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[1] The world’s largest observed Slow Slip Events (SSE) occurred in 2001-2002 and
2006 in the Guerrero subduction zone, Mexico. Using an improved GPS processing that
accounts for time-varying atmospheric phenomena as well as oceanic, atmospheric and
hydrologic loading corrections, the 11 year GPS position time series in Guerrero show
a noise reduction of ~50% with respect to previous studies. Thanks to the improved
position time series and, in particular, the simultaneous analysis of the three-dimensional
GPS observations, we can provide new information about SSEs in the studied area. First,
we detect seven nonperiodic anomalous displacements with subcentimeter amplitude,
but no quasi-annual anomalies as proposed previously. The displacements seem to occur
simultaneously with the observed peaks of non-volcanic tremor activity in the area. Second,
we refine the characteristics of the two major SSEs in terms of timing, duration, and
cumulative displacements, and highlight the complex surface spatiotemporal evolution of
the displacements during these SSEs. In particular, we observe a clear initiation phase
for the 2006 SSE as well as ending phases for both large SSEs. The ending phase shows a
strong deceleration of the anomalous displacements with respect to the main displacement
phase already observed, for the 2001-2002 and 2006 SSEs. The duration of the SSEs
increases by 30-40% including the initiation and ending phases. For the 2006 SSE, the
main displacement phase also shows spatiotemporal complexity. Our results demonstrate
the need for improved three-dimensional GPS processing technique in order to undertake

detailed studies of SSEs.

Citation: Vergnolle, M., A. Walpersdorf, V. Kostoglodov, P. Tregoning, J. A. Santiago, N. Cotte, and S. I. Franco (2010), Slow
slip events in Mexico revised from the processing of 11 year GPS observations, J. Geophys. Res., 115, B08403,

doi:10.1029/2009JB006852.

1. Introduction

[2] Recent observations of aseismic slow slip events
(SSEs), made in most of the geodetically well instrumented
subduction zones [Schwartz and Rokosky, 2007, and refer-
ences therein], demonstrate that the loading process during
the interseismic period is not uniform and with a constant rate
as had been assumed [Reid, 1910]. This discovery changes
our concept of the recurrence of large earthquakes. Precise
knowledge of SSEs characteristics is a prerequisite to any
deeper understanding of the loading and releasing process on
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faults and thus on earthquake cycles. SSEs have been dis-
covered in the Pacific subduction zones: Cascadia [e.g.,
Dragert et al., 2001; Miller et al., 2002; Szeliga et al., 2004],
Japan [e.g., Hirose et al., 1999; Ozawa et al., 2001], Mexico
[e.g., Lowry et al., 2001; Kostoglodov et al., 2003; Larson et
al.,2007], Alaska [e.g., Ohta et al.,2006], New Zealand [e.g.,
Douglas et al., 2005] and Costa Rica [e.g., Protti et al., 2004,
Brown et al., 2005]. SSEs have also been reported on strike-
slip [e.g., Linde et al., 1996; Gwyther et al., 2000], and nor-
mal faults [Doubre and Peltzer, 2007]. It is thus possible that
SSEs are a common feature of the interseismic loading of
most faults.

[3] The documented SSEs that occur in subduction zones
exhibit some similar characteristics. The slip rate is too slow
to generate seismic radiation but is commonly faster than the
interseismic loading rate. The surface displacements occur
in a direction approximately opposite to, but somewhat
oblique to, the steady loading direction. However, the SSEs
also show large variations in duration (from days to years),
in surface displacement amplitude (few millimeters to few
centimeters) and in recurrence behavior (from no repetition
at the observation time scale through episodic to periodic
occurrence).
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Figure 1. Seismotectonic map [after Franco et al.,

2005] and GPS station locations (white triangles).

The arrows indicate the direction and magnitude of NUVEL1-A relative plate motion between the Cocos
and North American plates [DeMets et al., 1994]. The gray patches represent the major earthquake rupture
zones. The gray lines and negative values (in km) indicate the slab iso-depths. The parallel dashed lines
show the stations used in the dislocation model (section 6.2 and Figure 7).

[4] Under the assumption that the aseismic slip occurs on
the subduction interface, most of the surface displacement
inversions locate the SSEs at the downdip extension of the
seismogenic zone except for the 1996 Boso and 2003 Costa
Rica SSEs [Sagiya, 2004; Protti et al., 2004] for which the
aseismic slip could occur also in the lower or upper part
of the seismogenic zone. These scenarios lead to different
seismic hazard interpretations such as the advanced or
delayed occurrence of the next subduction thrust earthquake
[Thatcher, 2001] or the (effective) size reduction of the
next earthquake [e.g., Correa-Mora et al., 2008]. Hence,
the precise determination of the location, amplitude and
frequency of SSEs is of critical importance to evaluate their
impact on the setting, size and occurrence of large sub-
duction earthquakes and thus to evaluate the hazard level in
these highly dangerous seismic regions.

[5] In order to contribute to this goal, we re-analyzed
11 years of GPS observations at the stations located in
Guerrero, Mexico. Specifically, we aimed to reduce the pro-
cessing and non-tectonic geophysical noise affecting the
measurements (section 3 and Appendix A) to refine the pri-
mary key parameters (e.g., occurrence, surface displacement
amplitude, spatiotemporal evolution) of the SSEs in this area.
The new GPS position time series, and in particular, the
simultaneous analysis of the three dimensional GPS ob-
servations enable us to revise the SSE characteristics, con-
firming the presence of only some of the small SSEs observed
previously (section 4) and documenting the time evolution
of the largest SSEs (section 5). We discuss these new ob-
servations (section 6) that provide new constraints for further

investigations on the slip localization at depth, propagation
and mechanism.

2. Guerrero Subduction Zone

[6] The Guerrero subduction segment is part of the
Middle American Trench (MAT). It extends from 261°E to
258.4°E and encompasses the NW Guerrero gap - where
no large subduction earthquake has occurred since 1911
Ms 7.8) [Ortiz et al., 2000] - and the SE Guerrero gap
which overlaps the rupture lengths of the 1907 (Ms 7.9),
1957 Mw 7.8) and 1962 (Mw 7.1 and Mw 7.0) earthquakes
[Ortiz et al., 2000; Anderson et al., 1994] (Figure 1).
According to Sudrez et al. [1990] and Anderson et al.
[1994], the total seismic moment of the moderate earth-
quakes in the 20th century is not sufficient to accommodate
the expected strain accumulation in the Guerrero gap. This
seismic gap could then rupture with an earthquake of
magnitude as high as Mw 8.4. Both the convergence rate
between the Cocos and the North American Plates along the
MAT and the geometry of the subducting slab in Guerrero
govern the subduction thrust earthquake process and the
crustal deformation as distant as Mexico City. The slab
interface dips down to ~40 km depth at a distance of
~140 km from the trench. At this depth the slab bends
sharply and lies sub-horizontally beneath central Mexico
[Sudrez et al., 1990; Kostoglodov et al., 1996; Pérez-
Campos et al., 2008]. With this configuration, the seismo-
genic zone in Guerrero is supposed to be limited to 25 km
depth [Sudrez et al., 1990]. The location of the locked zone
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is confirmed by studies of seismicity [Sudrez et al., 1990;
Singh and Pardo, 1993; Pardo and Sudrez, 1995], and by
inter-seismic deformation studies based on geodetic data
[Kostoglodov et al., 2001; Larson et al., 2004].

