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Abstract High-rate global navigation satellite system (HR-GNSS) data records ground displacements and Gareth Funning
u |

can be used to identify earthquakes and slow slip events. One limitation of such data is the high amplitude, Handling Editor:
cm-level noise which makes it difficult to identify processes that produce surface displacements smaller than Mathilde ,{afdiguet
these values. Deep learning has proven adept at performing many useful tasks in seismology and geophysics. Copy & Layout Editor:
Here we explore using deep learning to denoise HR-GNSS data. We develop three different convolutional neu- * Abhineet Gupta
ral networks with similar architectures but different targets. Training data are synthetic HR-GNSS records and

actual noise recordings that are superimposed to generate noisy signals. We train each of the three models
to output masks that can be used to reconstruct the true signal. We use a set of performance metrics that
quantify the models’ ability to denoise the testing data and find that denoising significantly improves the
signal-to-noise ratio and the ability to identify first arrivals. Finally, we test the models on HR-GNSS records
from the Ridgecrest earthquakes recorded at stations that have nearly colocated strong-motion sites that can
be used as ground-truth for the denoising results. We find that the models greatly improve the signal-to-noise
ratios in these records and make the P-wave onset clearly identifiable.
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1 Introduction a credible rupture model will be capable of reproduc-
ing these kinds of observations (e.g., Satake and Hei-
darzadeh, 2017; Lay, 2018). As a final example, some
types of crustal deformations such as slow earthquakes
and fault creep have long duration source processes and

do not effectively generate seismic waves (e.g., Thomas

High-rate Global Navigation Satellite System (HR-GNSS)
data record ground displacements at increments of >
1Hz and are a type of geophysical measurement com-
monly used to identify and characterize earthquakes

and slip transients (Bock and Melgar, 2016; Larson,
2019). GNSS data can augment traditional seismic data
and are superior for some applications. For example,
long-period recordings of earthquakes contain diagnos-
tic information about earthquake magnitude (e.g., Mel-
gar et al., 2015). This property of GNSS is used ex-
tensively for down-stream applications such as earth-
quake early warning (e.g., Murray et al., 2018) and
tsunami early warning (e.g., Williamson et al., 2020).
Inertial recordings of earthquakes suffer from a well-
known magnitude saturation problem; recordings of
the first arriving seismic waves cannot distinguish be-
tween large and very large magnitude earthquakes (e.g.,
Trugman et al.,, 2019). In contrast, GNSS faithfully
record ground motions at long-periods, including zero-
frequency static offsets, and do not suffer from this lim-
itation (e.g., Crowell et al., 2013). Additionally, for mod-
eling finite faults for the largest events it has become
commonplace to include HR-GNSS in post-processing
(e.g., Goldberg et al., 2020). The data provide funda-
mental constraints on total moment and on the spatial
distribution of slip. For large events it is expected that
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et al., 2016). These slow deformation processes are of-
ten identified by a gradual displacement of the Earth’s
surface, hence characterization of these events relies on
GNSS data.

One of the main limitations of HR-GNSS data is the
high noise level of ~1-2 cm both in post-processing and
in real-time (Geng et al., 2018; Melgar et al., 2020). This
limits the utility of HR-GNSS recordings to situations
where ground displacements are in excess of these am-
plitudes such as moderate to large earthquakes at local
to regional distances. Several factors contribute to the
high noise level of HR-GNSS data. This includes mea-
surement noise, the number and location of satellites,
model estimates of orbital errors, satellite and receiver
clocks, atmospheric delays, antenna effects, and mul-
tipath errors (Melbourne et al., 2021). Several meth-
ods have been proposed to eliminate particular forms
of noise. For example, sidereal filtering leverages re-
peating satellite-receiver geometries to correct for noise
resulting from multipath errors (i.e., when a transmit-
ted signal arrives at a receiver via an indirect path).
Simply stated this technique involves taking displace-
ments recorded during the previous orbital repeat pe-
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