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Figure 2. Linear regression curves of the hierarchical model for the period between 1650—1950 calibrated
years before present. (a) For low-level regression parameters, (b) For high-level regression parameters.
Each plot in (a) represents a different measurement in the region depicted in Figure 1a. The blue bunch
of lines represents random regression solutions generated from posterior draws. The figure is adapted
from On et al. (2023).

Figure 3. @***OPu measurements from various environments and locations serve to pinpoint the onset
of the Anthropocene. The purple dashed line denotes the year 1952 CE, marking the occurrence of the
first H-bomb testing. The figure is adapted from On et al. (2025).
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Our objective with these data was to critically evaluate the designation of 1952 CE as the onset of a
potential Anthropocene epoch using a Bayesian hierarchical change point model.

As anticipated, the measurements are imperfect due to several factors, including sample quality and
resolution, uncertainties inherent in the measurement processes, and variations in the preservation of
proxy signals under differing environmental conditions. While some records clearly show an abrupt
increase followed by a somewhat gradual decline, others exhibit less distinct patterns.
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Figure 4. The hierarchical change point analysis results for ?**2#0Py data are presented across distinct
datasets (a), for the overall change point (b), and the posterior distribution of the overall change point
(c). Our assumption for this dataset was a constant level followed by a ramp. Each dataset was truncated
after approximately 1965 CE, aligning with the model described in On et al. (2025). Cyan boxes in (a)
and (b) denote one standard deviation uncertainty intervals associated with dates and measurements.
Gray lines represent random solutions generated from posterior draws. The purple dashed lines indicate
1952 CE, while the black bar below the posterior distribution in (c) denotes the 95% highest density
interval. The figure is adapted from On et al. (2025).

To delineate the start of the increase, we removed the data after around 1970 CE (for details,
consult On et al., 2025). Applying a hierarchical change point analysis using an errors-in-
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variables approach, which accounts for the associated uncertainties in both proxy and dating
measurements, can effectively regularize the data (Figure 4). Consequently, it can serve as a
useful tool for imputing missing data in this type of dataset.

Notice how uncertainties are integrated into the model and how their impact is reflected in the
increasing uncertainty of the regression and change-point parameters for more variable records
(see Figure 4). Furthermore, even when the exact location of the change point is unclear in
certain datasets, the hierarchical model helps pinpoint its location by shrinking the posterior
distributions toward the group mode through shared information between higher-level and
lower-level parameters.

Kalman Filter Through Variable Selection

Missing data in environmental time series present a significant challenge, particularly for time
series analyses, which often require evenly spaced data. For example, missing data may arise
in certain gauge or climate stations, while neighboring stations possess complete datasets.
Imputation methods based solely on the inherent structure of the time series with missing data
may overlook the non-stationary nature of environmental data. Therefore, filling these gaps
through a unified approach that considers both the inherent structure of the data with missing
values and the available complete data should be the preferred method.

42-

40-

38

36-
25 30 35 40 45

Figure 5. The locations of the meteorology stations used in the study. Mugla and Trabzon stations are
given in blue color.

Turkey can be described as a high plateau peninsula, with a mean altitude of approximately
1,132 m, covering a relatively large land area of approximately 785,000 km?. Primarily,
tectonically induced topographic gradients, coupled with proximity to water bodies of varying
characteristics, result in diverse climatic conditions throughout the country (Unal et al., 2003;
Ering, 1984).

In our study, we utilized monthly precipitation and temperature station data from Turkey,
sourced from Goktirk (2005)!. These meteorological stations offer comprehensive spatial

! The data may have been derived from daily records, with missing values potentially imputed using expectation maximization,
a widely employed technique in climatology (Schneider, 2001). However, this preprocessing step does not affect the objectives
of our study. Please note that we cannot definitively confirm the specific imputation method used; this footnote serves as an
acknowledgment of uncertainty regarding the imputation procedure.
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coverage of the entire country (Figure 5). Specifically, we selected two stations, Mugla and
Trabzon, as case studies. Mugla, located in Turkey’s southwestern corner and surrounded by
high mountains, predominantly receives precipitation from Mediterranean cyclones during
winter and experiences a typical Mediterranean climate (wet, mild winters and dry, hot
summers). Trabzon, situated on the northern slopes of the east-west trending Eastern Pontides,
experiences a Black Sea climate characterized by maritime influences, relatively warm winters,
and consistent precipitation year-round.

