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Abstract

The exponential growth of Earth Observation (EO) data presents significant challenges for efficient data access, processing, and
analysis. Current approaches often involve disparate data formats, coordinate systems, and access patterns, limiting interoperability
and scalability. Firstly, the Zarr and Parquet data storage formats have seen wide adoption as a unifying cloud-native foundation
for various domains in recent years, including climate, EO, bio-imaging, and genomics. Secondly, Discrete Global Grid Systems
(DGGS) such as HEALPix, or ISEA-based hexagonal DGGS are being increasingly used to enable spatial data indexing beyond
traditional grids, by using equal-area pixels and location- and refinement level encoding indices. Lastly, the recently published OGC
API DGGS standard specifies a lightweight web service API for clients accessing data organised according to Discrete Global Grid
Reference Systems (DGGRS).

We describe a scalable, interoperable, and extensible FOSS architecture for a modern geospatial data ecosystem, based on DGGS.
As an example, we introduce pydggsapi, a Python server implementing this new OGC standard to serve large geospatial data-
sets from cloud-native Zarr and Parquet data stores indexed by a DGGS. This novel architecture combines the DGGS data cube
paradigm, standardised OGC API DGGS web service access, and cloud-optimised data formats such as Zarr and Parquet as universal
building blocks for geospatial data management, enabling seamless transitions between high-performance computing environments

and lightweight client applications.

1. Introduction

Earth Observation (EO) data volumes continue to increase ex-
ponentially, driven by new satellite missions, higher sensor
resolutions, and increased temporal coverage. The Coperni-
cus program alone generates TB of data every day. Cur-
rent approaches often involve disparate data formats, coordin-
ate systems, and access patterns, limiting interoperability and
scalability across different processing environments (Bauer-
Marschallinger and Falkner, 2023). While data cubes have
become valued abstractions for analysing large-scale geospa-
tial data over space and time, they can currently only be im-
plemented meaningfully in projected coordinate reference sys-
tems. This limitation restricts their spatial extent before intro-
ducing unacceptable areal distortions, particularly problematic
for global-scale analyses where consistent area measurements
are essential for statistical validity.

1.1 Discrete Global Grid Systems

The Discrete Global Grid System (DGGS) paradigm offers a
solution to these challenges by providing a unified spatial refer-
ence framework based on hierarchical tessellation of the Earth’s
surface. The foundational methods and techniques underlying
DGGS trace back to the 1960s and 1970s, with early explora-
tions of triangular and hexagonal tessellations for spatial sub-
division and hierarchical analysis methods (Christaller, 1966,
Fuller, 1982, A. Rosenfeld and E. Luczak, 1976). During the

1980s and 1990s, significant advances were made in the de-
velopment of lattice structures specifically designed for global
grids, and in combining these concepts into more coherent
spatial data management and analysis frameworks (Bell et al.,
1983, Dutton, 1989, Snyder, 1992, Goodchild and Shiren, 1992,
Gray, 1995). The early 2000s marked a pivotal era with sem-
inal contributions from Kimerling, White, and Sahr, who form-
alised the concepts of Discrete Global Grids, geodesic grids,
and global tessellations (Sahr et al., 2003). Particularly influ-
ential was Sahr’s work on Geodesic Discrete Global Grid Sys-
tems, which introduced hexagonal hierarchical grids and led to
the development of DGGRID. Concurrently, HEALPix (Goérski
et al., 2005) emerged from the astronomy community, demon-
strating the practical utility of equal-area pixelization for large-
scale data management.

Similar to the trajectory of neural networks, DGGS remained
largely theoretical for decades due to computational constraints.
However, recent advances in computing power and cloud in-
frastructure have made these systems not only feasible but ex-
ceptionally powerful for working with massive geospatial data.
This computational enablement has spurred the emergence of
industry-driven implementations, including Google’s S2 geo-
metry library (Veach et al., 2017) and Uber’s H3 hexagonal
grid system (Uber Technologies Inc, 2018). rHEALPix was
introduced as one of the first DGGS explicitly defined for the
ellipsoid (Gibb et al., 2016). More recent developments include
IGEO7 (Kmoch et al., 2025¢c) - an equal-area alternative for
H3, Felix Palmer’s A5 system (Palmer, 2025), which provides
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an aperture-4 grid based on a pure pentagonal basis, and Ecere’s
DGGAL (Discrete Global Grid Abstraction Library) framework
(Ecere Corporation, 2025), which offers a generalized approach
to DGGS implementation with support for multiple grid types
and projection methods.