[7] Since the installation of a permanent GPS network in
the Guerrero area, several SSEs have been observed [Lowry
et al., 2001; Kostoglodov et al., 2003; Larson et al., 2004;
Franco et al., 2005; Lowry, 2006; Larson et al., 2007].
Large SSEs that occurred in 1998, 2001-2002 and 2006
produced up to 5—6 cm of surface displacements and are
some of the largest SSEs ever observed (equivalent mag-
nitude of up to Mw 7.6). The SSEs crustal displacements
affected a large area, up to 550 x 250 km?® in 2001-2002
[Iglesias et al., 2004]. The slip propagated from central
Guerrero to the NW and SE along the coast at a rate of
~2 km/day for the 2001-2002 SSE [Franco et al., 2005].
The slip was mainly in the transition zone but could have
intruded into the seismogenic zone [Yoshioka et al., 2004;
Iglesias et al., 2004; Larson et al., 2007]. Both the 2001—
2002 and 2006 SSEs had similar surface displacements, in
particular at sites on the coast [Larson et al., 2007], whereas
the 1998 SSE was smaller and is only poorly resolved
[Lowry et al., 2001; Larson et al., 2004].

[8] Small periodic SSEs in 1999, 2000, 2001, 2003 and
2004 were reported by Lowry [2006]. The measured surface
displacements during these SSEs ranged from a few milli-
meters to 1-2 cm. Taking into account the five small SSEs
and the three large SSEs, Lowry [2006] deduced an SSE
occurrence periodicity of 12.0+0.3 months and suggested
that they may be interpreted as the resonant response to
climate-driven stress perturbation. However, annual peri-
odicity is also prevalent in GPS position estimates due to
atmospheric, hydrological and oceanic mass transfers [e.g.,
Blewitt et al., 2001] and separating analysis errors from
these seasonal variations is not straightforward [Dong et al.,
2002; Penna and Stewart, 2003; Tregoning and Watson,
2009]. Thus, inferring that the observed annual changes in
the ‘tectonic’ position time series are climate-driven may
not be correct but, if so, would have a critical impact on our
knowledge of SSEs and on the driving physical forces of
repeating SSEs.

3. GPS Analysis

[v9] Measuring the cumulative displacements of the large
Guerrero SSEs can be achieved with standard GPS analysis
strategies, but precisely determining the initiation and end of
the SSEs, as well as their precise temporal evolution, and the
presence of the small Guerrero SSEs, requires implementing
the most accurate analysis strategies. The Mexican contin-
uous GPS data (Figure 1, Appendix A) have been processed
using an improved “climatic and loading” GPS processing
strategy. We derived daily position time series with the
GAMIT-GLOBK software [Herring et al., 2006] but
accounted for time-varying atmospheric phenomena, oce-
anic, atmospheric and hydrologic loading corrections. The
application of the new time-varying atmospheric delay
models and atmospheric loading corrections are still not used
routinely in GPS analysis for active tectonic studies, while
a posteriori hydrologic loading correction applied to the
resulting position time series is currently very rare in GPS
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analysis and has only been used in methodological geodetic
studies that aimed to reduce the noise (i.e., signals that are not
tectonic signal) in the GPS position estimates. This work is
currently the first attempt to integrate this correction in a
regional GPS analysis focused on the observation of tectonic
geophysical phenomena.

3.1. GPS Processing Strategy and Results

[10] Knowledge of the loading effects, which affect GPS
position estimates, has greatly improved in the last few years
[Blewitt et al., 2001; van Dam et al., 2001; Tregoning et al.,
2009] as well as the development of time-varying models of
surface pressure and temperature [Boehm et al., 2007b] and
tropospheric mapping functions [Boehm and Schuh, 2004;
Boehm et al., 2006a, 2006b]. Considerable reductions of
noise in GPS position estimates can be achieved by using
these more sophisticated, time-varying representations of the
atmosphere [e.g., Steigenberger et al., 2009; Tregoning and
Watson, 2009].

[11] Three strategies have been applied to the GPS data to
establish the real improvement in using a more sophisticated
processing approach. The description of these strategies, from
a standard strategy (ST1) to a “first climatic and loading”
strategy (ST2) to the “final climatic and loading” strategy
(ST3, including a posteriori hydrologic loading correction) is
presented in Table 1. The details of the GPS strategies are
given in the Appendix A.

[12] To investigate the improvement in signal-to-noise
ratio between the successive ST1, ST2 and ST3 strategies,
we performed a residual analysis on the 3 components at all
stations with more than 2 years of data during the “linear”
inter-large-SSEs period assumed to be free of large SSEs
(i.e., between 2003.0 and 2006.0). Twelve of 16 stations in
the Guerrero area meet this criterion. We based our analysis
on the number of stations for which the weighted root mean
square (wrms) improved from one strategy to the next, as
well as on the mean value of the improvement over all
stations considered (6, equation (1)).

N
z WIMSST) i —WIMSSTy i
WIMSSTy i

§="=1 x 100, (1)

N

where STj is ST1 or ST2, STk is ST2 or ST3 respectively
and 7 the stations. The improvement on each component
from one strategy to the other is given in Table Al and
detailed in Appendix A. In particular, a comprehensive dis-
cussion about the impact of hydrological loading correction
on the position estimates is presented in Appendix A and
Figure A2. In summary, the repeatability of the position time
series derived from the standard strategy (ST1, Table 1) and
the “final climatic and loading” strategy (ST3, Table 1)
improves by ~5 to ~30%. Hence, the use of the up-to-date and
time varying mapping function and pressure models, and the
application of atmospheric and hydrological loading correc-
tions in a regional study yield significant improvements in
the accuracy of coordinates estimates as already shown in
global studies [ Tregoning and Herring, 2006; Boehm et al.,
2007a; Tregoning and van Dam, 2005; Tregoning and
Watson, 2009; Tregoning et al., 2009]. We use the
resulting 3D position time series derived from this “final
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} = g climatic and loading” strategy (ST3, Table 1) in the following
é _ % @ S sections.
% § %_E; =8 f: 3.2. Comparison With Other GPS Position Time Series
‘3[2 - § _Té’ i% ‘; § 2 8% = [13] We performed a comparison between our time series
) Eé EDEE 8y 77 >*§ and those used by Lowry [2006] to evaluate the tectonic
= 2 g g = = signal to noise improvement. In Lowry’s study, the GPS data
Sz g- g £ were processed following the processing strategy of Larson et
S i) é £ al. [2004] with the GIPSY-OASIS software package [Lichten
s § and Border, 1987]. A summary of the strategy is presented in
Table 1 and we refer the reader to Larson et al. [2004] for the
details of their processing. There are several differences in
- our GPS analysis and that presented by Lowry [2006]. First,
o S in our processing, the daily positions were estimated by
% g % é inverting double differenced observations between all sites
Q8 4> = measured simultaneously whereas in the work of Lowry
6]:2 §§ L = g % [2006] the station positions were estimated independently
“lemd £5z ‘; 2 250 with a Precise Point Positioning strategy [Zumberge et al.,
B|Zx w5 E 5y A= 1997]. Second, we used improved pressure and temperature
— 9 ZmE~4a z . . .
=2 538 - = models and.tropospherlc mapping functions bas.ed on data
>z &E = from numerical weather models that were not available at the
é 8 = £ time of the former study. Third, we corrected for the oceanic,
8 § atmospheric and hydrological loadings whereas the positions
from Lowry [2006] were only corrected for ocean tide load-
ing. Finally, we expressed our solution in the North American
; plate reference frame while Lowry [2006] calculated coordinates
S with respect to McDonald Observatory, Texas (MDO1),
i 5 2 assumed to be on stable North America (the latter point
gs é = explains why, on Figure Al, the inter-large-SSEs slopes
— = o . .
02 T = < from the two st}ldles dlffer). . .
2l 2 BV goo-w [14] As described previously, we determined the improve-
512z 8 E gz =27 ment of the coordinate estimates using equation (1), over the
= % E = i common “linear” inter-large-SSEs period (i.e., 2003.0 to
= 2 % 2005.0). The mean value of improvement of the repeatability is
S A £ about 50% on the three components (Table A1 and Figure A1).
g Half, 90% and all of this improvement, on the north, east and

vertical components respectively, are related to the network
resolution relative to the PPP resolution (ST1 with respect to
Lowry [2006]). The remaining improvement is due to the
implementation of the “climatic and loading” strategy (ST2 or
ST3). The noise level of the position time series in the current
study is reduced by one half with respect to previous studies
[Kostoglodov et al., 2003; Larson et al., 2004; Franco et al.,
2005; Lowry, 2006]. Our results are therefore better suited to
analyze the 1997-2008 SSE succession in the Guerrero
subduction zone.

