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Abstract Physics-based simulations are critical for understanding natural hazards. The increasing com-
plexity of numerical codes requires benchmark exercises to verify that different computational methods yield
consistent results when solving the same governing equations. Here, we present an open-access web plat-
form designed for the verification of earthquake dynamic rupture, seismic cycle, and tsunami simulations.
The platform architecture utilizes a modular, serverless backend on Amazon Web Services (AWS) to provide
scalable file processing and visualization. A lightweight static web application provides a secure interface for
uploading and managing results, while the browser-based data visualization enables interactive analysis of
time series and surface grid data. By using structured JavaScript Object Notation (JSON) text files to define
benchmark structures, the system remains fully extensible, allowing the addition of new scenarios without
modifying the underlying software logic. The platform hosts the “The Tsunami Problem Versions” (TTPV) 1 &
2, two benchmarks for 3D fully coupled earthquake dynamic rupture and tsunami generation, and provides
a framework for earthquake cycle models. This community resource aims to build trust in numerical simula-
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tions and facilitate long-term collaborative code verification as modeling software continues to evolve.

1 Introduction

Large earthquakes and tsunamis are among the most
destructive natural hazards on Earth (e.g., Bilek and
Lay, 2018; Walton et al., 2021; Wirth et al., 2022).
Physics-based numerical models help to investigate the
underlying processes that govern their occurrence and
impact (e.g., Oglesby et al., 1998; Noda and Lapusta,
2013). For example, Sequences of Earthquakes and Aseis-
mic Slip (SEAS) models can be used to study spontaneous
earthquake and slow slip events driven by tectonic load-
ing over many seismic cycles (e.g., Lapusta et al., 2000;
Erickson et al., 2020). SEAS models have been used
to study the influence of sedimentary basin effects on
the earthquake cycle (Erickson and Dunham, 2014), the
effects of fault bends on rupture arrest (Ozawa et al.,
2023), or the effect of megathrust fault geometry on sim-
ulated slip patterns (Biemiller et al., 2024). Earthquake
dynamic rupture simulations, on the other hand, can be
used to study earthquake dynamics and seismic wave
propagation (Ramos et al., 2022), providing valuable in-
sight into complex rupture processes (Andrews, 1976).

*Corresponding author: Ibachelo@uoregon.edu

These simulations are routinely applied to dipping fault
geometries in 3D media (e.g., Mikumo and Miyatake,
1993), and many recent studies focus on effects caused
by different assumptions on friction parameters, pre-
stress, and subsurface structure (Kaneko et al., 2008;
Tinti et al., 2021; Liu and Becker, 2025; Glehman et al.,
2025).

Numerical simulations are also critical for under-
standing how seafloor deformation causes tsunami gen-
eration (e.g., Satake et al., 2003; Titov et al., 2005; Harig
et al., 2008). Different models of earthquake rupture
have been used to investigate the effects of splay fault-
ing, shallow slip and near-trench uplift, rupture kine-
matics, as well as structural variations on tsunami gen-
eration (e.g., Wendt et al., 2009; Williamson et al., 2019;
Du et al., 2021; Small et al., 2025; Dunham et al., 2025).
Other modeling efforts improve tsunami hazard mitiga-
tion through vulnerability studies, evaluation of meth-
ods for aligning modeled and observed tsunami arrival
times, and tsunami hazard assessment (Dengler et al.,
2008; Priest et al., 2014; Romano et al., 2020; Dolcimas-
colo et al., 2022).

