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INTRODUCTION TO AI2ES

The NSF AI Institute for Research on Trustworthy Al in
Weather, Climate, and Coastal Oceanography (AI2ES) is a
convergent center focused on Al for the Earth and envi-
ronmental sciences (ES) (McGovern et al. 2022). We are
developing novel AI methods for real-world high-impact

The NSF AI Institute for Research on Trustworthy AI in Weather, Climate,
and Coastal Oceanography (AI2ES) focuses on creating trustworthy AI for a
variety of environmental and Earth science phenomena. AI2ES includes lead-
ing experts from Al, atmospheric and ocean science, risk communication, and
education, who work synergistically to develop and test trustworthy AI meth-
ods that transform our understanding and prediction of the environment. Trust
is a social phenomenon, and our integration of risk communication research
across AI2ES activities provides an empirical foundation for developing user-
informed, trustworthy AI. AI2ES also features activities to broaden participation
and for workforce development that are fully integrated with AI2ES research on
trustworthy AI, environmental science, and risk communication.

environmental use cases that ensure that we address the
entire chain of relevant issues.

AI2ES has two primary goals. First, we are advancing
the state-of-the-art of foundational research in AI, ES, and
RC. Second, we are advancing understanding and predic-
tion of weather phenomena to improve societal resilience
to climate change and save lives and property. To achieve
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Ethical, Responsible, and Use-Inspired Al

FIGURE 1
highlighting the synergistic cycle of AL ES, and RC research. Our

Underlying research structure of AI2ES,

commitment to ethical, responsible, and use-inspired research
underlies all that we do.

these goals, we address three key topics: (1) Ensuring that
the developed AI methods are trustworthy' and meet the
needs of diverse groups of end-users; (2) developing novel
Al that revolutionizes our understanding and prediction
of high-impact environmental phenomena; and (3) creat-
ing new educational pathways to develop a larger and more
diverse AI/ES workforce.

Creating trustworthy AI for ES requires AI2ES to
address several key challenges. First, many Al for ES
applications directly impact lives and property. Further-
more, the AI methods are to be used in time-critical
situations. The phenomena of interest are often rare, lead-
ing to a sparsity of labeled training data; the available
data are multiscale and heterogeneous. ES applications
provide an additional challenge that does not occur in
many other Al applications: the need for AI models to
be physically grounded while capturing complex nonlin-
ear relationships. Finally, we must identify what is needed
for the AI to be deemed trustworthy by a diverse set
of end-user groups and create the necessary methods to
achieve this.

The institute’s work is structured as outlined in Figure 1.
Shown on the left is our key synergistic cycle that con-
nects foundational research in three areas: Al ES, and RC.
Likewise, our Al workforce development and broadening
participation efforts (shown in the middle) are also syner-
gistic and build on our foundational research. Underlying
all that we do is a focus on ensuring that our Al is ethical,
responsible, and use-inspired.

AI2ES RESEARCH

Given the overview nature of this paper, we highlight key
research in each of the three areas of the synergistic cycle
from Figure 1.

Generative AI: Generative Al, in particular attention-
based models, such as transformers, are enabling the devel-
opment of powerful Al-driven global weather forecasting

models. These AI models execute up to 1000x faster
than the numerical weather prediction (NWP) models
currently used operationally for weather forecasting, and
are starting to reach the resolution and accuracy of NWP
models. However, pixel-based accuracy is not a sufficient
measure for the usefulness of these models for real-world
weather forecasting. Do these models properly predict the
key features of storm fronts and tropical cyclones? Do they
capture the extremes of heat waves and precipitation?
Are the predicted fields consistent? Answering these
questions requires expertise in both generative Al, but
and meteorology, a perfect task for AI2ES. We are working
with private industry and NOAA to evaluate such models
and provide feedback to developers (Ebert-Uphoff and
Hilburn 2023).

Robust AI: We are developing a set of robust methods
for learning models from imperfect data. One aspiration
is to address the class imbalance and rare event prob-
lems, including characterizing the sample sizes needed for
achieving certain guarantees in performance. In Diochnos
and Trafalis (2021), we show that any learning algorithm
that generates a probably approximately correct (PAC)
model can be extended to learn a model that also has high
recall and high precision, while maintaining the efficiency
of the original algorithm.

We are also working to ensure that our AI meth-
ods are robust to noise and missing data. In Flansburg
and Diochnos (2022), we show that L;-regularization
can be an effective defense mechanism for regression
models that are subject to certain training-time attacks,
complementing a property of L;-regularization known
for classification models under test-time attacks. We are
currently exploring semi-supervised learning to build-in
robustness to labels that are noisy or that are missing
altogether.

Explainable and interpretable AI (XAI/IAI):
Explaining predictions of AI models is one aspect of
trustworthiness for end-users. The need to peer inside
the black box of Al and what the end-users need to see
of what the AI model is predicting is context dependent
(Wirz et al.). This includes visualizing input-output
relationships on data and other aspects of explana-
tion such as case studies and failure modes (Cains
et al. 2023).

