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[1] In order to improve the accuracy of high-rate (1 Hz) displacements for geophysical
applications such as seismology it is important to reduce systematic errors at seismic
frequencies. One such GPS error source that overlaps with seismic frequencies and is not
currently modeled is multipath. This study investigates the frequencies and repetition of
multipath in high-rate GPS time series in order to maximize the effectiveness of
techniques relying upon the geometric repeatability of GPS satellite orbits. The
implementation of the aspect repeat time adjustment (ARTA) method described here uses
GPS position time series to estimate time-varying and site-dependent shifts. As
demonstrated for high-rate GPS sites in southern California this technique significantly
reduces positioning noise at periods from 20 to 1000 s. For a 12-hour time series,
ARTA methods improve the standard deviation of the north component from 8.2 to
5.1 mm and the east component from 6.3 to 4.0 mm. After applying ARTA corrections,
common mode errors are removed by stacking. This method further improves the standard
deviations to 3.0 and 2.6 mm for the north and east components, respectively.
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1. Introduction

[2] Our understanding of earthquakes requires first con-
straining the kinematic and dynamic models of fault rupture.
The ability to resolve ground motions accurately over a
range of frequencies and amplitudes is critical to under-
standing these processes. Several methods exist for resolv-
ing ground motions, each with inherent strengths and
limitations. Accelerometers, for example, capture the details
of strong ground shaking near the source, but it is difficult
to convert the acceleration measurements unambiguously to
displacement. These problems are compounded for long
periods or when the accelerometer experiences strong or
permanent rotations. Broadband seismometers are more
sensitive and have better resolution of ground motion but
may clip, saturate, or become nonlinear even to great
distances from a large earthquake. Interferometric synthetic
aperture radar (InSAR) observations can produce spatially
rich images of some components of surface displacement
surrounding a rupture, but InSAR is prone to failure in
certain regions and has insufficient temporal resolution to
resolve short-term dynamic changes during an earthquake.
GPS instrumentation has been important in earthquake
studies for resolving coseismic offsets, which places impor-
tant constraints on the rupture process, but until recently,
GPS observations were not sampled frequently enough to
measure ground displacements associated with earthquake
rupture.

[3] An increasing number of continuously operating
GPS receivers originally installed for long-term geophys-
ical studies are now operating at seismic frequencies, e.g.,
1 Hz. In situ experiments and comparative studies
described by Ge [1999] and Ge et al. [2000a] indicate
that high-rate GPS can resolve large displacements in a
short-baseline environment. More recently, new studies
have shown good agreement between seismic and (1 Hz)
high-rate GPS measurements [Elósegui et al., 2006; Wang
et al., 2007; Emore et al., 2007]. Larson et al. [2003] used
1-Hz GPS to observe large ground motions over continen-
tal scales during the Denali Fault earthquake; Bock et al.
[2004] showed relative measurements from southern Cal-
ifornia for the same event. Following the Denali event,
high-rate GPS data began to be used in seismic rupture
studies [Ji et al., 2004; Miyazaki et al., 2004; Langbein et
al., 2005; Kobayashi et al., 2006] for earthquakes ranging
in magnitude from M6 to 8. The high-rate GPS technique
builds on the basic tools and developments used in tradi-
tional GPS analysis: precise orbits in a well-defined terres-
trial reference frame, an expanded constellation of 29 GPS
satellites providing greater global coverage, and high-
precision geodetic software. Unlike geophysical studies
that average many GPS observations to compute one
position per day [Segall and Davis, 1997], high-rate
GPS analyses compute one position per epoch; precision
is therefore strongly affected by systematic errors. For
high-rate GPS applications such as seismology, methodolo-
gies must be developed to reduce the influence of systematic
errors such as multipath on GPS position estimates. This
paper describes howmultipath effects vary in GPS time series
and describes methods for removing these effects. We sub-
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sequently assess the precision of high-rate GPS at periods of
2–1000 s.

2. GPS Data Analysis

[4] The analysis of high-rate GPS data is common in real-
time applications associated with navigation, surveying, and
structural monitoring. There are also a growing number of
high-rate GPS publications in the geophysical literature
[Celebi et al., 1999; Bock et al., 2000; Melbourne and
Webb, 2002]. Software developed for high-rate geophysical
applications makes use of many of the same models used
for 24-hour averages, but the estimation strategies are more
varied. For example, when 24-hour average positions are
computed, most geodetic software estimates one phase
ambiguity per satellite station arc [Blewitt, 1989]. This
can also be done in high-rate GPS studies [Larson et al.,
2003]. In the high-rate positioning analysis strategy des-
cribed by Bock et al. [2000] a new phase ambiguity is
estimated at every data epoch. Subsequently, ambiguity
resolution is attempted. One benefit of this strategy is that
it obviates the need to detect cycle slips; the weakness of the
strategy is that positions will be very poorly determined if
ambiguity resolution is not successful. Demonstrations of
this implementation of high-rate positioning [e.g., Mattia et
al., 2004] have largely been limited to baselines less than
20 km. Kouba [2003] describes a high-rate analysis strategy
that uses the International Global Navigation Satellite
Systems (GNSS) Service (IGS) precise orbit and clock
products [Beutler et al., 1994; http://igscb.jpl.nasa.gov].
While Bock et al. [2000] double differences carrier phase
observables to remove clock errors, Kouba [2003] interpo-
lates from 5-min IGS satellite clock values and estimates the
receiver clock. Kouba’s [2003] strategy is computationally
efficient; because the data from each receiver are analyzed
separately, there is no restriction on baseline length.
[5] In this study the GPS Inferred Positioning System

