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Science gateways have become essential platforms that integrate computational resources, data services, and
workflows for domain researchers, enabling artificial intelligence-driven (AI) analyses at scale. Building on
this paradigm, we introduce the Science Gateway component of the Arctic Knowledge-Based System (A-KBS),
designed to advance Al-assisted modeling of permafrost dynamics and other Arctic geospatial processes. The
A-KBS provides researchers with a unified portal to configure and execute multi-horizon prediction tools for
active layer thickness, ground deformation, wildfire occurrence, freeze/thaw states, soil and air temperature
analyses, and to run global scale geospatial HPC workflows leveraging data from across the circumpolar Arctic.
This system orchestrates workloads through Kubernetes-based (K8s) containerized environments, Globus Data
Transfer/Compute services, and distributed computing tools such as Slurm, ParSL, and Ray.io. Its web portal
is deployed on the University of North Dakota’s (UND) virtualized, load-balanced K8s cluster with cloud
migration enabled by Rancher, while Python-based Al functions authored in JupyterHub are executed on
remote systems through Globus Compute Endpoints. Current development has integrated the A-KBS with the
UND high-performance computing (HPC) Talon cluster and Amazon Web Services-managed K8s resources,
with a roadmap in place to extend this integration to other HPC environments including the San Diego
Supercomputer Center’s Expanse System. By coupling scalable infrastructure with a suite of existing Al-driven
workflows for environmental prediction tasks, the A-KBS accelerates Arctic science, strengthens cryospheric
research, and supports decision-making through its integration with cyberinfrastructure surrounding the DRP
(Defense Resiliency Platform Against Extreme Cold Weather) initiative.

1. Introduction

Environmental transformation driven by the loss of permafrost is
occurring across landscapes in Arctic and sub-Arctic regions (Marchand
et al., 2018; Park et al., 2016). As these perennially frozen soils begin to
thaw, the process can lead to slope collapses, differential ground defor-
mation, and the rapid formation of thermokarst lakes, posing significant
challenges for critical transportation and energy infrastructure in the
region (Hjort et al., 2022; Streletskiy et al., 2023). To address these
growing challenges, scientists and decision-makers require powerful
tools to accurately model and predict these environmental shifts and
their potential impacts.
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A science gateway is a highly specialized iteration of web por-
tal with the unique capability of providing teams/communities of
researchers with access to powerful, highly tailored tools, datasets,
workflows, and computational resources (Wilkins-Diehr, 2007; Lynch
et al, 2010). These gateways transcend conventional access barri-
ers by enabling intuitive, location-independent interaction with high-
performance computing (HPC) infrastructures and advanced analyt-
ics. Their platform-agnostic architecture ensures broad accessibility,
allowing engagement irrespective of a user’s technical expertise or
geographic location (National Science Foundation, n.d.a; Lynch et al.,
2010; Gesing et al., 2024). The National Science Foundation’s (NSF)
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Fig. 1. Science gateways provide Arctic researchers with the tools to respond
to permafrost-related challenges. By integrating data, modeling, and cloud
workflows, these platforms deliver results that inform decision-makers.

Science Gateway Catalog lists numerous portals spanning diverse sci-
entific disciplines, a testament to their growing importance in scientific
research (Wilkins-Diehr, 2011; Science Gateway Community Institute,
n.d.).

To support decision-making tools leveraged towards the advance-
ment of Arctic sciences, we have developed the Arctic Knowledge-Based
System (A-KBS), a high-performance computational environment that
orchestrates distributed workflows through Parsl and Globus Compute,
linking the gateway to multiple supercomputing systems through multi-
user Globus endpoints. As a component of this development we have
implemented a science gateway facilitating research related to the
artificial intelligence-assisted (AI) modeling components of permafrost
dynamics and other Arctic geospatial processes. Fig. 1 provides an
overview of how science gateways mediate between permafrost-related
challenges and actionable outcomes. The A-KBS is a one-stop com-
putational platform, allowing domain researchers to configure and
use Al-assisted multi-horizon prediction tools for a variety of critical
variables in Alaska and beyond. This includes tasks such as forecasting
active layer thickness, ground deformation, wildfire occurrence, and
soil and air temperatures.

