sped98-04 1stpgs page 57

The Geological Society of America
Special Paper 498
2013

A pilot GPS study of Santa Ana Volcano (Ilamatepec) and
Coatepeque caldera, El Salvador

Hans N. Lechner
Department of Geological and Mining Engineering and Sciences, Michigan Technological University,
Houghton, Michigan 59931, USA

Charles DeMets
Department of Geoscience, University of Wisconsin—-Madison, Madison, Wisconsin 53706, USA

Douglas Hernandez
Servicio Nacional de Estudios Territoriales, Ministerio de Medio Ambiente y Recursos Naturales,
Km. 5 Y2 Carretera a Santa Tecla Colonia y Calle Las Mercedes, Plantel ISTA, San Salvador, El Salvador

William Rose
Department of Geological and Mining Engineering and Sciences, Michigan Technological University,
Houghton, Michigan 59931, USA

ABSTRACT

We test the suitability of short-occupation differential and absolute position-
ing methods using data from a 13 station global positioning system (GPS) network
that spans the Santa Ana Volcano and Coatepeque caldera of western El Salvador
for monitoring intereruptive activity and tectonic movements near these potentially
hazardous features. Data spanning a 1 yr period from 12 GPS benchmarks locat-
ed 1.9 km to 9.7 km from a continuous reference GPS station were processed with
Trimble differential processing software to determine the repeatabilities and hence
precisions of the differential station coordinates. For observation sessions spanning
20 min, the coordinates of the benchmark closest to our reference station are repeat-
able to within 4—6 mm in the horizontal component of the baseline between the two
sites and 12-13 mm for the vertical component. In contrast, the horizontal and ver-
tical repeatabilities at the site farthest from the reference station are 7-11 mm and
30-34 mm, respectively. These results suggest that any horizontal movement of the
benchmarks larger than ~10 mm relative to the reference site, or vertical movement
larger than 10-30 mm (depending on the baseline distance) should be detectable.
Five sites adjacent to and within Coatepeque caldera moved upward at rates of 180—
470 mm/yr relative to the reference site from February to July 2009. In contrast, no
uplift pattern during this period was observed for the other network sites, suggesting
an uplift source beneath the caldera. No increase in microseismicity coincided with
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the transient inflation event, and no other possibly corroborating observations from
the caldera are available. The cause of the uplift is thus unknown. Our results suggest
that differential GPS with occupation times of 20 min or more is a useful monitor-
ing tool at subtropical volcanoes and calderas for networks with baselines that are
shorter than ~10 km. Absolute positioning as an alternative GPS processing method
gives precisions of ~10 mm (95%) in the absolute station coordinate estimates for
occupations as short as 3 h, i.e., sufficiently precise for monitoring volcano defor-
mation. This new monitoring strategy, whereby one dual-frequency receiver is used
for short benchmark occupations without any need for a reference station, is sim-
pler than that required for differential monitoring and minimizes tropospheric water
vapor as a source of noise in station position estimates.

INTRODUCTION

A key element in quantifying hazards for individual vol-
canoes is an understanding of what constitutes their normal
and hence abnormal behaviors between eruptions. Global posi-
tioning system (GPS) measurements on and near volcanoes
can provide continuous or near-continuous records of surface
deformation with subcentimeter precision throughout the erup-
tive cycle and may thus be useful for detecting events that might
go undetected by other techniques. Herein, we present a pilot
study of the Santa Ana volcanic complex of western El Salva-
dor (Fig. 1) to explore the feasibility of using short-occupation,
differential or absolute GPS positioning for monitoring active
stratovolcanoes in subtropical regions. Our primary goal is to
establish whether short 20—60 min occupations of GPS bench-
marks that are strategically located on and around a subtropi-
cal composite volcano can be processed in differential mode
to achieve centimeter-level precision and accuracy for monitor-
ing volcanic deformation. We also explore whether data from
2-3-h-long monument occupations can be used to estimate suit-
ably accurate absolute positions independent of a nearby refer-
ence station.

We selected the Santa Ana volcanic complex for this
pilot study for logistical reasons and because eruptive activity
occurred as recently as 2005. Our paper is organized as follows:
We first describe the tectonic setting and eruptive history of the
Santa Ana/Coatepeque volcanic complex. We then describe the
GPS network, our measurement strategy, and the absolute and
differential techniques we used to process the data. We next
analyze subsets of our continuous and campaign GPS data to
determine the magnitude and character of noise in our differ-
ential measurements. Evidence in the benchmark position time
series for a possible uplift event at the Coatepeque caldera in
the first half of 2009 is presented and followed by discussion
of possible causes for the uplift event. Finally, we show that
a newly available GPS processing method produces absolute
point positions for 3-h-long site occupations with precisions
that are superior to those achieved via differential processing of
1-h-long site occupations.

Tectonic Setting

The Santa Ana volcanic complex is located within the Central
America volcanic arc in western El Salvador (Fig. 1), ~200 km
inland from the Middle America Trench. The volcanic complex is
composed of the Santa Ana composite volcano, locally known as
Ilamatepec, Izalco Volcano, Coatepeque caldera, and a NW-SE-
trending, linear system of parasitic vents and cinder cones (Pull-
inger, 1998). A series of seismically active, NNW-SSE—trending
normal faults also dissect Santa Ana Volcano and nearby areas
(Fig. 1). The normal faults and volcanism at the Santa Ana vol-
canic complex may both be caused by the WNW movement of
the forearc across the inland step of the volcanic arc in western
El Salvador, which give rises to an extensional pull-apart at this
location (Stoiber and Carr, 1973; Carr et al., 2003).

