., 2007]. The Cordillera de Talamanca, a "3800 m high extinct volcanic arc, coincides with the
width of the Cocos Ridge (Figure 1), which has been implicated with back-arc migration of the volcanic arc in
central Costa Rica at <2 Ma [Marshall et al., 2003]. Crustal shortening is also indicated by back-arc thrusting
and Mw> 7 earthquakes along the North Panama Deformed Belt (NPDB), a seismically active fold and thrust
belt [Adamek et al., 1988; Silver et al., 1990; Camacho et al., 2010] and incipient subduction zone [Camacho
et al., 2010], running from central Costa Rica to the Maracaibo subduction zone, Colombia (Figure 1).

The Panama Region (PR) lies north and east of Cocos Ridge and is bounded by the Cocos (CO), Nazca (NZ),
and CA plates, and the CAFA, Choco (CH), and North Andes (ND) blocks (Figure 1). Adamek et al. [1988]
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Figure 1. GPS-derived velocity field (black vectors) in a Caribbean-fixed reference frame. Velocity uncertainty ellipses are removed for
clarity; see supporting information Figure S1 and Tables S1 and S2 for velocity uncertainties. Note vector scale in legend. Azimuth and rela-
tive rate in mm a21 of the Cocos and Nazca plates relative to the Caribbean plate, open arrows. Holocene volcanoes, red triangles. Plate
boundaries, heavy black lines. National boundaries, thin black lines. CAFA, Central American fore arc; NPDB, North Panama Deformed Belt;
SPDB, South Panama Deformed Belt; UF, Unguia Fault Zone; AUFZ, Atrato-Uraba Fault Zone; Maracaibo SZ, Maracaibo Subduction Zone;
BFZ, Balboa Fracture Zone; CFZ, Coiba Fracture Zone. Inset: geologic features in Costa Rica, including; CCRDB, Central Costa Rica Deformed
Belt; FC, Fila Coste~na Thrust Belt; CT, Cordillera de Talamanca; NP, Nicoya Peninsula; OP, Osa Peninsula; BP, Burica Peninsula. Black box indi-
cates an area of data used for profile shown in Figure 4. Topographic and bathymetric data from Amante and Eakins [2009].
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SEASONAL WATER STORAGE

highest peak; this is also the time when the surface load is
minimum. Then we calculate the seasonal displacements
(peak-to-peak amplitude) for the horizontal (north and east)
directions. Figure 3 (left) gives an example (GPS station
SALU) of the strategy we use to derive the seasonal vector.
The vector represents the north and east components of the
peak-to-peak seasonal displacements. In theory, the ground
should move away from the load at this time because the load
is minimum.

[12] Figure 3 (right) shows the seasonal vectors for both
GPS-measured and GRACE-modeled seasonal crustal hori-
zontal and vertical deformation around the Amazon Basin.
The peak-to-peak horizontal amplitude can reach several
millimeters (Figure 3, right). It clearly indicates that the
ground moves away from the load when the load is mini-
mum, exactly as predicted by the elastic loading theory.
Because the GPS stations used in this study are well distrib-
uted around the Amazon Basin, the directions (or azimuths)

Figure 2. Ground horizontal seasonal deformation (north and east components) measured by GPS and modeled by GRACE
in the Amazon Basin.

Figure 3. (left) An example (GPS station SALU) of the strategy we use to derive the seasonal vector. (right) Horizontal sea-
sonal vectors (peak-to-peak amplitude) for stations around the Amazon Basin; red and green are GPS-measured and GRACE-
modeled horizontal seasonal vector individually; blue and light blue are for the vertical component. The background color
indicates amplitude of seasonal mass variations in terms of equivalent water height, with the same color scale as in Figure 1.

