Geographical and Geospatial Sciences Committee (GGSC) Spring 2025 Meeting on June 11th:
Evolving Geodigital Data: Opportunities, Challenges & Disruptions

Evolving Role of Al in Earth Science: Foundation
Models and Accelerated Knowledge Discovery

Rahul Ramachandran*, PhD
Senior Research Scientist, NASA MSFC


https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.nationalacademies.org%2Four-work%2Fgeographical-and-geospatial-sciences-committee&data=05%7C02%7Crahul.ramachandran%40nasa.gov%7Cc76c40683f6b4e42bd5f08dda3b731d7%7C7005d45845be48ae8140d43da96dd17b%7C0%7C0%7C638846729860050011%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=foSismoZIq5ccPNK%2BHmQ66EMknYLlBu%2FOK1GFe%2F9eyY%3D&reserved=0
https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.nationalacademies.org%2Fevent%2F44530_06-2025_geographical-and-geospatial-sciences-committee-spring-meeting-2025&data=05%7C02%7Crahul.ramachandran%40nasa.gov%7Cc76c40683f6b4e42bd5f08dda3b731d7%7C7005d45845be48ae8140d43da96dd17b%7C0%7C0%7C638846729860072707%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=64EB22%2FHB0dLoUwqB4yoFFWqglUcEiwYKKGUxGRbCL4%3D&reserved=0

OFFICE OF THE CHIEF SCIENCE DATA OFFICER

SMD by the Numbers
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NASA needs to adopt more
efficient Data Science practices.




AlI/ML 5+1 strategy

The OCSDO will provide the Al
expertise, system engineering,
infrastructure, and training to
facilitate the development of...

Foundation models
one for EACH division

..and

1 Large language model
for ALL divisions
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Al Foundation Models: Tools
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FOU ndation Model Many Individual researchers
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Building These FM Requires OPEN Collaborations

AL TRAINERS
build tutorials w\al
Training waterialg;

best practices”

e

INFRASTRUCTURE
ENGINEERS Qch)
access, scaling (ata/

compute), optim?z&tign

SCIENCE EXPERTS
Curation of use cases,
ere_‘tm?v\ing data,
requirements, evaluation
data, validatio

=
% output
(=

FM FOR SCIENCE REQUIRE
OPEN COLLABORATIONS

ML ENGINEERS
imPleme_n't, train,
oplimize, o(eploy

.. AL RESEARCHERS
“aew architectures,
optimization functions,
adapters ete

DATA ENGINEERS
access, clean, &

préprocess data

e Diverse sKkill sets are required to
build a useful Al FM (beyond just
writing a paper)

e Compute resources

e Access to data

Difficult for a single team/organization
to do this well for science
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Requirements Driven by Science Use Cases

Digital Twin
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Prithvi-HLS (EO)-2.0: Versatile Multi-Temporal
Foundation Model for Earth Observation

e Improved version based on feedback from
users

e  Built on masked autoencoders (MAE) with
vision transformer (ViT) backbone

e Encoded temporal and location metadata as
weighted sums for better context

e Pretrained using NASA’'s Harmonized
Landsat Sentinel-2 (HLS) dataset
(2015-2024)

e Updated sampling capturing global land-use
diversity with 4-timestamp sequences (1-6
months apart)

e Trained on JUWELS HPC system with
distributed PyTorch for scalability

e V2 300M trained on 80 GPUs (11 days); V2
600M on 240 GPUs (10 days) , ,

e Performance validated On GEO-BENCH sauples are colorcsied m oranee t green while vahdation ses re visalsed i o, i, 1. versl serage pesfomaoce sl GEO-Beoeh dtcts

benchmarking suite Released Dec, 2024
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Prithvi-WxC: Foundation Model for Weather and Climate