1980 1982 1984 1986 1988 1990 1992 199101 1991-03 1991-05 1991-07 1991-09 1991-11

Incusion Proitity

Figure 6. Results of temperature measurements at Mugla station. (a) Imputed data (blue curve) overlaid
on measurement data (red curve), with 95% credible interval (cyan shading); (b) Difference between
original and imputed data; (c) Map showing Mugla station (blue dot) and predictors with highest inclusion
probabilities (red points); (d) Posterior inclusion probabilities of predictors assigned by Markov chain
Monte Carlo in the regression model. White bars represent positive coefficients, and black bars represent
negative coefficients.

For data imputation, we implemented a time series model along with a regression model using
covariates derived from the remaining contemporaneous station data. The time series model
incorporates a seasonal process to account for yearly oscillations and an autoregression process
of order three.

(a)

1980 1982 1984 1986 1988 1990 1992 i 199103 199105 199107 199109 19911

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Figure 7. Results for precipitation measurements from Mugla station, similar to Figure 6.
Additionally, we applied the spike-and-slab variable selection (SSVS) technique (Scott and

Varian, 2014; George and McCulloch, 1997; O’Hara and Sillanpéé, 2009) , which serves to
reduce the size of the covariate set and effectively cluster covariates showing similar trends
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with the target series. In this analysis, the solution is handled through a fully Bayesian model,
and therefore the components of the model and weights of each covariate are found through the
Bayesian model itself.

(a) (b)

‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Figure 8. Results for temperature measurements from Trabzon station, similar to Figure 6.

For imputation validation, we deliberately excluded the entire year 1991 CE from the Mugla
monthly temperature and precipitation records. Specifically, for the model to adapt the
coefficients, we utilized Mugla data from 1980 to 1990, while employing data from 1980 to
1991 for the remaining stations. The results of the imputation for the entire year of 1991 are
depicted for temperature in Figure 6a and for precipitation in Figure 7a.

Similarly, we excluded the entire year 2001 CE from the Trabzon monthly temperature and
precipitation data for imputation purposes. Specifically, for the model to adapt the coefficients,
we utilized Trabzon data from 1990 to 2000, while employing data from 1990 to 2001 for the
remaining stations. The results of the imputation for the entire year of 2001 are presented for
temperature in Figure 8a and for precipitation in Figure 9a.

Incusion Probatity

Fiure 9. Results for precipitation measurements from Trabzon station, similar to Figure 6.

The results of the yearly imputations produced noteworthy results (Figures 6b, 7b, 8b, and
9b). Furthermore, the outcomes of the SSVS method provided insightful findings regarding
covariate clustering. The primary covariates identified by SSVS for the regression of Mugla
temperature and precipitation (see Figures 6¢, 6d, 7c, and 7d) align closely with climatological
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clusters identified by Unal ez al. (2003), specifically corresponding to the Eastern Mediterranean
and Aegean climate zones. Similarly, results from the Trabzon analysis (Figures 8c, 8d, 9c, and
9d) identified a covariate cluster confined to the northern slopes of the Pontides, corresponding
to the Black Sea climate zone described by Unal et al. (2003).

Concluding Remarks

There are already dedicated software packages for missing data imputation. However, in the
case of more complex datasets, such as those encountered in environmental studies, Bayesian
techniques are recommended. These techniques effectively incorporate multiple sources of
uncertainty and fully leverage all available data.

Finally, the utilization of Bayesian techniques, particularly those that incorporate total evidence
through hierarchical structures, represents a pivotal step forward in addressing the persistent
challenges posed by missing data in environmental studies. By explicitly integrating uncertainties
and facilitating information sharing across datasets, these sophisticated approaches provide
exceptional insights into complex environmental systems.
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Web Based 3D Research Data Visualization
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Abstract

The display of 3D scientific datasets within web browsers can be enhanced through automated
techniques designed to balance ergonomic data access, interactive rendering performance,
and visual clarity. This article presents a comprehensive overview of web 3D research data
visualization methods, utilizing a proof-of-concept main application to address oceanographic
dataset access and rendering complexities across various scenarios. A series of more specific
ocean science prototypes are dedicated to the visualization of datasets from distinct disciplines
(physical, seismic, metagenomic), demonstrating development modularity via an open-source
and permissive software toolchain. The results indicate a clear potential for 3D, interactive, and
accessible multidisciplinary scientific visualizations directly on the web, employing JavaScript
Web Graphics Library 2 (WebGL2) without the need for any third-party software component
installation, thus facilitating improved understanding and analysis of marine environments.

