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Progress in Earth system science can be understood through a triad of approaches: hypothesis 
testing, model hierarchies, and metaphors. Models allow us to simulate and test processes, whereas 
metaphors provide intuitive, albeit simplified, frameworks that shape both scientific exploration and 
public communication. Two metaphors have proven particularly influential: the “ocean conveyor belt” and 
“tipping points”. The conveyor belt metaphor offers a powerful image of global ocean circulation and its links 
to abrupt climate change, despite neglecting critical complexities. The tipping point metaphor, imported 
from sociology, conveys urgency about abrupt and irreversible climate risks but often risks conflating 
robust thresholds with gradual processes. Both metaphors highlight the dual role of simplification: they 
facilitate hypothesis formation, interdisciplinary exchange, and communication, yet they also carry 
the risk of distortion when taken too literally. This perspective argues that metaphors in Earth system 
science should be used as heuristic devices and explicitly bounded by models and data. Responsible 
communication requires acknowledging uncertainties, clarifying where the evidence for thresholds is 
strong, and embedding metaphors into a broader narrative that emphasizes both abrupt and incremental 
climate risks. By balancing models, metaphors, and critical reflection, Earth system science can better 
inform governance and public understanding. Recognizing their dual role as both scientific constructs 
and communicative devices helps ensure that metaphors remain grounded in evidence while enhancing 
interdisciplinary dialogue.

Introduction
  Earth system science advances through an interplay among 
models, data, and conceptual framing. Hypothesis testing 
remains the foundation of scientific progress, but the com-
plexity of the climate system requires multiple strategies: a 
hierarchy of models spanning simple conceptual frameworks 
to comprehensive Earth system models (ESMs) and meta-
phors that communicate ideas across disciplinary and societal 
boundaries.

  These metaphors are particularly powerful. They con-
dense complexity into familiar images, enabling insights, 
guiding research, and making science accessible to policy-
makers and the public. However, they are double-edged: 
while they illuminate, they can also obscure. This perspective 
focuses on 2 central metaphors—the “ocean conveyor belt” 
and “tipping points”—and considers their role in shaping 
scientific discovery, interdisciplinary exchange, and climate 
communication.

  This study treats these constructs as both models and metaphors—
formal frameworks that originate within scientific theory but gain 
metaphorical significance when used across disciplines and in 
broader communication. Recognizing this dual role provides 
a foundation for examining how such concepts shape scientific 
reasoning and public discourse.   

When Concepts Become Metaphors
  To clarify the theoretical basis for this interpretation, this section 
draws on insights from the philosophy of science regarding how 
models and metaphors interact in theory building and commu-
nication. The terms “ocean conveyor belt” and “tipping point” 
originated as scientific idealizations, based on formal models and 
mathematical relationships describing circulation and nonlinear 
dynamics. Following the distinction in the philosophy of science 
between “idealized models” and “heuristic metaphors” [  1 –  3 ], 
these scientific concepts can acquire metaphorical functions when 
they migrate across disciplinary or societal contexts. In their origi-
nal use, these constructs have a definable ontology within their 
physical and dynamical frameworks. However, when employed 
as communicative devices beyond their formal definitions, they 
operate analogically, structuring understanding through similarity 
rather than strict representation.

  In this sense, both the “ocean conveyor belt” and “tipping 
point” have become scientific metaphors in practice; they retain 
scientific lineage but now serve as heuristic boundary markers 
between models, observations, and public imagination. This 
transformation is not unusual; many idealized scientific con-
structs (e.g., “gene” or “ecosystem resilience”) similarly evolve 
from formal entities into metaphors that guide reasoning, 
policy, and discourse.   
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The Ocean Conveyor Belt Metaphor
  Broecker [  4 ] introduced the ocean conveyor belt metaphor to 
describe the global overturning circulation driven by deep-
water formation in the North Atlantic. The image captures the 
concept of a coherent system transporting heat and carbon 
globally, linking the ocean to abrupt climate shifts.

  This metaphor was extraordinarily influential. It provided 
a framework for interpreting ice core evidence of rapid glacial 
climate oscillations [  5 ] and inspired hypotheses regarding 
multiple equilibria in the climate system [  6 ,  7 ]. It also facili-
tated cross-disciplinary exchange, enabling paleoceanogra-
phers, oceanographers, and modelers to communicate within 
a shared conceptual framework [  8 ].

  However, the ocean is not literally a conveyor belt. The metaphor 
neglects important dynamics such as Antarctic Bottom Water for-
mation, regional upwelling, eddies, and the 3-dimensional structure 
of circulation. Over time, numerical models refined this picture, 
showing that overturning is better understood as a collection of 
interacting processes rather than as a single, global “belt” [  9 ].