GPS measurements at stations in El Salvador clearly define
the tectonic setting of the Santa Ana volcanic complex. The
forearc in western El Salvador moves W to WNW at rates of
~10-14 mm/yr in a Caribbean plate frame of reference (Correa-
Mora et al., 2009; Alvarado et al., 2011), giving rise to right-
lateral shear across the Central America volcanic arc. Near the
center of our study area, our continuous reference station SNJE
moves 6 + 1 mm/yr toward N83°W + 7° relative to a stationary
Caribbean plate (shown in Fig. 1 inset). Twenty-three kilometers
farther west, at the western edge of our study area (Fig. 1 inset),
GPS station AHUA moves 13 + 0.8 mm/yr toward N79°W + 3°
relative to a stationary Caribbean plate (Alvarado et al., 2011),
1.e., faster than site SNJE and consistent with approximately E-W
extension across the approximately NNE-trending normal faults
between these two sites (Fig. 1). The difference in the motions of
these two sites suggests an upper limit of 7 + 2 mm/yr of tectonic
extension across our study area.

Eruptive History

The largest feature in the Santa Ana volcanic complex, the
Coatepeque collapse caldera (Fig. 1), measures 7 x 8 km and
contains a lake of the same name. Eruptions from 70 to 40 ka
at Coatepeque produced ~24 km* of pyroclastic materials in a



sped98-04 1stpgs page 59

A pilot GPS study of Santa Ana Volcano and Coatepeque caldera 59

series of three paroxysmal eruptions (Pullinger, 1998; Rose et
al., 1999). Postcollapse intracaldera activity consists of dome
growth and hydrothermal activity. Several domes and cinder
cones inside the caldera were likely emplaced shortly after the
last explosive event (Pullinger, 1998), while hydrothermal activ-
ity still occurs in the southwest end of the caldera. Santa Ana
Volcano has erupted at least once per century since the Spanish
conquest, including seven eruptions of volcanic explosivity index
(VEI) 2-3 between 1874 and 2005 (Pullinger, 1998; Colvin et
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the most recent eruption, which occurred in 2005, is debated.
Olmos et al. (2007) suggested the eruption was phreatic due to
hydrothermal-gas interaction; Scolamacchia et al. (2010) and
Colvin et al. (this volume) instead proposed that the eruption was
phreatomagmatic and was driven by a small, shallow rhyolitic
intrusion. Petrologic studies of the volcanic complex by Carr and
Pointier (1981) and Halsor and Rose (1988) suggest the presence
of a substantial magma body below the volcanic complex. Izalco
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Figure 1. Map of study area and global positioning system (GPS) network with 25 m digital elevation model (lower), El Salvador (upper right),
and velocities for preexisting GPS sites in the study area relative to an assumed stationary Caribbean plate (Alvarado et al., 2011). Volcano
and caldera names are abbreviated as follows: SA—Santa Ana; SM—San Miguel; SV—San Vicente; IL—Ilopango; SS—San Salvador; CO—
Coatepeque; LN—Los Naranjos; [Z—Izalco. Black and yellow lines show likely faults identified by ourselves and Weber and Wiesemann
(1977). Colored circles locate microseisms that occurred during the time period of this study (September 2008 to September 2009). Micro-
seism depths are defined by the color scale on the upper left. Microseism magnitudes are indicated by circle size as follows: smallest—M < 1;

intermediate—M = 1-2; largest—M = 2-3.
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Volcano, located on the south flank of the larger Santa Ana stra-
tovolcano, erupted almost continuously for nearly 200 yr until
1966 (Rose and Stoiber, 1969). All three features have active
fumaroles or hydrothermal activity, consistent with elevated tem-
peratures at depth.

METHODS
Network Information and Measurements

During mid-2008, we installed 12 GPS benchmarks on and
around Santa Ana Volcano and Coatepeque caldera (Fig. 1).
Two sites, CRSE and CRSW, were installed on the rim of the
Santa Ana summit crater (Fig. 1). Six sites were installed around
Coatepeque caldera, and the rest were installed around Santa
Ana and Izalco Volcanoes. We selected sites with stable rock or
cement foundations and with unobstructed sky views in order
to minimize multipath and GPS signal interruptions. All sites
were located within 10 km of our continuous reference station
(SNJE), which has operated since late 2006. The reference sta-
tion SNJE consists of a Trimble NetRS receiver, a Zephyr Geo-
detic antenna, and a stable cement structure anchored to ~1 m
depth beneath the surface.

From February to September 2009, we occupied all 12 sites
for 1-2 h per month (Table 1) with either a Trimble 5700 or
Trimble NetRS dual-frequency GPS receiver recording at 30 s
intervals and a Trimble Zephyr Geodetic antenna mounted on
a precisely leveled 0.55-m-high spike mount. To enable a sta-
tistical analysis of station location repeatability (described later
herein), we also occupied the stations nearest (FSEL) and farthest
(AGLA) from our reference site for 20 h or longer in both Sep-
tember of 2008 and September of 2009.

Data Processing

We used two strategies for processing the GPS data. The
continuous data from SNJE and data from the 20-h-long sessions
at sites AGLA and FSEL were processed using a precise-point-
positioning strategy with GIPSY-OASIS software, release 4.02,
from the Jet Propulsion Laboratory (Zumberge et al., 1997). For
each measurement session, this gives an estimated station posi-
tion (in Cartesian coordinates or latitude, longitude, and eleva-
tion) and estimates of the vertical GPS signal delay caused by the
time-varying wet (nonhydrostatic) component of tropospheric
water vapor every 5 min during the session. The minimum ses-
sion duration for which absolute processing gives results useful
for this analysis is ~3 h. Consequently, we did not use this pro-
cedure to process the data for the 1-h-long to 2-h-long sessions,
which we used for most of our GPS benchmarks (Table 1).