1.2 Equal-area DGGS zones as pixels for data cubes

Most DGGS implementations are constructed through hierarch-
ical subdivision of Platonic solids (Mahdavi-Amiri et al., 2015),
and often use the icosahedron for hexagonal systems (ISEA
family) or the cube for quadrilateral approaches. HEALPix
represents a notable exception, employing direct sphere pixel-
ization that partitions the celestial sphere into equal-area zones
without intermediate polyhedral projection. Furthermore, the
majority of DGGS operate on the sphere rather than the ellips-
oid, necessitating authalic (equal-area) conversions to maintain
geometric fidelity when working with ellipsoidal Earth models.
Systems like A5 and DGGAL already incorporate these conver-
sions directly into their implementation. The OGC defined that
equal-area means a distortion under 1%. For DGGRID-based
systems and HEALPix, even though defined on the sphere, their
distortions are already under 0.5%, and there is already func-
tionality available that allows integration of authalic conversion
(Karney, 2024).

Indexing/addressing Data cube ready

- H3 Uber (not EA, 7x) - HEALPix (diamonds, 4x)

- S2 Google (not EA, 4x) - IGEO7/ISEATH/IVEATH
- A5 (IR, 4x) (like H3 but equal-area, 7x)
- Geohash (not EA, 4x) - tHEALPix

- Quadkey (not EA, 4x)
- ISEA3H, 3x, or ISEA4H, 4x
(EA, ambiguous hierarchy)

(mixed zone geometries, 9x)
- DGGAL _4R _9R systems
(rthombus/diamond 4x, 9x)

Table 1. A proposed differentiation of DGGS systems for the
two major use cases - spatial data binning and indexing (left),
and treating zones as pixels for data cube use (right);
4x, 7x, etc., refer to a grid’s refinement ratio
(subdivision/aperture); IR - irregular subdivision, no clear
parent-child relationship; EA - equal-area property.

The Table 1 proposes a clearer distinction between DGGS im-
plementations designed for spatial indexing and aggregation
versus those intended as foundational pixel structures for data
cubes. Systems like Uber’s H3, Google’s S2, and recently, AS,
excel at spatial indexing, enabling efficient point-in-polygon
queries, binning and aggregation of vector data, and spatial
joins. These systems focus on computational efficiency and
practicality, but they prioritise relative spatial relationships for
location-based services over equal-area properties where abso-
lute area measurements matter more.

However, for raster-based Earth Observation data cubes, ocean
and climate modelling, or other quantitative geospatial mod-
elling and analyses, the equal-area property becomes essential
rather than optional. Here, the pixels represent measurements
of physical phenomena—surface temperature, precipitation, ve-
getation indices, or land cover for the same areal units, and we
need the ability to perform direct statistical comparisons and
aggregations across resolutions. This depends fundamentally
on each zone representing an equal area of the Earth’s sur-
face. Non-equal-area grids introduce systematic biases in spa-

tial statistics, complicating tasks such as multi-temporal ana-
lysis, change detection, and model validation.

The OGC introduced the terms “refinement level”, in compar-
ison to the term “resolution”, to distinguish hierarchical subdi-
vision from metric spatial resolution, and ”zone” over the more
classically used term “cell” (akin to grid cell). While each zone
at a given refinement level has a well-defined area and corres-
ponding metric resolution, the refinement level number itself in-
dicates hierarchical position, analogous to zoom levels in Web
Mercator systems, rather than absolute ground sampling dis-
tance. In this article, we aim to stay consistent with the newer
terminology.