Keywords: Web-based 3D scientific visualization, GPU-accelerated volume rendering, out-of-
core data management, interactive data querying and processing, multiresolution and adaptive
sampling techniques

Introduction

Earth science research using digital twins relies on sophisticated data viewers capable of
requesting and interactively displaying n-dimensional datasets from various sources, utilizing
their respective data transfer protocols. These viewers should also feature capabilities such as
translating time-series data into animated representations.

Massive data visualization presents various challenges in scientific analysis applications,
particularly when employing web-based 3D render engines due to raw performance
considerations. However, these solutions offer significant advantages. The primary advantage
of web-based solutions lies in their ease of deployment compared to native applications.
Native applications often require the program to run on multiple hardware targets, which can
be tedious to optimize for different processor architectures and their specific computational
resources. Targeting a web browser frees developers from these concerns, benefiting from well-
standardized codebases and the support of growing communities.

A few decades ago, the computing horsepower of browser JavaScript engines® could barely
render complex geometries efficiently. Nowadays, however, the support of graphical processing
units (GPU) substantially boosts performance.

Previously, browsers had quite modest access to hardware acceleration offered by processing
units, but this is less of a concern now.

2 JavaScript engines are the set of functions letting compile JavaScript instructions within web browsers.
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Massive scientific models, based, for example, on oceanographic or atmospheric datasets,
require efficient acceleration structures® to navigate them fluidly. In this context, WebGL* has
become a pivotal technology, essentially transforming 3D rendering on the internet to be almost
as capable as high-end medical visualization equipment or latest-generation gaming consoles in
terms of performance. Running more computationally intensive transfer functions in real time
1s now possible thanks to direct access to the GPU, eliminating the need for third-party browser
software components such as early Virtual Reality Modeling Language (VRML") viewers or
older Java-based 3D engines.

Thanks to the multidisciplinary nature of the Mediterranean Science Commission and its six
scientific committees, a discussion was initiated regarding the development of an innovative tool.
This tool aims to enable more intuitive visualization of any dataset from any discipline within
a single application, while minimizing both human and material resources for its development.
The purpose of this article is to describe the development of a new CIESM tool (Figure 1) from
its conceptualization and inception through to its initial testing phases, and to present some
early applications using relevant scenarios.

Figure 1. Example of the CIESM tool showing combined bathymetric grid (GEBCO and EMODNET
2020), gridded 3D aggregations of March 2013 temperature and salinity (NOAA National Centers for
Environmental Information, 2013), and a tabulated collection of sampled silicate concentrations during
different oceanographic campaigns (EMODNET Physics, 2020).

Background and Related Work

Early rendering techniques were mostly ray-based approaches before the latest hardware-
friendly parallel polygon rasterization® methods, which provide more predictable performance
in extreme scenarios.

3 Acceleration structures are spatial subdivision and indexing strategies designed to progressively load regions of interest
(ROIs) instead of an entire, overly heavy dataset at once.

4 WebGL (Web Graphics Library) is a JavaScript API for rendering interactive 3D graphics in web browsers using the GPU.
5 VRML (Virtual Reality Modeling Language) is an older standard for describing 3D scenes and objects in a text-based format,
primarily used for web-based virtual environments.

6 Rasterization converts projected primitives into discrete fragments (potential pixels), which are then shaded and displayed
on the screen.
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Since the mid-90s (when online interactive 3D visualization was rare), native real-time 3D
applications have remained the most performant. On the other hand, thanks to modern processors,
the performance gap between native and web-based applications is becoming almost negligible
when it comes to displaying 3D data, among other capabilities.

For desktop solutions, lower-level languages such as Assembler, C, and C++ (possibly with the
use of specific CPU intrinsics), are largely preferred for maximizing hardware resources and
efficiently dispatching jobs across available units, especially when targeting embedded systems
rather than consumer devices. These toolchains become substantially heavier when targeting
and maintaining solutions on multiple platforms.

Higher-level languages were initially less performant due to processing resources reserved for
intermediate components like virtual machines or other command interpreters. However, they
allowed for more human-friendly instruction writing, with the benefit of providing highly reliable
execution on most platforms and the convenience of a single source code base to maintain.