For differential processing, we used Trimble Geomatics
Office 1.6 software (hereafter abbreviated TGO) to estimate the
differential locations of the 12 campaign sites with respect to the
reference site SNJE. Early in the project, we used the older Trim-
ble GPSurvey software for our differential processing. GPSurvey

and TGO gave results that agreed closely. None of the receiv-
ers used in the experiment was equipped for real-time-kinematic
(RTK) operation.

The two modes of data processing each offer important
advantages. Processing with GIPSY (GNSS-Inferred Positioning
SYstem) allows for simultaneous estimation of station coordi-
nates and time-varying tropospheric water vapor for a single sta-
tion nearly anywhere on Earth. The absolute station coordinates
and elevation estimated with this technique are typically repeat-
able during consecutive days to within 1-3 mm and 4-8 mm,
respectively, for observation sessions that are 16 h or longer. This
permits precise tracking of station movement and stability over
extended periods. Differential GPS requires simultaneous mea-
surements by two or more GPS receivers, one of which serves as
a fixed reference site and the other(s) of which may be moving or
stationary (Hoffmann-Wellenhof et al., 2001). Differential GPS
exploits strong correlations in several sources of station posi-
tioning error (e.g., satellite orbit errors and tropospheric water
vapor) for GPS sites separated by distances of ~10 km or less to
eliminate or reduce common-mode errors when estimating rela-
tive station locations. Precise estimates of the three-dimensional
(3-D) baselines between nearby sites are possible for occupa-
tions as short as a few minutes. Differential measurements may
be preferable for GPS benchmarks where short occupation times
are desirable, as might be the case for sites that are not secure or
at sites with hostile environments.

RESULTS

Continuous Station Time Series and
Coordinate Repeatability

Figure 2 shows the estimated daily positions from mid-
2008 to late 2009 for our continuously operating reference sta-
tion SNJE and 5 min wet tropospheric zenith delays during the
same period (upper panel of Fig. 2). Both were determined from
GIPSY processing; the station positions were also postprocessed
to remove common-mode position noise (Marquez-Azia and
DeMets, 2003). During the 1 yr period spanned by our pilot study,
the daily estimates of SNJE’s latitude, longitude, and elevation
were repeatable 68.3% of the time to within +2 mm, + 4mm,
and =7 mm, respectively. Within the scatter, SNJE’s horizontal
movement was linear, and the station subsided at a relatively slow
3+ 1 mm yr. Its well-defined, steady movement makes it well
suited for our reference site.

The time series of the estimated wet tropospheric delay
(upper panel of Fig. 2) clearly shows the rainy and dry seasons,
which are well defined by a 6-mo-long period during which the
wet delays differ by ~100 mm. Over time periods shorter than
6 mo, variations of tens of millimeters in the wet delay occur,
sometimes within a 24 h period. Absent any correction to the sta-
tion positions for the wet delay, variations in the wet delay can
bias the daily estimates of the station elevation and coordinates
by as much as tens of millimeters over a 24 h observation session
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and by even larger amounts for shorter observation sessions. The
fact that the estimated daily elevations at SNJE vary by less than
10 mm and the horizontal coordinates vary by less than 4 mm
(lower three panels of Fig. 2) is clear evidence that GIPSY suc-
cessfully separates seasonal and more frequent variations in tro-
pospheric water vapor from the slowly changing station position.

Differential Station Baseline Repeatabilities

Almost nothing has been published in peer-reviewed earth
science literature about differential GPS surveys of volcanoes
despite this technique’s potential for monitoring volcano defor-
mation. Consequently, little is known about the accuracy or
precision of such measurements for networks with spatial and
vertical dimensions typical of a volcano. Without such knowl-
edge, it is difficult or impossible to separate signal from noise
in a time series of differential measurements. A key focus of our

2009.0 2009.5
| |

pilot study was therefore to establish the level of repeatability
(and hence precision) of the north, east, and vertical components
(NEV) of 3-D baselines between our differential stations and ref-
erence site, as well as the way in which the measurement preci-
sion varies with distance between the benchmark and reference
site. To help assess baseline repeatability as a function of both
baseline length and the duration of the benchmark occupation,
we occupied the benchmarks nearest to and farthest from our ref-
erence site, consisting of site FSEL at a distance of 1.888 km and
site AGLA at a distance of 9.656 km, for 20 h or longer at the
start and end of our study.

We first assessed the repeatability of the 1.9-km-long base-
line between the benchmark at site FSEL and SNJE (our refer-
ence site) for 20-min-long benchmark occupations, which is (in
our view) the shortest occupation time we would recommend in
the absence of real-time-kinematic (RTK) station position cor-
rections. We subdivided our 20+-hr-long occupations of FSEL

n
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in September of 2008 and September of 2009 into 140 nonover-
lapping, 20-min-long data sessions and independently processed
each 20 min segment with data from the reference site SNJE using
the TGO differential processing software. The upper two panels
of Figures 3 and 4 show the variations in these 140 estimated
NEV baseline distances as a function of time for the September
2008 and September 2009 occupations. Estimates of the north
baseline lengths had standard deviations of +4 mm in September
2008 and +5 mm in September 2009 relative to their respective
daily means (upper two panels of Fig. 3); the east components
in 2008 and 2009 had respective standard deviations of +5 mm

and +6 mm. The noisier vertical baseline component (upper and
third panels of Fig. 4) had a standard deviation of £12 mm in
September 2008 and +13 mm in September 2009 relative to the
respective daily mean values.