FU ET AL.: HORIZONTAL SEASONAL MOTIONS BY GPS/GRACE

6050

Fu, 
Freymueller, 
2013

•GRACE and GPS constrain seasonally Solid Earth motion 
•Towards the Amazon in the spring 
•Towards SE Asia during summer monsoons
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ICE LOSS FROM THE SOUTHERN PATAGONIAN ICE FIELD, 
SOUTH AMERICA, BETWEEN 2000 AND 2012 
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Optical & radar techniques (Aster & SRTM) to constrain ice height change - Southern Patagonian Ice Field

Substantially higher than late 20th Century rates, but in good agreement with GRACE



Uplift shows an annual oscillation imposed 
on sustained trend

Reflects elastic response to seasonal ice & 
air mass change on sustained 
contemporary ice loss 

2010 — largest annual melting day anomaly 
on record 
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GREENLAND UPLIFT RECORDS ICE MASS CHANGE
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and GNETagree that anomalous mass loss in mid and late 2010
was concentrated in the south of Greenland, the average displa-
cement anomaly sensed by GNET in northern Greenland was
close to zero, whereas GRACE suggests a modest mass gain in
this zone. This discrepancy could be explained if most of the
mass gain occurred in the interior of northern Greenland, since
GRACE is more sensitive to mass change in the interior than
near the margins (SI Appendix, section 3), whereas the reverse
is true of the GPS stations, and to an even greater degree (11).

Seasonal Cycles. GPS displacement time series exhibit annual
oscillations all over the world (15), especially in the vertical com-
ponent. These displacement cycles are very evident in Greenland
(Fig. 4), but at first glance they seem enigmatic because the

bedrock uplift cycle always peaks at least several months after
the ice mass cycle reaches its minimum in late summer. We now
demonstrate that this is because the displacement cycle is re-
sponding to seasonal changes in air mass as well as ice mass.
In Fig. 6 we show the average GNET displacement cycle and
compare it to seasonal cycles in ice mass and air mass overlying
Greenland as a whole. The ice mass cycle was estimated from
GRACE: we fitted the all-Greenland mass change time series
(early 2002–early 2011) with a quadratic trend and a 4-term
FS, and then isolated the oscillatory component. We note that
this estimate for the ice mass cycle is in good accord with that
determined from SMB-Discharge studies (16). We estimated
the annual cycle in air mass using an 8-year time series of surface
pressure fields produced by the mesoscale numerical weather
model Polar MM5 (17). The seasonal variation of the air mass
overlying Greenland was characterized using a 4-term FS, just
as we handled the ice mass and displacement cycles. Note that
the air mass cycle and the ice mass cycle have similar amplitudes
but very different phase structure (Fig. 6). The sum of these two
mass cycles constitutes the total annual loading cycle, and its
shape far more closely corresponds to that of the crustal displa-
cement cycle than do either of the individual mass cycles (Fig. 6).
We do not expect a perfect agreement at this stage of our inves-
tigation, because there are still some uncertainties associated
with our estimates for the ice mass and air mass cycles, and be-
cause the mean displacement cycle is based on an irregular sam-
pling of Greenland while the mass cycle estimates are not. Our
finding is something of a complication for GNET since it implies
that we must routinely use pressure fields from numerical weath-
er models to isolate the solid earth’s response to seasonal ice mass
variations. But this complication is also a blessing in that GPS
position determinations are made daily, and we should be able
to use the correlation between daily displacements and daily aver-
age surface pressure fields to calibrate our ice-weighing machine.

Beyond GPS. Ice mass changes in the polar ice sheets are being
monitored using a variety of remote sensing systems including
airborne Light Detection And Ranging (LIDAR), space-based
laser and radar altimeters, radar interferometers, and GRACE.
In contrast, GNET makes in situ measurements at a limited num-
ber of points. GRACE and GPS both sense ice mass changes
directly, whereas the other techniques measure changes in the
height of the ice sheet surface. The relationship between height