Lo®
GIPSY-OASIS®

PPP with ambiguity resolution
Standard sea level model
NME?
Constrained random walk"
Random walk"

Yes
No
No
Wrt MDO1

4. Interpretation of the 1997-2008 Position Time
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& e < < 4.1. Periodic Signals in the Position Time Series
k5 B | . od .- . .
& § 2|22 2 [15] We present 11 years of 3D GPS position time series
& g SE|lc% _‘g derived from the ST3 strategy (Table 1) at 13 stations
b7 § 3 g i § 25 .. —~xm located in the Guerrero subduction zone and three stations
] g § & 5E 288 823 located in the Oaxaca subduction zone (Figures 1, 2 and S2).!
g 2. g 23|gg23858 822

e = 7] o — — . .. . .
~ ¥ 2% g g & <58 &% &  The daily position time series clearly show the three large,
% £ 5.8 g2 aE L 2182853 < v E known SSEs on each of the three components in 1998, 2001
» "Bp = O = ~

© Eps LEZE 3 goé oo %5383 8E 2002 and 2006 [Lowry et al., 2001; Kostoglodov et al., 2003;
. %2 2 8.0.2a8 &5 &0 sl
= 2825 E£5%,2258|22558559¢8
2 $S§8s SEEESESS® tb:£%-20u5 o ‘ ' ‘ ' ‘
= £F £ EN<EOo<IE|LYN: Rz{RA Auxiliary material for this paper is available in the HTML.
= 2R — ~ doi:10.1029/2009JB006852.
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Figure 2. (a) North, (b) east, and (c) vertical position time
series for the stations located on the parallel profile to the
trench with respect to the North American plate reference
frame. Position time series for the stations located on the per-
pendicular profile to the trench are presented in Figure S2.
Scale is the same on Figures 2a, 2b, and 2¢. Names of stations
located in Oaxaca State are framed by a box. The large gray
rectangles indicate the large 1998, 2001-2002 and 2006
SSEs. The width of these rectangles corresponds to the
maximum duration of the SSEs over all the stations affected
and all the GPS components. The vertical gray bars highlight
the approximate median time of the detected small anomalous
displacements that meet all the conditions and assumptions
described in section 4.2. These bars are discontinuous. They
only cross position time series on which an anomalous dis-
placement was detected. The numbers on top of each graph
identify the anomalous displacement events (AD) and cor-
respond to the ADs in Table 2.
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Figure 2. (continued)

Larson et al., 2004; Lowry, 2006; Larson et al., 2007,
Brudzinski et al., 2007; Correa-Mora et al., 2008; Cotte et
al., 2009] that are discussed in detail in section 5.

[16] Small annual periodic SSEs have been detected in the
GPS time series of the stations located in Guerrero [Lowry,
2006] and in Central Oaxaca (at station OAXA, Figure 1)
[Brudzinski et al., 2007]. Based on a visual analysis of the
GPS north component of our solution, it is no longer evident
that small SSEs occurred annually between the large SSEs.
Given that this horizontal component is roughly collinear
with the convergence direction, anomalous displacements
due to an SSE are expected to be mainly imprinted on this
component (Figure 2a). Such anomalous displacements in
the subduction zone of Guerrero should also be expressed in
the vertical component; however, the vertical position time
series are still too noisy to provide clear evidence of small
annual SSEs (Figure 2c).

[17] We performed a spectral analysis, based on a Fourier
transform, of the north, east and vertical position time series
that cover at least 2 large SSEs (7 stations) to determine
their frequency content (see Figure S1 for the details of the
spectral analysis). The maximum amplitude of the spectrum
for most of the stations corresponds to a period of 4 to
4.5 yrs (Figure S1), representing the period of occurrence of
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Figure 2. (continued)

the large SSEs [Cotte et al., 2009]. Due to the small number
of large SSEs observed with the GPS network, it is not yet
possible to be more precise with this estimate. Equally,
because the sawtooth function form of the signal is not
perfectly repetitive and the time series are at most 11 years
in length, it is still difficult to identify periodic signals at
higher frequencies. Using this spectral analysis, we thus
cannot corroborate previous observations of annual periodic
SSEs.

4.2. Nonperiodic Signals in the Position Time Series

[18] Visually, some time series seem to be affected by
small, non-periodic anomalous displacements (Figure 2).
We implemented a tool that detects anomalous displace-
ments automatically on the horizontal components (the
vertical component remains too noisy for this analysis).

B08403

We applied a linear interpolation to the position time
series to fill the data gaps and then a low-pass filter with a
cut-off wavelength of 200 days (see Figures S3 and S4 for
the choice of the smoothing parameter). We calculated the
instantaneous velocity and the root mean square of the
square of the differences between the inter-large-SSEs
velocity and the instantaneous velocity. We thus obtained
horizontal velocity deviations from the inter-large-SSEs
velocity with respect to time (Figure 3a). We defined a
first threshold value as twice the standard deviation of the
time series to detect the large SSEs. To detect smaller
anomalies, we defined a second threshold value as the
level of noise of the time series excluding the SSE periods.
This amounts to twice the standard deviation of the time
series excluding the SSE periods (Figure 3a).

[19] Figure 3b presents the results of this method at the
station ACAP (Figure 1). The 2001-2002 and 2006 SSEs
are well detected at ACAP, as well as at all the other sta-

a- Deviation from the horizontal inter-large-SSEs velocity

8 L
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(cm/yr)

N

720 (noise)
L N A
' vV\/ ; A

0
2000 2001 2002 2003 2004 2005 2006 2007 2008

ANA AN _ AN
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b- ACAP position time series

12
8 (|North{ ,
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€ 4}
S
g Eastlyq
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g @
s |
g | &
5—4*%?* p
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8t

-12 ‘
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Figure 3. (a) Automatic detection of anomalous displace-
ments with respect to the inter-large-SSEs trend. The time
series of the horizontal velocity deviations from the inter-
large-SSEs velocity at station ACAP is in black. The gray
lines represent the threshold levels used to identify the large
SSEs (20 (total) line) and the small anomalous displacements
(20 (noise) line) (see section 4.2 for details). (b) North, east,
and vertical position time series at station ACAP. The dark
and light gray rectangles indicate the timing of the large SSEs
and small anomalous displacements detected in Figure 3a,
respectively.
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Table 2. Description of the Small Anomalous Displacements That We Identified With the Automatic Detection Tool Described in

Section 4.2.
AD*  wN® Affected Area At° t Comments
1 5/7 Guerrero (coast); 0.16-0.25; 0.41-0.5  2000.9; 2001.03  simultaneous start but early end for Guerrero stations
Oaxaca (coast) in comparison to Oaxaca stations; start: 1.5 months
earlier than in BO7°; duration: twice as long
at PINO than in L06"
2 6/10 Guerrero ~0.25 2003.13 start: later than in LO6'
3 5/11 Oaxaca ~0.5 2004.1 start: 1 month earlier than in B07°; duration: more than twice
as long than in B07°; no displacement at COYU and DOAR
(horizontal displacement of 6 mm in BO7°)
4 6/12 Oaxaca - Guerrero 0.16-0.25 2004.5 maximum displacement at PINO; in Guerrero: smooth accelerations
or decelerations of the instantaneous velocity
5 8/13 Guerrero 0.16-0.25 2005.0 all stations in Guerrero, except at CAYA; smooth variation
on the north component; steep change in direction
on the east component
6 5/13 Guerrero 0.08-0.16 2005.25 low amplitude; few Guerrero stations only; relatively low constraints
7 10/12  Oaxaca - Guerrero 0.41-0.5 2006.0 start: earlier at PINO than in Central Oaxaca (CM08®); duration:

more than twice as long at PINO than at stations
in Central Oaxaca (CM08%)

?AD, anomalous displacement.