Among these higher-level languages, JavaScript (or European Computer Manufacturers
Association— ECMAScript’) compilers within web browsers have particularly improved, making
them viable development targets in terms of performance. Many non-browser environments
also execute this scripting language.

In contrast to native applications, and despite their initially inferior processing capabilities, the
ease of instantaneous deployment on any web browser and the maintenance comfort of a unique
source code make it an obvious choice to drastically reduce programming efforts by targeting
web browsers with such technology.

The local desktop software installation process is gradually diminishing alongside the performance
gap between native and web applications. The latter solutions also require less storage on both
client and server sides and allow direct sharing of a complete and complex application via a single
web address, without the need for any prior compilation and linking?® steps.

Another major advantage of JavaScript is its ever-growing community, providing many libraries,
including several very efficient interactive 3D ones. This offers a flexible choice of rendering
techniques and easily allows for the design and fine-tuning of specific ones.

Regarding trends in rendering performance, the arrival of WebGL was a significant advancement
for developers needing full GPU access to display massive 3D geometries inside a web browser.

Methods and Implementation
Design Considerations

Finding the optimal and most cost-effective balance between high rendering performance,
code modularity, user-friendly interactivity, and platform portability is a complex challenge.
Exchanging data between hosts and users (Figure 2) for 3D visualization involves fast conversion
steps to properly render geometries reconstructed from point cloud models.

7 ECMAScript is the standardized scripting language specification underlying JavaScript, defining its core syntax, types, and
runtime behavior.

8 In traditionally developed applications, the linking step joins separately compiled modules, resolving external dependencies
to produce the final binary executable.
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DATASETS PROVIDERS ﬂ 8
[e.g. NOAA EMOODNET, NASA, IOC, FAD,
GEBCO, CIESM mops & progroma, efe...]
CIESM INFRASTRUCTURE ﬂz
END USER ’
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Figure 2. Framework overview illustrating the integration of required hardware and software resources.
This diagram shows how end users connect with CIESM-proposed data querying, conversion, and
rendering functions, and the available data host infrastructures.

While still far from being able to process/transform/reconstruct raw data in real-time across
various research areas, modern domestic computers and workstations are increasingly capable
of handling heavy client-side computation through different standalone or more distributed
strategies, depending on the required computational resources.

After an extensive testing phase of various JavaScript 3D engines, the ‘Three.js’ library
was selected because it offers a well-abstracted Application Programming Interface (API)
and supports numerous popular interchange formats, enabling the loading of a wide range
of variously structured geometries within the main scene. This library is a mature solution,
developed over 15 years, implementing a WebGL renderer and operating under an MIT license
scheme. These permissive license schemes are crucial for guaranteeing complete freedom in
code usage and modification.

Such a toolchain allows for efficient computation of rendering operations in the vertex and
fragment pipelines through WebGL 2.0 (OpenGL ES 3.0), as well as utilizing WebGPU’
compute shaders!'® for advanced modification of the topology before the final fragment pass.

Proof of Concept Application

To prepare streams (vertex positions, normal vectors, face index buffers, texture coordinates, etc.)
from query results received from various science data servers before transmitting them to the
GPU vertex pipeline!', the response data must be interpreted according to dataset metadata. This
ensures the received data is accurately converted into a suitable and efficient 3D rendering asset.

9 WebGPU is a low-level API for high-performance graphics and parallel computing.

10 Shaders contain code sections (generally vertex and fragment shaders) intended to be executed on the GPU.

11 The vertex pipeline transforms vertex data (e.g., positions, normals) from model space to clip space, often applying opera-
tions like skinning or lighting, before passing them on for rasterization.
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Once the conversion step is completed, the object is ready for further vertex topology and
projection operations, before the final fragment pipeline!? code is executed for applying textures
to the geometry.

Bathymetric data serves as an example for producing an oceanographic 3D basemap. For
effective rendering of polygonal grid displacements (Figure 4), the received data is converted
into tiles (Figure 3) to enable out-of-core collections optimized for spatial indexing.

Figure 3. Tiles containing bathymetric Figure 4. Resulting elevated grid.
raw values.

Different types of primitives can be combined and shaded using various reasonably performant
techniques. 3D layers composed of various primitives can be formed using methods ranging from
simple geometry instancing setups to more advanced surface reconstruction techniques, such
as Marching Cubes (Lorensen et al. 1987), Dual-Contouring (Ju et al. 2002), Dual Marching
Cubes (Schaefer ef al. 2004) and their corresponding rendering approaches, for wrapping and
shading the received point clouds.

