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Abstract We have assembled CREW, the Curated Regional Earthquake Waveforms Dataset, which is a
dataset of earthquake arrivals recorded at local and regional distances. CREW was assembled from millions
of waveforms with quality control through semi-supervised learning. CREW includes 1.6 million waveforms
that have global coverage. Each waveform consists of a 5 minute three component seismogram with labels
for both a P andS arrival. CREWprovides a high quality labeledwaveformdata set that can be used to develop
and test machine learning models for the analysis of earthquakes recorded at regional distances.

1 Introduction
The Deep Learning seismological data landscape is
dominated by local recordings. STEAD (Mousavi et al.,
2019) contains over 1.2 million three component earth-
quake waveforms recorded at distances up to 350 km,
with 8 percent of the data recorded at more than 110
km. STEAD provides 60 s waveforms from around the
world that include both P and S arrival labels. IN-
STANCE (Michelini et al., 2021) contains over 1.1 mil-
lion three component earthquake waveforms recorded
at distances up to 600 km. INSTANCE provides 120 s
waveforms from Italy and its surroundings with at least
a P or S arrival. LENDB (Magrini et al., 2020) contains
over 600,000 three component earthquake waveforms
recorded at distances up to 134 km. LENDB provides
27 s waveforms from around the world with picked P ar-
rivals. The Pacific Northwest AI-ready Seismic Dataset
(Ni et al., 2023) contains 190,000 three componentwave-
forms for earthquakes and exotic events. This dataset
provides 150 s waveforms. These four datasets also con-
tain noise waveforms. The NEIC dataset (Yeck et al.,
2020) contains over 1.3 million earthquake waveforms
recorded at distances up to 90 degrees. This dataset pro-
vides 60 seconds long waveforms around the phases P,
Pn, Pg, Sn, Sg and S, with themajority corresponding to
P phases. The MLAAPDE dataset (Cole et al., 2023) con-
tains 5.1 million three component waveforms for earth-
quakes recorded at distances ranging from local to tele-
seismic. This dataset provides 120 s waveforms. The
GEOFON dataset (Woollam et al., 2022) also covers the
local to teleseismic distance range, with nearly 275K la-
beled arrivals, mostly P waves.
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Most seismological deep learning research on earth-
quake detection and phase picking has used short du-
ration waveforms from small earthquakes at short dis-
tances. PhaseNet (Zhu and Beroza, 2019) was trained
on 30 second waveforms to predict the timing of P and
S wave arrivals in Northern California. Earthquake
Transformer (Mousavi et al., 2020) was trained on 60
s waveforms to simultaneously detect earthquakes and
pick the arrival times of P and S waves. (Woollam et al.,
2019) used 6 s windows for phase picking and (Ross
et al., 2018) employed 4 s windows to predict the type
of dominant energy in the seismogram (P or S), train-
ing on seismograms recorded within 100 km from the
epicenter.
Most of the world is sparsely instrumented andmany

earthquakes are recorded only at distances over 100 km.
This is true for the important case of seismicity near
most subduction trenches, which are often more than
100 km from the nearest land. At regional distances,
which are often taken to bemore than 100 km and up to
1,000 km, seismic waves are strongly modified by inter-
action of the wavefield with the crust and uppermantle.
S and P arrivals are also separated by greater times than
for shorter distances, such that existing deep learning
models may not perform well on these out of distribu-
tion data. This provides the motivation for developing
CREW. The increase in source-receiver distance comes
with mounting complexity in the waveforms due to the
accumulation of propagation effects and the decrease
in wave amplitudes. Figure 1 schematically compares
wave propagation at local distances vs. regional dis-
tances.
Thewaveforms on top are recordings of the 2023 Lake

Almanor earthquake in Northern California. This MW
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Figure1 Comparisonof local and regional recordings for the 2023 LakeAlmanor earthquake inNorthernCalifornia. The top
waveform was recorded at around 50 km while the bottom one was recorded at about 500 km. Note: The focal mechanism,
elevation and fault geometry are not related to the real Lake Almanor earthquake setting.

5.5 earthquake was recorded over many instruments at
both distance ranges. The top seismogram comes from
stationBEK from theNevada SeismologicalNetwork at a
distance of around 50 km. In this case the arrivals of the
crustal phases Pg and Sg are very impulsive and they are
around 10 seconds apart. The bottom waveform, from
station BBGB of the Northern California Seismic Net-
work recorded the earthquake at a distance close to 500
km from the epicenter, shows that the waves that trav-
eled through the uppermost mantle, Pn and Sn, arrive
before the direct crustal arrivals, Pg and Sg. The Pn and
Sn arrivals are emergent and more difficult to see. Both
seismograms are 5 minutes long and are aligned on the
first arrival. The vertical scale of both seismograms is
the same, with the top one having a peak ground veloc-
ity of 1.81mm/s while the regional recording has a peak
ground velocity of 0.40mm/s, which is almost a five fold
decrease in peak ground velocity.

As indicated in Figure 1, for earthquakes recorded
at short local distances, the first arrivals are the direct
crustal phases Pg and Sg, which propagated through
the crust. As the source to receiver distance increases,
earthquake recordings may include the Moho-reflected
phases PmP and SmS. Beyond the crossover distance,
Pn and Sn will be the first arrivals. These waves travel
from the source and propagate through the uppermost
mantle before turning to the surface again (Storchak
et al., 2003). The crossover distance is a function of
earthquake depth and crustal thickness, and ranges
from 30 km in thin oceanic crust to 200 km in thick con-
tinental crust, since crustal thickness can vary from 6
km to 70 km (Mooney et al., 1998). For reference, for
a 30 km thick continental crust and assuming typical
seismic velocities for the crust and upper mantle, the
crossover distance for a surface source would be ∼ 150
km.

For most regional earthquake recordings the first ar-
rival is thePnphase and for Swaves, thefirst arrival is its
analog Sn. As seen in Figure 1, the characteristics of the
waveforms are different for the local and the regional
recordings. The first arrivals Pn and Sn are known to be
emergent, compared to the impulsive nature of Pg and
Sg. The decay of coda (its envelope) for local record-
ings tends to follow a one over time pattern (Sato et al.,
2012), with the maximum amplitude very close to the
first arrival. In contrast, for the regional recording, the
envelope of the P and S codas looks more like a spindle,
with the maximum amplitudes not as close to the first
arrivals. This change in shape is attributed to scattering,
which is strongest in the crust and uppermost mantle
(Shearer and Earle, 2004). Even though in Figure 1 the
secondary S arrival is labeled as Sg, at longer distances,
close to 1000 km the high frequency S wave train has
been attenuated and only S waves trapped in the crustal
waveguide, known as Lg will be the secondary S wave
arrival. Lg phases are complex, and can be blocked by
changes in crustal structure (Al-Damegh et al., 2004).
Careful attention to the demanding task of precise pick-
ing of these regional seismic phases leads to improved
earthquake catalogs in zones that are otherwise chal-
lenging to monitor (Fuenzalida et al., 2013), which sug-
gests that deep-learning-based methods should be ex-
tremely useful at these distances.

Figure 2 shows the International Seismological Cen-
tre station inventory list with the inverted blue trian-
gles. Seismically active parts of Europe, Japan, New
Zealand and the United States, have the greatest con-
centration of instruments. The green contours and ar-
eas are those for which there is aminimum of 5 stations
within a radius of 3 degrees. These green outlines en-
close those highly instrumented regions of the world
where ”local” earthquakemonitoringwith direct crustal
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