(GIPSY) software is used to analyze the GPS data [Lichten
and Border, 1987]. The IGS precise orbits, defined in
International Terrestrial Reference Frame 2000 (ITRF2000),
are used to define the coordinates of the GPS satellites
[Beutler et al., 1994]. One station is used as the reference;

its position is constrained (a priori standard deviation of
1 cm) to agree with its ITRF2000 position [Altamimi et
al., 2002]. Although in theory any station in the network
can be used as the reference site, any motion at that site
(e.g., static or dynamic seismic displacements) must be
accounted for in the processing software; otherwise, all
high-rate positions in the network will become relative
positions (corrupted by the reference site’s motion) rather
than absolute positions. For all other sites, positions in a
local coordinate system (east, north, and vertical) are
estimated every second with a loose a priori constraint
(100 m). Other estimated parameters include satellite and
receiver clocks, constant zenith troposphere delays, and
carrier phase ambiguities. Ambiguities are resolved using
the methods described by Blewitt [1989]. In this paper,
only horizontal component precision will be discussed;
high-rate GPS vertical positions are left for future work.
Because of GIPSY software constraints, only 3.3-hour
time segments will be analyzed in one batch.
[6] These analysis methods will be applied to data from

continuously operating GPS sites in southern California to
assess the positioning noise characteristics of individual
sites and the network as a whole. The sites (Figure 1) are
part of the Southern California Integrated GPS Network
(SCIGN) [Hudnut et al., 2002]. This subset of SCIGN sites
operates at 1 Hz. All use a common receiver/antenna
(ASHTECH Z-XII3/choke-ring antenna) and many have a
similar monument design (drill braced with radome). Many
of the sites analyzed here were previously discussed by
Langbein and Bock [2004]. We focus on high-rate GPS data
collected in the days before and after the Parkfield earth-
quake, 28 September 2004, 1715 UTC.
[7] Figure 2 illustrates the variation in noise character-

istics for a few of the high-rate GPS sites included in this
study. Spectrograms (time-varying power spectra) are
shown for the north component for three SCIGN stations
and one IGS site (GOLD). As will be shown in section 6,
east components are better determined than north compo-
nents but have similar variation in noise characteristics.
Except at the highest frequencies the noise spectra follow a
power law relationship, i.e., �1/frequency [Agnew, 1992].
In addition to these common characteristics each of these
GPS sites exhibits unique noise characteristics. CRBT and
POMM have low power at short periods and higher power
at long periods but exhibit transient noise at very short
periods (25–50 s) at different times. Conversely, GOLD
noise has more power at short periods (30–100 s) and less
power at longer periods. As previously noted [Langbein and
Bock, 2004], MIDA has significantly more noise at longer
periods (300–3000 s) than any of the other sites in this
network.
[8] Because the same satellites, receiver types, and soft-

ware were used to compute positions at each site, the
differences in noise characteristics must be generated by
something specific to the individual GPS sites. In section 3
we will show that these noise characteristics at CRBT,
POMM, GOLD, and MIDA are consistent with errors due
to multipath and can be related to the location of the antenna
with respect to reflecting surfaces. We summarize the
mathematical formulation needed to relate the frequency
of high-rate GPS errors to the local multipath conditions at a

Figure 1. GPS stations used in this study. There is a small
cluster of sites at Parkfield (shown in the inset). Further
description of the sites is available at http://www.scign.org.
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GPS site and then describe and evaluate a method that
removes multipath errors.

3. Multipath

[9] GPS multipath occurs when the transmitted signal
arrives at an antenna via an indirect path rather than along
the direct path. In the context of this study, multipath is
caused by reflections from objects near the receiving antenna.
A multipathed signal has a longer path length than a direct
signal, introducing error to the pseudorange and carrier phase
measurements, which then propagate into position solutions
based on these data. Multipath may be either diffuse or
specular in nature. Specular multipath is problematic because
it produces systematic, time-correlated errors that are not
easily treated by traditional analysis methods. In contrast,
diffuse multipath takes on an unbiased, random appearance
and is more easily removed through filtering within the
receiver hardware. Various approaches for multipath reduc-
tion and correction have been developed. In summary,
one can avoid or reduce susceptibility to reflected signals
[van Nee, 1992; Van Dierendonck et al., 1993; Schupler and
Clark, 2001], calibrate or evaluate the errors using assump-
tions of spatial repeatability [Cohen and Parkinson, 1991], or
estimate the multipath corrections from SNR data [Axelrad et
al., 1996; Comp and Axelrad, 1998]. Modeling approaches
that use repeating orbital characteristics of the GPS constel-
lation have also been suggested [Genrich and Bock, 1992;
Ge et al., 2000b; Choi et al., 2004]; a new implementation
of this methodology is discussed in section 4.