Most XAI methods were not developed for ES domains
and understanding their applicability to the highly spa-
tially and temporally auto-correlated data prevalent in ES
domains needs to be investigated. Furthermore, most XAl
methods related to image-based tasks yield so-called atten-
tion maps that indicate where in an input image, a neural
network paid the most attention. However, different XAI
methods yield greatly differing attention maps. Lastly, the
resulting attention maps are usually interpreted visually
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by AI developers for clues on the strategies the neural
network is using, introducing a large potential for subjec-
tivity in interpretation. To address all of these aspects, we
developed two synthetic benchmarks (Mamalakis, Barnes,
and Ebert-Uphoff 2022; Mamalakis, Ebert-Uphoff, and
Barnes 2022) representative of Earth science processes that
provide ground truth not only for the neural network pre-
diction, but also for the corresponding attention maps.
Using these benchmarks, we identified key characteristics
of XAI methods for attention maps. This allowed us to
identify which XAI algorithms are most suitable to address
certain science questions and how their differing results
should be evaluated (Mamalakis, Barnes, and Ebert-
Uphoff 2022; Mamalakis, Ebert-Uphoff, and Barnes 2022).

Furthermore, while post hoc XAI methods focus on the
regions of the input that were most relevant to the net-
work’s prediction, they do not tell how the prediction was
made (Rudin 2019). Our team is building a suite of inter-
pretable neural network architectures that mimic the way
scientists interpret weather and climate patterns, allowing
the full decision making process to be tracked from start to
finish. One example of our IAI networks uses prototypical
samples (i.e., “this looks like that”) from the training input
to classify new samples at inference. However, for weather
and climate prediction, the global locations of atmospheric
and oceanic phenomena are vital in understanding and
predicting their downstream impacts on weather and cli-
mate extremes. Thus, our modified IAI network encodes
the spatial location of the prototypes as well, that is, “this
looks like that there” (Barnes et al. 2022). In this context,
we are also currently developing an explanation method
for image classification, where we do not allow overlap-
ping regions of an image to be plausible explanations for
different classes.

Uncertainty quantification (UQ): Given that many
environmental applications involve life-and-death deci-
sion making, integrating uncertainty quantification into
Al models that support the decision making process is
crucial. Our focus on UQ includes understanding the lim-
itations of existing methods for UQ for ES, developing
novel methods to represent uncertainty, and approaches
for communicating and visualizing uncertainty for and
with end-users. For example, in Haynes et al. (2023), we
review six different UQ approaches for neural networks—
from simple approaches to Bayesian neural networks—
and apply them to two environmental case studies. We
also highlight four different ways to evaluate such uncer-
tainty estimates, and use the case studies to illustrate how
to use them to identify which UQ methods yield reliable
estimates.

Responsible and ethical AI for ES: The use of Al is
growing exponentially across society, as well as within the

sciences. With this use, comes an increased understanding
of the need for ethical and responsible development and
deployment of AI for many use-cases. However, many Al
developers for ES do not see how the issues in the news
with AT affected their work on Al for ES applications. We
published an in-depth series of examples demonstrating
how AI can go wrong when naively applied to ES problems
(McGovern et al. 2022).

In our current work, we are focusing on the issue of bias
in Al models, specifically examining it for ES applications
(McGovern et al. 2023). While bias is not the only issue that
needs to be addressed for ethical and responsible use of Al,
it is a key issue. We have developed a classification of bias
modeled after the more general one discussed in NIST’s Al
risk management work. In our current work, we are div-
ing deeply into our four main bias categories and showing
how Al developers can address and manage these risks for
ES applications.

Use inspired research in ES: Grounding our
research: All of our work is use-inspired by phenomena
in atmospheric sciences and coastal oceanography. Our
use cases include: (1) convective hazards, meaning those
that are associated with strong thunderstorms, including
wind, hail, lightning, and tornadoes; (2) winter weather,
including visibility, snowfall, and freezing rain; (3) coastal
phenomena, including fog, forecasting cold stunning
events to save sea turtles, and understanding harmful
algal blooms; (4) tropical cyclones; (5) subseasonal to
seasonal prediction of diverse high-impact phenomena
including excessive rainfall events.

Risk communication: A crucial but often neglected
topic is how fundamental advances in Al for predictions of
ES hazards can be developed to provide information that
is needed, trusted, and used by professionals, scientists,
and expert decision makers, such as weather forecasters,
transportation officials, emergency managers, and nat-
ural resource managers. Treating Al models and XAI
as forms of risk information, the RC team leads con-
vergent, interdisciplinary, multimethod research across
AI2ES on trustworthy Al Initial studies have included ES
use cases such as severe hail, storm mode, and coastal
fog, with a focus on forecasters’ assessments of poten-
tial use and trustworthiness of Al-based guidance, and
how factors such as model verification and the abil-
ity to interact with the model output influence those
assessments. Drawing on research from fields as diverse
as risk communication and management, organizational
and social psychology, human-Al teaming, and trust
in automation, the team is contributing methodological
insights, as well as fundamental insights into the con-
textual and subjective nature of trusting and assessments
of trustworthiness.
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EDUCATION, WORKFORCE
DEVELOPMENT, AND OUTREACH

Our efforts to broaden participation and workforce
development are strongly connected. We overview key
parts here.

