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Abstract Ruptures of the largest earthquakes can last between a few seconds and several minutes.

An early assessment of the final earthquake size is essential for early warning systems. However, it is still
unclear when in the rupture history this final size can be predicted. Here we introduce a probabilistic view

of rupture evolution - how likely is the event to become large - allowing for a clear and well-founded answer
with implications for earthquake physics and early warning. We apply our approach to real time magnitude
estimation based on either moment rate functions or broadband teleseismic P arrivals. In both cases, we find
strong and principled evidence against early rupture predictability because differentiation between differently
sized ruptures only occurs once half of the rupture has been observed. Even then, it is impossible to foresee
future asperities. Our results hint toward a universal initiation behavior for small and large ruptures.

Plain Language Summary Earthquakes are among the most destructive natural hazards known

to humankind. While earthquakes can not be predicted, it is possible to record them in real-time and provide
warnings to locations that the shaking has not reached yet. Warning times usually range from few seconds

to tens of seconds. For very large earthquakes, the rupture itself, which is the process sending out the

seismic waves, can have a similar duration. Whether the final size of the earthquake, its magnitude, can be
determined while the rupture is still ongoing is an open question. Here we show that this question is inherently
probabilistic - how likely is an event to become large? We develop a formulation of rupture predictability in
terms of conditional probabilities and a framework for estimating these from data. We apply our approach to
two observables: moment rate functions, describing the energy release over time during a rupture, and seismic
waveforms at distances of several thousand kilometers. The final earthquake magnitude can only be predicted
after the moment rate peak, at approximately half the event duration. Even then, it is impossible to foresee
future subevents. Our results suggests that ruptures exhibit a universal initiation behavior, independent of
their size.

1. Introduction

It is a longstanding question at which time during an earthquake rupture its final size can be constrained. Answer-
ing this question would have direct implications for early warning systems (Allen & Melgar, 2019) and would
provide insights into the underlying physical processes. Accordingly, its formulation spanned a series of studies
over the last decades. However, so far results have been contradictory - some argue for early predictability, others
against.

A common theory implying predictability is the preslip model (Ellsworth & Beroza, 1995), in which failure
starts aseismically until the process reaches a critical size and becomes unstable. Here, the final moment of the
earthquake might be derivable at the event onset time from properties of the nucleation zone, that is, its size or
its magnitude of slip. Other models also suggest early predictability, but only after several seconds. For example,
Melgar and Hayes (2017) argue that ruptures of large events propagate as self-healing pulses, and that pulse
properties, that is, rise time and pulse width, allow identification of very large events after ~15 s. Support for
such theories has been provided by the analysis of, for example, waveform onsets (Ellsworth & Beroza, 1995),
moment rate functions (Danré et al., 2019), early ground motion parameters (Colombelli et al., 2020), or geodetic
observations (Melgar & Hayes, 2017).

The opposing hypothesis, often termed cascade model (Ellsworth & Beroza, 1995), suggests a universal initiation
behavior: small and large earthquakes start identically and are differentiated only after the peak moment release,
which occurs approximately at half of the rupture duration. Rupture evolution is controlled by heterogeneous local
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conditions, such as the pre-event stress distribution or the presence of mechanical barriers. Studies supporting this
theory also analyzed properties like moment rate functions (Meier et al., 2017), waveform onsets (Ide, 2019), or
peak displacement (Goldberg et al., 2019; Trugman et al., 2019).