/N, number of stations affected with respect to the total number of stations operational at the date considered.

°At, maximum duration (in year).
9t approximate median time.
°B07, Brudzinski et al. [2007].
L06, Lowry [2006].

eCMO8, Correa-Mora et al. [2008].

tions. Ten small anomalous displacements are detected at
ACAP (Figure 3), but not at all the other stations. The small
anomalous displacements might result from artifacts or
noise in the processing. We thus define an SSE only when
an anomalous displacement can be detected simultaneously
at 4 or more GPS stations.

[20] We identify 7 small SSEs from 2001 to 2007
(Figure 2 and Table 2). The region affected by those 7 small
anomalous displacements is not always the same. Stations
located only in the Oaxaca State (HUAT, OAXA, PINO) or
only in the Guerrero State sometimes recorded anomalous
displacements (Table 2, AD 3 and AD 2, 5, 6, respectively).
For the three other anomalous displacements, stations
located both in the Oaxaca and Guerrero States were
affected (Table 2, AD 1, 4 and 7).

[21] It is difficult to define accurately the timing of the
anomalous displacements at each station because of data
gaps. However, for each anomalous displacement, we
determined the duration and the median time based on the
best position time series. It seems that when the Oaxaca
stations were affected by an anomalous displacement, the
displacement lasted for roughly 5—6 months whereas when
no slip was detected at these stations the displacement lasted
for roughly 2-3 months at most.

[22] The anomalous displacements that we detected in
2004 and 2006 at the Oaxaca stations were observed by
Brudzinski et al. [2007] and Correa-Mora et al. [2008],
although with different timing and durations (Table 2).
However, it has not been reported previously that some
stations located in the Guerrero State were also affected
during this period. For the first two anomalous displace-
ments in 2004 (Table 2, AD 3, 4), the deformation at the
Guerrero stations consist of smooth accelerations or decel-
erations of the instantaneous north and east velocities
(Figures 2a and 2b). The anomalous displacements AD 5

and 7 (Table 2) consist mainly of a steep westward change
of direction on the east component (Figure 2b).

[23] Finally, the amplitude of the anomalous displace-
ments is not very well constrained but is usually of 5 mm or
less at the Guerrero stations. The amplitude of displacement
at the stations located in the Oaxaca State is higher during
the first anomalous displacement (AD 1, Table 2, < 1 cm),
as well as during the 2004 and 2006 SSEs [Brudzinski et al.,
2007; Correa-Mora et al., 2008] but not very well con-
strained in this study because of data gaps (Figure 2).

4.3. Relation Between SSEs and Tremor Activity

[24] Non-volcanic tremor (NVT) activity has recently
been observed in the Guerrero subduction zone [Payero et
al., 2008]. The authors built an approximate catalog of
NVT activity (Figure 4) based on a visual examination of
daily spectrograms at a few stations in the Guerrero region
over the 2001-2007 period. More robust methods could not
be applied on these data due to the limited number of sta-
tions that could be used on the 2001-2005 period. However,
Payero et al. [2008] showed that highest NVT activity
occurred during the large 2001-2002 and 2006 SSEs in
Guerrero. Excluding the periods of these large SSEs, 4
peaks of NVT activity can be identified visually over the
2001-2005 period and three peaks over the 2005-2007
period (Figure 4). For this last group, we also used the
information obtained after the application of a 60-day
window average [Payero et al., 2008, Figure S4]. The
identification of these peaks is based on a qualitative method
and few data; hence, it is a first attempt to compare the
timing of the NVT activity with the timing of the small
anomalous displacements described in the previous section.

[25] The peaks of NVT activity are not randomly dis-
tributed with respect to the timing of the small anomalous
displacements. Six of the peaks roughly border the anoma-
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Figure 4. Comparison between the NVT activity (hours of tremor burst per day) in Guerrero with
respect to time [from Payero et al., 2008] and the time of occurrence of the anomalous displacements
detected in this study (section 4.2). The times of the large 2001-2002 and 2006 SSEs are indicated with
horizontal shading. The times of the small anomalous displacements, along with their label (see Table 2),
are indicated with diagonal shading. The black lines at the top of the figure indicate the time of the NVT

activity peaks.

lous displacements AD 2, AD 4 and 5, and AD 7 (Figure 4).
The seventh peak occurs at the time of the anomalous dis-
placement AD 6 (Figure 4). No peak is identified around the
anomalous displacement AD 3. However, the GPS stations
affected by this anomalous displacement are mainly located
in the Oaxaca State whereas the seismological data used in
the study of Payero et al. [2008] do not have the capacity to
reveal NVT activity in this area. From the comparison of the
timing of NVT and small anomalous displacements, we
suggest that these two phenomena are apparently correlated
in time in the Guerrero subduction zone. This observation
supports the idea that the detected anomalous displacements
are small SSEs.

5. The 2001-2002 and 2006 SSEs Characteristics

5.1. Method

[26] We analyzed the 2001-2002 and 2006 SSEs at each
station that meets the following conditions: 1) the station

must have at least two years of data outside the period of a
large SSE, and 2) the station must have acquired data during
the SSE. However, we made two exceptions: we kept the
stations ZIHP and HUAT for the 2006 SSE analysis despite
discontinuities in the data. Although it is not possible to
recover the time evolution of the surface displacement at
these stations during the SSE, the estimate of cumulative
displacement is possible and the presumed timing roughly
corresponds to that of the nearest stations (Figure 2).

[27] We applied a linear interpolation to the position time
series to fill the data gaps and then a median filter with a
sliding window of 30 days. We then subtracted the steady
inter-large-SSEs velocity from each position time series.
The cumulative displacement during the SSE was calculated
as the displacement between two successive zero-slope por-
tions of the position time series. The associated error is the
quadratic sum of the standard deviations of the zero-slope
before the SSE and after the SSE. To determine the dis-
placement time evolution, we averaged the site position over
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Figure 5. 3D time evolution of the displacement at each analyzed station from June 2005 to December
2007 representative of the 2006 SSE (see text for explanation, section 5.1). (left) Monthly cumulative
displacement (in cm) with respect to the north and east components. (right) Monthly cumulative dis-
placement (in cm) with respect to the north and vertical components. The displacement curves, for the
close coastal GPS sites, are not plotted exactly at the GPS site location, but are aligned to allow a rapid
comparison of the temporal evolution of the displacement at these sites. The inter-large-SSEs velocity has
been removed from the motion of each station. The displacement at each site before and after the SSE is
indicative of the noise on the cumulative monthly displacement determination on each component. The
color bar indicates the time (month/year). Similar representation for the 2001-2002 SSE is provided in the

auxiliary material (Figure SS5).

10 days around the 1st of each month and plotted the monthly
cumulative displacement. Figures 5 and S5 represent the 3D
time evolution of the displacement at each analyzed station
for both events. Figure 6 shows the horizontal and vertical
cumulative surface displacements for both events. Figures 5,
6, and S5 show that there are roughly twice as many stations
available to analyze the spatiotemporal evolution of the sur-
face displacement for the 2006 SSE than for the 2001-2002
SSE. We therefore first describe the spatiotemporal evolution
of the 2006 SSE displacement.