Developing an Al certificate program at Del Mar
community college: Our core components in the area
of education include close collaboration with a Hispanic
Serving Institution (HSI) community college. Del Mar Col-
lege (DMC) is a 2-year community and technical college
located in Corpus Christi Texas and leads the AI2ES effort
to bring Al and machine learning technologies to the local
workforce. The research team of four educators at DMC
has led the design and creation of a new Occupation Skills
Award degree program, consisting of five courses. Three
of the five courses are new for the Award and deal with
Al in general and machine learning algorithms for GIS
technology specifically. The courses have all been taught
to three cohorts of learners, leading to two cohorts of grad-
uates, most of whom transferred to our partner Texas A&M
University—Corpus Christi (TAMU-CC) to continue their
research and education in the ES.

Core diversity efforts: Both DMC and TAMU-CC
are HSIs, with major minority student populations.
DMC has made significant efforts to recruit both women
and minorities into their AI program. The college has
participated in numerous public recruitment efforts
revolving around public events including annual GIS Day,
Earth/Bay Day, and Hurricane Conference events. To
create a sustainable pipeline of secondary students from
high school to the college, annual summer STEM camps
have focused on local middle and high school students,
with an emphasis on minority girls. Research has noted
the need for outreach and recruitment in the middle
school years for girls, since they form their life goals and
plans much earlier than boys of the same age. The college
has completed two successful summer bootcamps, with
2023 adding returning campers to expand upon their
technology exposure and reinforce their bonds with DMC.

The DMC activities, some in collaboration with TAMU-
CC students and faculty, are the foundation of an AI2ES
student pipeline. Students enrolled in the new DMC GeoAl
classes and other computer science classes are introduced,
or reintroduced, to AI2ES opportunities. The close collabo-
ration between DMC and TAMU-CC faculty facilitates this
bridge. While the two organizations are in the same city,
the type of students enrolling at each institution is quite
different due to financial constraints and cultural differ-
ences, including not being familiar with the opportunities,
career paths, and financial support possible through
higher education. Pairing a community college and a

university with overlapping programs has been a very
productive practice to recruit a broader range of students
and launch them on an AI career for AI2ES. Community
College students are more likely to be first generation,
underrepresented minority, and not be aware of STEM
opportunities or their own potential. At present, seven
DMC students have been hired as undergraduate research
assistants at TAMU-CC while still being enrolled at DMC.
The context of a large Al institute has been invaluable for
these students. The biweekly site-wide meetings, and par-
ticularly participating in the AI2ES first live meeting and
presenting or co-presenting at the American Meteorolog-
ical Society conferences (15 student presentations in 2023)
have opened the eyes of many of these students to broader
possibilities and will help diversify our field. They now
dream bigger.

Internships and collaboration with industry: AI2ES
industry partners comprise an Industry Advisory Board
that offers their perspective on how the institute’s research
can help address important problems in the private sec-
tor. Industry collaborators are involved in many aspects
of the Institute’s research areas, participate as mentors for
student research projects, and offer summer internships.
These activities help prepare students for the workforce
while also catalyzing the transition of AI2ES research into
operations, thereby broadening the Institute’s impact and
enhancing its service to society.

EXAMPLE SUCCESS STORIES: TEXT
BOXES

Uncertainty quantification for tropical cyclone
intensity and track forecasts: Uncertainty quantifica-
tion and communication can be incredibly challenging.
We have explored a simple method for adding uncer-
tainty to almost any neural network regression task via
estimation of a general probability distribution (Barnes,
Barnes, and DeMaria 2023). We showed that this intuitive
approach can improve current tropical cyclone forecasts
of intensity, as well as their track, by adding uncertainty
estimates to an otherwise deterministic prediction. This
approach and product is currently being tested at the
National Hurricane Center.

Advancing the conceptualization of trustworthi-
ness: Drawing on trust-related literature across multiple
disciplines and fields, we have synthesized knowledge on
interpersonal trust, trust and risk perceptions, and trust
in automation (Bostrom et al. 2023; Wirz et al.). This syn-
thesis of trust theory, along with our ongoing empirical
research, informs our (re)conceptualization of trustwor-
thiness as being in practice a user’s subjective assessment
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for a specific situation, which may be affected by time
pressure and decision stakes, even when an AI/ML model
has been developed in accordance with trustworthiness
standards. The resulting potential misalignment between
developers and users is analogous to mismatches found
historically between lay and expert risk assessments of
other technologies, such as nuclear power. The AI2ES risk
communication team is co-producing these syntheses and
studies that build on them with AI/ML developers and
environmental scientists to advance the evaluation and
treatment of AI/ML trustworthiness in the ES.

CONCLUSIONS

AI2ESisleading the development of Al models for weather
and climate applications. The foundational methods devel-
oped by AI2ES will revolutionize our ability to predict,
understand, and communicate a variety of high-impact
weather hazards.
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