Although these results suggest that the lengths of the N, E,
and V baseline components can be determined with approximate
1o uncertainties of =5 mm, =6 mm, and =13 mm from mea-
surements that span only 20 min, these repeatabilities cannot be
equated to either the measurement precision or accuracy unless
errors in the position estimates are random in time, which they
do not appear to be. Errors in the differential position estimates
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are instead often correlated from one 20 min interval to the next
(Figs. 3 and 4). For example, estimates of the elevation for FSEL
relative to SNJE decreased gradually from the mean session value
to 40 mm below the mean during an 80-min-long period near the
end of DOY 262 (upper panel of Fig. 4). The error(s) that affect
the elevation estimate thus remain correlated for four consecu-
tive 20 min sessions. By implication, a 20-min-long occupation
at the wrong time of day could give a vertical baseline estimate
40 mm below the daily mean, i.e., a factor of three larger than
the +13 mm standard deviation in the vertical component for this
relatively short baseline.

Day-of-Year - Sept. 18/19, 2008
262.75

263.25

263.00
|

263.50
|

A similar analysis of 135 20-min-long sessions extracted
from the 20+-hr-long occupations of site AGLA in September
2008 and September 2009 gives respective NEV baseline-length
standard deviations of £7 mm, +9 mm, and 30 mm in September
of 2008 and +11 mm, =10 mm, and +34 mm in September of 2009
(Figs. 3 and 5). The standard errors for this 9.7-km-long baseline
are roughly a factor of two larger than for the 1.9-km-long FSEL-
SNIE baseline, as expected given that sources of noise in the posi-
tion estimates at either end of the baseline become increasingly
decorrelated (and thus fail to cancel as effectively during differ-
ential processing) as the distance between the two sites increases.
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The time-correlated errors in the vertical component of
the SNJE-AGLA baseline are larger (upper and third panels of
Fig. 5) than the time-correlated errors for the shorter FSEL-SNJE
baseline (upper and third panels of Fig. 4). For example, from
DOY 267.4 to 267.0 during the September 2008 occupation,
every elevation estimate for eight consecutive 20 min sessions
was 35-120 mm below the mean session elevation (Fig. 5, upper
panel). Similarly, in 2009, during the 6 h period from DOY 254.0
to DOY 254.25, every relative height estimate was 10-70 mm
below the mean session elevation (Fig. 5, third panel). The likeli-
hood that random noise caused the relative height estimates to
remain below the mean for such a long period is vanishingly

Day-of-Year - Sept. 22/23, 2008
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small; time-dependent noise is almost certainly the cause. In the
next section, we investigate whether changes in the tropospheric
water vapor sensed by the antennas at AGLA and SNJE through-
out the day correlate with the time-dependent changes in the rela-
tive station heights.

A similar repeatability analysis for 1-h-long sessions, the
typical duration of our benchmark occupations, gives respective
NEV baseline repeatabilities of £3 mm, +3 mm, and +5 mm for
the FSEL-SNJE baseline and 6 mm, =8 mm, and +23 mm for
the AGLA-SNJE baseline. As expected, the longer occupations
reduce the scatter in the differential position estimates, most
likely by averaging down random and time-dependent sources of
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noise such as site-specific antenna multipaths, differences in the
tropospheric water vapor at the antennas that define the baseline,
and periods of suboptimal satellite-to-antenna geometries.

Influence of Tropospheric Water Vapor on Differential
Position Estimates

For sites at sea level, refraction of the GPS signal by water
vapor and other gases in the lower atmosphere delays the GPS
signal arrival by ~2.4 m for signals from directly overhead (the
zenith delay) and by as much as 25 m for signals from low-
elevation angles (~5°). Absent any corrections for this effect,
variations in tropospheric water vapor during a GPS measure-
ment session will cause time-varying artifacts in a station’s esti-
mated elevation and horizontal coordinates. The hydrostatic or
“dry” component of the tropospheric water vapor signal delay
is eliminated during absolute (GIPSY) and differential (TGO)
GPS data processing via a standard Hopfield model. The nonhy-
drostatic or “wet” signal delay, due mostly to water vapor in the
lower troposphere, is estimated during processing with GIPSY
software at 5 min intervals during an observation session. In con-
trast, standard differential processing assumes that GPS baselines
are short enough such that the antennas at the two ends of the
baseline sample nearly equivalent columns of the troposphere. If
so, the effects of the wet delay on the relative station coordinates
and elevations largely cancel.

To determine whether differences in the tropospheric wet
delays at our reference site SNJE and our other benchmarks
significantly increased the scatter in our relative station eleva-
tion estimates, we compared the estimated wet zenith delays
from GIPSY for stations AGLA, FSEL, and SNJE (Figs. 4 and
5) during the long-observation sessions at AGLA and FSEL in
September of 2008 and 2009. The wet delay estimates at FSEL
and SNJE are nearly identical, reflecting the similar elevations at
both sites (57 m elevation difference) and their close proximity
(1.9 km). Variations in the 5 min wet delay estimates are also
strongly correlated at these two sites, as expected given their
proximity. The differences between the delays estimated at the
two sites (blue lines in upper and third panels of Fig. 4) are typi-
cally below 5 mm, i.e., smaller than the 1040 mm variations in
the relative station elevations estimated with TGO, and they show
no obvious correlation in time with the variations in the residual
elevations (upper and third panels of Fig. 4). We conclude that
variations in the 20 min TGO estimates of the relative station
heights during the measurement session are not caused by differ-
ences in the tropospheric water vapor that affects the GPS signals
received by the GPS antennas at the two sites.