Pan-Arctic research spanning approximately 21 million km? across
the circumpolar permafrost region (Obu, 2021) presents computational
challenges that exceed the capacity of conventional desktop or single-
server workflows. The A-KBS gateway was designed to process high-
resolution satellite imagery, synthetic aperture radar (SAR) data, digital
elevation models, in-situ observations, and high-resolution LiDAR point
clouds of the Dalton and Steese Highways gathered by the researchers
and their collaborators in Alaska. By integrating with national HPC
resources such as SDSC’s Expanse system, the platform enables re-
searchers to scale analyses to match the scope of Arctic environmental
transformation without requiring expertise in HPC system administra-
tion. This scalable architecture also supports the operational demands
of the Defense Resiliency Platform Against Extreme Cold Weather
(DRP) initiative (https://drp.dataone.org/), where decision-makers in
Alaskan field conditions require model outputs within minutes for
mission planning and other time-sensitive operations. Furthermore, as
the vast amounts of remote sensing data (Liljedahl et al., 2019) in
existing Arctic databases continue to expand with input from recent
satellite missions such as NISAR (Kellogg et al., 2020), a petascale-
ready gateway ensures the A-KBS remains viable infrastructure for
future Arctic research.

The purpose of this work is to report on the creation mechanisms
and development processes for the A-KBS Science Gateway. This re-
search has the potential to benefit those working within the field of
cryospheric sciences and assist others in creating their own science
gateways for various scientific domains.

This paper is organized as follows. Section 2 reviews science gate-
ways within Arctic and cryospheric sciences, highlighting existing plat-
forms and infrastructure relevant to the development of the A-KBS.
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Section 3 describes the architecture of the A-KBS. Section 4 presents the
deployment and validation of the system. Section 5 examines current
challenges and outlines potential directions for future development.
Finally, Section 6 summarizes the paper’s contributions and discusses
the broader implications of science gateways for Arctic research.

2. Science gateways and data portals in arctic research

Science gateways, such as the A-KBS gateway, have emerged as
vital cyberinfrastructure components that bridge the gap between com-
plex computational tools and domain-specific Arctic-focused research
scientists and teams (Kalyanam et al., 2019). Across research com-
munities, shared information and collaborative platforms enable ad-
vances in accessibility and synergistic efforts (Becciani et al., 2015),
leading to greater scientific understanding of complex environmental
processes including transformations within Arctic permafrost and other
cryospheric-related geospatial research and analytics.

As an example of a related science gateway, the Permafrost Dis-
covery Gateway (PDG) is an NSF-funded Arctic earth science gateway
launched in 2019 by the University of Alaska Fairbanks and partners
to provide cyberinfrastructure for the exploration of permafrost dynam-
ics (Liljedahl et al., 2019, 2021). Tools within the PDG include Clowder
for data management, web-based visualization tools, and access to com-
putational resources for image analysis, leveraging satellite imagery
from the Polar Geospatial Center, Landsat, and Sentinel. Researchers
have used the portal on projects such as hydrological mapping in
permafrost landscapes (Liljedahl et al., 2024). Although new Al-driven
tools for risk analysis are currently in development, the PDG does not
yet have predictive tools built into its infrastructure (Tempesta, 2025).

Similarly, the University at Buffalo’s Ghub Project is an open-
access gateway that accelerates ice sheet and glacier research (Tulenko
et al., 2025). Launched in 2020 and supported by the National Science
Foundation (NSF) and EarthCube, Ghub is powered by the HubZero
platform (https://hubzero.org). While the A-KBS gateway will examine
permafrost processes on land, tools within Ghub focus on ice sheet
observation, projection modeling, and remote sensing. Research involv-
ing Ghub has included hosting derived datasets and tools, such as a
resampled elevation, slope, and roughness dataset of the Greenland Ice
Sheet and crevasse detection tools (Tulenko et al., 2025; Sperhac et al.,
2021; Mann-Bruch, 2022). However, a core limitation of Ghub is that
it functions as a repository for data and user-created tools, rather than
a unified environment for direct computational work (Sperhac et al.,
2021).