Fig. 5. The 2010 uplift anomaly (green arrows) for all GPS stations in Green-
land where it could be reliably computed, superimposed on a map showing
the 2010 melting day anomaly that was produced by R. Simmon at the NASA
Earth Observatory using data provided by M. Tedesco (13). When we take
into account the tendency for the earth’s elastic response to ice loss to de-
crease with distance from the unloading area (i.e., the ice margin), then the
spatial correlation between the uplift anomaly and the melting day anomaly
is apparent. The standard errors associated with the 2010 uplift anomaly
estimates are listed in SI Appendix, Table S2. They are typically close to
approximately 1.75 mm.
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Fig. 6. A comparison of crustal displacement and surface loading cycles in
Greenland. We plot the down (D) rather than up (U) component of displace-
ment to aid the comparison with load cycles, since the groundmoves down as
the load increases. The seasonal cycles of the air mass and ice mass (overlying
Greenland as a whole) are shown, as is their sum, which far better correlates
with the displacement cycle.
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and GNETagree that anomalous mass loss in mid and late 2010
was concentrated in the south of Greenland, the average displa-
cement anomaly sensed by GNET in northern Greenland was
close to zero, whereas GRACE suggests a modest mass gain in
this zone. This discrepancy could be explained if most of the
mass gain occurred in the interior of northern Greenland, since
GRACE is more sensitive to mass change in the interior than
near the margins (SI Appendix, section 3), whereas the reverse
is true of the GPS stations, and to an even greater degree (11).

Seasonal Cycles. GPS displacement time series exhibit annual
oscillations all over the world (15), especially in the vertical com-
ponent. These displacement cycles are very evident in Greenland
(Fig. 4), but at first glance they seem enigmatic because the

bedrock uplift cycle always peaks at least several months after
the ice mass cycle reaches its minimum in late summer. We now
demonstrate that this is because the displacement cycle is re-
sponding to seasonal changes in air mass as well as ice mass.
In Fig. 6 we show the average GNET displacement cycle and
compare it to seasonal cycles in ice mass and air mass overlying
Greenland as a whole. The ice mass cycle was estimated from
GRACE: we fitted the all-Greenland mass change time series
(early 2002–early 2011) with a quadratic trend and a 4-term
FS, and then isolated the oscillatory component. We note that
this estimate for the ice mass cycle is in good accord with that
determined from SMB-Discharge studies (16). We estimated
the annual cycle in air mass using an 8-year time series of surface
pressure fields produced by the mesoscale numerical weather
model Polar MM5 (17). The seasonal variation of the air mass
overlying Greenland was characterized using a 4-term FS, just
as we handled the ice mass and displacement cycles. Note that
the air mass cycle and the ice mass cycle have similar amplitudes
but very different phase structure (Fig. 6). The sum of these two
mass cycles constitutes the total annual loading cycle, and its
shape far more closely corresponds to that of the crustal displa-
cement cycle than do either of the individual mass cycles (Fig. 6).
We do not expect a perfect agreement at this stage of our inves-
tigation, because there are still some uncertainties associated
with our estimates for the ice mass and air mass cycles, and be-
cause the mean displacement cycle is based on an irregular sam-
pling of Greenland while the mass cycle estimates are not. Our
finding is something of a complication for GNET since it implies
that we must routinely use pressure fields from numerical weath-
er models to isolate the solid earth’s response to seasonal ice mass
variations. But this complication is also a blessing in that GPS
position determinations are made daily, and we should be able
to use the correlation between daily displacements and daily aver-
age surface pressure fields to calibrate our ice-weighing machine.