While reaching contradicting conclusions, predictability studies often follow the same principle: analyzing
correspondences between earthquake size and real time observables (Colombelli et al., 2020; Danré et al., 2019;
Ellsworth & Beroza, 1995; Ide, 2019; Meier et al., 2017; Trugman et al., 2019). Earthquake size is commonly
quantified by seismic moment/moment magnitude, as large, high quality catalogs thereof are openly available
(Ekstrom et al., 2012). A common practice is calculating parametric fits between magnitude and observables,
and assessing at which time they become significant using standard deviations (Colombelli et al., 2020; Danré
etal., 2019; Melgar & Hayes, 2017; Noda & Ellsworth, 2016; Olson & Allen, 2005; Zollo et al., 2006). However,
such point-estimator approaches hide the residual distribution and thereby potentially obscure distinct modes of
rupture predictability. In particular, non-Gaussian residuals can lead to unexpected results. First, significant fits
between magnitudes and observables might still lead to non-point-predictable models (Figure S1 in Supporting
Information S1). Second, even without a (significant) fit, there might be some level of predictability in a probabil-
istic sense (Figure S2 in Supporting Information S1). Notably, exactly such non-Gaussian distributions occur for
real observables; examples can be found in Olson and Allen (2005, their Figure 3, the observable is the dominant
period of the initial 4 s of the P wave) or Noda and Ellsworth (2016, their Figure 5, the observable is based on
early P displacement waveform).

2. A Probabilistic Framework for Rupture Predictability

We argue that a rigorous description of rupture predictability requires a probabilistic approach. To this end,
we interpret the magnitude M of an event as a random variable and introduce a stochastic process (O;),cg, the
observables at time ¢. t = 0 identifies the event onset. The observables (O;),ci can be any information describing
the event until ¢, for example, waveforms up to (P travel time + #) or features of moment rate functions until .

Events with magnitude M, # M, differ at time 7 if the conditional distributions P(O;| M) and P(O,| M) differ.
However, while describing P(O,| M) for scalar O, is feasible, it becomes intractable for higher dimensional O,
Furthermore, early warning aims to estimate M from O, and not vice versa. Therefore, we analyze P(M |O;), that
is, how the observables constrain the magnitude. While such analysis has been conducted for single-dimensional
observables, for example, peak ground displacement (Meier et al., 2017; Trugman et al., 2019) or the amout of
slip (Bose & Heaton, 2010), an analysis for higher dimensional observables is still missing. This leaves many
promising observables unexplored, for example, seismic waveforms.

There are two distinct aspects of rupture predictability: (a) the future development of the current asperity and (b)
the probability of further asperities to rupture. Figure 1d shows an example of P(M |O;) with no predictability
in the growing rupture, as suggested, for example, by Meier et al. (2017). Before the peak moment release, the
distribution equals a Gutenberg-Richter (GR) distribution with lower bound at the currently released moment,
accounting for both aspects. After the peak, the distribution becomes Gaussian (a), with a decreasing GR compo-
nent accounting for potential future asperities (b). Figure 1e shows a skewed GR case: the magnitude cannot be
pinpointed, but from early on the event is more likely to become large than the marginal GR distribution. Skewed
GR distributions might occur, for example, due to differences in the fault roughness or the amount of slip (Bose
& Heaton, 2010). Figure 1f shows the predictable case: the magnitude can be pinpointed early and uncertainties
decrease steadily.

The different evolutions of P(M |O,) have consequences for early warning: a shifted tail for P(M |O,) shifts the
estimated distribution of ground shaking and possibly the warning decision (Bose & Heaton, 2010). However,
several previous results do not allow a clear distinction of the presented cases. For example, multiple studies
(Abercrombie & Mori, 1994; Ide, 2019; Kilb & Gomberg, 1999; Mori & Kanamori, 1996) reported that for most
large events, small events with similar onsets exist. While this rules out the predictable case, events might still
differ strongly in their likelihood of becoming large.

For practical analysis, P(M|O;) needs to be derived from observed samples {(Mi, O:)}i=l | iid P(M, O,).
For single dimensional O,, for example, peak displacement, P(M|O;) can be estimated using histograms.

