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Supplemental Material

On 5 December 2024, an M 7.0 earthquake ruptured offshore of Cape Mendocino,
California, generating felt shaking along the coast and prompting the issuance of earth-
quake early warning alerts and a tsunami warning. Contemporaneous to the earthquake
sequence, bEPIC, an update to the ShakeAlert early warning algorithm Earthquake Point-
source Integrated Code (EPIC), was undergoing development tests in real-time. The
observed earthquake sequence provided a rich dataset of earthquakes in which we could
test the performance of bEPIC. bEPIC improved epicenter estimates with an average
29.7 km reduction in location error compared to EPIC solutions for matched events.
The improvement in location also improved per event magnitude estimates. Although
EPIC on average overestimated the maximum magnitude of the earthquakes in the
sequence by 0.37magnitude units, bEPICmore closely alignedwith our ground-truth cata-
log with a much lower overestimate of only 0.05 magnitude units. Despite including more
information in the grid-search algorithm, bEPIC did not increase the average time to the
first alert. The improvements in the accuracy of the earthquake parameters ultimately
improve the accuracy of potential alerting polygons, which are related to the solved loca-
tion andmagnitude. These promising results indicate that improved accuracy with no cost
to timeliness can be achieved for offshore earthquakes in northern California through the
incorporation of bEPIC in early warning operating procedures.

Introduction
On 5 December 2024, an M 7.0 earthquake ruptured offshore

of Cape Mendocino, California. The earthquake ruptured on

the right-lateral Mendocino transform fault. The eastern

terminus of the transform is the Mendocino Triple Junction,

a complex tectonic environment accommodating motion

between the Pacific, Gorda, and North American plates.

Numerous large earthquakes have ruptured offshore of Cape

Mendocino over contemporary seismic history. Earthquakes

commonly rupture either on the transform or on other proximal

faults within the nearby subducting slab or the Gorda transform

system (Rollins and Stein, 2010). Recently the 20 December 2022

either algorithm to generate their first solution 6.4 Ferndale

earthquake ruptured north of the transform system. This earth-

quake was preceded by one year by the 20 December 2021M 6.0

doublet (Yeck et al., 2023; Hellweg et al., 2024). All three of these

recent large earthquakes ruptured within 50 km of the 2024

earthquake.

To date, over 500 aftershocks have been detected, mostly east

(landward) of the mainshock (Fig. 1). Most aftershocks have

been small, offshore, and therefore not felt along the coastline.

The largest aftershock to date is an M 5.3 rupturing west of the

mainshock on 14 December 2024. These aftershocks were

detected through the dense seismic network of regional stations.

During the time of the sequence, 116 stations were located
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within 200 km of the mainshock epicenter. Because of the lack of

local ocean-bottom sensors, these stations are the first instru-

ments to detect the oncoming seismic waves.

The mainshock of the Offshore Cape Mendocino sequence

was large enough to activate the ShakeAlert system. Shake

Alert is an earthquake early warning (EEW) system operating

in California, Oregon, and Washington (Kohler et al., 2020).

ShakeAlert takes information from up to three participating

EEW algorithms: the Earthquake Point-source Integrated Code

(EPIC; Chung et al., 2019), the Finite-fault rupture detector

(FinDer; Böse et al., 2015, 2018), and a GNSS peak ground dis-

placement algorithm: Geodetic First Approximation of Size and

Time (GFAST-PGD;Murray et al., 2023). During themainshock,

both EPIC and FinDer produced earthquake parameter estimates

that when combined were used to issue a first alert 15.1 s after

origin time. Because of the large magnitude of the earthquake,

EEW alerts were issued to affected communities through a wire-

less emergency alert (WEA) and third-party smartphone appli-

cations like MyShake (Strauss et al., 2020; Patel and Allen, 2022).

The region surrounding the earthquake sequence was

previously identified as an area where EPIC commonly

mischaracterizes earthquakes (Kohler et al., 2020). EPIC mis-

locates the epicenter of offshore earthquakes in northern

California west (further seaward) of their true location. The

error from poor location estimates propagates into an error

in the estimated magnitude and expected ground motions.