  Despite its inaccuracy, the metaphor shaped scientific discovery. 
As Brüning and Lohmann [  10 ] note, its success lies less in literal 
truth than in its role as a heuristic device. It motivated experiments, 
debates, and refinements, serving as a stepping stone toward a more 
nuanced understanding of ocean–climate interactions.

  Metaphors are not merely communicative tools but can also 
be epistemically generative. For example, the ocean conveyor 
belt metaphor shaped the design of measurement campaigns 
and spurred model development exploring ocean circulation 
pathways. In this sense, metaphors not only translate knowl-
edge but also create it, functioning as catalysts for hypothesis 
generation and discovery.   

The Tipping Point Metaphor
  The tipping point metaphor has a different origin. Popularized 
in sociology, Gladwell [  11 ] described thresholds in social sys-
tems at which small changes trigger rapid transformations. 
Climate scientists adapted the term in the early 2000s to convey 
the possibility of abrupt and irreversible shifts in Earth’s sub-
systems [  12 ,  13 ].

  This metaphor resonates strongly. It conveys urgency, irre-
versibility, and the potential for abrupt climate change—
features that have attracted both scientific and public attention. 
Lenton et al. [  14 ] introduced the concept of “tipping elements” 
in the Earth system, such as ice sheets, monsoons, and the 
Atlantic Meridional Overturning Circulation (AMOC), high-
lighting the risk of nonlinear thresholds.

  Scientific evidence for tipping points varies. Some processes, 
such as the irreversible retreat of parts of the Greenland or West 
Antarctic ice sheets, are supported by models and paleoclimatic 
records. Others, such as Amazon rainforest dieback, remain 
uncertain. For some systems, thresholds may exist but operate 
on millennial rather than human time scales.

  The metaphor’s communicative power is undeniable, but so 
are its pitfalls. As Russill [  15 ] and Russill and Nyssa [  16 ] argue, 
tipping points can overdramatize risks by suggesting imminent 
collapse across multiple subsystems. This framing can foster 
fatalism or erode trust if anticipated “collapses” do not material-
ize quickly. Equally problematic, the binary framing—safe until 
the threshold is crossed, unsafe afterward—may obscure the 
reality that gradual, cumulative changes are already dangerous.

  Recent critiques [  17 ] highlight these risks: oversimplification 
can conflate scientific concepts with policy targets, such as inter-
preting 1.5 °C of warming as a singular global tipping point. To 
avoid confusion, tipping points should be presented as one sub-
set of climate risks rather than as the defining narrative.

  The metaphor of tipping points spans 3 distinct domains: 
(a) physical thresholds supported by models and paleoclimate 
evidence, (b) statistical approaches that identify potential early 
warning signals, and (c) policy framings that use thresholds 
(e.g., 1.5 °C) to mobilize action. Conflating these categories 
risks misunderstanding both the nature of the evidence and 
intent of the communication.   

Case Study: Antarctic Ice-Shelf Cavities
  Recent modeling studies have demonstrated both the power 
and limitations of tipping point metaphors. Song et al. [  18 ] 
showed that the Filchner–Ronne Ice Shelf could reach a cavity 
tipping point during this century, where small shifts in ocean 
conditions trigger warm-water intrusion, rapid basal melting, 
and freshwater release. In contrast, the Ross Ice Shelf exhibits 
more gradual responses.

  The tipping point metaphor communicates the possibility 
of abrupt change; however, this study also illustrates its limita-
tions. Evidence is regional, thresholds depend on topography 
and hydrography, and outcomes vary across ice shelves. Such 
cases highlight the need to complement metaphors with detailed 
models and a process-based understanding.

  The notion of a potential “tipping point” initially guided the 
hypothesis that warm-water intrusions could trigger abrupt shifts 
in basal melt. However, detailed modeling has revealed that such 
thresholds are spatially heterogeneous and sensitive to cavity 
geometry. This illustrates how metaphors can help frame scien-
tific questions, while modeling constrains their applicability.   

Models, Metaphors, and Scientific Practice
  Both the conveyor belt and tipping point metaphors illustrate 
how science progresses through dialogue between models, data, 
and conceptual simplifications. Models of varying complexities—
conceptual, intermediate, and comprehensive—remain essential 
for hypothesis testing [  19 ]. Conceptual models clarify mecha-
nisms [  20 ,  21 ], whereas ESMs integrate coupled processes over 
long time scales.