The more distant benchmark at site AGLA has an elevation
637 m lower than the reference site SNJE and thus samples a
thicker column of atmospheric water vapor. The wet delay esti-
mates for site AGLA are correspondingly larger than for SNJE,
typically by 50-60 mm (second and fourth panels of Fig. 5).
Despite the elevation difference and the 9.7 km distance between
the two sites, the wet delay variations at AGLA and SNJE were

highly correlated in September of 2008 and September of 2009
(second and fourth panels of Fig. 5). Differences in the varia-
tions during each session (shown by the blue lines in first and
third panels of Fig. 5) were never larger than 20 mm and exhib-
ited no apparent correspondence to the up to 60 mm variations
in the relative station elevations estimated at 20 min intervals
with TGO (Fig. 5).

We thus find no evidence that variations in the amount of
tropospheric water vapor are the primary cause of the observed
scatter in the differential station elevations shown in Figures 4
and 5. Noise in the 20 min position estimates may instead be
dominated by changes during an observation session in the GPS
satellite geometries and antenna multipaths at the two ends of
the baseline. Occupations of only 20-30 min are thus suitable
if expected deformation signals are several tens of millimeters,
but they are too short if the desired positioning accuracy is less
than ~10 mm.

Horizontal Station Motions Relative to Reference Site SNJE

Figures 6 and 7 show time series of the north and east
baseline components and their best-fitting slopes for each GPS
benchmark relative to SNJE. Given the steady, linear motion of
the reference site SNJE (lower two panels of Fig. 2) and GPS
evidence for ~6 mm/yr of steady E-W stretching across the Santa
Ana network (Alvarado et al., 2011), the differential motions of
the network sites relative to SNJE should include a steady tec-
tonic component, most likely slower than 6 mm/yr. We thus did a
weighted linear regression of each station’s differential positions
relative to SNJE (Figs. 6 and 7) to examine its consistency, or
lack thereof, with a simple linear-motion assumption. Since the
linear regressions incorporate each station’s position uncertainty
at each time epoch, the influence of any poorly determined outli-
ers on the estimated slope is down weighted at the expense of
epochs with better-determined positions.

Most (9 out of 12) of the benchmarks moved slowly to the
east or southeast (Fig. 8), inconsistent with the expected slow
westward extension across the Santa Ana GPS network (Fig. 1
inset). The failure of the horizontal velocity field to conform to
that expected is unsurprising given that the uncertainties in our
estimated differential site velocities are roughly a factor of two
larger than the tectonic deformation expected during the 7 mo
spanned by most of our measurements. The sites that were occu-
pied most frequently over the longest interval (1 yr), AGLA and
FSEL, are the sites for which motions are closest to their expected
motions, as expected given that the signal-to-noise values at these
stations are better than for the other network sites.

The weighted root mean square (WRMS) scatters in the north
and east baseline-component time series for the 12 benchmarks
are ~5—10 mm relative to their best-fitting slopes (Figs. 6 and 7).
Some misfits are, however, several times larger than expected.
For example, for the occupations of sites MLPA, LSPL, and
LAKE in May of 2009, the north and east baseline components
differ by 50-60 mm from those determined 1 mo earlier and later



sped98-04 1stpgs page 67

A pilot GPS study of Santa Ana Volcano and Coatepeque caldera 67

(Figs. 6 and 7). Although transient volcanic processes may cause
these larger-than-expected changes in station positions, they
could also be artifacts of data noise or possibly local site effects.
We examined whether large position outliers are correlated with
periods of anomalously high GPS station multipath or lower data
quality but found no evidence for such a correlation. The cause(s)
of these outliers thus remains unknown.

Vertical Station Motions

Figure 9 shows time series of the benchmark elevations rela-
tive to SNJE and their best-fitting slopes. The stations around
Coatepeque caldera, consisting of sites LAKE, LSPL, MLPA,
MTBL, and PDREF, show a pattern of uplift from February 2009,
when we first occupied these sites, until June 2009 (left panel

of Fig. 9). After July 2009, the same stations subsided until our
measurements ended in late September 2009. The stations west
of the caldera (SNJE, FSEL, and other sites farther west) show
no consistent uplift or subsidence pattern during this period (right
panel of Fig. 9).

A map view of the uplift rates during the period February
to June 2009 (Fig. 10) clearly shows the concentration of the
uplift around the caldera. During this period, the vertical motion
of our reference station SNJE at the western edge of the caldera
was less than 5 mm (Figs. 2 and 9); uplift was thus concentrated
east of SNJE. Cumulative uplift at the benchmarks around the
caldera was 60 mm to 140 mm, i.e., several times larger than
the ~10-20 mm elevation repeatability described earlier herein.
These correspond to uplift rates of 180 + 40 mm/yr at site MTBL
south of the caldera to 470 + 110 mm/yr at station LAKE, the
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Figure 6. Time series of north component of station positions relative to reference site SNJE. Left panel shows time series for sites closest to
Coatepeque caldera. Right panel is for sites near Santa Ana and Izalco Volcanoes. Error bars are 2-6, 1-dimensional uncertainties propagated
from the differential global positioning system (GPS) analysis. All but four estimates are for ~1-h-long site occupations. Asterisks indicate
20-24-h-long occupations of sites AGLA and FSEL at the beginning and end of the experiment. The distance in meters from each site to SNJE
is given below the site name. Daily (gray) and monthly (blue) positions for the reference station SNJE are shown at the bottom of each panel.
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site closest to the center of the caldera. In the discussion, we con-
sider whether the uplift and subsidence at sites near Coatepeque
caldera were caused by transient hydrothermal or magmatic pro-
cesses beneath or near the caldera or nonvolcanic effects.

Elsewhere in the network, neither of the two benchmarks at
the summit of Santa Ana Volcano (CRSE and CRSW) shows evi-
dence for significant sustained vertical movement (Fig. 9), even
though a phreatic or phreatomagmatic eruption occurred only 3 yr
prior to the onset of our measurements. Improved detection of
ground deformation at the volcano summit due to hydrothermal
or magmatic transients will require continuous measurements.