Ultimately these errors may cause the communities to receive

an untimely alert, or in some cases where the location estimate

is too far seaward, no alert is issued at all.

To improve EEW location estimates for earthquakes offshore

and at the edge of seismic networks, Williamson et al. (2023)

proposed a modification of the EPIC location algorithm coined

bEPIC. This modification combines a weighting scheme based

on regional prior seismicity with EPIC’s 2D grid-search algo-

rithm. Initial tests completed in Williamson et al. (2023) showed

a large reduction in epicentral location errors for earthquakes

originating offshore of northern California, among other regions.

After completion of these preliminary tests, bEPIC was modified

to fit within the current EEW architecture in ShakeAlert and

has been running in real-time alongside EPIC, on a development

machine where it is not permitted to contribute to public alerts.

As such, bEPIC was operating in real-time throughout the

earthquake sequence, providing a rich dataset of detections for

which to compare with EPIC. This comparison allows us to iden-

tify differences in the number of detected events, location and

magnitude estimates, and additional real-time information such

as the timing of the first alerts issued.

In this study, we compare bEPIC’s ability to detect and

locate offshore earthquakes from the M 7.0 earthquake

sequence against the EPIC solution. We focus on location

accuracy, rates of earthquake detection, downstream param-

eter improvements to the magnitude, and first alert timing.

We also highlight how utilizing bEPIC improves the potential

alerting footprint. The performance during this sequence can

act as an example of expected performance for future large

earthquakes within this seismically active region.

Data and Methods
Parameter estimates within EPIC and bEPIC
EPIC is composed of multiple algorithms that, as a whole,

ingest processed seismic data from a network of ShakeAlert

stations and output an estimate of the earthquake epicenter,

magnitude, and origin time. These algorithms include (1) a

station associator, which takes and groups triggered stations

based on their P-wave trigger time and distance; (2) the

location algorithm, which takes these grouped stations and

determines an epicentral location that best fits the P-wave
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Figure 1. Map of the study area. The purple circles show seismicity from the
time of the M 7.0 mainshock through 9 January 2025 inside the defined
aftershock region (black dashed line). The purple circles are scaled to the
reported Comprehensive Earthquake Catalog (ComCat) magnitude. The
gray circles, not scaled, indicate epicenters of M 6.0 and greater
earthquakes from 1992 to December 2024. The pink small squares on
land indicate the location of ShakeAlert stations. The yellow-to-orange
shading shows the relative weight used in bEPIC’s prior seismicity kernel.
The darker shading indicates more prior seismicity and a larger weight.
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trigger times using a 1D velocity model; and (3) a magnitude

algorithm that uses the (just calculated) epicenter, station dis-

tances, observed peak displacement measurements, and an

empirical scaling relationship. These algorithms work in series,

updating estimates as new station triggers are associated, or

new data are acquired from already associated stations. EPIC’s

output, a time series of parameter estimates, is ingested into a

different set of ShakeAlert algorithms that merges EPIC’s sol-

utions with the solutions from other participating algorithms

like FinDER and/or GFAST-PGD. For a more detailed descrip-

tion of the entire ShakeAlert algorithm architecture including

additional information about the processing and parameter

decisions made in EPIC, please refer to Chung et al. (2019)

and Lux et al. (2024).

EPIC’s location algorithm employs a 2D grid search. The epi-

center is chosen as the grid node that has the lowest root mean

square misfit between observed P-wave trigger times and a

model of the expected trigger times using a 1D velocity model.

A downside of the current EPIC algorithm is the non-unique-

ness of location estimates that occur along the edge of the

seismic network, particularly offshore. This is typically due to

the one-sidedness of the station geometry along the coastline.