5.2. Spatiotemporal Evolution of the 2006 SSE Surface
Displacement

[28] Before the start of the 2006 Guerrero SSE, an anom-
alous displacement at PINO occurred from mid-September/
October 2005 to mid-March 2006 (Figures 2 and 5). Despite
the data gap in the 3D position time series at HUAT, the lower
and upper bounds for the timing of the event can be deter-
mined and coincide with the finding at PINO. The anomalous
displacement in Oaxaca over at most 5—6 months had ended
before the beginning of SSE displacement at the closest sta-
tion in the Guerrero State (i.e., CPDP, Figure 1). This result is
slightly different from that of Brudzinski et al. [2007] and
Correa-Mora et al. [2008] for stations located in central
Oaxaca. According to these studies, the anomalous dis-
placement began in central Oaxaca in early 2006, three
months later than at station PINO, and ended around April
2006. The duration of the event is therefore twice as long at
PINO according to our observations.

[20] The anomalous SSE displacement at Guerrero sta-
tions lasted from 5 to 11 months depending on the location
of the station (black markers are for the 1st of June 2006 and

st of January 2007 on Figure 5). The initiation of the event
was spread between stations over two months. It began in
April 2006 at the station CAYA located on the coast, in the
middle of the NW Guerrero seismic gap, and then propa-
gated southeastward along the coast and inland toward the
northeast. The propagation was faster toward locations inland
(~3.9 km/day) than along the coast and roughly parallel to the
trench (1.2 km/day). The cessation of the SSE displacement
was much more dispersed temporally among the GPS stations
and occurred over 4 months, ending first at the three stations
inland in November 2006, and lastly at COYU and CAYA,
on the coast, at the end of February 2007 (Figures 1 and 5).
These results confirm the first observations and assumptions
made by Larson et al. (2007) in detailing the start of the event
at each station and, particularly, in determining the end of the
event in February 2007.

[30] Despite the noise in the monthly averaged cumulative
displacement time series (Figure 5), three different phases
can be distinguished in the time series. In the first two months
(Figure 5), the change of direction of the displacement was
very strong in the north component with respect to the inter-
large-SSEs displacement direction whereas it was very subtle
or non-existent in the east and vertical components. This
observation relates to the stations located about 80 km away
from the trench, but not the stations located further inland
(MEZC, IGUA, YAIG).

[31] The 2nd phase was the longest and clearest phase and
was shown by Larson et al. [2007, Figure 1]. In this phase,
the horizontal displacements at the stations located on the
coast evolved from a southeastward displacement to a
southwestward displacement, with a very similar displace-
ment pattern at stations ACYA, ACAP, DOAR, and CPDP
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Figure 6. (a) Horizontal and (b) vertical cumulative displa-
cements for the 2001-2002 and 2006 SSEs in gray and
black, respectively. Ellipses are 95% confidence level. The
large gray arrow indicates the direction and magnitude of
NUVELI-A relative plate motion between the Cocos and

North American plates [DeMets et al., 1994].

(Figure 5). However, the horizontal displacement evolved
from southwestward to south at stations located inland. The
vertical trend during this period was roughly linear at all
stations but the inland stations moved downward whereas the
coastal stations moved upward. These observations of hori-
zontal and vertical direction change are of critical importance
to locate the slip on the subduction interface in temporal slip
inversions [Radiguet et al., 2009].

[32] Finally, the 3rd phase can be detected only when
analyzing also the vertical component of the displacement. It
was shorter than the 2nd phase, and affected mostly the
coastal stations. During this last phase that began in
November 2006, the displacement on the east component
stopped, the displacement on the north component continued
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but slowed down significantly and the displacement on the
vertical component continued for 3—4 months (Figure 5). The
observation of this last phase explains why we propose that
the event stopped at the end of February 2007 rather than at
the end of 2006 as suggested by Larson et al. [2007] and
Correa-Mora et al. [2009].

[33] We detected three different phases characterizing the
time evolution of the displacement at each site and two
different time evolution patterns in space. On one hand, the
displacement at the coastal stations is extremely complex
with at least 3 phases: An initiation phase in which the south
displacement prevails at slow rate, the main phase in which
the displacement is different from the inter-large-SSEs
motion on all the three components simultaneously, and the
ending phase in which the east-west motion returns to
steady state while the displacement on the north and vertical
directions continues in the slow slip event sense at slow rate.
On the other hand, the displacement at the inland stations,
beyond the transition between the interseismic locked and
freely slipping areas on the subduction interface, can be
described mostly with the 2nd phase where all three com-
ponents are active. Moreover, this main phase can be sub-
divided depending on the displacement direction evolution
and also the displacement velocity evolution (slow-fast-
slow, Figure 5). It lasted 5—7 months at all stations while the
initiation and ending phases lasted about 2 and 3 months,
respectively. Not including the two bounding phases implies
an error in the estimate of the total duration of ~40%.

5.3. Spatiotemporal Evolution of the 2001-2002 SSE
Surface Displacement

[34] For the 2001-2002 SSE, the variation in duration
with respect to the location of the stations was larger than for
the 2006 SSE and the duration ranged from 4 to 15 months.
The 2001-2002 SSE also affected a much larger area, at least
from the station ZIHP in the northwest to the stations PINO
and OAXA in the southeast (~400 km along the coast,
Figures 1, 2 and S5). The duration was the shortest (4—
6 months) at stations in the Oaxaca State far away from the
maximum slipping area.

[35] Stations in central Guerrero were affected for 6 to
13 months and station ZIHP for 15 months. The data gap at
the end of 2002 in the ZIHP position time series may distort
the interpretation. However, even if the anomalous dis-
placement at ZIHP is the sum of the displacements caused
by 2 distinct SSEs the time to return to steady state during
the inter-event period is probably short with respect to the
15 months. Hence, we assume that it reflects only one SSE
with acceleration and deceleration phases. As already shown
[Franco et al., 2005], the anomalous displacement is first
detected at the station CAYA (Figures 1 and S5). However,
the date of start and the propagation slightly differ between
our observation and that of Franco et al. [2005]. In partic-
ular, we agree about the onset of displacement at half of
the stations (CAYA, October 2001; ACAP, November 2001;
YAIG, December 2001; POSW, January 2002) but estimate
different initiation times at the other half of the stations
(ZIHP, January 2002; PINO, April 2002; IGUA, December
2001; OAXA, April 2002). The difference potentially origi-
nates from the way the SSE initiation is determined, using
only the north component, the horizontal components or the
3D components. The difference in the result affects mainly
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the derived propagation rate. We found roughly similar
propagation rates from station CAYA to the northwest
(1.5 km/day) and to the southeast (1.3 km/day) along the
coast and a much faster propagation rate inland toward the
northeast (3.0 km/day) than that of Franco et al. [2005].
[36] The start of the anomalous displacement at each
station was almost simultaneous on the three components
(Figure S5). At all stations the horizontal displacement
direction did not change up to July 2002 and was oriented
south-southwestward (except at CAYA and ACAP during
the first month of slip, Figure S5). After July 2002,
when previous results showed approximately the end of
the anomalous displacement [Kostoglodov et al., 2003;
Yoshioka et al., 2004; Iglesias et al., 2004; Franco et al.,
2005], we detect a second phase of the displacement (green to
orange shades on Figure S5). The displacement on the east
direction stopped, the displacement on the north direction
slowed and the displacement on the vertical component
continued in the same sense at stations along the coast but
potentially in the opposite direction at stations inland. All
stations, coastal or inland, followed the same time evolution
pattern during the 2002 SSE: A main phase lasted about 7 to
9 months and a 2nd phase, only visible in our refined GPS
analysis, lasted about 2 to 4 months (20-30% of the total
duration). This is in general agreement with the 2006 SSE.