Figure 2. North component spectrograms for CRBT, POMM, GOLD, and MIDA, 26 September 2004,
1520 UTC. The transient short-period multipath is circled in red. The scale bar gives power units in m2/Hz
in dB.

Figure 3. Multipath geometry for a standard GPS
monument. For an infinite horizontal reflector such as the
ground (shaded) the important parameters are the height (h)
of the antenna above the ground and the satellite elevation
angle (q). These can be related to the additional path length
(grey arrows) of a reflected signal.
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[10] The most straightforward multipath case involves
specular multipath where the GPS antenna is located above
an infinite horizontal reflector such as the ground (Figure 3).
The time-dependent signature of multipath can best be
understood by analyzing the frequencies inherent in multi-
path errors; discussion in the rest of this section involves
only carrier phase multipath errors since the more precise
carrier phase data are of greater interest to geodesists than
pseudorange measurements. For GPS carrier phase multi-
path these frequencies can be expressed as a function of the
relative phase (y), i.e., the phase difference between the
direct and reflected signals. The parameters that determine
the effect of reflected signals on the phase are the height of
the antenna above the reflecting surface (h), the L1 or L2GPS
wavelength (l), the satellite-receiver elevation angle (q), and
the reflecting characteristics of the horizontal surface
(defined as the ratio (a) of the reflected signal amplitude
with respect to the direct signal). For the specific case of a
reflection from a horizontal surface the additional path
length with respect to the direct signal (d) was shown by
Georgiadou and Kleusberg [1988]:

d ¼ 2h sin q ð1Þ

The corresponding relative phase and its time derivative are
defined as

y ¼ 2p
d
l
þ yo ¼

4ph
l

sin qþ yo ð2Þ

dy
dt

¼ 4ph
l

cos q
dq
dt

; ð3Þ

where yo is a possible bias.
[11] Converting the phase delay rate to the period for a

rising pass of a GPS satellite, Figure 4 summarizes multi-

path frequencies for a variety of horizontal reflector dis-
tances (0.5, 1.5, 5.0, and 25 m). One can discern two major
features of GPS multipath. First, reflections from a hori-
zontal surface will generate multipath oscillations with
shorter periods at low satellite elevation angles than at
high-elevation angles. Additionally, the gain pattern of most
GPS antennas results in larger a at low-elevation angles
than at high-elevation angles. Thus, for high-rate GPS
applications at seismic frequencies, removing multipath at
low elevations (where magnitudes are large and periods are
short) will be of greater importance than at higher eleva-
tions. Second, close horizontal reflectors produce longer-
period oscillations, and far horizontal reflectors produce
shorter-period oscillations. For large antenna heights the
oscillations at low elevations will be close to the period of
seismic surface waves (20 s). These simple calculations
explain why the GOLD spectrogram (Figure 2) showed
significant energy at short periods: GOLD is attached to a
tower �25 m above the ground. In contrast, CRBT has its
antenna mounted�1.8 m above the ground and has a spectral
signature dominated by the longer periods (Figure 2). The
large long-period high noise levels at MIDA are believed to
be caused by multipath from a tree. The transient short-
period multipath signals seen at POMM and CRBT are not
caused by an infinite horizontal reflector but more likely by
a distant tilted surface that impacts only certain sections of
the sky. More complicated derivations are required to
understand the frequency of multipath reflections from a
tilted surface [Bilich, 2006] and are not given here. Overall,
reflections from distant surfaces (horizontal or tilted) have
the potential to generate multipath at frequencies similar to
that of seismic waves. While much of the early research on
multipath at geodetic sites focused on near reflectors [e.g.,
Elósegui et al., 1995], Figures 2 and 3 make it clear that
properly correcting for far reflectors will be especially
important for high-rate GPS applications where short-period
phenomena are of significant interest. Section 4 describes
how the daily repeatability of GPS orbits can be exploited
to mitigate the effects of both short- and long-period
multipath.

4. Aspect Repeat Time

[12] The repeatability of multipath is contingent on the
repeatability of geometric relationships between the satel-
lite, receiving antenna, and the surrounding environment. If
one can establish the period at which geometric relation-
ships will repeat, a multipath correction profile can be
constructed from data collected on a day without significant
displacements. With an appropriate time shift to align
geometric repeatability the multipath correction profile can
be applied to another day when actual displacements occur.
A key assumption is that the ground did not move on the
correction profile day, and thus changes in the position
estimates represent a combination of high-frequency ran-
dom error (removed by low-pass filtering) and systematic
errors caused by multipath and any other error that repeats
with the satellite geometry. An example time series demon-
strating this method is shown in Figure 5. The remaining
long-period errors can be largely removed by stacking
[Wdowinski et al., 1997], as will be discussed in section 6.
While the overall success of this method relies on the

Figure 4. Period of L3 (ionosphere-free combination of
L1 and L2) multipath errors for horizontal reflectors located
at various distances (0.5, 1.5, 5, and 25 m) below the GPS
antenna phase center at station POMM using the elevation
history of the PRN6.
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