DGGS like HEALPix, IGEO7, and rHEALPix are designed ex-
plicitly as pixel frameworks where each zone serves as a data
container with consistent geometric properties. This ’data cube
ready” approach enables seamless integration with array-based
processing frameworks like Xarray and Dask (Kmoch et al.,
2024), where operations assume regular dimensional structures.
The hierarchical refinement ratio (3x, 4x, 7x, or 9x depending
on the system) allows natural downsampling and upsampling
operations while preserving area relationships—critical for ap-
plications ranging from climate reanalysis to continental-scale
land use mapping. AS5 is effectively also an equal-area DGGS,
but the subdivision structure is irregular, and the elongated
pentagonal shape makes neighbourhoods and related simula-
tions and algorithms difficult to reason over.

1.3 Standardised web services for large-scale geospatial
data

Conventional web service standards such as Web Coverage Ser-
vice (WCS), Web Coverage Processing Service (WCPS), and
Web Map Service (WMS) have provided standardised access
to geospatial data (OGC and Baumann, 2010). However, these
services typically rely on traditional coordinate reference sys-
tems and raster-based approaches that present challenges when
working with global datasets at multiple resolutions or when
combining heterogeneous data sources.

The Open Geospatial Consortium (OGC) has developed stand-
ards and best practices for DGGS implementation, including
the DGGS Abstract Specification and the DGGS API. The OGC
Testbed-16 Engineering Report (Open Geospatial Consortium,
2020) and the ESA technical study on Sentinel-2 ARD handling
with DGGS further elaborate on implementation approaches
and use cases (Purss et al., 2019, Salgues et al., 2023). Equal-
area DGGS implementations, such as HEALPix (Gérski et al.,
2005), rtHEALPix (Gibb et al., 2016) and ISEA (Snyder, 1992),
have gained particular attention for Earth Observation applica-
tions due to their ability to maintain consistent area measure-
ments across the globe (Kmoch et al., 2022), and their usability
for large-scale EO analysis, including improved statistical ana-
lysis and multi-resolution data fusion.

1.4 Scientific computing on gridded EO data

In parallel, the scientific Python ecosystem has seen significant
developments in data handling capabilities with tools like Xar-
ray (Hoyer and Hamman, 2017), which provides labelled multi-
dimensional array operations. The XDGGS extension for Xar-
ray enables direct manipulation of DGGS-indexed data within
this framework (Kmoch et al., 2024). Additionally, the XPub-
lish concept provides a mechanism for exposing Xarray data-
sets through web service interfaces, bridging the gap between
analytical environments and web-based access patterns.
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In this paper, we present universal building blocks that combine
DGGS with cloud-optimised data formats to create a compre-
hensive framework for EO data management. We introduce py-
dggsapi, an open-source Python server built with FastAPI that
implements the OGC API DGGS standard, exposing cloud-
optimised Analysis-Ready Data (ARD) such as Zarr archives
and Parquet files indexed by DGGS zones. This architecture
creates a seamless continuum between two distinct operational
scales: on one end, data scientists can perform large-scale mod-
elling by directly accessing DGGS-indexed Zarr archives in ob-
ject storage using Xarray and Dask; on the other, lightweight
web and mobile clients can consume the same underlying data
through the standardised, RESTful pydggsapi interface. By
maintaining a single, consistent data foundation while optim-
ising for different computational and bandwidth constraints, we
address key challenges in the EO data processing chain, from
initial data organisation to final delivery and visualisation.

2. Methods and materials
2.1 Building blocks

We implemented pydggsapi, an open-source Python FastAPI
service, that exposes the OGC API DGGS standard (Kmoch
et al., 2025b) with a backend utilising Zarr arrays indexed by
DGGS zones. The concept is inspired by the TiTiler and XPub-
lish packages, which can employ a “serverless” FastAPI web
service routing interface on top of cloud-native and Xarray data-
sets. This architecture leverages complementary technologies
as shown in Figure 1.

OGC DGGS API + Zarr Architecture

Object Storage
S3-compatible L Google Cloud Storage } Local File System
{ DGGS-indexed Zarr Archives ‘
Create/GenerateT
Web Access APIs
Data Processing Logd, join
and analyze

FastAPI DGGS API
DGGS JSON, GeoJSON, Zarr packages
wMms Vector Tiles
Visualization Visualization

[ Web Clients, Mobile Apps, oT Devices ]

Xarray-XDGGS Xarray-XDGGS
Pre-processing Analysis

Figure 1. The proposed architecture of a modern cloud- and
analysis-ready DGGS-based geospatial ecosystem.

