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Climate science, and earth sciences more broadly, have a strong computational focus, with the
development of executable models at the heart of much of their work. In many cases, these models
become the primary description of the science itself, displacing more traditional mathematical
formulations. Consequently, programming languages are now a core part of the computational
scientist’s toolbox. Within climate and earth sciences, Fortran remains the lingua franca for large-
scale Earth System Models, while C++ is used occasionally and Python is becoming increasingly
popular. More recently, Julia has become prominent through efforts such as the CliMA project,
whose aim is to build a new open ESM platform using more modern techniques [2].

Increasingly there are calls for more open and FAIR (Findable, Accessible, Interoperable,
Reusable) scientific software and data [12]. Scientists are increasingly sharing code, increasing the
possibility of reusing, extending, and composing existing models. Relatedly, several communities
have concluded that engineering effort must emphasize modularity and interoperability, e.g., in the
Earth System Modeling Framework (ESMF) [3], the Modular Earth Submodel System (MESSy) [5],
and the Basic Model Interface (BMI) and broader software ecosystem around CSDMS [11].

Our position, however, is that the general-purpose languages used for scientific modeling
often impede the science because they do not readily enable scientists to express and exploit the
domain-specific semantics of their models. A key example is dimensionality: physical equations
are meaningful only when they are dimensionally consistent, yet the most widely used mainstream
languages do not provide a standard way to express or statically enforce that consistency.! More
generally, it is often difficult to attach additional scientific meaning to variables, such as their ‘kind
of quantity’ or geographical scope (e.g., sea-surface temperature vs air temperature).

This missing expressivity shows up in naming conventions. For example, the Climate and
Forecast (CF) conventions provide standardised names that capture domain-specific contexts for
variables and datasets [1]. However, such names quickly become long and monolithic as they
accumulate concepts; symbolic, atomic names do not compose! For example, there are 198 names
associated with temperature (in v1.13 [1]). Four of these relate to air temperature:

e air_temperature

e air_temperature_anomaly

e air_temperature_at_cloud_top

e air_temperature_at_effective_cloud_top_defined_by_infrared_radiation

The result is that important scientific distinctions are forced into external naming schemes rather
than being expressed (and checked) compositionally inside the programming language itself.

We therefore argue that new language designs are needed that are better suited to capturing
the domain-specific meaning inherent in scientific models. This could include, but is not limited
to, dimensionality, units-of-measure, kind-of-quantity, geographical location, and physical process
assignment. One potential direction is to leverage intersection types [4] or extensible graded type
systems so that properties can be layered compositionally, building on the insight that units-of-
measure can be understood as graded monoids [7]. More broadly, this fits a longer computational-
science agenda for programming-language research: if programs now serve as scientific artifacts,
then languages should help expose scientific intent rather than obscure it [9]. This objective is
also closely aligned with the original aspiration of object-oriented programming, that programming
languages should be problem-oriented rather than computer-oriented [8], but with a focus on
scientific problems rather than general software engineering problems.

'F# is a notable exception through its units-of-measure system [6]. Other dynamic approaches are possible and in
C++ template-based approaches are maturing [10].
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