Beyond GPS. Ice mass changes in the polar ice sheets are being
monitored using a variety of remote sensing systems including
airborne Light Detection And Ranging (LIDAR), space-based
laser and radar altimeters, radar interferometers, and GRACE.
In contrast, GNET makes in situ measurements at a limited num-
ber of points. GRACE and GPS both sense ice mass changes
directly, whereas the other techniques measure changes in the
height of the ice sheet surface. The relationship between height

Fig. 5. The 2010 uplift anomaly (green arrows) for all GPS stations in Green-
land where it could be reliably computed, superimposed on a map showing
the 2010 melting day anomaly that was produced by R. Simmon at the NASA
Earth Observatory using data provided by M. Tedesco (13). When we take
into account the tendency for the earth’s elastic response to ice loss to de-
crease with distance from the unloading area (i.e., the ice margin), then the
spatial correlation between the uplift anomaly and the melting day anomaly
is apparent. The standard errors associated with the 2010 uplift anomaly
estimates are listed in SI Appendix, Table S2. They are typically close to
approximately 1.75 mm.
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Fig. 6. A comparison of crustal displacement and surface loading cycles in
Greenland. We plot the down (D) rather than up (U) component of displace-
ment to aid the comparison with load cycles, since the groundmoves down as
the load increases. The seasonal cycles of the air mass and ice mass (overlying
Greenland as a whole) are shown, as is their sum, which far better correlates
with the displacement cycle.
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The 2010 Uplift Anomaly.We can estimate the 2010 uplift anomaly
at many of the GNETstations established before 2009 by fitting a
trend-plus-oscillation model to the time series prior to 2010.4,
extrapolating this model to the end of our time series (2011.25),
and averaging the difference between the observed and predicted
U coordinate in the interval 2010.8–2011.25 (Fig. 4B). Unfortu-
nately, we cannot estimate the uplift anomaly that occurred at
the GNET stations established in 2009 because the time series
available prior to the onset of anomalous uplift is too short to
establish a model for the normal pattern of displacement prior
to approximately 2010.4. Data gaps prevented us from estimating
the uplift anomaly at several additional stations. We were able to
gauge the 2010 uplift anomaly at 32 GNET stations, and these
estimates are depicted in Fig. 5, along with a representation of
the spatial development of the 2010 melting day anomaly (13).
The spatial correlation between these anomalies is obvious once
we take into account the tendency for earth’s elastic response to
ice loss to decrease with increasing distance from the loss center
(i.e., the ice margin). Note that the two stations with the most
negative uplift anomalies (THU2 and DKSG) are located in
areas with negative melting day anomalies that are not offset by
nearby zones with strongly positivemelting day anomalies (Fig. 5).
We concede that our estimate of the 2010 uplift anomaly is im-
perfect in that we did not use the same baseline period at every
station in order to define “normal” (and thus “anomalous”) dis-
placements. This problem—derived from inhomogeneity of tem-
poral coverage—will recede as GNET ages.

The summer of 2010 was the hottest and longest on record
over most of southern Greenland. In many areas there was also
lower than normal snowfall in 2010, which locally added to a
negative surface mass balance (SMB) anomaly (13). No major
increases in discharge rate were observed at the three largest gla-
ciers during 2010 (14). Despite the limitations of our estimation
technique, there can be very little doubt that GNET sensed an
anomalous pulse of ice loss during the extended melting season
of 2010 (Fig. 5).

The 2010 Mass Anomaly. We can use GRACE to estimate a 2010
mass anomaly in much the same way that we estimated the uplift
anomaly using GNET time series. Monthly average GRACE
measurements tend to scatter around a best-fit multiyear trend
plus oscillation model with higher scatter levels than are asso-
ciated with monthly average uplift measurements. Therefore,
to improve the stability of the mass anomaly estimates (for the
2010 melting season), we divide Greenland into just two zones
(north and south of 72.2 °N) and make no attempt to resolve
the spatial structure of the mass anomaly in more detail. We es-
timate the mass anomalies accumulated between 2010.4 and
2010.79 to be −113! 28 GT (1 GT= 1012 kg) in southern Green-
land and þ32! 28 GT in northern Greenland (SI Appendix,
section 3).While the anomalous mass gain in northern Greenland
is barely significant at the 2-sigma level, the anomalous mass loss
in southern Greenland is highly significant. While both GRACE