The DGGS serves as a universal spatial index, providing a
hierarchical, multiple-refinement-level grid system that consist-
ently indexes geospatial data across the entire globe. This elim-
inates the need for reprojection when combining datasets from
disparate sources and enables immediate analysis without pre-
processing steps, and extends and improves upon the grid no-
tion that is established in the met/ocean and climate communit-
ies.

Zarr and Parquet technology function as the cloud-optimised
storage foundation, with its chunked, compressed array or table
format enabling efficient parallel access to massive datasets
stored in object storage systems while maintaining critical di-
mensional information and supporting selective data extraction
at multiple refinement levels.

As a novel composite aspect, the architecture leverages already
available software, such as Xarray-XDGGS, which is a pack-
age that implements 1-D DGGS indexed arrays to work with
various open-source DGGS libraries and systems. Through
the Xarray DataTree model and the representation in Zarr data
groups, we can aggregate data towards higher-level DGGS re-
finement levels. The concept corresponds to image pyram-
ids and overviews in other cloud-native formats like COG
GeoTIFFs or PMTiles. As an example, we show use of vec-
tor tiles (MVT) to enable visual and data access. MVT can be
very efficient for in-browser rendering by using WebGL with
MapLibre GL JS as shown in Figure 4 a.

Ultimately, with pydggsapi, the system employs an OGC API
DGGS interface that serves as the primary access point for web
clients, providing both visualisation services and precise data
access through standardised formats, including DGGS JSON,
GeoJSON, or as hybrid Zarr ”packages” that maintain the ori-
ginal data structure while enabling efficient transfer. The web
service API is meant for light-weight query and visualisation
access for web- or mobile (or IoT)-based client applications.

2.2 Pydggsapi software architecture

pydggsapi is developed in Python. It provides an easy setup for
users to publish DGGS-enabled data sources. It uses FastAPI
as the core web-service platform to implement the OGC API
DGGS standard. pydggsapi also aims to provide a flexible
structure that can easily extend to support different DGGRS and
data storage. Figure 2 shows the overall structure of pydggsapi.

- - TinyDB
‘ pydggsapl Env var:
T~ _dggs_api_config
Abstract (féﬂleclion Abstraa DGGRS
Providers Providers
DGGSData |-.... DGGS Data
Storage 1 Storage N

Figure 2. The general application structure of pydggsapi.

pydggsapi uses TinyDB, a JSON-based configuration database,
to declare the supported DGGRS types and the available collec-
tions with their data sources. The application structure provides
two abstract class definitions that allow developers to easily im-
plement new DGGRS and data sources to work with pydggsapi.
Currently, it supports:

1. DGGRS: IGEO7, H3, HEALPix, rHEALPix, IVEA7H,
and ISEATH Z7 (i.e. DGGAL’s implementation of
IGEO7)

2. Collection/data source providers: Clickhouse database,
Zarr (through xdggs), and Parquet

The HEALPix, rtHEALPix, IVEA7H and ISEA7TH_Z7 grids are
implemented via the DGGAL Python implementation.

Our concept bridges two distinct operational scales - cloud-
native big data processing and a more refined web service-based
access for lightweight clients. Zarr arrays stored in object stor-
age serve as the unified data foundation, enabling direct ac-
cess for high-performance computing and cloud-based model-
ling workflows. The OGC API DGGS implementation, akin
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to XPublish for Xarray, provides standardised, RESTful access
to the same underlying data for a diverse range of web, mo-
bile, and IoT clients and applications. This dual-scale approach
ensures data consistency across use cases while optimising for
different computational and bandwidth constraints.

The data collection provider components enable access to
DGGS-indexed datasets through middleware that manages con-
nections to cloud-storage Zarr archives. Based on the OGC ER-
16 report, the application also showcases an experimental con-
nector for the Clickhouse database to provide fast on-demand
aggregation and analytical queries on DGGS-indexed database
tables.