For each entry in the received query result, a user-defined primitive is cloned (e.g., points,
sprites'®, boxes, spheres, etc.), and its coordinates are set in the 3D scene graph'®. The color of
the instance is set according to the desired variable value by mapping its texture coordinates
to a user-defined gradient through an editor. This editor is bound to a custom WebGL shader,
which allows for stop color management and provides real-time updates in the 3D view for a
more intuitive user experience.

Data Handling Pipeline

A user interface section for intuitively querying different data hosts, such as NOAA’s
Environmental Research Division’s Data Access Program (ERDDAP) servers, is presented as
a form (Figure 5).

12 The fragment pipeline processes fragments (potential pixels) generated by rasterization, applying shading, texturing, and
depth/alpha tests to produce the final pixel color.

13 A sprite is a geometry that always faces the camera, typically used to render a bitmap texture or a coloring function.

14 A 3D scene graph is a hierarchical data structure that organizes and manages the spatial and logical relationships among
objects in a 3D scene.

149 CIESM Workshop Monographs n°53



AN OCEAN OF GRADIENTS - TOWARDS A 3D MAPPING AND VISUALIZATION OF HIGH-RESOLUTION MARINE DATA

Mediterranean Salinity (NOAA Global NCOM - Region 2)

geometry / primitives : | voxels

datasets host : access protocol : current dataset : current parameter :
( NOAA NCEI | (ERDDAP / griddap..” Global NCOM for ... ~ | ( salinity (psu)
Not set Not set (All protocols) Deep Sea Corals Research and Technology | longitude (degrees_east)
CIESM — =L Global HYCOM Surface, 2D aggregation | Water_temp (degC) prde /step: (0001 )
EMODNET Bathymetry THREDDS 510 C surface, 3D aggregation water_u (meter/sec)
EMODNET Biology - ERDDAP / tabledap (OPeNDAP constraint| | water_v (meter/sec)
EMODNET Chemistry  ——————|fS{slofURILENOLENEVINEEEN Global NCOM for Region 01, 3D agg 5 salinity (psu)
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: Global NCOM for Region 02, 3D aggregation
minLongitude : -50
maxLongitude : 40
longitudeSpacing : 0.125
i minLatitude : 30
' maxLatitude : 70

Global

Figure 5. Query builder input fields.

This form enables users to easily build URL queries by selecting key fields necessary to issue
a request, specifically:

*The data host.

* The data storage type and corresponding transfer protocol.

* The dataset of interest within the selected host (by consulting its metadata).
* The environmental variable(s) of interest within the dataset.

* The desired range of geographic and temporal coordinates.

With data-sharing portals capable of returning query results in various formats, such as
JavaScript Object Notation (JSON) streams, the requested environmental variable is directly
loaded into a JavaScript object, thereby enabling immediate access and/or evaluation, and
facilitating subsequent filtering operations.

Both gridded and tabulated datasets can be queried, and tiles of different formats can be
streamed through various web APIs.

Rendering techniques

Aside from traditional polygon rasterization, some datasets can benefit from better representation
clarity and performance, depending on the type of primitive and data structure processed by
the unit. For example, the geometry instancing capacity of GPUs has, over the years, enabled
drawing an ever-increasing amount of cloned geometry for the cost of a single draw call.

In certain scenarios, Direct Volume Rendering (DVR) by raymarching'® a 3D texture (stored as
an array of 8- to 32-bit precision integer or floating-point values) can also be an efficient option.
This technique is useful as the geometry relies only on arrays of scalar values, with spatial
coordinates induced by the offset or position in the array.

15 Raymarching is a rendering technique that iteratively advances a ray through a scene or volume to sample data, commonly
used for volume rendering and signed distance field visualization.
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Another advantageous aspect of DVR is the modern GPUs’ built-in hardware bilinear
interpolation capability for either iso-surfaces or Maximum Intensity Projection (MIP'®)-based
representations. Despite not being fully accelerated currently, other interpolation methods can
also be easily implemented at the expense of a few extra samples gathered in the fragment
pipeline, resulting in a relatively small increase in computational overhead (tokens'").