Modelers and the community need to be able to trust
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the results of complex numerical simulations. To build
trust, modelers can test their codes on predefined sce-
narios (i.e., benchmarks) and compare their results
with each other. Such community code verification ex-
ercises have long been the standard in the earthquake
dynamic rupture community, led jointly by the U.S. Ge-
ological Survey (USGS) and the Southern California Earth-
quake Center, now Statewide California Earthquake Cen-
ter (SCEC; Harris et al. (2009, 2011); Barall and Harris
(2014); Harris et al. (2018)). These exercises have more
recently been extended to SEAS simulations (Erickson
etal., 2020; Jiang et al., 2022; Erickson et al., 2023; Lam-
bert et al., 2025) and, independently of the SCEC ef-
forts, volcano deformation (Crozier et al., 2023). Sev-
eral other verification and validation benchmarks have
been developed for tsunami and inundation modeling
involving various sources and environments (Synolakis
et al., 2008; Nicolsky et al., 2011; Park et al., 2013; Hor-
rillo et al., 2015; Romano et al., 2016). Here, we dis-
tinguish code verification from code validation. Our
focus lies on code verification using benchmark prob-
lem setups for which no analytical solutions exist. This
approach involves different numerical software solv-
ing the same equations for the same model geometry,
boundary conditions, initial conditions, and parame-
ters (e.g., van Zelst et al., 2022). In contrast, we consider
code validation to be the comparison of simulated data
with observed (paleo-)data, including seismic, geodetic,
or tsunami recordings (e.g., An et al., 2014; Arcos and
LeVeque, 2015; Staisch et al., 2024). This report focuses
on benchmark-based code verification.

To address the need for a standardized verification
framework, we provide an open-access web interface
with an Amazon Web Services (AWS) backend (Section 2).
This platform aims to facilitate future benchmark com-
parisons. An online platform also supports FAIR (Find-
able, Accessible, Interoperable, Reusable; Wilkinson et al.
(2016)) assessment of different modeling results. Exam-
ples of online platforms include the SRCMOD database
for the comparison of finite-fault rupture models (Mai
et al., 2016), and the Coupling Cloud, a community
database of megathrust kinematic coupling models
(Oryan et al., 2026). Cloud computing is increasingly
used in geophysics, allowing computational resources
to be scaled on demand to accommodate larger sim-
ulations and datasets, while avoiding transfer of large
data (Arrowsmith et al., 2022; Folch et al., 2023; Krauss
et al., 2023; Ni et al., 2025). Cloud computing can
also enhance geophysical training activities, with ac-
cessible computing environments through the Jupyter
ecosystem (Project Jupyter et al., 2018) and trainings
(Denolle et al., 2025). As part of the Cascadia Region
Earthquake Science Center (CRESCENT) (Melgar et al.,
2024), several other community web-based platforms
have been established, such as for community fault and
velocity models and paleoseismic data (Bahavar et al.,
2025a,b,c).

2 Implementation and Architecture

Here, we present a code verification platform built
on a modular architecture divided into two parts. A
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web-based uploader interface, developed using the Re-
act JavaScript library, to allow users to upload and
manage their files, available at this url: https://det-
uploader.cascadiaquakes.org (login required, Fig. 3). A
data visualization dashboard built with Plotly Dash
provides interactive, browser-based plots for explor-
ing and analyzing results available at this url: https:
//det.cascadiaquakes.org (no login required, Fig. 4). The
backend relies on several AWS services (Amazon Web
Services, 2026) (Figs. 1 & 2):

+ S3 (Simple Storage Service) is used to store all up-
loaded files. S3 is a cloud-based object storage ser-
vice capable of holding virtually unlimited data in
any format, with pricing that scales according to
storage volume and data access. This makes it ideal
for the potentially large simulation files used in
code verification.

- ECS (Elastic Container Service) runs the viewer
application inside Docker containers. Contain-
ers package code and software dependencies to-
gether so the application behaves consistently ev-
erywhere. ECS automatically manages and scales
these containers depending on demand, ensuring
the viewer is always responsive.

+ ECR (Elastic Container Registry) is a versioned
library of all containerized applications, built to
seamlessly integrate with ECS.

« AWS Lambda functions are short (15 minutes max,
usually under 5 minutes), on-demand computa-
tions. They do not require a constantly running
server and are perfect for event-driven tasks. They
help reduce costs while remaining extremely scal-
able, since you can run many Lambdas in parallel
during periods of high demand. In our workflow,
we use it to process the uploaded data.

+ Step Functions coordinate the processing work-
flow by managing all the events and starting the
next computation following a logic tree. This is
used to better handle errors, retries, and logging of
the pre-processing.