Several data-focused portals also play key roles in Arctic research.
The Polar Geospatial Center (PGC) at the University of Minnesota
provides extensive polar imagery and data, including 8 PB of sub-
meter imagery and DEMs. It offers a web-based platform, FRIDGE,
for dataset discovery and automated processing workflows on national
cyberinfrastructure available through HPC platforms like XSEDE (now
known as ACCESS-CI) and systems such as Blue Waters (Dickson et al.,
2024; Pundsack et al., 2016; Morin, 2016). While the PGC offers
a robust platform for data discovery and access, it primarily serves
as a data portal, lacking a unified computational environment that
integrates predictive modeling (of Minnesota, 2025). The Circumarctic
Environmental Observatories Network (CEON) strengthens long-term
observations by connecting existing research stations and networks,
making diverse environmental data available through its interactive
mapping platform (Tweedie and Webber, 2003; Webber, 2004). The
Barrow Area Information Database (BAID) hosts over 9600 research
site records for northern Alaska and provides interactive web-mapping
tools for data exploration and download (Cody et al., 2012). Finally, the
NSF’s Arctic Data Center (ADC) serves as the primary repository for the
NSF’s Office of Polar Programs, preserving diverse datasets to support
reproducible science and data use (National Science Foundation, n.d.b;
National Science Foundation, n.d.c; Jones et al., 2021). However, the
ADC is not designed as a computational environment, rather it hosts
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Fig. 2. A broad overview of the A-KBS, showing its function as a science gateway connecting the DRP to external supercomputing resources for Al-assisted

modeling and predictive analytics.

data and provides access to datasets via DOIs. While these platforms
excel at data preservation and discovery, many of them do not provide
direct access to HPC resources for data processing and predictive
analytics.

The platforms reviewed above have advanced Arctic research con-
siderably, yet each addresses only a subset of the capabilities required
for end-to-end Al-driven geospatial analysis. Rather than functioning
as a repository or a collection of standalone tools, the A-KBS gateway
provides an integrated environment where researchers can access and
process distributed Arctic datasets, configure prediction workflows,
and dispatch computations to HPC systems without managing the
underlying infrastructure. This design responds directly to the de-
mands of geoscience for the circumpolar Arctic, where the expansion
of permafrost data (Liljedahl et al., 2019), varying feature resolutions,
internationally distributed repositories, and the computational intensity
of machine and deep learning geospatial prediction necessitate tightly
integrated cyberinfrastructure.

3. System design and architecture

The A-KBS gateway integrates interactive user tools, automated
workflow orchestration, distributed Al training, and secure data trans-
fer via Globus into a unified, web-accessible platform, connecting the
A-KBS/DRP to HPC resources. A broad overview of the A-KBS can
be seen in Fig. 2, and the system’s architecture and components are
discussed in detail below.

3.1. Core enabling technologies

The A-KBS leverages multiple modern cyberinfrastructure technolo-
gies to bridge the gaps identified in previous work and provide a robust
computational platform for Arctic research.

+ Globus: Globus services simplify the movement of scientific data
across diverse storage systems, making them well-suited for inte-
gration into science gateway architectures (Chard et al., 2016).
Globus Connect enables high-performance data transfers, while
Globus Compute allows users to run Python functions on re-
mote systems using Globus endpoints. This functionality removes
many barriers to HPC access, such as complex credential manage-
ment and user interaction with schedulers (Chard et al., 2016;
Bauer et al., 2024; Ananthakrishnan et al., 2024). Within the
A-KBS gateway, Globus was chosen to support the transfer of

large volumes of data needed for circumpolar research. Further-
more, by automating authentication and job orchestration be-
tween the K8s-based gateway and remote HPC resources, Globus
supports time-sensitive Arctic mission planning. This automation
is critical in field scenarios where connectivity and time con-
straints preclude manual management of credentials or scheduler
interactions.