The result is a best location that is drawn from a grid that has

many areas with equal or near equally low misfit. In the case of

the Mendocino region, EPIC has mislocated earthquakes hun-

dreds of kilometers offshore and away from the correct location.

bEPIC modifies the location algorithm while maintaining the

rest of the current EPIC architecture and source parameters.

bEPIC uses the same P-wave trigger times as a dataset but com-

bines the misfit per grid node with a grid weighting based on a

2D kernel density estimate of past seismicity. The inclusion of

this prior seismicity kernel’s impact is strongest in cases where

the grid solution is nonunique. In these cases, the best epicenter

location is the one with the combination of lowest misfit and

highest prior seismicity. In initial tests completed in Williamson

et al. (2023), bEPIC substantially lowered location errors in

offshore and edge-of-network regions. For additional details

describing how bEPIC is formulated and specific model param-

eters used, please refer to Williamson et al. (2023).

In 2024, bEPIC was reformatted to operate in real-time,

recreating the environment used in the ShakeAlert production

system including the use of data from stations currently

employed in ShakeAlert. Since September 2024, bEPIC has

been operating on a development machine alongside EPIC.

Although not permitted to contribute to ShakeAlert public

alerts, bEPIC detects and estimates earthquake parameters

in real-time, ingesting the same data streams as other algo-

rithms within ShakeAlert. These data are saved in daily log files

and can be reviewed by analysts.

Real-time dataset
The Offshore Cape Mendocino mainshock and aftershock

sequence were detected by EPIC through the broader

ShakeAlert solution, and bEPIC through a real-time but inde-

pendent algorithm in development. This study utilizes the

EPIC and bEPIC daily log files produced throughout the earth-

quake sequence. We generate two catalogs in this study. The first

catalog includes every earthquake detected and logged from

EPIC inside our designated aftershock area (shown in Fig. 1).

The second catalog includes every earthquake detected and

logged from bEPIC over the same region. The EPIC and

bEPIC catalogs, while ingesting the same data, have the potential

to detect different numbers of earthquakes. For example, if an

earthquake epicenter is located too far from the seismic network

(>200 km), it is rejected. Because of the potential for poor loca-

tion estimates, this can happen in the real-time characterization

from one algorithm and not the other. In addition, the exact

timing and processing of data packets from associated seismic

stations may vary slightly between different ShakeAlert

machines (Cochran et al., 2018). This can lead to small

differences between different station detection times that while

minor, can cause some differences between the two catalogs.

The earthquakes detected by both EPIC and bEPIC are retro-

spectively matched against the Advanced National Seismic

System Comprehensive Catalog (ComCat; U.S. Geological

Survey [USGS], Earthquake Hazards Program, 2017). To mea-

sure performance, we hold the coordinates of any matched

ComCat earthquake as the true epicenter. We compare the

resulting EPIC and bEPIC estimated magnitudes against the

ComCat preferred magnitude for each event, rather than use

one type of magnitude (i.e., local magnitude). This allows us

to remain consistent with performance analysis in previous

ShakeAlert algorithm-focused studies (Böse et al., 2023).

Results and Discussion
From 5 December 2024 to 9 January 2025, 524 earthquakes

located inside the Mendocino sequence area were cataloged

through the ComCat database. These events include the main-

shockM 7.0, and the largest aftershock in the sequence (M 5.3)

in addition to hundreds of smaller events. The earthquakes

detected by both EPIC and bEPIC are shown in Figure 2 as

detections as a function of time since the mainshock and in
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map view. Mapped locations for detected events from EPIC

and bEPIC use the location at the point with the lowest loca-

tion error. During this time, EPIC detected 160 earthquakes

and bEPIC detected 180 earthquakes. bEPIC detected 23 events

that were missed by EPIC. Conversely, EPIC detected three

earthquakes that were missed by bEPIC. At all magnitude

ranges, EPIC and bEPIC both detected a common set of 157

earthquakes with a magnitude ranging from M 1.6 to 7.0.

As EPIC and its update, bEPIC, relay information for use

in EEW, we are most interested in their performance at alerting

magnitude thresholds. Within the ShakeAlert system, alerts

are disseminated through WEA systems for M 5.0 and

greater earthquakes. Third-party smartphone applications like

MyShake alert at a lowerM 4.5 threshold. Because of the relative

scarcity of M 4.5 and greater earthquakes in the aftershock

sequence, we lower this threshold slightly and focus on each

algorithm’s ability to detect earthquakes at M 3.5 and greater.