These methods also have hardware resource limitations, particularly when handling extremely
high resolutions. Recent out-of-core approaches now enable high and stable framerates (e.g., over
60 FPS at UHD resolutions) on both workstations and consumer platforms with large data arrays
(e.g., 10242 voxels'®), although performance may degrade significantly at even higher resolutions.

Efficient Octree acceleration structures (Knoll ez al. 2006; Laine et al. 2010; Crassin 2011) and
consistent LOD strategies successfully solve memory limitation issues for surface reconstruction
from point clouds. These solutions often involve nodes that can be compressed, potentially
using a combination of advanced packing approaches (e.g., Lefebvre et al. 2006) that vary
depending on the sparsity level of specific dataset areas.

Dedicated Prototypes and Case Studies in Marine Science

Dedicated prototype 1: Seismic data visualization using DVR

Once seismic tomographic data is inverted through significant computations, models can be
represented using a 3D texture, similar to how Nearly Raw Raster Data (NRRD") files are
viewed in the medical field. The idea was to represent the Earth’s subduction zones from a
global temperature anomaly model, and to quantify rigid versus softer areas from the surface
down to 2815 kilometers below the surface.

A compact user interface was added to allow the user to isolate desired ranges of temperature
anomalies and perform geometry clipping along the three axes, thereby enabling the user to
narrow Regions of Interest (ROIs) within the volume. These clipping planes were also designed
to be rotatable to occlude parts of the geometry from any azimuth.

mple - model UU-PB7 - temperature

rence map
rangeMin
rangeMax

step:

Figure 6. Calabrian subduction zone representation obtained by ray-marching a 3D texture derived from
the global temperature anomalies tomographic UU-P07 model (Amaru et al. 2007; Hall et al. 2015).

16 The Maximum Intensity Projection (MIP) technique continues sampling through the entire volume, instead of abruptly
stopping when the data value meets a chosen threshold, like with iso-surfaces representations.

17 In programming, a token is the smallest meaningful unit of code of a compiler or an interpreter during lexical analysis.

18 A voxel (volumetric pixel) is the smallest unit of a 3D grid representing spatial data, analogous to a pixel in 2D imaging.
19 Nearly Raw Raster Data (NRRD) is a file format often used in medical imaging and scientific visualization.
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Dedicated Prototype 2: Metagenomic Data Visualization (“Metacube”)

This sample application maps the microbial metabolism genomic catalogue by importing
metagenomic data from a Kyoto Encyclopedia of Genes and Genomes (KEGG) database (e.g.,
Kanehisa and Goto 2000), enabling immediate 3D representation and highlighting pathways
that share the same reactions. It also allows for selecting and saving subsets of the loaded
datasets via mouse clicks or through a search engine that enables quick entry and retrieval of
specific entries. A specific shader is also attached to allow for various opacity levels, as well as
clipping planes similar to those in Prototype 1.

Modularity And Open-Source Toolchain

As a modern and constantly improving programming language, JavaScript provides significant
development modularity by eliminating the prior compilation and linking steps typical of more
traditional compilers. This advantage enables the inclusion and/or loading of external and
complementary code, which can also be done asynchronously where needed. The libraries can
be loaded either locally or remotely, facilitating testing before further integration into specific
solutions. In the proposed solution, “Three.js” (the 3D engine) is combined with “jQuery” for
JavaScript syntax simplification, “jQuery UI” for user interface design, and a few other libraries
for more specific tasks (e.g., compression, 3D functionality, image processing extensions).

w hie
Loved e
Save Rample o
S AN

[

Lyt T

W D0G51_RC_ni resciiom
b 20061 RC_nl reacton

* 00042 _RC_ni reacsora

Figure 7. “Metacube” rendering output of reactions and pathways exported from the KEGG metagenomic
database (Kanehisa et al. 2025). The prototype directly imports/ exports KEGG archives and loads/saves
whole representations or subsets.

The open-source nature of the toolchain is central to ensuring ease of maintenance and evolution
of the codebase. Permissive license schemes such as MIT, Apache, or FreeBSD ensure complete
freedom in terms of code modification, evolution, and commercial distribution. This kind of
license scheme is generally preferred among other open-source licenses, as it quickly clarifies
to developers that any source code usage will not infringe upon any legal prerequisites.

Finally, through various open-source versioning platforms or repositories (such as GitHub),
candidate revisions are easily screened by relevant communities, which significantly enhances
maintenance and future evolution or extensions.