Kubernetes: Kubernetes (K8s) has emerged as a powerful tool
for deploying scalable, fault-tolerant architectures for science
gateways. Its use in orchestrating JupyterHub environments on
HPC resources has been shown to serve hundreds of users si-
multaneously (Zonca and Sinkovits, 2018). Due to the high re-
source demands of AI/ML applications, K8s’s container orchestra-
tion and microservice management capabilities complement HPC
workload managers like SLURM and Slinky, making it valuable
in hybrid HPC-Cloud environments (Zhou et al., 2021; Decker
et al., 2025). This architectural choice is particularly important
for the A-KBS gateway as Arctic research workflows are often
campaign-driven, with computational demands spiking sharply
during seasonal data releases or field-based modeling efforts. K8s
provides the necessary elasticity to scale resources in response to
these surges while ensuring optimal resource utilization during
lower-demand periods.

JupyterHub: The JupyterHub integration within the A-KBS gate-
way provides a secure, multi-user platform for scientific data
analysis and computation (Zonca and Sinkovits, 2018), accessible
through the user frontend dashboard. It allows authenticated
users to launch and manage notebook instances, where they can
author, edit, and execute code locally or submit jobs to high-
performance resources through a configured Globus Compute
Endpoint. The Al-based Arctic decision support tools accessible
through the A-KBS portal (e.g., active layer thickness, wildfire
risk, freeze/thaw state classification, and air and soil tempera-
tures) were developed and validated in prior work by the authors
and their collaborators (Ahajjam et al., 2025c,a,b, 2024; Chance
et al., 2024). While the specialized decision support interface
for these tools is the subject of a forthcoming publication, they
are hosted on the K8s cluster and accessible through the A-
KBS portal, with deeper integration currently under development.
JupyterHub is integrated as the primary interactive development
environment. Here, researchers can leverage the underlying Al
models as modular building blocks to modify existing algorithms,
process large-scale geospatial datasets in parallel, or author new
specialized Arctic workflows that can be dispatched to remote
HPC resources via Globus.
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Fig. 3. A detailed overview of the A-KBS’s 3TA architecture. The figure highlights key components, including the frontend, middleware API, and a K8s-managed
backend that integrates with the IdP for secure access, while using Globus for scalable data and workflow management with external resources.

3.2. System architecture and components

The A-KBS is designed for deployment on a K8s-based three-tier
(3TA) architecture to enable scalable, Al-enhanced modeling of Arctic
geospatial processes. Its headless design separates backend logic and
data services from presentation layers, with core domain logic encapsu-
lated in a middleware API (Salesforce Research, 2022). This promotes
scalability and flexibility for integrating with a variety of interfaces,
including the DRP. An overview of the A-KBS architecture is shown in
Fig. 3.

The gateway’s 3TA enables each component to run as an inde-
pendent deployment to support replication and load balancing. Ex-
ternal traffic enters through a load balancer which then distributes
requests across the K8s cluster, an ingress controller then routes in-
coming HTTP/HTTPS traffic to appropriate services according to pre-
defined rules. Core logic is managed by the headless middleware API
that coordinates interactions among all system components within the
A-KBS.

3.2.1. A-KBS frontend and middleware

The science gateway frontend, built with the Next.js React frame-
work, provides a unified web-based interface for users, as seen in Fig.
4. From the dashboard, authenticated users of the A-KBS can launch
and monitor JupyterHub notebook sessions, execute code, visualize
and analyze data, and submit jobs to Globus Compute endpoints via
the middleware API. This single environment streamlines workflow
execution and data access for science gateway users. Fig. 5 shows the
gateway’s dashboard and additional resources accessible through the
frontend interface.

The middleware, built with the Nest.JS framework, serves as the
headless application facade. It exposes both GraphQL and REST APIs
to both the frontend and approved external services, managing re-
quests for Jupyter Notebook access, executing CRUD operations on the
PostgreSQL database, and facilitating large-scale data exchanges with
Globus. This decoupled design is critical, as it allows multiple clients,
including web, mobile, and external systems, to interact with the AKB’s
backend services without being dependent on a specific frontend.

3.2.2. PostgreSQL database and pgAdmin

The PostgreSQL database serves as the platform’s primary rela-
tional data store, providing ACID-compliant storage for all application
services. PostgreSQL was chosen due to its reliability, PostGIS sup-
port (https://postgis.net/), full-text search, and support for geospatial
data. All interactions with the database occur securely through the

middleware’s APIs, ensuring consistent enforcement of access controls
and data consistency within the A-KBS. To protect data integrity,
PostgreSQL allows for automated backup schedules with tested restore
procedures to ensure availability and disaster recovery.