Absolute Positioning with Short-Static GPS Surveys
of Volcanoes

Although differential GPS offers several advantages as
described earlier for volcano monitoring, the approach has sig-
nificant limitations. Short occupations of GPS benchmarks can
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magnify the effects of site-specific GPS multipaths on station
position estimates, as may also be the case if there are variations
in tropospheric water vapor that are not common to the sites
that define a baseline. Also, commercially produced differential
processing software may be too expensive for some institutions
and investigators.

We therefore tested whether a newly available GIPSY pro-
cessing feature can be used to estimate GPS station coordinates
precisely enough for campaign-mode volcano monitoring. The
Jet Propulsion Laboratory’s web-based Automatic Precise Posi-
tioning Service (hereafter abbreviated APPS and accessed at
http://apps.gdgps.net) is a rapid turnaround, GIPSY-based pro-
cessor that will process GPS RINEX files submitted by any
investigator. For no cost, investigators can undertake absolute
positioning studies without the substantial overhead associated
with licensing and operating GIPSY software at their home insti-
tution. As of mid-2011, APPS was being upgraded to include a
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Figure 7. Time series of east component of station positions relative to reference site SNJE. Left panel shows time series for sites closest to
Coatepeque caldera. Right panel is for sites near Santa Ana and Izalco Volcanoes. See caption for Figure 6 for additional information.
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newly developed processing feature called single-station ambi-
guity resolution. This feature significantly improves position
coordinate estimates for short-static occupations (i.e., occupa-
tions shorter than roughly 8 h).

We tested this feature as follows: We first subdivided all
365 daily GPS files from reference station SNJE for the period 1
January, 2010 to 31 December 2010 into 2920 3-h-long and 4380
2-h-long Rinex files. We then processed the 2 h and 3 h files with
GIPSY release 6.0 and single-station ambiguity resolution. This
simulates the processing procedures to be used by APPS once it
is upgraded to enable single-station ambiguity resolution.

Processing of the 3-h-long sessions gives horizontal coor-
dinates (black dots in the upper panel of Fig. 11) that are tightly
clustered about the mean, velocity-adjusted station position.
Ninety-five percent of the latitude estimates for the 3 h sessions
are within £10 mm of the mean site latitude. Ninety-five per-
cent of the longitude estimates are within +12 mm of the mean
site longitude (solid red ellipse in Fig. 11). For station elevations,
95% of the estimates lie within £33 mm of the mean.

89°40'0"W 89°38'0"W

89°36'0"W

Repeating the analysis of the 3-h-long sessions without
resolving the phase ambiguities increases the scatter in the esti-
mated longitudes to nearly +40 mm (red dashed ellipse in Fig. 11);
ambiguity resolution is thus essential for achieving high precision
when processing data from short benchmark occupations.

For the shorter 2-h-long sessions, the scatter in the
ambiguity-resolved latitudes increases to +20 mm (blue ellipse
in Fig. 11), and the scatter in the longitudes increases to nearly
+60 mm (blue ellipse in Fig. 11). The factor of five increase in
longitudinal scatter relative to the scatter for the 3-h-long ses-
sions suggests that 2 h sessions are too short for absolute posi-
tioning studies in which the expected deformation signal is likely
to be smaller than ~100 mm.

Benchmark occupations of 3 h are therefore sufficient to
achieve absolute position estimates to within £10-12 mm in the
horizontal and 30 mm in the vertical with 95% confidence,
comparable to the results from our differential processing of
20-min-long sessions for our shortest (FSEL-SNJE) and longest
(AGLA-SNIJE) baselines. If logistical and other considerations
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Figure 8. Campaign station velocities relative to centrally located continuous global positioning system (GPS) site SNJE for the period Sep-
tember 2008 to September 2009. Velocities and uncertainties were determined from linear regressions of the station coordinate time series and
position uncertainties shown in Figures 6 and 7. Ellipses show the 2-dimensional, 1-G uncertainties.
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allow for benchmark occupations of 3 h, there are several rea-
sons for abandoning differential measurements in favor of mod-
estly longer occupation times and processing of the data with
APPS and single-station ambiguity resolution. First, it elimi-
nates the need for a nearby GPS reference station; field deploy-
ments can be done with one GPS receiver that is moved to dif-
ferent benchmarks every few hours. Second, station coordinates
and elevations from APPS are specified in the international
terrestrial reference frame (ITRF) instead of relative to a local
reference site. The station coordinates are therefore useful for
local, regional, and global-scale deformation studies. Finally,
differential techniques limit maximum baseline distances to
~10 km for GPS networks; at longer distances, the tropospheric
wet delay and other sources of positioning error at both ends of
a baseline become increasingly decorrelated, leading to a break-
down in precision. In contrast, GPS networks based on absolute
positioning can be arbitrarily large, since the frame of reference
is global in scale.

DISCUSSION

Was the Apparent Uplift Event at Coatepeque Caldera
Real or an Artifact?