  High-resolution models capture critical processes such as 
clouds, storms, and eddies, whereas ESMs explore long-term 
interactions and feedback. Neither approach is sufficient on its 
own; together, they form a hierarchy that connects processes 
across scales. Within this hierarchy, metaphors provide intuitive 
framing but should never substitute for explicit modeling.

  Metaphors, in turn, offer intuitive entry points, helping scien-
tists and nonspecialists navigate complexity. However, they must 
be treated as provisional rather than literal. Just as models are 
judged by their assumptions and domains of validity, metaphors 
must be bounded by context: useful for generating hypotheses and 
facilitating communication but not for definitive description.   

Interdisciplinarity and Communication 
Challenges
  Earth system science is inherently interdisciplinary, drawing on 
physics, chemistry, biology, and the social sciences. However, these 
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communities use different vocabularies, evidence standards, and 
priorities. Metaphors can bridge these divides by providing a 
shared language, but this comes at the cost of simplification.

  The challenge lies in balancing accessibility and accuracy. 
Policymakers and the public need narratives that highlight 
urgency, as well as explanations of uncertainty and gradual risk. 
Effective communication requires moving beyond metaphors 
alone to provide a context in which thresholds are well sup-
ported, which remain uncertain, and why decision-making is 
possible even under uncertainty.

  If metaphors dramatize risk, they should be paired with clear 
explanations of incremental changes and systemic vulnerability. 
For example, concurrent extremes, such as simultaneous heat 
waves and droughts, may not fit neatly into a tipping point frame-
work, yet they generate compound risks of equal or greater urgency.

  These metaphors also function as what Star and Griesemer 
[  22 ] termed “boundary objects”. Such flexible concepts enable col-
laboration across disciplinary and institutional boundaries while 
maintaining local meanings. As boundary objects, the “conveyor 
belt” and “tipping point” metaphors provide a shared cognitive 
and communicative scaffold for oceanographers, climatologists, 
and policymakers. However, their flexibility introduces ambiguity. 
Without careful framing, they risk obscuring mechanistic details 
or embedding normative judgments about stability, danger, or 
urgency. Recognizing their dual roles as epistemic and boundary 
devices underscores the need for explicit contextualization in both 
interdisciplinary and public communications.   

Policy and Public Implications
  The communication of metaphors matters for both governance 
and society. Overstated thresholds may draw political attention 
to specific risks while neglecting gradual impacts. Conversely, 
overemphasizing uncertainty can delay action.

  For policymakers, nuanced communication means distin-
guishing between well-supported thresholds (such as ice-sheet 
instabilities) and areas where evidence remains weak. For the 
public, it means emphasizing that harmful changes are already 
underway, whether or not dramatic “tipping” occurs.

  A graded communication strategy could help:

• � Emphasize that climate change is producing considerable 
and often irreversible impacts.

• � Clarify where evidence for nonlinear thresholds is strong 
and where it remains uncertain.

• � Frame uncertainty as inherent in complex systems and 
not as a weakness of science.

  Such framing empowers societies to act decisively without 
waiting for certainty or fearing inevitable catastrophes.

  For instance, in the AMOC debate, a graded communication 
strategy might stress that (a) the AMOC is already weakening, 
with observable climate impacts; (b) models and proxies sug-
gest possible nonlinear responses; and (c) even in the absence 
of a “collapse”, continued weakening poses serious risks. This 
approach maintains urgency without resorting to deterministic 
or alarmist narratives.   

Conclusions
  Metaphors are indispensable in Earth system science. The 
ocean conveyor belt and tipping point metaphors exemplify 
how simplified images can inspire discovery, structure debates, 

and engage society. However, they also demonstrate the risks 
of overextension: the ocean is not a conveyor belt, and not every 
climate change event corresponds to a tipping point.

  Metaphors should be used as stepping stones rather than 
endpoints. They are heuristic tools that generate hypotheses, 
foster interdisciplinarity, and aid communication; however, they 
must remain anchored in models and evidence. Responsible 
climate communication requires acknowledging both the value 
and limits of metaphors, clarifying uncertainties, and empha-
sizing that climate change poses urgent risks even in the absence 
of singular thresholds.

  By balancing models, metaphors, and critical reflection, Earth 
system science can strengthen its scientific foundations, improve 
communication across disciplines and to the public, and better 
inform governance in the face of climate change. Although these 
concepts originated as formal constructs within scientific mod-
els, their metaphorical evolution has enabled cross-disciplinary 
dialogue and societal engagement, provided that their heuristic 
nature is made explicit.

  Future work could further explore how metaphors evolve 
within scientific modeling practices and how their communica-
tive roles shape climate governance narratives.   
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