For database administration, pgAdmin provides a secure, web-based
interface for monitoring the PostgreSQL database used by the A-KBS.
Accessible to authorized administrators, pgAdmin supports schema
management, query execution, and performance monitoring. The pgAd-
min webservice also enables verification, scheduling, and restoring of
database backups through the interface, ensuring the A-KBS’s long-term
reliability.

3.2.3. Globus integration and JupyterHub

The JupyterHub integration within the A-KBS provides a secure,
multi-user environment for data analysis and computation using
Python-based notebooks, allowing users to connect to external compute
resources. Using K8s-backed spawners, the system ensures secure multi-
user isolation and persistent sessions within JupyterHub, allowing
users to resume previous work. This integration facilitates an efficient
workflow with data transfer through Globus endpoints that quickly
moves input/output to the notebook interface.

The A-KBS uses Globus services to create a secure, scalable frame-
work for offloading computational tasks and managing data transfers
between the platform and external resources, which then executes the
tasks using frameworks including Parsl and Ray.io. It leverages Globus
Compute to enable custom JupyterHub notebook kernels to offload
code execution to designated Globus Endpoints, such as remote HPC
clusters and supercomputing centers. The system reduces the complex-
ity of a backend workload manager by using Slurm to automatically
schedule jobs submitted through Globus Compute. All user interactions,
including data transfers and monitoring job progress, occurs directly
from the A-KBS frontend, with Globus handling complex processes such
as user authentication, fault recovery, and performance optimization in
the background. Globus also provides Globus Search capabilities (Uni-
versity of Chicago, 2026), which allows for the indexing and querying
of data based on geospatial metadata, streamlining the discovery of
relevant research assets.

3.2.4. Identity provider and security

The Identity Provider (IdP) within the A-KBS delivers centralized
authentication and authorization for access across system components.
Using OAuth 2.0, OpenID Connect, and Security Assertion Markup Lan-
guage (SAML) protocols, the IdP enables single sign-on (SSO) through
the A-KBS frontend. Authenticated users can then access JupyterHub,
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Fig. 4. The A-KBS web portal landing page, illustrating the user dashboard from which researchers can access JupyterHub, different data, and submit jobs to

external computing resources.

Globus workflows, and other services. The system issues and validates
JSON Web Tokens (JWTs), with Role-Based Access Control (RBAC) to
restrict or allow access to specific system features based on user roles
or group membership.

3.2.5. Deployment, scalability, and observability

The A-KBS system is deployed on a Rancher-managed K8s cluster,
providing a scalable and centralized platform for managing all system
components. Key services such as the middleware, science gateway
frontend, and JupyterHub are packaged as K8s deployments (Madu-
pati, 2021), with multiple replicas to support load balancing and high
availability. The K8s deployments are managed using Helm charts. The
architecture supports horizontal scalability, allowing each core service
to scale independently by adjusting the number of replicas in its K8s
deployment. User traffic is managed by the Ingress controller, which
handles Transport Layer Security (TLS) and Secure Sockets Layer (SSL)
termination in addition to routing, while an external load balancer
distributes incoming traffic across the cluster and provides Domain
Name System (DNS) resolution for public access to system services.

As described in previous sections, security is integral for the deploy-

ment. SSL/TLS is enforced at the ingress level in addition to JWT-based
authentication used validation across services within the A-KBS. Inter-
nal services that do not require public access are not exposed outside
the cluster and utilize a ClusterIP service configuration, with K8s
network policies enforcing restricted inter-service communication and
component isolation. The A-KBS system uses K8s-native monitoring and
logging tools for observability, performance insight, and operational
transparency. Metrics related to application health, resource usage, and
cluster performance are collected using Prometheus and visualized with
Grafana dashboards. For logging, a centralized pipeline is implemented
with the ELK stack (Elasticsearch, Logstash, Kibana) to ensure log
ingestion, storage, and analysis.