CIESM Workshop Monographs n°53 152



AN OCEAN OF GRADIENTS - TOWARDS A 3D MAPPING AND VISUALIZATION OF HIGH-RESOLUTION MARINE DATA

Results
Performance Evaluation

The presented main application and prototypes’ rendering performance exceeds 60 frames per
second (FPS) for 4K output when ray-marching volumes between 256° and 5123 voxels with 8-
to 16-bit precision 3D textures, using Mozilla Firefox or Google Chrome on a 2021 entry-level
laptop computer. This performance increases to over 140 FPS when rendering 1024 volumes
with 8- to 32-bit value arrays on current (2025) hardware setups, without additional advanced
optimizations. The following profiles were conducted on three different Nvidia GPU models
with 4K output (3840 x 2160).

Profiles in various performance areas show that the approach is effectively scaling across
hardware generations and consequently features regular improvements.

3D 33 1048576 2083058 2B FRE@IK_ 141 FPS@AK | 27BFPS@AK_
basemap aems ms 3.6ms
3D features 85 3337776 1676208 S8FPS@AK 170 FRs@ak 303 FPS@K
26ms 5.9ms 3.3ms
basemap + 118 2385352 3760266 24 FRS@AE_ 102 FPe@AK_ | 20B FR3@AK
features 41ms S.8ms 4.8ms

Table 1. Geometry construction and rendering performance (main application / rasterization).

ir.
domain grid m{rz ' GTX 1050Ti RTX 3070Ti RTX 5080

eoa s 637 FPS@aK 1431 FRS@4K 1813 FPS@AK

1.57ms 0.69ms 0.52ms
e123 - 212 FRS@aK 573 FES@AK 963 FPS@AK

4.72ms 1.75ms 1.04ms
26 FPS@4K 74 FRS@4K 141 FPS@4K

LY
102473 7 38.5ms 13.51ms 7.0%ms

Table 2. Volume geometry construction and rendering performance (DVR prototype).

The end-user experience in terms of data transfer highly depends on the user’s available bandwidth
and can impact streaming and conversion speeds. Depending on data hosts, significant data
transfer differences can be observed from one server to another, for various reasons inherent to
the compression methods and available server hosting formats.

Visual Fidelity and User Feedback

After various demonstrations and showcases, the precision and interactivity of the representations
were judged to be excellent by a specialized scientific audience from different disciplines, with
features demonstrated in the main application and both dedicated prototypes meeting their
requirements.

Data Formats

The presented solution demonstrated results consistent with initial expectations regarding
streaming either compressed image tiles for displacement or other forms of reconstructions, as
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well as retrieving raw point cloud data via JSON network streams or from uncompressed local
or remote text files (e.g., *.XYZ, *.CSV, etc.).

Decoding files containing compressed data (such as NRRD or Network Common Data Form
(NetCDF)) is also possible, and format compatibility is regularly extended in accordance with
their respective specifications, to achieve robust data interchange capabilities.

Regarding data formats for rendering, various strategies, ranging from older traditional to modern
GPU-friendly approaches (e.g., Khronos Group’s KTX2, which supports raw compressed data),
minimizing CPU-side float texture decompression, were tested. These yielded satisfactory
results even on previous generations of hardware.

Data Formats

Being web-based solutions, the application and prototypes proved to run successfully across
various platforms, including consumer and workstation laptops and desktops, smartphones,
tablets, and VR headsets (even smartwatches), without any modification of the code base.

Figure 8. Browser output exceeding 60 frames per second on smartphones,
VR headsets, and smartwatches.

Discussion
Enhancing Oceanographic Education

In the context of marine sciences, the need for 3D-4D fast data visualization is increasing for
models and datasets of significant sizes. Relieving users of cumbersome tasks like software or
extension installation by providing instantaneous representations in any web browser, rather
than requiring dedicated local installations, can expedite the initiation of specific data analysis
environments and provide an efficient, cost-effective, and portable educational platform.

Strengths and Limitations

Accessing the GPU through browsers remains more limited and constrained than desktop
solutions for very large-scale data. However, the convenience afforded by the modularity of
web development libraries and tools, combined with the ability to deploy a single source code
base, drastically reduces and alleviates maintenance and evolution efforts.

The use of GPU-friendly data structures ensures satisfactory rendering performance.

