Inconsistencies and lurking pitfalls in the magnitude–frequency
distribution of high-resolution earthquake catalogs
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Introduction
With the availability of high-resolution (HR) earthquake catalogs arises the
expectation that the abundance of complementary small earthquakes is
beneficial for characterizing the fundamental scaling laws of statistical seismology. Here we investigate whether the ubiquitous exponential-like scaling
relation for magnitudes (Gutenberg–Richter, GR), can be straightforwardly
extrapolated to the magnitude–frequency distribution (MFD) of HR catalogs.
Many seismicity studies use the MFD to estimate
seismicity rates and the 𝑏𝑏-value (the slope of the GR
relation), from which the occurrence probability of larger
events and eventually the seismic hazard and risk can
be inferred. The earthquake magnitude is usually expected to follow an exponential-like distribution
according to the unbounded, tapered, and truncated GR
relation, when the maximum (corner) magnitude is about
≥𝑀𝑀c + 3 [Marzocchi et al. 2020], where 𝑀𝑀c is the lower
magnitude cutoff, or magnitude of completeness.
Therefore, an exponential distribution above 𝑀𝑀c is a
necessary and sufficient condition to calculate the
𝑏𝑏-value [Marzocchi et al. 2020]—otherwise the physical
meaning of the 𝑏𝑏-value becomes questionable.

Summary / Conclusion
• HR catalogs do not preserve the exponential MFD toward low magnitudes.
• These departures from an exponential distribution are mostly due to an
improper mixing of different magnitude types, spatio-temporal inhomogeneous completeness, or biased data recording/processing.
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Common spatio-temporal window of catalogs:
within 37 km from 35.74°N, 117.54°W,
2019-07-04 15:35:00 – 2019-07-17 (~2 weeks)

• Common-practice methods to estimate the completeness level do not
guarantee an exponential MFD and lead to biased 𝑏𝑏-values.
• HR catalogs should be used with caution for estimating any property of the
MFD (e.g., the 𝑏𝑏-value); they pose subtle new challenges and lurking pitfalls
that may hamper their proper use in statistical seismology (e.g., for earthquake forecasting and seismic hazard/risk assessment).
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Spatio-temporal window:
within 100 km from the mainshock,
1992-03-01 until 1993-02-28 (1 year)

Data, Methods, & Figure description

We consider the following HR catalogs:
• Southern California Seismic Network (SCSN) catalog
• Hauksson et al. [2012], with relatively relocated
hypocenters of SCSN events;
• QTM [Ross et al. 2019a], based on template
matching (TM) using SCSN events as template set;
it contains relatively relocated hypocenters; and
• three dedicated catalogs for the Ridgecrest sequence
[Ross et al. 2019b; Shelly 2020b; Lee et al. 2020]
based on TM using SCSN events as templates;
contain relatively relocated hypocenters.
To analyze their MFDs (see top row figures), we
calculate the most relevant parameters for an
exponential distribution, i. e., 𝑀𝑀c and the 𝑏𝑏-value.
At first, we apply two common 𝑀𝑀c estimation
methods: (1) maximum curvature method [MAXC, see
 markers, Wiemer and Wyss 2000], and (2) MedianBased Analysis of the Segment Slope [MBASS,
Amorèse 2007] (see  markers).
To facilitate identifying and characterizing MFD
inconsistencies, we determine the 𝑏𝑏-value as function
of 𝑀𝑀c (see middle row figures) with a bias-free
maximum-likelihood method [Tinti and Mulargia 1987].
We assess whether the magnitude is exponentially
distributed using the statistical goodness-of-fit test of
Lilliefors [1969]. Before applying it, the binned
magnitudes are transformed into a continuous random
variable by adding uniformly sampled random noise
within the binning size. The Lilliefors test is performed
as a function of 𝑀𝑀c for 50 initializations of the random
noise, from which we obtain an average 𝑝𝑝-value at each
magnitude bin (see bottom row figures). We use a
significance level of 𝛼𝛼 = 0.1 to obtain the lowest
magnitude level above which the MFD can be
considered exponential, hereinafter referred to as the
Lilliefors-based magnitude of completeness, 𝑀𝑀cLilliefors
(see  markers).

Noteworthy:
𝑀𝑀cLilliefors complies with
exponential GR relation,
whereas 𝑀𝑀c estimates
based on MAXC and
MBASS do not
(as in every case).

Type of MFD inconsistency:
A discontinuity around 𝑀𝑀3.5, which has a strong influence
on the 𝑏𝑏-value. All five catalogs are affected.

Reason:
The local and moment magnitude scales are not properly
merging, as revealed by the composition of magnitude types
of the SCSN catalog.

Noteworthy:
MAXC and MBASS 𝑀𝑀c estimations do not comply with the
exponential GR relation and lead to severely biased 𝑏𝑏-value
estimates. Lilliefors 𝑝𝑝-values show that all MFDs are
exponential for 𝑀𝑀c ≥ 3.5, as indicated by 𝑀𝑀cLilliefors of the
SCSN/Hauksson catalogs. For TM-based catalogs, 𝑝𝑝-values
indicate a secondary exponential distribution for the smaller
magnitudes.

Type of MFD inconsistency:
Apparent under-representation of smaller magnitudes (gradually curved MFD), which causes a decreasing 𝑏𝑏-value with
decreasing 𝑀𝑀c.

Reasons:
Mixture of spatio-temporally inhomogeneous incompleteness (i.e., under-reporting of magnitudes) due to missing
events after mainshocks and varying seismic network density.
Additionally due to the scaling break of the local magnitude
below 𝑀𝑀2–4 [Deichmann 2017].
Noteworthy:
The TM-based catalog departs from exponentiality at the same magnitude level as the
network-based SCSN catalog and apparently
does not improve underreporting sufficiently.

Type of MFD inconsistency:
Apparent over-representation of small magnitudes, which
increases the 𝑏𝑏-value for 𝑀𝑀c < 3, and several minor discontinuities, which cause jumps & fluctuations in the 𝑏𝑏-value.

Reasons:
Over-representation dominated by coda amplitude magnitude
is possibly due to data recording/processing issues; minor
discontinuities are due to mixing of different magnitude binnings (0.01, 0.1, 0.5) especially within the helicorder magnitude.
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