4. Results: A-KBS system implementation

This section presents the outcomes of A-KBS development and initial
deployment, detailing the core capabilities, scalability, and reliability of
the platform. The results confirm that the gateway’s design effectively
addresses the complexities of scientific workflows and provides a robust
environment for Arctic sciences.
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and visualize results within an integrated environment.
4.1. System capabilities and operational validation

The deployment and initial operation of the A-KBS demonstrated
the platform’s core capabilities and operational readiness. The K8s-
based 3TA proved to be a capable framework for integrating disparate
services. Core functionalities were validated, including user authenti-
cation via IdP, management of JupyterHub notebooks, and execution
of remote tasks. This deployment confirmed the AKBS’s foundational
stability.

To further validate the platform’s capacity, we executed a multi-
horizon active layer thickness (ALT) prediction model developed by
Ahajjam et al. (2025c). This workflow employs a weighted ensemble
of Extra Trees, Bagging Regressor, and CatBoost models to predict ALT
across the circumpolar permafrost region using thaw depth measure-
ments from 115 Circumpolar Active Layer Monitoring (CALM) (Brown
et al., 2000) network sites spanning 1962-2024. The model integrates
geospatial features including topographic variables (elevation, slope,
latitude, longitude) derived from AW3D30, vegetation indices (EVI)
from MOD13Q1, and surface pressure over perennially frozen ground
from ERAS5-Land. Predictions are generated at same-year, +1, +2, and
+5 year horizons. The pipeline executed data ingestion, 5-fold cross-
validation, model training, and test set inference across all horizons in
under 5 min on the A-KBS deployment, orchestrated by the University
of North Dakota’s (UND) K8s cluster and executed on Amazon Web
Services K8s resources (Elastic Kubernetes Service), with inference
requiring less than 1.5 s. The ensemble achieved R* values exceeding
0.80 across all prediction horizons (see Table 1, Fig. 6). As the A-KBS
gateway integrates additional federated HPC resources, these work-
flows will support even broader analyses, such as pan-Arctic inference
across millions of grid cells and the processing of massive LiDAR and
NISAR datasets, while maintaining the rapid turnaround required for
operational decision-making.

This success underscores the gateway’s ability to handle workloads
while shielding the researcher from technical overhead. By leveraging
Globus services and integrating them with the JupyterHub interface,
the platform streamlined the process of offloading computationally
intensive tasks during the test. This eliminated the need for users
to manually interact with the Slurm workload manager or manage
secure shell connections. The A-KBS’s access to computational resources
minimized technical barriers, allowing researchers to focus on their
workflows.

Table 1

Active layer thickness (ALT) prediction performance and execution time across
prediction horizons. The weighted ensemble combines Extra Trees, Bagging
Regressor, and CatBoost models using inverse-RMSE weighting.

Horizon Model RMSE R? Train. Inference
Dur. Dur.
Same Year Extra Trees 24.946 0.802 10.98 0.088 s
Bagging Regressor  26.362 0.779 65.22 0.326 s
CatBoost 25.493 0.793 5.75 0.002 s
Ensemble 24.241 0.813 - -
+1 Year Extra Trees 24.494 0.809 7.73 0.064 s
Bagging Regressor  26.920 0.770 54.00 0.323 s
CatBoost 26.730 0.773 5.30 0.002 s
Ensemble 24.328 0.812 - -
+2 Year Extra Trees 24.488 0.809 5.45 0.044 s
Bagging Regressor 27.192 0.765 51.16 0.262 s
CatBoost 24.779 0.805 9.35 0.002 s
Ensemble 24.308 0.812 - -
+5 Year Extra Trees 24.654 0.807 3.39 0.026 s
Bagging Regressor 27.324 0.763 59.12 0.345 s
CatBoost 26.023 0.785 8.96 0.002 s
Ensemble 24.574 0.808 - -

4.2. Scalability and interoperability

The platform’s modular design and use of containerized services
also proved effective in achieving horizontal scalability and interoper-
ability. The headless middleware layer, built with Nest.JS, successfully
coordinated interactions between the A-KBS frontend and backend
components using the GraphQL and REST APIs. This approach demon-
strated the system’s flexibility to handle growing user demand and
integrate with new external resources. The reliance on standards-based
tools like Globus and K8s further validated the architecture’s ability
to adapt to different computing infrastructures, from on-premise HPC
clusters to future cloud environments.