Of the 51 earthquakes that are M 3.5 or greater, EPIC detected

36 and bEPIC detected 40. Among the 11 M 3.5+ earthquakes

that both algorithms missed, 10 occurred in the first five hours

following the mainshock. Because of the large number of earth-

quakes occurring in a short period and small geographic area,

we expect a lower detection rate. Outside of the first hours,

bEPIC detected three additional M 3.5+ earthquakes that EPIC

missed.

The detection and characterization of an earthquake through

EPIC and bEPIC created a dynamic set of location and magni-

tude estimates because new stations trigger and are associated

with the event with increasing time. The time-series evolution

of epicentral location errors for the mainshock and the eight

largest aftershocks is shown in Figure 3. Location errors are cal-

culated as the great circle distance in kilometers between the

algorithm epicenter and the final ComCat epicenter. Source

depth is not included in the location error analysis because EPIC

assumes a source depth of 8 km. This depth is based on a mean

crustal earthquake depth in California and is found to be an

efficient way to limit parameters in the location grid search

(Brown et al., 2011). The mean depth of earthquakes within this

aftershock sequence as reported through ComCat is 10.6 km.

bEPIC generates lower location errors over the solution

time series for eight of the nine largest earthquakes shown in

Figure 3. In the case where EPIC performs better than bEPIC

(Fig. 3d), the location of both algorithms is similar with a loca-

tion error of 8 and 15 km between EPIC and bEPIC, respec-

tively. Noteworthy is the improvement in location estimates

(a) (b)

(c) (d)

Figure 2. Earthquake Point-source Integrated Code (EPIC) and bEPIC
detections made in real-time compared to the Advanced National Seismic
System (ANSS) ComCat catalog. Detected earthquakes for EPIC and
bEPIC are colored in blue and yellow, respectively. Earthquakes that were
not detected by each respective algorithm are colored in gray. (a) Time
series of EPIC detections starting at the time of the mainshock. (b) Map
view of EPIC locations at the time of minimum location error. (c) Time
series of bEPIC detections starting at the time of the mainshock. (d) Map
view of the bEPIC locations at the time of minimum location error. The
bolded circles in panels (a) and (c) are earthquakes that were only
detected by one of the two algorithms, either EPIC or bEPIC. The black
dashed line marksM 3.5. The yellow-to-orange shading in panels (b) and
(d) shows the relative prior weighting with the same scaling as in Figure 1.
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for the two largest aftershocks, Figure 3b,c. In both estimates,

EPIC mislocated the earthquakes over 75 km from their correct

locations.

Although EPIC and bEPIC behave somewhat differently for

many of the events in the aftershock sequence, both algorithms

had very similar solutions for the mainshock after the first esti-

mated location (Fig. 3a). This is because both EPIC and bEPIC

utilized the same station that triggered a few seconds before the

mainshock on a possible small foreshock. Because this early

trigger was erroneously associated with the mainshock, the

attempt to fit both the correct and incorrect triggers led to

a subpar location with errors close to 70 km. Neither EPIC

nor bEPIC have a mechanism in place to judge the likelihood

that a trigger is correct, and all triggers associated are always

treated equally in the calculation of the location misfit. The

inclusion of the prior does not largely affect the solution in

cases where location is considered well-constrained, albeit with

poor-quality input data.

Figure 4 shows the maximum location error, maximummag-

nitude error, and time to first alert for all EPIC- and bEPIC-

matched earthquakes. The maximum location error is taken at

the point in the solution time series when the distance between

the algorithm epicenter and ComCat epicenter is greatest. The

average of the maximum location estimates within EPIC is

53 km and within bEPIC is 23 km. The distribution of maxi-

mum location errors within EPIC (Fig. 4d) shows a weakly

bimodal distribution with a concentration of solutions with

location errors under 10 km and a second set of solutions with

errors closer to 90 km. bEPIC does not share this same distri-

bution and does not have a concentration of high location error

solutions. Furthermore, while bEPIC does produce some large

location error solutions, here defined as a location error above

50 km, in all but three solutions, EPIC produced an even larger

error for the same events. Although this means that there is still

additional improvement possible, the location errors found in

bEPIC are an improvement from the current system.