The main architecture relies on pre-aggregated pyramids, where
the data access middleware reads metadata from Zarr archives.
During initialisation, it extracts DGGS parameters from the
Zarr archive’s attributes, including the DGGS type (such as
HEALPix or H3) and the indexing scheme used or additional in-
dex parameters (e.g., HEALPix’ nested or ring scheme), avail-
able refinement levels, and the available data variables.

2.3 Storage optimisation through hierarchical indexing

The hierarchical nature of DGGS indices, whether alpha-
numeric, like IGEO7’s digit strings, or integer-based, like
HEALPix’s nested scheme (cf. Figure 3), inherently encodes
spatial proximity through lexicographic or numerical ordering.
This property directly mirrors the behaviour of space-filling
curves such as Hilbert or Morton (Z-order) curves, where se-
quential index values correspond to spatially adjacent zones.
Leveraging this spatial locality in the underlying storage format
is useful for optimising read access patterns in cloud-native ar-
chitectures.

For Zarr-based storage, chunking strategies should align with
DGGS parent zones to maximise spatial coherence within
chunks. When data is organised such that all child zones of a
given parent reside within the same or adjacent chunks, queries
at any refinement level benefit from minimised read operations.
A practical approach involves chunking at a coarser DGGS re-
finement level (e.g., refinement level N-2 or N-3) while stor-
ing data at the target refinement level N, ensuring that hierarch-
ical queries traverse contiguous storage blocks. The chunk size
should balance between parallelisation granularity and I/O effi-
ciency, typically targeting 10-100 MB per chunk depending on
network characteristics and compression ratios.

Parquet’s columnar format offers complementary advantages
through row group partitioning aligned with DGGS zones.
By partitioning datasets using DGGS zone identifiers as the
primary key, range queries on zone indices translate directly to
row group pruning, dramatically reducing data scanning. Par-
quet’s statistics (min/max values per row group) enable efficient
spatial filtering when zone IDs are properly ordered. For multi-
refinement level datasets, storing the parent zone ID as an ad-
ditional column enables rapid coarse-to-fine queries without re-
constructing the hierarchical relationships at query time.

Pre-computed aggregate overviews represent another optimisa-
tion strategy. By additionally materialising statistics (mean,
sum, count, etc.) at coarser DGGS refinement levels and storing
them as separate Zarr arrays or Parquet tables, applications can
rapidly retrieve lower-resolution summaries without accessing
higher refinement level data. These overviews should follow a
pyramid structure aligned with the DGGS refinement ratio (4x,

Healpix cells and index
Healpix (depth 5,with "parent" cells 520-523)
Healpix (depth 6, omitted)

Healpix cells (depth 7, with cell ids 8320-8383)

—> Index curve for Healpix (7) cells
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Figure 3. Examples of space-filling curves and hierarchical zone
indexing in DGGRS - the alpha-numerical or bitwise/integer
order should be utilised in the underlying storage format for

read-access structuring and optimisation, a) HEALPix; b)
IGEO7
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7x, or 9x), with each level pre-aggregated from its children.
When combined with lazy evaluation frameworks like Dask,
this approach enables interactive visualisation and exploratory
analysis at continental to global scales, loading higher refine-
ment level data only when zooming to specific regions. The
storage overhead of maintaining 3-4 refinement levels of over-
views (approximately 25-35% additional space depending on
refinement ratio) is offset by order-of-magnitude improvements
in query latency for multi-scale applications.

The architecture aims to abstract the underlying storage sys-
tem through the Zarr application library interface, providing
consistent data retrieval whether data is stored in AWS S3,
Azure Blob Storage, Google Cloud Storage, or local file sys-
tems. For each API request, the middleware identifies the target
collection from the URL path, loads the Zarr metadata, attaches
DGGS configuration to the request context, and queries the Zarr
store instance purely on zone identifiers. To improve perform-
ance, the system maintains an in-memory cache of collection
metadata, reducing storage access operations and speeding up
repeated queries for common metadata.

This approach enables the FastAPI application to seamlessly
serve OGC API DGGS requests while maintaining the perform-
ance benefits of cloud-native Zarr storage for Earth Observation
data indexed by DGGS zones.