4.3. Data reliability and unified workflow

The A-KBS’s initial deployment demonstrated two key successes: the
unification of complex services and enhanced data reliability during
operation. An important outcome is the implementation of the IdP and
SSO, eliminating a point of friction and allowing researchers to use
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Fig. 6. Example of the multi-horizon active layer thickness (ALT) prediction workflow executed through the A-KBS Science Gateway, illustrating interactive
model execution and visualization as the gateway automatically abstracts to remote HPC resources.

their institution credentials. Concurrently, the PostgreSQL database,
managed securely through the middleware, provided a reliable data
store. The automated backup and monitoring procedures confirmed
that the platform can maintain data integrity and availability to sup-
port research into complex Arctic geospatial processes and cryospheric
sciences.

5. Discussion, challenges, and future research

This section discusses the broader challenges encountered during
the development of the A-KBS and outlines key areas for future research
to enhance its capabilities and long-term use.

5.1. Remaining technical challenges

Despite the solutions implemented, several technical challenges
remain, highlighting a broader need for continued research in science
gateway development.

+ Scalability to Petascale: While our approach addresses many
scalability issues, bottlenecks remain when supporting highly con-
current Al workloads. Future research is needed on more efficient

workload distribution and adaptive scheduling for data-intensive
Arctic petascale modeling.

API and Data Interoperability: Integrating diverse data sources
in formats like NetCDF and HDF5 remains a challenge. While flex-
ible ingestion pipelines were created, future work will focus on
automatic data organization and building frameworks for rapidly
adapting to data schema changes.

Database Reliability at Petascale: Scaling the A-KBS’s Post-
greSQL database to petascale workloads presents directions for
new research into adaptive data partitioning, query optimization
for Al-driven workloads, and federated schema harmonization.
Security and Interoperability: A significant challenge lies in
consistently applying RBAC across a variety of different com-
puting systems and platforms. This is particularly difficult when
aligning with different security and data policies from multiple
institutions within a single, unified login system such as the
A-KBS.

5.2. Future research directions

Future research will prioritize:
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Developing Al-driven tools that automatically compose and con-
figure analysis pipelines to exactly meet user goals.

Developing cross-domain interoperability frameworks to seam-
lessly support multidisciplinary research and facilitate data ex-
change.

Creating dynamic personalization engines that tailor tool and con-
tent recommendations based on user roles, history, and domain.
Developing a framework to deploy and scale A-KBS endpoints
across a variety of HPC environments, including ACCESS-CI sys-
tems like Expanse.

6. Conclusion

In this paper, we have detailed the design, implementation, and
deployment of the A-KBS Science Gateway, a platform developed for
Al-assisted modeling of permafrost dynamics and other geospatial pro-
cesses. The A-KBS architecture leverages distributed and HPC backends
to provide a single-point access system. By removing the complexities
of underlying cyberinfrastructure, such as manual job scheduling and
data management on platforms such as the UND Talon HPC cluster,
the A-KBS lowers technical barriers for domain scientists. Its deploy-
ment and operational validation confirm its stability, scalability, and
foundational reliability as a tool for enhancing research into permafrost
dynamics and cryosphere-related sciences.

The A-KBS establishes a scalable foundation for future develop-
ment. By linking advanced scientific workflows to decision-support
frameworks, the gateway highlights a key role in translating complex
research into actionable insights for national security and Arctic infras-
tructure resilience. Future development will focus on a range of capabil-
ities that further broaden the platform’s utility. This includes enhancing
tools for processing highly concurrent, petascale workloads, facilitating
the platform’s deployment on HPC resources such as Expanse. The A-
KBS demonstrates the capacity of science gateways to accelerate data
workflows, and facilitate the processing of global-scale data leverag-
ing orchestrated, containerized applications, providing researchers and
collaborators with the tools required for accelerated post-processing
of Arctic data leveraging Al/ML workflows for enhanced insight and
decision support tools in both online and connectivity constrained
environments.
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