However, this direct description is infeasible for high dimensional O,. Instead, we use a variational approximation
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Figure 1. (a-c) Step-by-step explanation of quantile line plots (see subplot titles) (d-f) Magnitude estimate development for three different predictability models:
Gutenberg-Richter (GR) (not predictable during growth phase), skewed GR (not point-predictable, but deviation from prior already during growth phase) and Gaussian
(predictable). For each model, we use the same hypothetical event with prototypical triangular moment rate functions representing the first order moment release
history; for predictable models to be viable, second order features of the moment rate function would differ between smaller and larger events. The dashed black line
indicates the cumulative moment release. An additional visualization of the options at a fixed time is shown in Figure S3a in Supporting Information S1.

Po(M|O;) = P(M|O;), that is, a function Py(M |O,) mapping observables O, to the corresponding conditional

distribution of M. The parameters 6 are learned to fit P(M |O,) using { (M 0 O;) }'_=1 """ , (Gneiting & Raftery, 2007).
Specifically, we parameterize Py (M |O;) using neural networks with Gaussian mixture outputs (Bishop, 1994),
because both neural networks and Gaussian mixtures (Figure S3b in Supporting Information S1) have universal
approximator properties, making them particularly well suited for our case (Bengio et al., 2017; Cybenko, 1989).
Notably, this approach can be applied to any type of observables, simply by designing an appropriate neural
network. We now use this approach for two choices of observables: moment rate functions and teleseismic

waveforms.

3. Predictions From Moment Rate Functions

We first apply this framework to source time functions (STFs), also known as moment rate functions, a commonly
used observable in predictability studies (Danré et al., 2019; Meier et al., 2017). We use three STF databases:
SCARDEC (3,514 events, 5.4 < M, < 9.1) (Vallée & Douet, 2016) and the ones from USGS (Hayes, 2017)
(190 events, 6.8 <M, <9.1) and Ye et al. (2016) (119 events, 6.8 <M < 9.1). Figure 2 shows characteristics
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Figure 2. Distribution of events and histograms for magnitude distribution for the three STF datasets. The events are color coded by their data set. Ye et al. is plotted on
top of USGS, on top of SCARDEC. This might lead to few events not being visible due to overlaps.

of the datasets. The three STF databases were generated using two different methodologies. SCARDEC uses a
point source approximation and conducts a constrained deconvolution of body waves. In contrast, USGS and Ye
et al. (2016) calculate finite fault solutions from body and surface waves using prior knowledge of the fault plane
orientation. As the spatial extent of the source is modeled, these STFs generally represent more high frequency
details than the SCARDEC ones. On the other hand, the SCARDEC method can provide STFs for smaller events
than the finite-fault inversion schemes.

To infer the magnitude distributions from (partial) source time functions, we use a simple multi-layer perceptron.
As input we use five observables derived from the source time function at time #: (a) cumulative moment M,;
(b) current moment rate M,; (c) average moment rate %M +; (d) peak moment rate max,<, M-; (€) current moment
acceleration M,. We use features instead of full STFs to avoid the danger of overfitting due to the high dimen-
sionality of time series but low numbers of training examples. The selected features represent both current (b, e)
and past (a, c, d) aspects of the STF. Furthermore, they are sufficient to approximate the observables in previous
STF-based studies, for example, average moment acceleration (Melgar & Hayes, 2019), or characteristic time
and early moment acceleration (Meier et al., 2017). We conducted experiments with an extended set of features
(Figures S4 and S5 in Supporting Information S1) and obtained identical conclusions with slightly degraded
performance. Therefore, in the following we only use the set of five features. We train the model on SCARDEC,
as it is the largest of the datasets, using 10 fold cross validation. We use the continuous ranked probability score
as loss, as its optimization behavior is more favorable in face of highly skewed underlying distributions than
for log-likelihood. Further details on the model and training procedure are provided in Text S1 in Supporting
Information S1.
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Figure 3. (a) Probability density functions (PDFs) calculated from the source time function (STF) model just before onset, and at 2, 4, 6 and 8 s after onset. Colored
ticks on the PDFs indicate 0.05, 0.2, 0.5, 0.8, 0.95 quantiles. (b-f) Example predictions from the STF model visualized by the 0.05, 0.2, 0.5, 0.8, 0.95 quantiles over
time. (b) shows the same event as (a) The lower right gives information on the event. The black dashed line shows the moment released so far, that is, the trivial lower
bound. The bottom plots show the STFs. The upper right indicates the STF database used. For a step-by-step explanation on the quantile plots, see Figures la—1lc.