Training signal

e  Prithvi WxC is a 2.3 billion parameter model trained on 160
variables from MERRA-2 data.
e Jointly developed by NASA, IBM Research, ORNL, and
several universities
e Pretrained for both forecasting and masked reconstruction - D
tasks
e Capable of reconstructing atmospheric states from partial ~ wput Output:
data and forecasting future states i matted YL, YL, YE), Y)Y,
Developed to address applications that aren’t focused solely on kbl el Sl sl e L
forecasting (parameterization, downscaling, etc) Released Sept, 2024

Downscaling

Model output statistics/bias correction
Multi-model ensembling
Parameterization

Data Assimilation

Detection

Tracking

Impact Modeling

GWs in the Southern Hemisphere, 30 km (10 hPa), 16-07-2015 01 UTC

GW structure, ERAS predicted flux: fine-tuned model

-6 -3 0 3 6 -1.0 -05 00 05 10
Temperature T (K) normalized flux u'w’




PRITHVI SUCCESS STORY

Applications

° Burn scar detection

° Flood water delineation
° Crop classification

e  Cloud gap filling

° LULC (HK region)

° Eddy covariance

° Insect damage estimation

° Locust breeding ground
prediction

° Semantic segmentation of
mangrove forest
Burn scar mapping: Maui Fire 8.13.2023]

Lty £ e (0 Community Developed Library

ArcGIS pretrained models

F—. TerraTorch

ESRI Living Atlas 3 Documentaton

Introduction to the model Overview

(IBM)

> Agricultural Field Delineation

> Arctic Seal Detection

TerraTorch is a library based on PyTorch Lightning and the TorchGeo domain library
main purpose is to provide a flexible fine-tuning framework for Geospatial Founda
interacted with at different abstraction levels.

> Building Footprint Extraction -
Africa

> Building Footprint Extraction -

Australia

Reuse

200K+
Downloads
(FMs and
Fine Tuned)

Source: Arnu Pretorius, Yusuf Ibrahim InstaDeep

NASA Data Systems Integration

Wetcome to i
Al-powered Earth Insights ‘. o
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Terra Mind - Multi Modal Model

Modalities

Modality-wise Tokenization

Correlation Learning

Downstream Applications

Sentinel-2 L2A
Sentinel-2 L1C
Sentinel-2 RGB

Sentinel-1 GRD
Sentinel-1 RTC

Digital Elevation
Model (DEM)

Vegetation
index (NDVI)

Land-use/
tand-cover
maps (LULC)

Image caption
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&>’ Decoder
R N s
OOOCOOCCc
Mask tokens

EN OH =N
ASHEC A Y

~  Encoder

Sampled input tokens

Multimodal Generation

HEEXE

Generate data based on
learned correlations

Fine-tuning

Native support for multi-modal inputs

Thinking in Modalitites (TiM)

B DB

TiM tuning with generated modalities

Johannes Jakubik et al. 2025- TerraMind: Large-Scale Generative Multimodality for Earth Observation

Multimodal foundation model for
Earth observation (EO)
Collaboration between IBM
Research — Europe, ETH Zurich,
Julich Supercomputing Center, ESA
Phi Labs, and NASA

Modalities — Sentinel-1, Sentinel-2,
LULC, NDVI, DEM, geographic
coordinates, and natural language
captions

Supports any-to-any generation of
modalities, such as text-to-image
generation, land-use segmentation,
geolocation prediction, vegetation
assessments, and caption
generation

Combining multiple modalities
typically provides better
performance than using any
modality alone
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Investigating WxC FM Through the Lens of Fundamental Scientific Principles

Objective: Evaluate Prithvi WxC model performance in the context of
adherence to fundamental physical constraints, consistency to QG in

midlatitudes, and consistency of flow evolution with respect to physical

processes
Science Experiments / Tests

Conservation of mass
Geostrophic balance
Hypsometric equation
Thermal wind

Radiative parameterization
Convective parameterization
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Fig. Mass of the atmosphere from Prithvi WxC model, comparison with
mass calculated from MERRA for 10-days forecast.
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Fig. Vertical profiles showing the difference between temperature and dew point temperature
across all forecast hours. The profiles in the second and third columns represent the heating
rate and the cloud mass fraction that is water at 2023-09-08T06 and 2023-09-10T06.
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A Primer for Assessing Foundation
Models for Earth Observation

A key challenge is selecting models suited for specific EO tasks.

e  Model selection currently depends on benchmark-based
evaluations of downstream tasks.

e EO tasks involve signals with complex spatial, spectral, and
temporal patterns, meaning an FM cannot be judged by
downstream performance metrics alone.