Unrest at calderas is often a composite of causes—tectonic,
magmatic, and hydrothermal, often resulting in subtle uplift and
subsidence (Newhall and Dzurisin, 1988). Although our 1-yr-
long GPS study may have captured a transient event associated
with Coatepeque caldera, the absence of corroborating evidence
and sparse temporal sampling of our differential data complicate
an unambiguous interpretation of our results. Five alternative
nonvolcanic explanations for the transient uplift at sites around
the caldera include (1) seasonal wet/dry soil expansion and con-
traction, (2) elastic loading and unloading of the caldera region
due to seasonal fluctuations in the caldera lake level, (3) seasonal
variations in tropospheric water vapor that are not accounted
for in differential GPS data processing, (4) seasonal changes

400 400 :
Caldera Sites ‘ Volcano Sites _[_
350 350 !
o | MLPA
% 300 7437 m
E
T i MTBL
< 250 6582 m
t
e LSPL
g 200- 4835 m
E
o
& PDRF
@
£ 1501 4409 m
@
wn
E
- LAKE
S 190 4063 m
£
S *
sol - FSEL
&~ 1889m
M J J A
2008 - 2009 2008 - 2009

Figure 9. Time series of vertical component of station positions relative to reference site SNJE. Left panel shows time series for sites closest to
Coatepeque caldera. Right panel is for sites near Santa Ana and Izalco Volcanoes. See caption for Figure 6 for additional information.
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Figure 10. Vertical global positioning system (GPS) site rates for the period February 27 through 29 June 2009 relative to SNJE, correspond-
ing to the period of uplift at the stations surrounding Coatepeque caldera. Standard error bars are shown as light gray. Reference site SNJE
exhibited no significant absolute vertical motion during this or any other period during the study (Fig. 2). The horizontal site motions during
this same period (not shown) exhibited no consistent pattern.
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in atmospheric pressure, and (5) problems with the experiment
design or execution. Each is considered and rejected in the fol-
lowing discussion.

Although hydro-expansion and contraction of clay-rich
strata under some of our GPS sites offer an appealing potential
explanation for their vertical motions, few expansive clays have
been observed in the study area (D. Escobar, 2010, personal com-
mun.), and one site where significant uplift occurred (PDRF) is
located on a relatively young, soil-free lava flow. The evidence
thus does not support this explanation.

Seasonal increases and decreases in the volume of water
in Coatepeque Lake would also induce seasonal loading and
unloading of the crust. The expected elastic response would
include subsidence during the wet season and uplift during the
dry season, both decreasing in magnitude with distance from the
lake. A comparison of the vertical motions at the near-caldera
sites (lower panel of Fig. 12) to monthly precipitation and the
wet tropospheric zenith delay, both of which track the rainy
season (middle panel of Fig. 12), shows that uplift rather than
subsidence occurred during the rainy season, which is opposite
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than expected. In addition, vertical uplift is out of phase with the
changes in monthly precipitation and atmospheric water vapor.
We therefore reject this explanation.

For two reasons, we also reject the possibility that differ-
ing variations in tropospheric water vapor at both ends of our
GPS baselines can explain the protracted uplift we observed.
First, such an explanation would not explain why uplift, with one
exception (site AGLA), was concentrated at the sites around the
caldera. Second, because atmospheric water vapor concentra-
tions are higher on average during the wet season than during
the dry season, the wet-season GPS signal delay is increased at
all sites relative to the dry-season signal delay. A failure to cor-
rect for this effect will make all site elevations appear to decrease
(subside) during the wet season and increase (uplift) during the
dry season. This effect is magnified for sites at low elevations
relative to a reference site at a higher elevation because the low-
elevation sites sample a thicker column of the atmosphere. The
caldera sites are all at elevations 400-900 m lower than SNJE and
thus should subside during the wet season relative to SNJE if the
changing station elevations are an artifact of seasonal variations
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in tropospheric water vapor. The caldera site elevations instead
increased with respect to SNJE, with most of the increase occur-
ring during the wet season.

Changes in atmospheric pressure over subdaily to seasonal
time scales vary the atmospheric load on the crust and hence
cause in-phase elastic changes in station elevations (vanDam et
al., 1994). Seasonal elevation changes due to atmospheric load-
ing are typically 15 mm or less (vanDam et al., 1994), i.e., much
smaller than the 60—140 mm elevation changes we measured at
sites near Coatepeque caldera. Additionally, atmospheric load-
ing occurs over spatial wavelengths much larger than the rela-
tively small footprint of our ~100 km? network, making them an
unlikely source of the large site elevation changes that occurred
within our network.

Finally, the GPS data from the two halves of the network
were gathered at similar times, were processed using the same
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methodology, and were nearly all collected using the same GPS
receiver, GPS antenna, and fixed-height spike mount. The dif-
ferent patterns of vertical movement for the two halves of the
network therefore seem unlikely to be an artifact of our data col-
lection or processing procedures.

The primary evidence that the uplift/subsidence event was
related to volcanic processes is the distinct difference between
the vertical motions in the eastern and western halves of the
GPS network during February to June 2009 (Fig. 10), with uplift
concentrated at sites near the caldera. At sites LAKE, LSPL,
and MLPA, which are located at the center and north edges of
the caldera, 40-60 mm excursions in the north and east base-
line components from March to June 2009, during the period of
rapid uplift (Figs. 6 and 7), may also have been related to these
transient hydrothermal or magmatic processes. These 40-60 mm
changes in the site coordinates exceed the ~5-10 mm scatter we
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Figure 12. Vertical movements of sites around Coatepeque caldera (lower), variations in rainfall and tropospheric water vapor (wet component
only; PWV—oprecipitable water vapor) from GIPSY processing (middle), and 24 h average seismic amplitude measurements (RSAM) from
a seismometer near global positioning system (GPS) station TBSL (location shown in Fig. 10) for the period September 2008 to September
2009. The possible inflation and deflation event recorded at the GPS sites after March of 2009 does not coincide with the annual precipitation

pattern or fluctuations in volcanic seismic activity.
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observed for 20-min-long horizontal position estimates (Fig. 3)
and thus may be real.