+ Cognito is AWS authentication service. It manages
login, security, and permissions so users can safely
manage their files.

+ CloudFront is a global content-delivery network
that delivers the front-end website to users.

These different services help support the modularity,
scalability, and maintainability of the entire project.

To ensure consistency and flexibility across the plat-
form, each benchmark is described by a JSON file that
defines its structure. This includes the types of outputs
(e.g., time series or surface grids), variable names and
units, file types, and any associated metadata. The up-
loader uses this descriptor to validate inputs and route
them correctly, while the viewer uses it to organize out-
puts and label them appropriately. By externalizing the
benchmark definition, the system becomes fully mod-
ular: new benchmarks can be added by introducing a
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new JSON file, with no changes required to the underly-
ing logic of the uploader or viewer. Listing 1 shows an
example of the JSON benchmark description.

Listing1l Example benchmark descriptor JSON file show-
ing a time-series and a surface output entry. Describing the
benchmark’s expected data and format allows both prepro-
cessing and visualization to be fully parametric. Adding a
new benchmark requires only a new JSON descriptor.

{

"name'": "ttpvl",

"files": [
{
"name": "fault",
"content": "receivers on-fault",
"graph_type": "timeseries",

"list_of_receivers": [
"faultst0eOdpoOO",

"faultst000dpo10"
1,
"var_Tlist": [
{ |lname|l: I|t||, "Unit"t llsll’ n
description": "time" 1},
{ |lname|l: l|h_S'L-ipll, "UI’ﬁt"Z llmll’ n
description": "horizontal slip"
{ |lna;ne|l. Ilv_sl-ip" llun-itll. llmll n
. ) . )
description": "vertical slip" }
1,
"file_type": "csv"
1,
{
"name": "Seafloor",
"content": "surface deformation at end
of simulation",
"graph_type": "surface",
"list_of_receivers": [
"surfdef"
1,
"grid": {
"x": { "min": -100000.0, "max":
100000.0, "n": 1001 },
"y": { "min": -100000.0, "max":
100000.0, "n": 1001 }
Iy
"var_list": [
{ llnamell: ”X", llun-it": llm"’ n
description": "distance along x"
{ |ln}a;ne|l: Ilyll’ llun-itll: llmll’ n
description": "distance along y"
{ llna;nell: "Z—d'iSp", llun-it": llm"’ n
description": "vertical
displacement" }
1,
"file_type": "csv"
}

]
}

2.1 Theuploader

We designed the uploader (https://det-
uploader.cascadiaquakes.org) to provide a secure,
cloud-based system for collecting and managing model
output files submitted by the community, formatted
according to the benchmark specification. The in-
frastructure is built entirely on AWS and leverages a
serverless architecture for scalability and minimal
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maintenance. A schematic of the full architecture is
shown in Fig. 1.

The frontend is a single-page React application
hosted on Amazon S3 and served via CloudFront. User
authentication is handled with AWS Cognito. After log-
ging in, users can upload their results as a .zip file di-
rectly to S3. For example, for both “The Tsunami Prob-
lem Versions® that is TTPV1 & TTPV2, this includes re-
ceiver time-series ASCII files adhering to naming con-
ventions and file size requirements for 2D surface out-
put files (Kutschera et al., 2025). Uploads are restricted
by AWS Identity and Access Management (IAM) policies
tied to each user session.

Each new upload triggers an AWS Step Functions state
machine that manages backend processing:

1. ALambda function retrieves the uploaded ZIP from
S3. The Lambda function loads a benchmark-
specific JSON template from S3. This template is
used first to identify expected output files by prefix
and extension.

2. Tabular structure of these files is parsed and vali-
dated against the required variable list.

3. Benchmark defined interpolation/regridding is ap-
plied onto a prescribed grid using k-nearest-
neighbor inverse-distance weighting. This ap-
proach was developed in collaboration with the
modelers participating in the TTPV1 & 2 bench-
marks to create the most numerically accurate
comparison on the platform, especially for cross-
sections. But to ensure data integrity, the original
files are kept for detailed analysis offline.