Fig. 3. Observed vertical velocities in north and northeast Greenland. Sym-
bols and related information are explained in the caption to Fig. 1. Here, as in
Figs. 1 and 2, if the four-letter station code appears in grey it means that a
velocity solution is not yet available because technical problems led to a total
observational timespan of less than one year. The standard error estimates
for velocity vary with the timespan of observation (SI Appendix, Table S1) but
are nearly always <1 mm∕yr.
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Fig. 4. (A) Vertical displacement time series at selected older GPS stations
(blue dots) and model trajectory (red) curves composed of an annual oscilla-
tion plus a multiyear trend. The trend model is linear in time except at sta-
tions THU2 and KULU, where it is a second- and third-order polynomial,
respectively. Note that for every station shown except THU2, the model curve
systematically underestimates the observations obtained after approxi-
mately 2010.4. (B) The vertical displacement times series U(t) (blue dots) at
HEL2. A trajectory model fit to U(t) for t < 2010.40 (solid magenta line) is pro-
jected to the end of the time series at 2011.25 (dashed magenta line). The
2010 uplift anomaly is defined as the mean difference between the U(t)
and this projected curve during the time interval 2010.8–2011.25. This anom-
aly (15.2! 12 mm) is indicated by the black arrow. The velocity of the trend
established prior to 2010.4 is 11.8 mm∕yr. But if a trajectory model is fit to all
U(t)—i.e., for t < 2011.25 (red dotted curve)—then the velocity changes to
15.3 mm∕yr.
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TOHOKU RECONSTRUCTION — HAMPERED BY THE LOSS OF 
THE REFERENCE FRAME 

 
 
 

 

 
 

 

 

 

Fig. 1  Crustal movements caused by the 2011 off the Pacific coast of Tohoku Earthquake 
(Left: horizontal deformation, Right: Vertical deformation) 

Fig.3  Bench mark routes for which publication of
Survey Results was withdrawn 

Fig.2  Areas for which publication of Survey Results of 
GEONET stations and triangulation stations was 
withdrawn on March 14 (red frame); for which 
updated Survey Results of GEONET stations were 
released on May 31 (red/yellow frame); for which 
publication of Survey Results of additional 
triangulation stations was withdrawn on May 31 
(yellow frame); and for which adjustment 
calculations were applied to Survey Results of 
GEONET stations (green frame). 

 First-order leveling route 

Second-/Third-order leveling route 

Hiyama, Yamagiwa, Kawahara, Iwata, Fukuzaki, 
Shouji, Sato, Yutsudo, Sasaki, 
Shigematsu,Yamao, Inukai, Ohtaki, Kokado, 
Kurihara, Kimura, Tsutumi,  Yahagi, Furuya, 
Kageyama, Kawamto, Yamaguchi, Tsuji, and 
Matsumura, 2012

Co-seismic offsets up to 5.3 m horizontal, 
1.2 m vertical March 11, 2011

Loss of the reference frame; GPS location 
services discontinued - announced 
March 14, 2011 

Recovery of reference frame relies on 
International GNSS Service (with 
UNAVCO support)

Corrected reference frame established May 
31, 2011 
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NETWORK OF GEODETIC NETWORKS
FOR THE AMERICAS

DATAWORKS FOR GNSS
•Software and hardware solutions for managing GNSS data 
flow and metadata
•Developed under COCONet and TLALOCNet by 
UNAVCO for international collaboration
•Regional Data Centers established in Barbados, Colombia, 
Mexico, and Nicaragua
•Training conducted in December 2014

GSAC - GNSS Seamless Archive Centers
•For data discovery, access and interaction, initially among 
three U.S. NASA archives
•Based on shared metadata
•The holdings of all archives are visible from each
•Implementation now extended to key European partners

Network of Geodetic Networks for the Americas - 
•UNAVCO seeks additional key partners for western 
hemisphere-scale implementation
•Collaborative development and dissemination of tools for 
data management, archiving and distribution 