Magma influx and volatile buildup accompanied by surface
deformation occur at many calderas during noneruptive phases
(Newhall and Dzurisin, 1988; Van der Laat, 1996; Dzurisin, 2000).
Young domes and cones within Coatepeque caldera and hydrother-
mal activity in the southwest quadrant of the caldera demonstrate
the presence of an existing heat source. Eruptions at nearby vol-
canoes Izalco in 1966 and Santa Ana in 2005 clearly indicate that
magma and volatiles move through the volcanic plumbing system
in the Santa Ana volcanic complex, although it is unclear whether
these volcanoes and Coatepeque caldera share the same plumbing
system (Carr and Pointier, 1981; Halsor and Rose, 1988).

Continuous seismic measurements at the seismometer near-
est the caldera (near GPS site TSBL, roughly 5 km west of the
caldera) show no increase in the daily-average seismic wave
amplitude (RSAM) that would coincide with the period of appar-
ent uplift and subsidence (Fig. 12). In addition, seisms detected
and located during the study period (Fig. 1) include only one
earthquake within the caldera. The absence of any increase in
microseismic activity likely excludes magma movement as the
cause of the apparent uplift. Alternatively, pressurization of the
magma reservoir could have caused the apparent uplift. Unfor-
tunately, no other measurements were being made in the caldera
during 2009, making it impossible to corroborate the geodetic
evidence for a transient inflationary event.

Comparison to Campi Flegrei Caldera, Southern Italy

The Campi Flegrei caldera of southern Italy is comparable in
diameter (~7-10 km) to Coatepeque and is thus a good basis for
comparison to our own results. Of key import is whether Campi
Flegrei caldera has exhibited evidence for uplift events over time
scales of ~0.5 yr, as we observed at Coatepeque, and whether
rapid variations in ground deformation have been measured over
distances of only several kilometers, as observed within our
small-footprint GPS network.

From March to August of 2000, continuous GPS, interfero-
metric synthetic aperture radar (InSAR), and leveling measure-
ments of the Campi Flegrei caldera recorded a 6 mo inflation
event with maximum measured uplift of ~40 mm (Lanari et al.,
2004). Variations in vertical rates were as high as ~20 mm per km
of horizontal distance. Both are comparable to the uplift event
we recorded in 2009 at Coatepeque. Troise et al. (2007) and De
Martino et al. (2010) described evidence that ground deforma-
tion at Campi Flegrei consists of short-duration, transient events
(such as that in 2000) that are superimposed on subsidence or
uplift that may persist for decades to centuries. From CO, mea-
surements at sites in the caldera, Troise et al. (2007) inferred that
the shorter-duration transient events were caused by the injec-
tion of overpressurized fluids of magmatic origin into shallow
aquifers. Waite and Smith (2002), Battaglia (2006), and Hur-
witz et al. (2007) also described evidence that fluid migration is
responsible for much of the ground deformation associated with

caldera unrest. We speculate that fluids that were derived from a
deep magma source were responsible for the short-duration uplift
event we detected at Coatepeque caldera. Installation of one or
more continuous GPS receivers and gas flux monitoring equip-
ment at one or more sites in the caldera would enable a test of this
hypothesis during a future uplift event.

RECOMMENDATIONS

Our results suggest several avenues of research and monitor-
ing for improved hazards assessment at the Santa Ana volcanic
complex and other areas of volcanic hazard. First, differential
measurements in the 12 station Santa Ana GPS network or 3 h
site occupations and absolute positioning analysis, as described
herein, are needed to characterize the intereruptive behavior in
this area. Horizontal and vertical movements larger than ~20 mm
and ~50 mm, respectively, should be detectable at high confi-
dence level with either of these strategies. The same measure-
ment precisions and hence field strategies should apply at other
volcanoes in Central America. Differential or short-static abso-
lute positioning studies may be particularly useful for smaller
volcanoes or any volcano for which the deformation “footprint”
of the magmatic or hydrothermal sources may be small and hence
difficult to detect with InSAR.

For volcanologists who are interested in using GPS for
deformation monitoring, the costs of doing so are modest. A
dual-frequency GPS receiver and antenna can be purchased in
the United States at discounted prices of ~$5000 per set. Ancil-
lary equipment such as a rock drill for installing geodetic monu-
ments, an antenna spike mount or tripod, and solar panels can
be acquired for $4000 to $5000. Differential processing software
typically costs $5000 if procured with an academic discount.
Processing with APPS absolute positioning software is free.
Costs for continuous monitoring range from $5000 to $15,000
per station, depending on whether there is a preexisting facility
and source of power for a continuously operating instrument.

GPS network design for volcanic features should apply the
simple principle that elastic ground deformation from magmatic
and hydrothermal sources will be the largest at locations above or
close to the source. If differential measurements will be used, one
or more reference stations are needed, ideally far enough from
the volcano to serve as a stable reference site, but close enough
(within 10 km of most sites) to permit differential processing.

Continuous monitoring with one GPS receiver in Coate-
peque caldera and another on the summit of Santa Ana Volcano
would be a powerful method for early detection of small ground
deformations related to influxes of fluids and magma beneath
these features, particularly if it were combined with indepen-
dent measurements (such as from tiltmeters) for cross-validation.
Combining continuous GPS measurements with measurements
of the fluxes of carbon dioxide and other gases in Coatepeque
caldera would help distinguish whether transient deformation is
caused by magma or magma-derived fluids or seasonal or other
long-period noise that frequently affects continuous GPS time
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series. Similar recommendations apply for Ilopango caldera far-
ther east in El Salvador. Mogi modeling to estimate the depth
and volume of fluid or magma intrusion would also benefit the
interpretations of uplift events. Modeling of the source of infla-
tion events benefits greatly from spatially dense measurements.
Therefore, twice-monthly or monthly GPS measurements on
more closely spaced benchmarks (and InSAR if available) would
also be useful for better modeling of inflation events once they
are first detected.
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