6. Discussion and Conclusions

6.1. The 2002 and 2006 SSEs: Are They Similar?

[37] As suggested by Larson et al. [2007], the two large
SSEs share some common characteristics. In particular in
this analysis, we found that in both SSEs the total dis-
placement is highest at station CAYA on the coast but that
the displacement is also very large at stations inland (about
150 km far from the coast, e.g., MEZC, IGUA), as large as
at stations ACYA, ACAP or CPDP located on the coast
at the eastern limit of the NW Guerrero gap (Figure 6).
Moreover, the first stations to be affected by the SSEs are
also those where the SSE lasts the longest: Stations CAYA
and COYU located on the coast, in the middle of the NW
Guerrero seismic gap. Finally, the initiation of the SSE
displacement follows the same pattern in both SSEs with
similar propagation rates, twice as fast in the dip direction
of the subduction as along the strike of the subduction
(Figure 5).

[38] However, the 2006 SSE affects a much smaller area
than the 2001-2002 SSE: The horizontal and vertical dis-
placements at station ZIHP, northwest of the northwest limit
of the Guerrero gap is at least 3 times smaller, while no
displacement is detected at stations located in Oaxaca State.
Moreover, the cumulative displacement at each station in
central Guerrero is smaller during the 2006 SSE (about 20%
smaller on the horizontal displacement, Figure 6) and the
duration is shorter (about 2 months less). Finally, we showed
that the time evolution of the displacement is much more
complex during the 2006 SSE - irrespective of location -
although the last, slow phase is well detected at the end of
both events (Figure 5). These last observations constrain the
time evolution of the slip on the subduction interface and may
suggest different slip evolution patterns.
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6.2. Is Aseismic Slip Intruding Into the Seismogenic
Zone?

[39] Whether the aseismic slip intrudes into the Guerrero
seismogenic zone is not yet well resolved. It is nevertheless
critical to better constrain whether the SSEs in this area
release a part of the elastic strain accumulated during the
interseismic period or increase it in the seismogenic zone
[Thatcher, 2001]. A complete slip inversion study is beyond
the scope of this paper. However, we tested the possibility
that the downdip part of the seismogenic zone slipped during
the SSEs. We first identified the distribution of coupling on
the interface during the inter-large-SSEs interval that best
describes the observed inter-large-SSEs velocities. We then
determined the slip distribution at depth that best explains the
surface displacements during the 2001-2002 and 2006 SSEs
and compared this with the inter-large-SSEs coupling dis-
tribution. We used a dislocation model in an elastic half-space
[Savage, 1983] to predict the displacements of stations on a
cross section perpendicular to the trench from a slip distri-
bution at depth (Figures 1 and 7).

[40] With an average trench-to-coast distance of ~60 km,
the coastal GPS stations are located above the seismogenic
zone. Accurate 3D cumulative displacements on these sites
are essential in order to constrain the upward limit of the
aseismic slip on the interface, in particular in the seismo-
genic zone. For the 2001-2002 SSE, we find horizontal
displacements that are on average 40% and 60% larger than
those of Yoshioka et al. [2004] and Kostoglodov et al.
[2003], respectively, but similar to those of Iglesias et al.
[2004] (Figure 6). For the 2006 SSE, the horizontal dis-
placements are in good agreement with those of Larson et al.
[2007], but the vertical displacements differ significantly.
Our results are 40% larger than those of Larson et al. [2007]
for the stations located on the coast but 40% smaller for the
inland sites.

[41] We implemented the subduction interface with the
geometry derived from Pérez-Campos et al. [2008] (Figure 7).
The first segment is connected to the trench passing in the
upper, freely slipping zone of the subduction (segment 1, up
to 10 km depth). The next five segments correspond to the
assumed seismogenic zone (up to ~25 km depth, segments 2,
3, 4) and transition zone (segments 5 and 6) [Larson et al.,
2004]. The last segment is a long, freely slipping segment
in the ductile part of the subduction zone (segment 7).
Varying slip can be imposed on different segments of this
interface.

[42] The best fitting model for the inter-large-SSEs dis-
placement rates is presented on Figure 7a. The GPS ob-
servations imply that a high degree of coupling is required
from 14 to 30 km on the steep part of the fault plane with
partial coupling updip and on the flat part of the fault plane
toward both freely sleeping segments (1 and 7).

[43] The best fitting model for the surface displacement
during the 2006 SSE (Figure 7b) requires slip from 19 km to
30 km depth on segments 4, 5, and 6. The first point to note
is that slip on segments 2 and 3, corresponding to the upper
part of the seismogenic zone, is not required to explain the
observed surface displacements. Slip is therefore heteroge-
neous throughout the seismogenic zone [e.g., Sudrez et al.,
1990]. The second interesting result is that the slip distri-
bution between the lower part of the seismogenic zone
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(segment 4) and the transition zone (segments 5 and 6) is
also heterogeneous. Taking into account the length of these
segments, the equivalent moment magnitude released on
the segments located on the steep part of the fault plane
(segments 4 and 5) and on the segment located on the flat
part of the fault plane (segment 6) would be equivalent.

[44] The analysis of the slip distribution at depth for the
2001-2002 SSE confirms that our simple model describes
the major features of SSE in the Guerrero gap. Thus, the best
fitting model (Figure 7c) has a similar slip pattern on the
rupture plane as for the 2006 SSE, but with more slip on the
three slipping segments. This result is qualitatively in good
agreement with the equivalent moment magnitude calcu-
lated for both SSEs [e.g., Franco et al., 2005; Larson et al.,
2007].

[45] In conclusion, this simple dislocation model shows
that slip is required on the seismogenic zone (although not on
the entire zone) to explain the observed surface displacements
during both SSEs. This result contradicts Correa-Mora et al.
[2009] who found that slip in the seismogenic zone (above
25 km) is not necessary to explain the motions of three sites
in Guerrero (DOAR, COYU, CPDP). More complex slip
inversion investigations will benefit from the new and more
complete GPS observations presented here (vertical dis-
placements at every station and refined horizontal displace-
ments) to answer the question whether the SSE slip in
Guerrero propagates into the seismogenic zone.

6.3. Behavior of the Guerrero and Oaxaca Subduction
Segments

[46] The GPS time series analysis shows that 7 small
anomalous displacements occurred in addition to the three
large displacements related to the known SSEs. Two of the
small anomalous displacements, AD 2 and 6, seem to have
been produced by slow slip exclusively in the Guerrero area
according to the currently available observations (Table 2
and Figure 2). The AD 2 event seems to be similar in spa-
tial extension to the 2006 large SSE whereas the AD 6 event
looks much more local or of very small magnitude.

[47] The anomaly found in 2000-2001 (AD 1, Table 2
and Figure 2) that began simultaneously on all the coastal
stations from HUAT to ZIHP suggests that an SSE can occur
over both the Guerrero and the Oaxaca segments simulta-
neously, at least in the shallow part of the subduction zone.

[48] Four of the anomalous displacements we identified
(AD 3, 4, 5 and 7, Table 2 and Figure 2) are related to large
SSEs that occurred in the adjacent Oaxaca subduction seg-
ment in 2004 and 2005-2006. This shows that the effect of
slip on the subduction plane can be detected in GPS position
time series at sites distant (>200 km) from the main slipping
patch modeled by Correa-Mora et al. [2008, 2009].

[49] The SSE that Correa-Mora et al. [2008] modeled as
the 2004 SSE began in early 2004 and continued up to
October 2004 and encompassed both the first and second
SSE that we found in 2004 (AD 3 and 4). Based on their
data and our observations, we suggest that a significant part
of'the slip is localized deep on the subduction interface, in the
first stage, to generate displacements at the inland Guerrero
stations. The slip then propagated upward and westward
toward PINO in the second and third stages. Indeed, large
slip in the western part of the Oaxaca subduction plane should
generate divergent slip vectors at stations located further west
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[Cotton et al., 2008]. The small displacements we identified
in the Guerrero area should help to identify more precisely the
extension of the deep slip patch found by Correa-Mora et al.
[2008] and the time evolution of the 2004 SSE.