DGGS indexing automatically aligns diverse data products spa-
tially and temporally, facilitating immediate analysis without
further preprocessing. Via the OGC API DGGS, it is possible
to provide convenient access to clients to zone-based summary
queries, for example, as shown in Figure 4b., at a specific re-
finement level (i.e. higher resolution). The OGC API DGGS
layer enables targeted data extraction for non-DGGS-capable
clients, reducing data transfer volumes and simplifying imple-
mentation for client applications. Direct HPC access to cloud-
stored Zarr archives is facilitated by high-throughput network
connections and cloud-aware libraries like fsspec and xarray.
These tools enable HPC applications, e.g. built on libraries
like Dask to stream Zarr chunks directly from object storage
APIs (e.g., S3), enabling efficient, highly parallelised batch pro-
cessing over large areas and timescales without pre-staging the
entire dataset.

3. Discussion
3.1 Universal Building Blocks for Earth Observation Data

Why universal building blocks? The combination of DGGS
and Zarr creates building blocks for Earth Observation data
management that address key challenges in the geospatial data
pipeline. Maintaining a unified base of DGGS-indexed Zarr
archives enables consistent data organisation across multiple
use cases. This approach supports both large-scale and local ap-
plications through a dual-access pattern: direct access to cloud-
stored Zarr archives for high-performance computing and API-
mediated access for web clients with bandwidth constraints.

Pydggsapi also includes the well-known OpenAPI3/ Swagger
documentation and client, which provides a low-barrier entry
into experimenting with the API. In the near future, we will also
provide training materials based on Python/Jupyter notebooks.

For large-scale EO applications requiring consistent area-based
statistics across multiple resolutions and temporal dimensions,

DGGS systems with equal-area guarantees and explicit pixel se-
mantics provide the necessary foundation for cloud-native data
cubes. However, indexing-focused systems remain well-suited
for discrete feature aggregation and spatial lookup operations.

The indexing-only approach, while computationally elegant for
vector operations and spatial queries, requires additional geo-
metric corrections when used for continuous field data. Con-
verting point observations or vector geometries into a DGGS
index is fundamentally different from treating DGGS zones as
native pixels in a multi-dimensional array. The latter enables
direct application of well-established remote sensing and cli-
mate modelling workflows, leveraging decades of algorithmic
development in raster analysis, while the former necessitates
additional preprocessing and area-weighting steps that complic-
ate reproducibility and scalability.

3.2 Example workflows

This architecture enables advanced geospatial analysis across
multiple domains.  For instance, a researcher studying
catchment-scale erosion can query pydggsapi for all land cover
and slope data within DGGS zones intersecting their basin
boundary. The API backend accesses a massive, continental-
scale Zarr dataset and extracts only the required zones, re-
turning a manageable subset for analysis. Alternatively, the
researcher can execute an Xarray batch job that directly ac-
cesses the cloud-stored Zarr archive, computes erosion risk
statistics across the entire catchment, and returns comprehens-
ive results—all without downloading the full dataset. Further-
more, users can easily coalesce data from multiple DGGS-
enabled data sources through simple zone-ID-based joins, en-
abling trivial data federation. This capability significantly sim-
plifies the integration of heterogeneous datasets from different
providers, as the common DGGS indexing eliminates complex
spatial alignment procedures.

3.3 Standardization Requirements

The OGC DGGS working group is advancing standards for
DGGS implementations, but additional components are still
needed. A registry for DGGS Reference Systems, similar to the
EPSG codes and Proj/WKT CRS definitions, is needed. Clear
conventions for storing DGGS parameters in Zarr metadata
fields must be established. For HEALPix, essential parameters
include the desired refinement level and the indexing scheme
(nested or ring), while more flexible systems like rHEALPix
or ISEA-based DGGS may use additional parameters such as
indexing/numbering scheme, origin, and rotation. The CF
Metadata Conventions community has also picked up a dis-
cussion on grid parameter specification for NetCDF and Zarr
archives (CF Metadata Conventions, 2025).