For qualitative insights into the predictions and as a basis for interpreting the average results, we visualize repre-
sentative examples (Figure 3). In all cases, the sign of the moment acceleration largely defines the anticipated
potential for growth: positive acceleration, that is, the growth phase, indicates high growth potential, negative
acceleration low potential. Furthermore, the higher the current moment release is, the higher the growth potential.
This results from the STF's smoothness: at high moment rates it will likely take longer to arrest than at low rates.
Notably, the model does not predict future asperities within a multiple asperities rupture (Figures 3d and 3e); for
times after the peak of the moment rate function has been passed, the model expects a steady decay. Once the
moment rate approaches zero, the estimated further growth is low (e.g., Figure 3d at 15 s, 3e at 40 s). If moment
release accelerates again, the model immediately expects another asperity to break and higher growth potential is
inferred yet again. These effects lead to sudden changes of the PDF at local maxima and minima of the STF (e.g.,
Figure 3d at 20 s, 3e at 25 s).

For a systematic analysis, we average P(M |O,) by magnitude buckets (Figures 4a, 4c and 4e). For the datasets
using finite fault solutions (Figures 4c and 4e), during the first 2 s of the STF, the predicted distributions are
mostly identical across buckets. Afterward, the buckets split up over time: M, = 6.5-7.0 at ~2's, M, = 7.0-7.5
at~8s, M =75-80at~16s, M, = 8.0-8.5 at 25-40 s. These times match typical half-durations of events in
these magnitude ranges (Gomberg et al., 2016).

SCARDEC (Figure 4a) shows similar splitting over time, but exhibits an apparent skew in the early predictions:
higher magnitude buckets exhibit higher likelihood for becoming large. Similarly, the SCARDEC examples in
Figures 3b—3d show high predictions within the first 2 s and abruptly fall afterward. We attribute this apparent
predictability to artifacts of the SCARDEC processing, in particular a limited dynamic range. Due to the point
source approach and separate deconvolutions at each station, the minimum resolvable moment release depends on
the peak and cumulative moment release of an event (Vallée & Douet, 2016). This leads to a systematic bias in the
first seconds of the STF (Figure S6 in Supporting Information S1), as previously reported by Meier et al. (2020).
We confirmed that a similar apparent predictability can be introduced in the other two STF datasets by artifically
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Figure 4. Average predicted Probability density functions (PDFs) based on source time function (STFs) (a)-(f) and teleseismic waveforms (g)-(h) grouped by
magnitude bin. Left column shows results at time 7 after onset (P(M |O,)), right column after cumulative moment equals magnitude M (P(M|O;)). The STF model
has been trained on the SCARDEC data set and evaluated on each STF data set. See Figure S8 in Supporting Information S1 for STF results from a neural network
trained with the USGS data set. PDFs were truncated in visualization to avoid overlap between different times/base magnitudes. Black dotted lines in (b, d, f, g) indicate
the current base magnitude. The apparent skew between buckets in panel (b) and prediction difference in (g) for M = 6.0 likely results from SCARDEC processing
artifacts. For determining 7, in (h) we used the SCARDEC data set. See Figure S12 in Supporting Information S1 for plots with the other STF datasets. Events differ
between panels (g) and (h): (h) only includes those events present in both the teleseismic data set and SCARDEC (~3,500 events) and (g) all of the former (~38,000
events).
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limiting their dynamic range (Figure S7 in Supporting Information S1). Additionally, we trained models with the
much smaller USGS data set without limiting dynamic range. These results lack the apparent early predictability
observed for SCARDEC, supporting the explanation above (Figure S8 in Supporting Information S1).

