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• In the vicinity of large earthquakes, ground motions can exceed the dynamic range
of broadband seismometers and result in a “clipped” record.

• We combine GNSS displacements and collocated strong-motion accelerometer
data using the seismogeodetic Kalman filter[3].

• The combination yields unclipped broadband velocity and displacement waveforms
that are sensitive to the entire spectrum of ground motions.

• Based on the far-field P wave term of the earthquake displacement field[4], we
integrate the seismogeodetic vertical displacement, !!($⃑, &) , to obtain the moment
history, ("(&), at each station

(1)          (" & = #$%&!'
("# ∫!! $⃑, & +&.

Where - is the epicentral distance, .)* represents the radiation pattern generated
by a double-couple source, / is the density, and 0 is the P wave velocity.
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Figure 3: Spatial distribution of station by station !!" estimates for all earthquakes included in our study. Green
colors indicate overestimates, while red colors indicate underestimates.

Figure 2: Time evolution of our magnitude estimates for nine earthquakes used in this study. Grey curves denote individual stations, red points are event medians with
±1 interquartile-range (IQR). Moment rate functions from the USGS are in light blue. The Global Centroid Moment Tensor (GCMT) magnitudes[6] are denoted by black
dashed horizontal lines. For the 2018 Kilauea event, we also include a black dotted line indicating the!!7.2 estimate from a comprehensive analysis of other studies[7,8].

• To illustrate our methodology, we gathered collocated GNSS and accelerometer data recorded
during nine earthquakes in the magnitude range 7.2 < (+ < 9.1 that occurred in the Pacific basin
offshore Mexico, Chile, Japan, Alaska, and Hawaii (Figures 2 and 3).

• We use the vertical component of seismogeodetic displacement, !!($⃑, &) , to calculate the
magnitude at each station, and the earthquake’s reported magnitude as their median.

• Real-time simulations (Figure 2) show that we can obtain useful and reliable magnitude estimates
within minutes after rupture initiation.

• The estimated (+, magnitudes are within ±0.15 magnitude units of the GCMT[6] (+ values and
within their IQR uncertainties for the 7 shallow thrust events of (+ > 7.8.

• We estimate (+,8.52 ± 0.08 compared to the GCMT of (+ 8.2 for the 2017 Chiapas, Mexico, the
only event in our dataset with normal fault mechanism.

• Our estimate of (+,7.38 ± 0.25 for the 2018 Kilauea, Hawaii earthquake is significantly larger
than the GCMT value of (+6.9. However, because of

the inverse relationship between dip and seismic moment
for shallow earthquakes[7,8], the magnitude of this
event is likely closer to (+7.2.

Figure 1: Example of vertical seismogeodetic displacement (top), and the derived moment
function within the evolving coseismic window (bottom) for a collocated station during the
2011 !!9.1 Tohoku-oki, Japan earthquake. The final coseismic time window is denoted by the
vertical lines, and its derived final moment function in black (bottom) with the maximum value
as a red point. The reported final seismogeodetic moment magnitude for this station is based on

Equation (2) and the moment magnitude relationship!!" = ⁄# $ $%&%&!& − 9.1 .

• Assuming that the maximum
absolute value of the moment
function is the actual seismic
moment of the earthquake, (" ,
we estimate

(2)    (" ≅ 49/0-- (:$ ∫!! $⃑, & +& .

• We neglected the radiation
pattern term in this study, as
it requires the earthquake’s
focal mechanism in real-time.

• The appropriate coseismic
time window is determined
at each station individually
from the seismogeodetic velocity
waveforms[5].

• We find that (+, provides precise and accurate magnitude
estimates for tsunamigenic earthquakes even with
poor azimuthal or sparse station coverage (Figure 3),
which shows promise for integration into earthquake
and local tsunami early warning systems.

• Comparison with the Peak-Ground-Displacement (PGD)
magnitude determination method[9] shows that
the magnitudes of two new earthquakes
(2020 (+7.8 Simeonof and 2021 (+8.2 Chignic) are
significantly underestimated by (.,/.

• The (.,/6.67 ± 0.15 for the 2018 Kilauea is closer to the GCMT
value but likely underestimated (see above panel).

• Our approach is theory based in contrast to empirical
methods that rely on historical earthquake records.

• Improvements may still be obtained by considering the
radiation pattern term in Equation (1). For real-time purposes,
one can assume that rupture occurs down-dip of the trench to
account for the earthquake’s focal mechanism.

• We will generalize the theory to include strike slip events by
integrating horizontal seismogeodetic displacements.

• We continue to test (+, estimation with a seismogeodetic
approach extended for interleaved high-rate GNSS and
seismic instruments that may only have a subset of
collocated stations. This scenario requires spatial
interpolation of the coseismic time window from
regional seismic to the GNSS stations[5].

• Most tsunamis originate from Earth’s subduction
zones due to thrust faulting earthquakes.

• Rapid earthquake characterization is crucial for issuing
an effective tsunami warning, especially for local
populations closest to the earthquake rupture.

• Initial warnings by Pacific Tsunami Warning
Center (PTWC) rely on the broadband P wave (+.
method[1], which may underestimate the magnitude
of large tsunamigenic earthquakes.

• A more accurate magnitude estimate comes from
the W-phase (WCMT) inversion[2] using teleseismic
waveforms. Currently available within 15-25 minutes of
earthquake origin time for PTWC, the WCMT solution
may not be timely enough for local tsunami warnings.

• Here we use the combination of seismic and GNSS data
(seismogeodetic) to improve local tsunami warnings.