Although bEPIC only modifies the location algorithm, poor

location estimates often lead to poor magnitude estimates as

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 3. Epicentral location time-series estimates from EPIC (blue) and
bEPIC (yellow) for (a) the M 7.0 mainshock and (b–i) the eight largest
matched aftershocks. Location error is calculated epicentral distance
between the algorithm estimate and the non-real-time Comprehensive
Catalog (ComCat) location.
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the two processes are connected. Magnitudes in EPIC are esti-

mated using the now-known station epicentral distance, a

measure of the peak displacement at each station component,

and a pre-derived empirical scaling relationship (Kuyuk and

Allen, 2013; Chung et al., 2019). We therefore investigate the

quality of the magnitude estimates of this sequence between

bEPIC and EPIC and present the results in Figure 4b. Here,

we focus on the magnitude performance at the point in

the solution time series when the magnitude is largest.

Presented in Figure 4b is a comparison of the difference, in

magnitude units, between both bEPIC against the ComCat

preferred magnitude and EPIC against the same ComCat

magnitude. In a perfect solution, the magnitude residual

between either algorithm and the ComCat magnitude would

be zero, indicating perfect agreement between the two datasets.

EPIC, on average, overestimates the magnitude by 0.37 mag-

nitude units (m.u.). bEPIC on average overestimates the mag-

nitude by only 0.05 m.u. It should be noted that there is a large

spread in magnitude residuals for both bEPIC and EPIC. The

good agreement in the magnitude estimates of bEPIC is likely

directly related to the improvement in the estimate of the

station epicentral distance.

Because bEPIC has been running in real-time, an additional

tested feature is the time that it takes either algorithm to

generate their first solution. This time includes the time for

seismic waves to arrive at nearby stations, data telemetry,

and computation time. In addition, solutions must pass quality

control metrics to be published. This includes associating a

minimum of four different stations and having at least one sta-

tion located within 200 km of the estimated epicenter. For all

events that have both an EPIC and a bEPIC solution, bEPIC

had an average first alert time of 10.56 s to EPIC’s 10.96 s. This

means that while similar, bEPIC is on average 0.4 s faster.

Although promising, we also note that because bEPIC and

EPIC run on separate machines, there may also be differences

in computational load which can affect overall timing. We

therefore treat these timing results as an indication that

bEPIC does not slow the system, rather than focus on the

sub-second accuracy.

The ultimate goal of any potential improvements to the EEW

system is to provide more informed and accurate alerts to those

who may experience damaging shaking. Improvements to the

estimate of the earthquake’s epicenter have a cascading effect

(a) (b) (c)

(d) (e) (f)

Figure 4. EPIC and bEPICmatched dataset performance. (a) Comparison of
bEPIC and EPIC location errors, in kilometers. 1:1 line drawn in black.
(b) A comparison of magnitude residuals. Residual is defined as the
difference between the tested algorithm (EPIC or bEPIC) and the ComCat
final magnitude. (c) Comparison of time, in seconds, to a first solution.
Histograms of the location error, magnitude error, and solution times
from (a) to (c), are displayed in (d–f). The yellow histogram shows the
bEPIC distribution for each performance metric. The blue histogram
shows the EPIC distribution for the same metrics.
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on the rest of the solution processes. With an improved epicen-

ter, a more accurate magnitude can be calculated. These two

pieces of information are used as the input into ground-motion

models that are used to calculate estimated shaking. As such,

they govern the size of the expected alerting area, defined in

ShakeAlert as an eight-sided polygon (Thakoor et al., 2019;

Kohler et al., 2020). With the increasing magnitude and finite-

source information from FinDer, the eight-sided polygon can

extend into a more complex shape. The size of the polygon rep-

resents the expected distance of different levels of modified

Mercalli intensity (MMI) shaking.