Predictions at a fixed time ¢ after onset describe both moment release until ¢ and future development, with only
the latter being relevant for predictability. To isolate this aspect, we define P(M|Oy) = P(M |0y, ), where
1y = sup, { M(t) <M } is the time when the cumulative moment release equals M. When analyzing P(M |0 y),
all three datasets exhibit the same trends (Figures 4b, 4d and 4f). All magnitude buckets with lower bounds at
least M + 0.5 show nearly identical predictions: a sharp increase in likelihood from M to ~ M + 0.2 and an
exponential tail. M + 0.2 represents roughly twice the seismic moment of M and, due to the symmetry of STFs
(Meier et al., 2017), half the event duration. For buckets with lower bound equal to M, peak likelihood occurs
around M, again with exponential tails. The decay is steeper for these buckets, as most events are already past the
peak and substantial future growth can therefore only result from future asperities, but not from further growth
of the current one. The results are independent of the faulting mechanism (Figures S9, S10, S11 in Supporting
Information S1). The systematic analysis therefore confirms the hypothesis that the final magnitude can only be
assessed after the peak of the STF has been passed and that the rupture of further asperities cannot be anticipated.

4. Predictions From Teleseismic P Arrivals

STFs have limited temporal resolution, giving only a low-pass filtered view of the source process. Consequently,
potential higher frequency details indicative of future rupture development might be hidden. To resolve this issue,
we apply our approach to teleseismic P arrival waveforms. In contrast to STFs, these contain spectral information
in a wider frequency band up to ~1 Hz, above which it will be largely attenuated. The lower limit of the spectral
information is defined by the high-pass filter (in out case at 0.025 Hz) that is required due to instrumental limitations
of seismic recordings (Goldberg et al., 2019; McGuire et al., 2021) and the limited time window used. We collated
a data set of ~35, 000 event with ~750,000 manually labeled first P arrivals. Our neural network model is an adap-
tation of TEAM-LM (Miinchmeyer et al., 2021). TEAM-LM consists of a combination of convolutional layers,
a transformer network, and a mixture density output and predicts the event magnitude directly from the seismic
waveforms at a flexible set of input stations. Further details on the data set and model are provided in appendix 2.

Compared to the STF model, predictions P(M|O,) and P(M|Oy;) show higher uncertainties and systematic
underestimation of the largest magnitudes at all times (Figure 4g). Higher uncertainties result from the fact that
assessing magnitude from waveforms is harder than from STFs, whereas underestimation can be attributed to data
sparsity (Miinchmeyer et al., 2021). Due to the higher model uncertainties, all tails look rather like exponentially
modified Gaussians than exponential distributions, as for the STF case. We note that the apparent lower uncer-
tainty for the highest magnitude buckets compared to the lower magnitude buckets results from the number of
samples in each bucket: with fewer samples available, the result gets less smooth but also less wide. Nonetheless,
the general trends are highly similar to the results from the STF analysis before. Early predictions (¢ < 2 s) are
indistinguishable, except for the bin M, = 6.0-6.5, where event durations are often <4 s. Bins split over time,
similar to the STF model, although with higher overlap in predictions between bins. Splits occur around 4 s for
M, =6.5-7.0,8s M, =7.0-7.5,and 16-25 s for both M, = 7.5-8.0 and M, = 8.0-8.5, again representing typical
event half-durations.

As for P(M|0Oy), predictions for P(M | O ;) exhibit similar behavior to the ones from the STF model (Figure 4h).
While M is considerably below the final magnitude, the predictions are indistinguishable between the buckets.
Splitting of buckets occurs slightly later than for the STF model, that is, clear differences only become apparent
once M exceeds the upper bound of the bucket. This likely results from the higher uncertainties. We there-
fore argue, that assessment is likely still possible from the moment peak onward, again up to potential further
asperities.