Primer introduces a structured assessment framework centered on
four questions:

1.  Pretraining Data: What are the characteristics of the data
used to pretrain the FM, including preprocessing?

2. Tokenization: How was the pretrained data modified and
structured before model input?

3.  Architecture: What are the model's architectural and design
choices?

4. Evaluation: Do the benchmarks test the model's ability to
differentiate relevant and representative signals in the data?

Ramachandran, R., Roy, S., Maskey, M., Szwarcman, D., & Fraccaro, P. (2025).
A Primer for Assessing Foundation Models for Earth Observation. Zenodo.
https://doi.org/10.5281/zenodo.15264752

A. PRETRAINING

(2) Input
Representation

(1) Pretraining Data
Characteristics

(4) Use Cases &
Benchmarks


https://doi.org/10.5281/zenodo.15264752
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Accelerated Knowledge Discovery:
Collaborator
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Accelerated Knowledge Discovery

>

Manuscript
Drafting

Al assists in drafting
scientific
manuscripts.

a

—_—
coo

Modeling &
Simulation

Al builds and
calibrates models.

Al Augmented Scientific Discovery
Cycle

S
-0
Data Analysis

Al processes and
interprets data.

Literature
Review

\ Al automates
\ literature searches
\_, and synthesis.

P
hypotheses.

Experimental
Design
Al optimizes
experimental protocols.

Change in the scientific discovery process
where Al will fully integrate into the research
workflow
o Integration of Al based on agentic
systems with contextual awareness
and sophisticated decision-making
This transformation envisions Al systems
transitioning from static tools to dynamic
collaborators, enabling human-Al symbiotic
scientific discovery.
A central tenet of the AKD paradigm is Al's
role as a "thinking partner," coupling human
insight and intuition with Al's computational
power and analytical capabilities.

Image Credit: Rahul Ramachandran
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Closed Loop Scientific Workflows (CLSW)

CLSWs — automated, self-updating experimental cycles
that operate within clearly defined boundaries

e Operate within a well-defined scientific scope that
includes a machine-readable statement of the
research question, hypotheses, success metrics,
and acceptable data domains

e Utilize an declarative inventory of approved tools
and services

e Autonomous closed-loops convert static
workflows into adaptive workflows to refine
hypotheses and execute experiments.

e Human-in-the-loop guardrails ensure scientific
rigor and ethical compliance without sacrificing
speed.

Human Insight

Closed-Loop Research Cycle

=l

Discovery
Phase

Initial findings
inform subsequent
steps

@y

Symbiotic
Discovery

Scalability and
Speed

@

nent

Insights refine
research questions

Task
Automation

Routine tasks
handled by
machines
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Image Credit: Accelerated Discovery Team

. Accelerated Discovery

Literature Search Agent

1. Search research articles published from 2020-2025 on
topic-oil palm classification that used Machine learning
approaches.

2. Group the papers

Literature Review Agent
1. For each group-Literature Review-summarize methods,
extract EO sensors and datasets used in each group
along with ML models from GitHub.

Research Gap Agent
1. For each group-extract overall research gaps.

Summary-Agent Report
1. Summary Agent Identify future avenues and strategies.

Compiler Agent
1. Compile report that gives overall gaps/limitation, dataset
and models, future avenues, generate citations, and
relevant code {Agent 5)

I'm activating the Literature Search Agent to find and group
relevant papers.

Found 2020-2025 research using Sentinel, Landsat, MODIS,
and UAV. Common ML models include RF, SVM, CNN. Topics
span tree detection, yield prediction, disease monitoring, and
multisource fusion.

