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Eruptions can produce not only flows of in-
candescent material along the slopes of a vol-
cano but also ash plumes in the troposphere
[Sparks et al., 1997] that can threaten aircraft
flying in the vicinity [Fisher et al.,1997]. To
protect aircraft, passengers,and crews, the In-
ternational Civil Aviation Organization and the
World Meteorological Organization created
eight Volcanic Ash Advisory Centers (VAAC,
http://www.ssd.noaa.gov/VAAC/vaac.html)
around the globe with the goal of tracking vol-
canic plumes and releasing eruption alerts to
airports, pilots,and companies. Currently, the
VAAC monitoring system is based mostly on
the monitoring systems of any local volcano
observatories and on realtime monitoring of
data acquired by meteorological satellites.

In the case of the 18 August 2000 eruption
of the Miyakejima volcano in Japan, Houlié et
al. [2005] showed that the Global Positioning
System(GPS) might be used as an additional
tool for monitoring volcanic plumes.The pres-
ent article indicates that the 9 March 2005
eruption of Mount St. Helens, Washington, also
produced detectable anomalies in GPS data.

Since September 2004, the Cascades Volca-
no Observatory of the U.S. Geological Survey
(CVO/USGS, http://vulcan.wr.usgs.gov/) has
registered a period of activity at Mount St. Hel-
ens (46.2N,122.2W), with two phreatic erup-
tions on 16 January and 9 March of 2005 (Fig-
ure 1) [Major et al., 2005].The CVO research
team has monitored several parameters
(including deformations, gas samplings,and
seismicity) in order to understand the volca-
nic process and alert the local population of
a possible risk [Dzurisin et al., 2005]. Pilots of
commercial aircraft reported that on 9 March
2005, an atmospheric plume propagated up-
ward and reached an elevation of about 13
km above sea level (a.s.l.) [Major et al., 2005].
The VAAC Office of Vancouver (Washington)
tracked the volcanic plume over the United
States in the hours that followed.

The data used in this study were acquired
at seven permanent GPS stations deployed in
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the vicinity of the Mount St.Helens lava dome
by the U.S.National Science Foundation’s
EarthScope Plate Boundary Observatory
(PBO, http://www.earthscope.org/) since the
volcano’s September 2004 reawakening after
15 years of rest. Figure 2 shows the locations
of the seven stations (P690, P693, P695, P696,
P697,P698,P699).The data were processed
daily using GAMIT (GPS Analysis MIT) soft-
ware [King and Bock, 1999],assuming the
troposphere is fully modeled by a standard
meteorological model with a troposphere pa-
rameter estimated every four hours.

The hypothesis, successfully validated in
the case of the 18 August 2000 Miyakejima
eruption, is that the single- or double-dif-
ference phase residuals were containing a
clear signature of the presence of the plume,
and that this signature was relatively easy
to extract and model and interpret quanti-
tatively. (The single-difference phase is the
difference of phase emitted by one satel-
lite and received at two different sites; the
double-difference phase is the difference

of the phases emitted by two satellites and
received by two receivers.)

Figure 3 shows the six residuals of the LC fre-
quency (LC is a linear combination of the two
carriers emitted by the GPS satellites L1 and
L2;LC =2.545 L1 + 1.545 L2) computed using
each satellite seen by each receiver with re-
spect to the satellite PRN22 and the site P690.

The amplitude of the typically observed
noise is about 0.15 cycles on LC frequency (or
7 cm of anomalous pseudorange; the pseu-
dorange is the distance between the satellite
and the GPS receivers),and the anomalies
observed during the eruption are about twice
this value (0.3 cycles).The error on the loca-
tion of a given site perturbed by a plume is
about 14 cm (Figure 2).The event is visible
for 20 min on the GPS residuals of satellites
PRN18 and PRN22. However, the residuals
presented here are less than for the Miyakejima
eruption in 2000,and this made them less obvi-
ous to locate in the data.

Anomalous signals were observed only for
satellites PRN18 and PRN22.These two satel-
lites were located between the azimuth NO
and N90 during the eruption with elevation
angles equal to 27° for PRN18 at 1.35 (UT)
and 59° for PRN22 at the same time.The spa-
tial location of the plume anomaly retrieved
by GPS is compatible with the lateral drift of

Fig. 1. Photo of the 9 March 2005 Mount St. Helens eruption. The plume reached 11.2 km above

sea level Image credit: U.S. Geological Survey. Original color image appears at the back of this

volume.
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Fig. 2. Map of the Plate Boundary Observatory network around Mount St. Helens.

the volcanic plume pushed to the east by the
wind, as reported by direct observations from
ground and air during the event (see Figure 1
and Major et al. [2005]).

This new,successful retrieval of a subtle
but clear anomaly in residuals of GPS phase
delay modeling, corresponding to 5 to 10 cm
of equivalent pseudorange delay, confirms
that GPS data can be used for detecting and
quantifying volcano plumes.In the case of
Mount St. Helens, the PBO system already
allows data to be released on an hourly
basis on the Internet,and the processing of
the data and extraction of the residuals can
easily be automated.The next step of this
research, also relatively easy to implement,
will be the real-time analysis of the data and
extraction of residuals.