bEPIC’s improvement in location and magnitude translates

to potential alerting regions that more closely align with what

would be expected based on the ComCat epicenter and magni-

tude. Illustrated in Figure 5 is the total alerting extent of both

EPIC and bEPIC compared to the expected alert area for the

largest aftershock in the Mendocino sequence, an M 5.3 earth-

quake that occurred 10 days after the mainshock. Although

bEPIC’s total alerting area is similar to the “correct” polygon,

EPIC’s alerting area is significantly larger due to the large loca-

tion and magnitude misestimate. Note the full alerting polygons

for both EPIC and bEPIC are not perfect octagons, but instead

are a combination of all polygons generated over the alerting

time series. Because of the similarities in the location time series

from both EPIC and bEPIC, visible in Figure 3a, the alerting

areas for theM 7.0 mainshock are very similar (Fig. S1, available

in the supplemental material to this article).

The region offshore of northern California has consistently

generated M 6 and greater earthquakes, with 15 occurrences

over the past 35 yr alone. Therefore, it is important to have

EEW algorithms that are tuned to detect and characterize these

sorts of earthquakes. Because of the one-sidedness of the seis-

mic network and the lack of offshore seismic instrumentation,

bEPIC helps fill an information and data gap. The improve-

ments shown in bEPIC during the aftershock sequence provide

promise for increased detection and improved alerting zones

during future earthquakes in this region. High-quality real-

time earthquake information is useful not only for immediate

use in EEW alerts, but can also provide situational awareness

during secondary hazards such as tsunamis (Williamson and

Allen, 2023).

Conclusion
The M 7.0 Offshore Cape Mendocino earthquake and after-

shock sequence was the first large-scale test of bEPIC while

the algorithm has been running in real-time on development

servers. bEPIC ingests the same real-time data streams for the

same stations as EPIC, generating solutions that stop short of
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Figure 5. Performance and alerting contours for the largest aftershock
(M 5.3). (a) Epicenter location error for EPIC (blue) and bEPIC (yellow) in
kilometers. (b) Magnitude estimates from EPIC and bEPIC compared with
the ComCat magnitude (gray dashed line). (c) Comparison of the
expected modified Mercalli intensity (MMI) 4 alerting contour between
EPIC and bEPIC based on the alert location and magnitude histories from
panels (a) and (b). This is compared with the expected alerting contour
based on the static ComCat location and magnitude (black polygon). The
pink squares are stations included in the ShakeAlert network.
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sending out alerts. What we discovered when analyzing the

aftershock sequence using both algorithms is that bEPIC is effec-

tive in detecting more earthquakes, including more M 3.5 and

larger earthquakes than EPIC. In addition, the location estimates

provided by bEPIC are on average 30 km lower at the point of

maximum error. This improvement in location translates to an

improvement in the magnitude estimate, with the maximum

bEPIC magnitude estimate closely aligned with the ComCat

magnitude. Finally, these improvements do not impact or slow

down the algorithm, providing first solution times that are 0.4 s

faster than EPIC. These improvements result in a more accurate

representation of the alerting polygon, as illustrated in Figure 5

for the largest aftershock in the sequence. These real-time results

indicate that the implementation of bEPIC as an operational tool

would improve the accuracy of offshore earthquakes and should

be adopted for use in EEW.

Data and Resources
Earthquake Point-source Integrated Code (EPIC) and bEPIC

catalogs are available as a supplemental dataset. These catalogs

were matched to earthquakes within the Advanced National

Seismic System (ANSS) Comprehensive Earthquake Catalog

(ComCat) through a post-event query through the ComCat

website https://earthquake.usgs.gov/data/comcat/ (last accessed

January 2025). Some plots were made using PyGMT (https://

zenodo.org/record/6702566; Wessel et al., 2019; Uieda et al.,

2022). The source code for bEPIC is available through GitHub:

https://github.com/amy-l-williamson/bEPIC. All websites were

last accessed in March 2025.
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