Xu et al. (2021) - A New Machine Learning Approach in
Detecting the Oil Palm Piantations Using Remote Sensing
Data

Zheng et al. (2020) - Cross-regional Oil Paim Tree
Counting and Detection via Multi-level Attention Domain
Adaplation Network (MADAN)

Reviewing each selected paper with Literature Review Agent

to summarize methods, extract EO sensors, datasets, and
identify associated ML models and implementation details,

Analyzing: Xu et al. (2021)

Xu et al. {2021) - Used IGSO-RF with fused Sentinel-1 and
Landsat-8. Achieved 96.08% accuracy for palm
classification. No public GitHub repo available. Likely
implemented in Python,

[ Uterature Seaoh Agent > &S

Parameters

Output

Identified 2020-2025 research on ail
palm classtication using ML and remote
sensing. Common data sources: Sentinel,
Landsat, MODIS, UAV. Frequently used
maodels: RF, SVM, CNN, Studies cover
tree detection, age mapping, disease
moaitoring, and yield prediction. Notable
trends Inchude multisource fusion, GEE
wse, and mobile-based teals.

Guardrails

- . 082
Parameters

Output
Paper: Xu et al. (2021) - A New Machine
Learning Approach in Detecting the O
Paim Plantations Using Remote Sensing

Achieved 96.08% accuracy using IGS0-
RF mogel on fused Sentinel-1 and
Landsat-8 imagery for ail paim
classification. No public GitHub rapo
found. Likely implemented in Python.

Guardrails

) No GitHub availabie

(1) Model uses updated datasets and
methods

Parameters ~

Type of Review

Open Deep Search

Output

Guardrails

:

Output

Litefature Gap Agant o 52

o xa
R

J

Sign Up Login

Compler Agant

Output




OFFICE OF THE CHIEF SCIENCE DATA OFFICER

Multi-Agent Architecture: Trust is Foundational

[ Hum}gm, (1) Alignment with Open Science Principles
¢ > W 0 oL e agentic workflows support open data,
Eacution Erech N — code and results
s J Input
- D AGENT DETAILS
: J AGENT REPOSITORY T
\/{/xf ‘ N n /z’ Agent (LLMs) Global Context
i\"'“] O -\(\1/ Data Analysis Agent| Data Search Agent ot
il Input Guardrails

Code Generation

M S Literature Search
Modellloa Agent Visualization Agent Agent it Tool3
( o S‘TORM (e.g Semantic
Scholar API
e it mm M) Ch d<
~
0 TH N T lZ
(4) Reproducibility . e owor
o sn mh)
S
~

and Provenance Age ettt
e  Shareable, Outeut Guardrals
auditable,
repeatable (3) Adaptable and Extensible (2) Human Oversight and Oé
e  Stateful and e Use part or full workflow Scientific Accountability
deterministic* e Add new agents (and tools) e Scientist direct and verify

e Explainability/groundedness,
factuality & bias checks
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Link to Resources

https://science.nasa.gov/artificial-intelligence-science/

Artificial Intelligence Science Data Projects

Prithvi Geospatial Foundation Model

Pre-trained on Harmonized Landsat and Sentinel-2 (HLS) satellite data, the Prithvi Geospatial Foundation
Model helps Earth science researchers conduct Al-powered studies such as flood mapping, fire-scar
identification, and crop classification. The model is released openly on the Hugging Face platform.

Access the Model &

Prithvi Weather and Climate Foundation Model

The Prithvi Weather-Climate Foundation Model enables Earth science projects like hurricane tracking,
severe weather risk mapping, and renewable energy forecasting. It is pre-trained on Modern-Era
Retrospective analysis for Research and Applications, Version 2 (MERRA2) satellite data. The model is
released openly on the Hugging Face platform.

Access the Model &

INDUS Large Language Models

Named for the southern sky constellation, INDUS (stylized in all caps) is a suite of large language models
tailored for astrophysics, biological and physical sciences, Earth science, heliophysics, and planetary
science. The model is released openly on the Hugging Face platform.

Access the Model =