5. Comparison With Previous Results

Our results find no predictability from both STF and teleseismic waveforms. These observations seem contradic-
tory to several previous results. We discuss potential reasons for some studies below. Melgar and Hayes (2019)
found differences in moment acceleration for earthquakes of different size. As our STF model has access to the
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acceleration parameter investigated in this study, we would expect to be able to reproduce this effect. However,
later analysis demonstrated that these results were caused by a sampling bias, which our study confirms (Meier
et al., 2020).

Danré et al. (2019) analyzed STFs as well, in this case by decomposing them into subevents, and also found
predictability. Large events exhibited higher moment in early subevents and in addition showed higher complex-
ity, that is, had more subevents. We suspect that their different conclusion might also result from the SCARDEC
processing, which hides small subevents within large earthquakes and thereby makes the first identifiable subev-
ent within a large event comparably larger.

Melgar and Hayes (2017) demonstrated from near-field geodetic observations of several great subduction earthu-
akes a pulse-like behavior, that is, the static displacement was seen to accumulate over a time period much shorter
than the total rupture duration. They further analyzed slip pulse behavior and found a correlation between mean
rise time and moment magnitude, making magnitude assessment possible after ~15 s. While this conclusion
would contradict our results, the significance of the findings for events with M, > 7.5 is unclear, given the low
number of very large events and several intermediate events with long rise time. On the other hand, ~15 s does
not imply any further predictability than found in our study for events with M, < 7.5, due to their comparatively
short duration. Furthermore, such a scaling in mean-rise time might as well be explained with a self-similar pulse
model, for example, if the pulse grows over time (Nielsen & Madariaga, 2003). In this case, the mean rise time
of a large event might be higher than of a small event solely because of later breaking segments giving no indica-
tion for predictability. We note that geodetic observations are candidates for studying potential pulse behavior of
very large earthquakes, as they can resolve low frequency detail and static displacement (Goldberg et al., 2019;
McGuire et al., 2021).

Colombelli et al. (2020) found differences in the slope of early peak ground motion parameters at local distances
between earthquakes of magnitude 4-9. In our analysis of teleseismic waves, this effect could be hidden by the
inherent attenuation of high frequencies in teleseismic waveforms. Therefore, our results do neither confirm nor
contradict Colombelli et al. (2020). Similarly, while our study practically rules out predictability given STFs and
teleseismic waveforms, it still leaves the option of approaches, where the tell-tale signals might only be observa-
ble in local waveforms, or require geodetic observations.

6. Conclusion

We conclude that there are no signs of early rupture predictability in either STFs or broadband teleseismic P
waveforms. Instead, our analysis indicates that the total moment of an event based on such data can only be esti-
mated after the peak moment release. However, even then it is not possible to anticipate future asperities.

While our analysis finds no early predictability, it highlights the feasibility of real time rupture tracking, at least
using STFs and teleseismic waveforms. Transferring the methods to regional waveforms might therefore still
significantly benefit early warning. Care has to be taken to counteract potentially biased estimations for the larg-
est events, for which undersampling is hard to avoid (Miinchmeyer et al., 2020).

Data Availability Statement

Moment rate datasets were obtained from the US Geological Survey (https://earthquake.usgs.gov/data/finite-
fault/), Linling Ye (slip models are supplement to Ye et al. (2016) and linked in the acknowledgements therein),
and the SCARDEC project (http://scardec.projects.sismo.ipgp.fr/). We downloaded manual phase picks from the
ISC (International Seismological Centre, 2021) and USGS (U.S. Geological Survey, 2017). Seismic waveforms
were downloaded from the IRIS and GEOFON data centers. We use waveforms from the GE (GEOFON Data
Centre, 1993), G (Institut De Physique Du Globe De Paris (IPGP) & Ecole Et Observatoire Des Sciences De
La Terre De Strasbourg (EOST), 1982), GT (Albuquerque Seismological Laboratory (ASL)/USGS, 1993), IC
(Albuquerque Seismological Laboratory (ASL)/USGS, 1992), II (Scripps Institution Of Oceanography, 1986),
and IU (Albuquerque Seismological Laboratory (ASL)/USGS, 1988) seismic networks.
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