4. Processed outputs are stored as Parquet and writ-
ten to a standardized S3 path by benchmark, code
name, and version, along with a generated meta-
data JSON file containing extracted header infor-
mation and a list of processed files.

Processing status and errors are recorded in Dy-
namoDB to support user-facing progress reporting.
Both validation of the file format and preprocessing are
dictated by the JSON benchmark description file (List-
ing 1).

Processing results and logs are stored in a DynamoDB
table, which the frontend polls periodically to report
status to the user. This approach provides feedback
without requiring persistent connections. The system
also supports archiving outputs or integrating them into
other downstream tools.

We use AWS Cloud Development Kit (CDK) to define
the cloud infrastructure using real programming lan-
guages, here Python, which allows for reproducible de-
ployment and version control of the uploader system,
excluding the React app. The modular design enables
us to easily extend the pipeline for additional file types
or validation rules.

2.2 Viewer

The visualization interface is a Dash web application
built using Plotly and deployed as a Docker container on
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Figure1l Diagram of the simulation results upload and processing workflow. The users upload the results (all files required

as part of the benchmark) as a .zip through a React frontend

accessible after login with AWS Cognito. The .zip isuploaded to a

temporary S3 bucket, triggering the Step Function. The first step is a Lambda processing the files. Logs are sent to a dynamo
DB and read in the frontend, giving feedback to the users. as the files are being processed, they are uploaded to another S3
for the dashboard to access. If there is an issue during the processing, the step function triggers another lambda to handle

the failure.

AWS Fargate. It is designed to be fully modular and au-
tomatically adapts to the structure of each benchmark
based on the corresponding JSON descriptor.

When a user accesses the viewer, the application
reads benchmark outputs stored in S3 in Parquet for-
mat. The descriptor file defines the list of available out-
puts, variable names and units, and the graph type to
use for each. Based on this information, the viewer dy-
namically renders time series plots, surface grids, or
other appropriate visualizations. This design allows the
same frontend to support a wide range of benchmark
types without modifying the underlying code.

The Dash app is packaged as a container and stored
in ECR. It is launched as a Fargate task behind a load
balancer, which routes user traffic. A schematic of the
deployment is shown in Fig. 2. This architecture en-
sures scalability and simplifies updates, as new versions
of the viewer can be deployed by pushing a new con-
tainer image.

The application supports interactive selection of re-
ceivers and variables, and automatically updates plots
based on user input. Output files are read directly from
S3 and only the relevant data is loaded into memory, al-
lowing the viewer to handle large benchmark datasets
efficiently. No login is required to access the viewer, en-
abling open, transparent access to benchmark results
and facilitating broad international participation. Users
can sign up for secure access to the file management in
the uploader (Fig. 3). Additionally, users can upload a
single local file for quick comparison without authen-
tication. These temporary uploads are not stored, but

4

allow users to preview and explore their own results us-
ing the same visualization interface (Figs. 4 & 5).

2.3 Current benchmarks and supported sim-
ulation output

This platform was initially developed for the CRES-
CENT/SCEC/USGS benchmark exercises “The Tsunami
Problem Versions” TTPV1 and TTPV2 (Kutschera et al.,
2025). These benchmarks consider spontaneous 3D
earthquake dynamic rupture on a 15-degree-dipping
thrust fault and tsunami generation using fully coupled
solid Earth-ocean governing equations (e.g., Maeda and
Furumura, 2013; Lotto and Dunham, 2015; Wilson and
Ma, 2021; Krenz et al., 2021; Abrahams et al., 2023). Both
problems use the same material parameters and follow
the same dynamic rupture model setup, but differ in
terms of the added water layer thickness. While TTPV1
has a 1 km thick uniform water layer atop the solid
Earth, TTPV2 has a water layer with variable depth, with
3 km water depth on the seaward side, sloping to shal-
low depth (~50 m) landwards. The outputs of these
benchmarks are time series at selected receivers (same
locations across all the simulations Fig. 5), recording
time-series data such as displacement, velocity, and
pressure. Other recorded outputs include surface data
for selected time steps, such as seafloor deformation or
sea surface height (Fig. 4). Because each modeling soft-
ware produces outputs on its own mesh, the spatial lo-
cations of variables do not initially match. For consis-
tent visualization and cross-section extraction, we inter-
polate all results onto a standardized grid shared by all