[50] In our analysis, the 2005-2006 SSE (AD 7, Table 2),
began a few months earlier in PINO located at the western
limit of the Oaxaca subduction segment than in central
Oaxaca [Correa-Mora et al., 2008]. This new observation
confirms the modeling result of Correa-Mora et al. [2009]
that showed that the slip initiated in the western part of cen-
tral Oaxaca, and should help to delineate the westward and
upward limit of this slip patch. Moreover, simultancously
to the anomalous displacement at PINO, some anomalies
were detected at most of the Guerrero stations, with mainly
reversals of displacement on the east components. As for
the 2004 anomalies, westward displacements in Guerrero
would be generated by slip further east on the subduction
interface.

[51] Finally, our analysis suggests that the initiation of the
large 2006 SSE in central Guerrero appears to have been
independent of the 2005-2006 SSE detected in Oaxaca. It
thus confirms that the source regions of the 2006 Oaxaca
SSE and 2006 Guerrero SSE may be distinct [Correa-Mora
et al., 2009].

[52] The analysis of 11 year GPS data in the Guerrero-
Oaxaca subduction zone, complemented with results focused
on the Oaxaca subduction zone [Brudzinski et al., 2007,
Correa-Mora et al., 2008; Correa-Mora et al., 2009], shows
that there is no evidence of significant migration of the SSEs
from one region to the other. The large SSEs may not trigger
large SSEs in the adjacent region but can be detected at sta-
tions far from the main slipping patch. On the other hand, it
cannot be excluded that sometimes the SSE may affect both
regions simultaneously (e.g., in 2000-2001, AD 1, Table 2).
Longer position time series are needed to confirm the repe-
tition of such events.

6.4. Timing and Recurrence of the SSEs

[53] The correction for hydrological and atmospheric pres-
sure loading in the analysis of the 1997-2008 GPS observa-
tions leads to a significant reduction of the non-tectonic noise
in the position time series (about 50% on the three compo-
nents) with respect to previously published time series. Hence,
the SSEs are more evident - including several smaller events -
and more precise timing of the events can be obtained. In
particular, the use of the 3D displacements highlights the
existence of initiation and ending phases. According to our
results, the duration of the large 2001-2002 and 2006 SSEs is
30-40% longer than previously estimated [Kostoglodov et
al., 2003; Franco et al., 2005; Larson et al., 2007]. We
found evidence for 7 small SSEs but do not find confir-
mation of the existence of annual periodic, small SSEs. This
suggests that some of the previously identified signals
[Lowry, 2006] may actually be artifacts of the earlier GPS
processing strategy.

[54] Finally, despite the small number of observed large
SSEs in Guerrero (currently only three), a 4—4.5 yr period-
icity may be proposed. According to Cotfe et al. [2009], if
this recurrence time is reliable, the next SSE may occur in
2010. This hypothesis is a strong motivation to maintain the
permanent GPS observation during future years. A densifi-
cation of the network in critical places could also add crucial
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information on a future event. To prepare the optimized
observation of a future large SSE, we are (2009-2010)
deploying additional GPS stations in Guerrero. We are also
increasing the transmission speed of data where possible to
monitor the onset of the next event in close to real time.

Appendix A: GPS Observations, GPS Processing
Tests and Results

[s5s] The permanent GPS network “SSN-Sismologia-
UNAM?” (Figure 1) began in 1997 (see Larson et al. [2007]
for details). By September 2008, data from 23 permanent
stations were available, with 16 of these located in the
Guerrero-Oaxaca zone (Figure 1). The configuration of the
network in this zone is characterized by one trench-parallel
transect along the coast, and one trench-perpendicular
transect, linking Acapulco to the north of Mexico City. Four
more sites (ZIHP, PINO, HUAT and OAXA) are located
outside of these transects and are used to constrain the
spatial extent of the SSE.

[s6] We analyzed pseudorange and phase GPS data in
single-day solutions using the GAMIT 10.33 software
[Herring et al., 2006] for the 16 Guerrero-Oaxaca con-
tinuous GPS stations (Figure 1) from 1997 to 2008. In
order to decorrelate the tropospheric parameter estimation
from the vertical positioning within the GPS processing,
the GPS stations were included in a regional Mexican
network with baselines longer than 500 km [Tregoning et
al., 1998; Duan et al., 1996]. We solved for station co-
ordinates, satellite state vectors, 13 tropospheric zenith
delay parameters per site per day, and phase ambiguities
using doubly differenced GPS phase measurements. We
adjusted the a priori IGS final orbits and a priori IERS
Earth orientation parameters in the processing. We followed
IERS 2003 standards for modeling the solid earth tides, pole
tides, and high frequency tide corrections [McCarthy and
Petit, 2004], and used the IGS absolute antenna phase
center model IGS_05.

[57] In our Mexican GPS analysis, we included a set of
globally well distributed reference stations from the Inter-
national GNSS Service (IGS) reference network [Altamimi
et al., 2007] to realize the reference frame. However, with
the number of regional stations increasing over the 11 year
period we analyzed, the number of globally distributed IGS
stations included in our solution decreases (from 34 to 20)
and becomes too small to achieve the reference frame sta-
bilization. We thus combined our Mexican daily solutions
with global daily solutions that we generated using the same
analysis strategy. The reference frame was defined by mini-
mizing the daily position deviations of IGS stations with
respect to the North American plate reference frame
while estimating a 7-parameter transformation. The height
coordinates were down-weighted by a factor of 10 with
respect to the horizontal components.

[s8] Modeling the path delay in the troposphere is one of
the main sources of error in GPS analysis. A common way
to model the troposphere delay is to (1) model a priori the
zenith total delay (ZTD) which is the sum of a hydrostatic
(ZHD) and wet (ZWD) component; (2) compute the delay
at any elevation angle using the corresponding mapping
functions and (3) adjust the a priori delay in the least squares
adjustment of the GPS observations to take into account its
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time-dependent variation. Recently, troposphere mapping
functions [Boehm and Schuh, 2004; Boehm et al., 2006a,
2006b, 2007a] and pressure and temperature models [Boehm
et al., 2007b] based on data from numerical weather models
have been developed.

[59] In our standard ST1 solution (Table 1), we used the
New Mapping Function (NMF) [Niell, 1996] and a priori
ZHD derived from a standard sea level model for pressure
and temperature (1013 hPa and 20°C at sea level), following
the commonly used approach of many studies over the past
decades. We did not estimate any atmospheric gradients. In
the ST2 strategy (Table 1), we modeled the a priori ZTD
by first deriving surface pressure estimates from the Global
Pressure and Temperature model, GPT [Boehm et al.,
2007b]. Modeling more accurately the a priori ZHD gen-
erates changes in height estimates of up to 10 mm [e.g.,
Tregoning and Herring, 2006] and reduces significantly the
annual variations in coordinate time series related to mis-
modeling of the ZHD [Tregoning and Watson, 2009]. In
addition, in the ST2 analysis (Table 1) we used the Vienna
Mapping Functions VMF1 [Boehm et al., 2006b], where the
coefficients of the hydrostatic and wet mapping function are
determined from the ECMWEF operational data analysis and
are provided at 6-hourly intervals. The VMF1 reduces further
the annual and semi-annual periodic variations related to
deficiencies in the NMF and the Global Mapping Function
(GMF) [Boehm et al., 2007a] but also at higher frequencies
[Tregoning and Watson, 2009]. Finally, we estimated one
N-S and one E-W horizontal gradient per day in the ST2
strategy to estimate the azimuth-dependent part of the tropo-
sphere (Table 1).