“Although still outperformed by lower-level languages, web-based solutions continue to
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improve their direct access to hardware resources (e.g., via Web Workers* or more manual
approaches). However, they remain less mature than locally installed software, which more
effectively matches rendering specifications when it comes, for example, to dispatching threads
across available processing units, whether managed (through frameworks like CUDA or
OpenCL) or via custom Direct Memory Access (DMA engine?') transactions.

Comparison with Existing Tools

Some very efficient web 3D data visualization solutions have reached a mature stage in terms of
rendering performance and data interchange capabilities but are still mostly provided as more
abstracted APIs. These tools, such as Paraview Glance or those manually integrating the VTK
library, introduce additional abstraction layers to contend with when building more custom
visualizations.

These solutions often lack a fully flexible scene graph and an animation system for cameras,
transforms, or keyframes. Furthermore, scene composition with external libraries is often
more complex.

The vtk.js shader pipeline is abstracted away (derived from VTK), consequently making it
challenging to directly override GLSL shaders and limiting control over buffers, instancing,
and GPU pipelines.

The control is also limited for advanced rendering techniques (e.g., procedural noise, custom
raymarching).

These VTK-tied solutions can also have a large bundle size, exceeding 2MB, compared to
300-700KB with Three.js, even when including proper modular imports, assets, shaders, GUI,
and libraries.

Offering less abstraction, Three.js provides a rapid prototyping capability for standard or non-
standard applications across various disciplines and is maintained by a very large community
offering a broad extension ecosystem.

Other solutions designed for medical imaging (XTK) or geospatial viewers (Cesium.js) are
highly domain-specific, therefore not always suitable for facilitating prototyping with sufficient
design freedom.

Cesium.js, for example, is excellent for globe-based data, but requires specialized formats (3D
Tiles, CZML).

High-quality engines such as Babylon.js are more feature-rich than Three.js but can appear less
tailored to scientific contexts.

Jupyter and PyThreejs are Great for Python-heavy workflows but have limited performance
and interactivity.

20 Web Workers enable background JavaScript execution for parallel tasks.
21 A Direct Memory Access (DMA) engine is a hardware controller that transfers data between memory and peripherals with-
out involving the CPU, reducing overhead and improving data throughput.
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Conclusion and Future Work
Key objectives

Thefirstmilestone was to obtain a fast yet concise bathymetric representation of the Mediterranean
and Black seas from GEBCO and EMODNET datasets, yielding solid 3D basemap examples.

After ensuring the data could be reliably streamed locally or remotely with properly sanitized
queries, the user interface was enhanced with various forms and functions, enabling users
to stream and superimpose numerous other environmental layers for comparison through
different scientific data hosting protocols such as NOAA’s ERDDAP or Thematic Real-time
Environmental Distributed Data Services (THREDDS).

Further studies were then conducted to determine the most suitable types of accurate geometric
representations, appropriate for datasets from various scientific disciplines, including geology/
seismology, physical and chemical parameters, and metagenomic catalogues.

Planned Extensions

A robust file interchange support is planned with client and server-side tools for formats
translation tasks (e.g., with the Geospatial Data Abstraction Library- GDAL) integration is in
discussion, with potentially off-loading where possible, conversion tasks to the client-side with
the help of WebAssembly** (WASM) modules.

Among other general code management tasks and future plugin integrations, a clear interest
has emerged in establishing a more machine learning-friendly architecture, thereby providing
improved, Al-assisted insights for both teaching and application use. These additions could
pave the way for learning models trained in areas such as ‘before query’ metadata analysis,
optimizing host server communication patterns, suggesting anomalies or key regions in datasets,
or automatically applying optimal visualization modes (e.g., using WebGPU or WASM-based
ML models).

Further advancements also include the integration of Web Real-Time Communication
(WebRTC?) and WebSockets** (Fette et al. 2011) to support real-time shared dataset navigation,
enabling users to annotate and comment directly within the data structure.

Closing Notes

Identifying and implementing efficient methods for faster display of real-time rendered
multidimensional scientific datasets enhances the illustration of research and educational projects.

Thoroughly optimizing development and deployment with web technologies and protocols
consistently saves significant time and resources.

More traditional and low-level programming tools maintain the performance lead for embedded,
computationally intensive tasks, while their deployment and compatibility advantages gradually
diminish over time, thanks to network-based approaches.

22 WebAssembly (WASM) is a fast, binary-format web runtime for portable code execution.
23 WebRTC enables real-time peer-to-peer audio, video, and data communication.
24 WebSockets enable full-duplex communication between a client and server
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