SEISMICA | volume 5.2 | 2026
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Figure2 Diagram of the viewer architecture. The viewer is a simple architecture leveraging AWS ECS to run the Dash dash-
board container serving it behind an application load balancer. The data are read directly from S3 as parquet files, and the
dashboard plots, titles, and units are set using the benchmark JSON description.

Logged in as: fkutschera@ucsd.edu

DET Benchmark Uploader

Sign out

File Upload

Upload your solution as a .zip after selecting the correct benchmark. Naming convention is

File management

nameOfModeler_version.zip Here you can manage your previous uploads

Select Benchmark ID Select Benchmark ID

ttpv1 Select Benchmark ID

| accept the Terms and Conditions Folders under ""

No folders available under this benchmark.

Upload a File to "ttpv1"

Please accept the Terms and Conditions to enable file uploads.

View Benchmark Results:  ttpv1 v Go to Result Main DET Webpage

Figure 3 Screenshot of the uploader to the DET (Dynamic Rupture, Earthquake Cycle, and Tsunamis Working Group) Code
Verification Platform. We welcome new users who simply need to request access by filling out a short form on the website
(https://det-uploader.cascadiaquakes.org). Users with accounts may manage their uploads after accepting the terms and

conditions.
models (Section 2.1).

3 Future work and takeaways

The platform is designed to remain a long-term, exten-
sible resource for the community, with continued host-
ing of new CRESCENT and partner benchmarks as they
are developed. All benchmarks and their associated re-
sults are publicly accessible through the online viewer,
enabling researchers to verify their codes against ex-
isting solutions without needing access to the underly-
ing raw data. This design preserves modelers’ owner-
ship of their original datasets and allows them to retain
control over how their data are shared and distributed.
This provides a sustainable pathway for ongoing veri-
fication as codes evolve. Future enhancements could
include the implementation of quantitative comparison
metrics among the simulation results (e.g., Barall and

5

Harris, 2014), as well as the addition of new capabili-
ties required for other benchmark types, such as earth-
quake cycle simulations (e.g., Erickson et al., 2020; Lam-
bert et al., 2025).

In developing this platform (accessible through https:
//cascadiaquakes.org/det), we emphasized improving
upon the existing SCEC dynamic earthquake rupture
code comparison platform (https://strike.scec.org/cvws;
e.g., Harris et al. (2018)). We have started this project
by hosting two benchmarks for 3D dynamic earthquake
rupture and tsunami generation, making the platform
capable of plotting and comparing sensors, time se-
ries, and surface data. The system architecture is
benchmark-agnostic and configurable, enabling addi-
tional benchmark definitions to be incorporated with-
out modification to the core infrastructure.

SEISMICA | volume 5.2 | 2026
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Figure 4 Screenshot of the platform: Left panel is the controls, including the dataset selection, and simple graph controls
such as the colorbar range, but also the possibility to change the cross-section along the y-axis. On theright is the interactive
visualization, showing an example of the vertical displacement of the sea surface (eta) as well as the corresponding cross-
section shown in the upper figures as the horizontal line at Y = 0. This example visualizes the simulated sea surface data for

“The Tsunami Problem Version 2” (TTPV2) after 30 s using the numerical codes MAFE (Ma and Nie, 2019) and SeisSol (Gabriel
etal., 2025).
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Figure5 Visualization of an exemplary receiver (el_sf_body030st100; see Kutschera et al., 2025) at the seafloor (solid Earth),
showing the unfiltered three-components of velocities and displacements for “The Tsunami Problem Version 1” (TTPV1) using

the three numerical codes MAFE (Ma and Nie, 2019), SeisSol (Gabriel et al., 2025), and drdg3d (Zhang et al., 2023). Note the
different y-axis ranges for each panel.
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