[60] Correcting the GPS positioning for the effects of the
oceanic, atmospheric and hydrological loadings is the sec-
ond major issue in GPS processing dedicated to the obser-
vation of small tectonic displacements [Blewitt et al., 2001;
Dong et al., 2002]. These loading deformations induce
significant position variations at the several millimeter level
on the vertical component with mainly semi-annual and
annual periods for atmospheric and hydrological phenomena
[e.g., Dong et al., 2002] while sub-daily ocean loading
effects alias to annual and semi-annual periods [Penna and
Stewart, 2003; Penna et al., 2007]. We applied, both in the
ST1 and ST?2 strategies, ocean tide loading corrections at the
observation level (Table 1) using the FES2004 model
[Lyard et al., 2006]), a model that improves significantly
the accuracy of the ocean tide prediction in coastal and
continental shelf areas with respect to previous releases
[Vergnolle et al., 2008; Melachroinos et al., 2008]. Cor-
recting for the atmospheric loading is less common; how-
ever, atmospheric loading can induce sub-daily peak-to-peak
vertical displacements of 4 to 18 mm for low to high lat-
itude sites, respectively [Tregoning and van Dam, 2005].
In strategy ST2 (Table 1), we used crustal displacements
predicted by convolving the National Centre for Envi-
ronmental Prediction (NCEP) Reanalysis surface pressure
estimates for the years 1997-2008 with elastic Green’s
functions [Farrell, 1972] to correct for the atmospheric
loading at the observation level [Tregoning and van Dam,
2005].

[61] Finally, we corrected a posteriori for hydrological
loading in the ST3 strategy. Hydrological loading can sig-
nificantly affect the vertical displacements measured at GPS
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Figure Al. North, east and vertical position time series derived from the standard strategy (ST1, dark
gray), the “final climatic and loading” strategy (ST3, black) and from Lowry [2006] (light gray). See
text (section 3 and Appendix A) for details and Table 1 for the ST1, ST3 and Lowry [2006] strategy

descriptions.

sites [e.g., van Dam et al., 2001; Tregoning et al., 2009] and
can produce from 9 to 15 mm vertical displacements and
millimeter horizontal displacements over many continental
areas. High correlations have been found between horizontal
and vertical position anomalies from GRACE and GPS in
South America [e.g., Davis et al., 2004; Tregoning et al.,
2009] and Europe [Tregoning et al., 2009]. We removed a
posteriori elastic deformation related to surface loading of
hydrologic origin to reduce the annual perturbations that
remained mainly in the vertical position time series (ST2 to
ST3 solution, Table 1).

[62] We generated estimates of elastic deformation by
characterizing changes in surface loads from gravity anomalies
estimated from GRACE data following the method described
by Tregoning et al. [2009]. We calculated gravity anomalies
from the GRGS spherical harmonic fields by removing the
mean of all estimates from 2002.6 to 2008. Assuming that the
anomalies are caused entirely by changes in surface loads (i.e.,
of hydrologic origin), we converted the anomalies into surface
load anomalies of equivalent water height for each epoch on a
1 by 1° global grid. We then convolved these temporal surface

loads with Green’s functions (using elastic load Love
numbers) to generate the associated elastic deformation that
would result at the GPS sites as a result of the surface loading
[Farrell, 1972]. To extrapolate the observed surface loading
time series from 2002.6 to 1997.0, we fitted these time series
with an annual sinusoid of the form: y(f) = A4 sin (27t + ),
where 4 and ¢ are the amplitude and phase of the annual
hydrological loading deformation signal.

[63] We used the statistical parameters (weighted root
mean square, wrms, mean value of the improvement, &,
equation (1)) described in section 3.1 and presented in
Table Al to evaluate the coordinate estimate improvement
from one strategy to the other. Figure A1 shows the north,
east and vertical position time series derived from ST1 and
ST3 at 4 stations. The repeatability of the position time
series derived from strategies ST1 and ST2 improves by a
few to 30% (Table Al). As expected, the “first climatic and
loading” GPS strategy, ST2, improves the vertical compo-
nent with respect to the standard GPS strategy, ST1. Over
80% of the stations show smaller variability in the vertical
component, with a mean value of improvement of 4.5%
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Table Al. Mean Value of the Improvement in Percent (6,
Equation (1), Section 3.1) on the Three Components®

ST1-ST2 ST2—ST3 Lo—STI Lo—ST3
N 12 12 8 8
North 31 (12) 1(9) 23 (8) 50 (8)
East 2(7) 2 (10) 47 (8) 53 (8)
Up 4.5 (10) -0.5 (6) 46 (8) 46 (8)

*Value in parentheses (1) is the number of stations for which the wrms
improved from one strategy to the next and N is the number of
considered stations in the analysis. See text (section 3 and Appendix A)
for details and Table 1 for the ST1, ST2, ST3 and Lo [Lowry, 2006]
strategy descriptions.

(i.e., up to 1.3 mm, Table Al). Surprisingly, the north
component is the most affected, with a mean value of
improvement of ~30% (i.e., up to 1.4 mm). The level of
improvement on the east component is much smaller with
a mean value of improvement of 1.5% (up to 0.4 mm,
Table Al). However, for the ST1 strategy, the wrms on the
east component is 25% smaller than the wrms on the north
component. The positive change of the statistical para-
meters, in our regional study, confirms the results of
global studies on the necessity to use up-to-date and time
varying mapping function and pressure models [Tregoning
and Herring, 2006; Boehm et al., 2007a], and to apply
atmospheric loading corrections [7regoning and van Dam,
2005; Tregoning and Watson, 2009] in order to obtain the
most accurate coordinate estimates.

[64] The a posteriori global hydrologic loading correction,
applied in the strategy ST3 (Table 1), shows statistically
more subtle changes. We did not expect high changes on
the horizontal components but 75% of the horizontal time
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series show a decrease in wrms (Table Al). In particular,
the difference of wrms on the east component is statistically
significant at 70% confidence for 5 of the 10 stations that
have a lower wrms, but for only 2 sites at 90% confidence.
Therefore, we suggest that hydrologic loading explains part
of the remaining colored noise in the east component time
series of the ST2 solutions. The result is more varied in the
vertical component (Figure A2), and seasonal variations still
remain in the ST3 position time series. Half of the final
vertical ST3 position time series have a reduced wrms and
the difference is statistically significant at 75% confidence
for 5 of these 6 stations, but for only 4 at 90% confidence.
For the other stations, the vertical repeatability deteriorates
in the new analysis.

[6s] We first made the assumption that the period on
which we calculated the statistic (2003.0 to 2006.0) was free
of SSE; hence, the statistical parameters were interpreted as
noise around a linear trend. However, if small SSEs have
occurred during this period as suggested by Lowry [2006] in
the Guerrero subduction zone and by Brudzinski et al. [2007]
in the Oaxaca subduction zone, removing the hydrological
load could emphasize the reverse displacement during the
small SSEs, which could then have increased the wrms. We
analyzed qualitatively the changes between the ST2 and ST3
vertical position time series (Table 1) and compared these
changes with the observations on the north component - the
best determined component in this analysis and also where
the displacements during large SSEs are the most obvious
[e.g., Kostoglodov et al., 2003; Larson et al., 2007]. We
found that removing the hydrological deformation signals
removes anomalies at epochs 1997.5, 1999.5, and begin-
ning of 2000, 2001, 2005, 2006, 2007 on most of the ver-
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Figure A2. Vertical position time series derived from the “first climatic and loading” strategy (ST2,
Table 1) overlaid with the observed vertical surface loading time series derived from the GRACE data
(see Appendix A). The left-hand column shows sites where the wrms of the position estimates reduced
when corrected for hydrological loading while on the right are sites where the wrms increased.
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tical time series. Over these periods, the vertical time series
become more linear, consistent with the north component.
Anomalies are enhanced or shifted at the beginning of 2003
and 2005 at a few stations, which is also consistent with
anomalous displacements seen in the north component of
these stations. More details on these anomalous displace-
ments are provided in section 4. Therefore, we consider that
removing the hydrological loading improves the position
time series.
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