The softwares modeling the troposphere
several times per day using meteorological
models [Saastamoinen, 1972; Niell, 1996] are
particularly dedicated to the study of volcanic
plumes.Indeed, the processing of an entire day
of data will allow the determination of average
troposphere delay that precedes the analysis
of the residuals using a rowing window. (A row-
ing window is a strategy to smooth the data. At
every sampling time, the mean value of the n
value constituting the rowing window is being
computed.)

The GPS networks that are efficient for de-
tecting volcanic plumes are networks of very
limited spatial extent (typically 10 km). Thus, the
problem of assessing for short sessions various
standard parameters [Saastarnoinen, 1972] such as
the average troposphere is not critical.

Furthermore,in some cases a larger number
of single-frequency instruments would prob-
ably be even more appropriate than fewer
double-frequency units. This is because analy-
sis of the L1 frequency instead of LC would
result in less noisy data and therefore in lower
thresholds for the detection of anomalies.

Acknowledgments

We thank the Plate Boundary Observatory
(PBO) project and the Scripps Orbit and
Permanent Array Center (SOPAC) team for
providing the data.We are grateful to Jon Clark
for his help.

References

Dzurisin, D., J.W.Vallance, T. M. Gerlach, S. C. Moran,
and S.D.Malone (2005), Mount St. Helens reawa-
kens, Fos Trans. AGU, 86(3), 25.

Fisher,R.V,, G. Heiken,and J. B. Hulen (1997), Volca-
noes: Crucibles of Change, 317 pp., Princeton Univ.
Press, Princeton, N. J.

Houlié N.,P Briole, A. Nercessian, and M. Murakami
(2005), Sounding the plume of the 18 August 2000
eruption of Miyakejima volcano (Japan) using
GPS, Geophys. Res. Lett., 32, 105302, doi:10.1029/
2004GL021728.

King, R.W,and Y. Bock (1999), Documentation for
the GAMIT GPS analysis software, Dept. of Earth,
Atmos. and Planet. Sci., Mass. Inst. of Technol.,
Cambridge.

Majory, J. J., W.E. Scott, C. Driedger, and D. Dzurisin
(2005), Mount St.Helens erupts again: Activity
from September 2004 through March 2005, U.S.
Geol. Surv. Fact Sheet, FS2005-3036, 4 pp.

Niell, A.E. (1996), Global mapping functions for the
atmosphere delay at radio wavelengths, J Geophys.
Res., 101(B2),3227- 3246.

Saastamoinen, J. (1972), Atmospheric correction for
the troposphere and stratosphere in radio ranging
of satellites, in The Use of Artificial Satellites for
Geodesy, Geophys. Monogr. Ser, vol. 15,edited by S.W.

Henriksen et al., pp. 247-251, AGU, Washington, D. C.

Sparks,R.S.J., M. 1. Bursik, S. N. Carey, J. S. Gilbert, L. S.
Glaze, H. Sigurdsson, and A.-W.Woods (1997), Volca-
nic Plumes, John Wiley, Hoboken, N.J.

Author Information

N.Houlié, Institut de Physique du Globe de Paris
- Equipe de Sismologie; PBriole and A. Nercessian,
Institut de Physique du Globe de Paris — Equipe de
Géodésie; M. Murakami, Geographical Survey Institute
(GSD), Tsukuba, Japan.

For additional information, contact N. Houlié;
E-mail: houlie@ipgp.jussieu.fr.

05 P693

05  Pess
00/ '
05 }
05 P69
0
8 oo Pt vt iyt
S
305 H
)
]
3 05{ Peg7
8 00
go
05 H
05|  Pegs

L e

05 H

05 P699
00 ‘
05 i

00 05 10 15 20 25
Time {Hour UT)

Fig. 3. Anomalous residuals for satellite PRN22
during the event. The plume is clearly visible

on the residuals of the sites of P695 and P696.

The solid arrow signals the official time of the
occurrence of the 9 March event. A shaded
arrow signals the most probable time. The dif
ferences between the observed residuals are
due to the specific pattern of the plume. The
moving mean (n = 6) is drawn by a red line.
Original color image appears at the back of
this volume.
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Fig. 1. Photo of the 9 March 2005 Mount St. Helens eruption. The plume reached 11.2 km above
sea level. Image credit: U.S. Geological Survey.

Fig. 1. M/V Western Legend (left), soon to be converted as R/V Marcus G.Langseth, will re-
place the Maurice Ewing (right) as the primary U.S. seismic research vessel.
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Fig. 2.In nearly 15 years of operation, R/V Ewing carried out 118 science “legs,”or
individual nontransit cruises.
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Fig. 3. Anomalous residuals for satellite PRN22
during the event. The plume is clearly visible
on the residuals of the sites of P695 and P696.
The solid arrow signals the official time of the
occurrence of the 9 March event. A shaded
arrow signals the most probable time. The dif
ferences between the observed residuals are
due to the specific pattern of the plume.The
moving mean (n = 6) is drawn by a red line.
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