The OGC API DGGS implementation requires an indexing
scheme that encodes the refinement level in the zone identi-
fier. Systems like H3 and S2 have popularised this approach,
and newer DGGS reference systems like IGEO7 (DGGRID/Z7
(Kmoch et al., 2025c)) and rHEALPix can also provide this
functionality. However, a more accessible implementation is
needed for HEALPix (namely nuniq or zunig). A notable re-
quirement in the OGC API DGGS standard is subzone ordering,
which currently only DGGAL systems appear to fully support
(Ecere Corporation, 2025). Most DGGS implementations have
a space-filling curve index and rely on associating data values
with zone identifiers during data transport. However, assuming
that all child zones at a relatively higher refinement level are
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Figure 4. Examples of DGGS web clients, a) MVT allows for
lightweight browser visualisation; b) Cell-based summary
queries

transferred for a parent zone, then the ordering of data points,
even without zone IDs, could be considered reliable, especially
via the alpha-numerical ordering of all child zones.

3.4 Technical Limitations and Future Work

The current implementation faces certain limitations that re-
quire further research and software engineering expertise. For
example, Xarray’s eager indexing of dimensions may limit its
utility for very large DGGS archives, as all dimension indexes
are loaded into memory. More efficient handling of multi-
refinement level DGGS data may require extensions to the Xar-
ray data model or more direct Zarr-native access approaches.

The use of Zarr groups/Xarray data trees to represent refine-
ment level aggregations requires additional experimentation to
ensure interoperability and efficient chunking/sharding, which
takes DGGS zone topologies and parent-child-zone boundaries
into account. The OGC ER-16 report outlines the methodology
for providing descriptive statistics per zone, including standard
deviation, ranges, min/max values, and variance. Implement-
ing this efficiently within the Zarr data model across refinement

levels would be useful to better convey the uncertainty of ag-
gregated data.

Initial performance benchmarks do not indicate disadvantages
compared to traditional approaches regarding data access per-
formance. While this should be benchmarked more critically in
the future, the data access patterns rely on state-of-the-art ob-
ject storage connectivity. Combined with the inherent advant-
ages of DGGS for global data analysis, these results suggest
encouraging progress. There remains substantial potential for
improvements in both usability and performance as the techno-
logy matures.

4. Conclusion

The integration of OGC API DGGS with cloud-native Zarr and
Parquet storage represents a significant step toward universal
building blocks for Earth Observation data management. This
work demonstrates that combining equal-area DGGS as a uni-
fied spatial reference framework with cloud-optimised storage
formats and standardised web service APIs creates a powerful,
dual-access pattern that serves both high-performance comput-
ing and lightweight clients from a single, consistent data found-
ation.

The pydggsapi implementation showcases how this architecture
enables seamless transitions between operational scales—from
continental-scale batch processing using Xarray and Dask to
targeted queries from web and mobile applications. The com-
mon DGGS indexing eliminates traditional barriers to data
integration, making data federation across multiple providers
trivial through simple zone-ID-based joins. This capability fun-
damentally simplifies the integration of heterogeneous datasets
and reduces the complexity of multi-source geospatial analysis.

Looking forward, we envision this model as a path toward a new
generation of value-added, GeoAl-ready data market APIs. As
machine learning and artificial intelligence increasingly drive
Earth Observation applications, the combination of Analysis-
Ready Data in cloud-native formats, standardised DGGS in-
dexing, and accessible web service interfaces provides an ideal
foundation for training data preparation, model deployment,
and result dissemination. The equal-area properties of DGGS
ensure statistical validity across scales, while the dual-access
architecture supports both the computational demands of model
training and the lightweight requirements of inference services.

While challenges remain—particularly in standardisation, per-
formance optimisation, and tooling maturity—the initial res-
ults are encouraging. The convergence of DGGS, cloud-native
storage, and standardised APIs represents not merely an incre-
mental improvement but a fundamental shift in how we organ-
ise, access, and analyse global geospatial data.

Code availability
The pydggsapi software and the ex-
amples are publicly available at: git-

hub.com/LandscapeGeoinformatics/pydggsapi/ (Kmoch et al.,
2025b) and github.com/LandscapeGeoinformatics/FOSS4G-
2025_DGGRID_and_pydggsapi_Workshop/ (Kmoch et al.,
2025a). The GitHub repositories maintain the base implement-
ation of pydggsapi and collate examples of DGGS-based data
preprocessing and service configuration. They are open to
public contributions.
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