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Abstract

There is a widely accepted gap between the production and use of climate information. It is also widely accepted that at least part
of the reason for this situation lies in the challenge of bridging between what may be characterized as ‘‘top-down’’ approaches to
climate information on the global scale, and local decision contexts, which necessarily take a ‘‘bottom-up’’ perspective, in which
climate change is just one factor among many to consider. We here reflect on the insights provided in a different context—that of
economics—by E.F. Schumacher in his celebrated book Small is Beautiful (1973), to see what light they might shed on this challenge,
with a focus on climate-change science for adaptation. Schumacher asked how economics might look if it was structured “as if
people mattered”. We ask the same question of climate-change science, and find many parallels. One is the need to grapple with
the complexity of local situations, which can be addressed by expressing climate knowledge in a conditional form. A second is the
importance of simplicity when dealing with deep uncertainty, which can be addressed through the use of physical climate storylines.
A third is the need to empower local communities to make sense of their own situation, which can be addressed by developing
‘‘intermediate technologies’’ that build trust and transparency. Much of climate-change science is necessarily big science. We argue
that in order to make climate information useable for adaptation, it is also necessary to discover the beauty of smallness.

Introduction
As climate change increasingly permeates public discourse, the
relevance of climate-change science continues to grow across
many different sectors of society. There has long been a call for
useable (or actionable) climate information, beginning already 50
years ago (1), and formalized in the launch of the World Mete-
orological Organization’s Global Framework for Climate Services
a decade ago (2). Yet despite this awareness and global effort,
it is widely accepted that there is a significant gap between the
production and use of climate information (3, 4). In the case of
climate services—defined by NRC (5) as “The timely production
and delivery of useful climate data, information, and knowledge
to decision makers”—Findlater et al. (6) argue that the gap re-
sults in part from the focus on better data rather than on bet-
ter decision-making. Even if user-informed, such a ‘‘top-down’’
approach adopts disciplinary-based measures of scientific qual-
ity, and is inevitably driven by the climate scientists themselves.
It thus violates the core principles of co-production, which has
a rich legacy in sustainability studies (7). Findlater et al.’s cri-
tique aligns with Coen’s (1) conclusion that in order to be use-
able, climate-change science has to break with the traditional re-
search/assessment/policy paradigm, and “[bring] into existence a
community of users”.

Whilst a ‘‘top-down’’ approach is necessary for a global
coordinated action of government policies to stay under the
Paris agreement target of 1.5◦C (mitigation), the local nature of

adaptation action requires the sort of ‘‘bottom-up’’ approach that
Coen (1) describes, while the global target is more aspirational,
represented broadly by the Sustainable Development Goals (SDGs;
Fig. 1), which concern vulnerability. (The Intergovernmental Panel
on Climate Change [IPCC] defines “Adaptation” as “the process of
the adjustment in natural or human systems in response to ac-
tual or expected climatic stimuli or their effects, which moderates
harm or exploits beneficial opportunities,” and “Mitigation” as “hu-
man intervention to reduce the sources or enhance the sinks of
greenhouse gases” (8). Climate information for adaptation aims
to reduce climate vulnerability.) To adopt such a ‘‘bottom-up’’ ap-
proach is, however, a radical proposition from a traditional cli-
mate science perspective. For example, Guldi (9) argues for de-
mocratizing the collection and production of climate information,
which goes against the oft-heard mantra of producing ‘‘authori-
tative” climate information (e.g. (10)). In the broader context of
sustainability, Wuelser et al. (11) argue for the need to find ways
of building common ground and constructing useable knowledge
from single case studies, whilst Szabo et al. (12) point out the
need for spatially disaggregated data in translating the SDGs into
practical actions to reduce vulnerability in tropical delta regions.
Both requirements go against the natural tendency of climate sci-
entists to aggregate data in the search for general explanations
(13), and necessarily embed climate-change science within a so-
cial context. Ultimately, the bottom-up imperative argues for look-
ing at climate-change science from a human perspective. Coen (1)
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Fig. 1. Contrast between the ‘‘top-down’’ approach in climate-change
science, which is needed for mitigation action, and the ‘‘bottom-up’’
approach needed for adaptation action.

captures this spirit when she suggests that in order to be use-
able, climate-change science needs to “[institutionalize] research
as care…. care for data and its analysis, and care for people and
their relationships.”

Nearly 50 years ago, the economist E.F. Schumacher published
his celebrated book Small is Beautiful (1973), where he asked how
economics might look if it was structured “as if people mattered.”
His question was motivated by the mismatch between the val-
ues enshrined in accepted economic principles and what people
actually care about. The emphasis on care is echoed by the quota-
tion from Coen (1) in the previous paragraph. There might seem
to be little connection between the practice of climate-change
science and that of economics. (In this piece we use the term
“climate-change science” to refer to the physical basis of climate
change, as reflected in the composition of Working Group I of the
IPCC, which might be viewed as the basic science behind climate
change. This usage is for succinctness and is not intended to be
normative or exclusionary. In particular, it is not meant to suggest
that applied science (such as engineering or health) is not part
of climate-change science in its wider sense.) However, climate-
change science is anchored in physics, and the philosopher of sci-
ence Nancy Cartwright (14) singled out physics and economics as
the two ‘‘imperialist’’ sciences (one natural, the other social) for
their tendency to seek general explanations of phenomena within
their domain. (Mirowski (15) discusses the historical interactions
between the two disciplines.) This parallel suggests that it may be
worthwhile to ask Schumacher’s question of climate-change sci-
ence. (By doing so we are not suggesting that economics holds any
privileged role in addressing climate risk, nor are we making any
judgement on the practice of economics.)

Thus, in this article, we ask how climate-change science might
look if it was structured “as if people mattered.” This is not a new
question to be asking, as it was the question asked by postnormal
science (16). More recently, Hulme (17) examined its implications
for what are perceived to be the knowledge gaps, and Schipper
et al. (18) examined its implications for thinking about interdis-
ciplinarity. Here, we tackle the question by considering a number
of concepts from Small is Beautiful, and translating them into the
context of climate-change science, which we believe provides yet
another angle on the issue. We do not address the practice of use
of climate information for decision-making, which raises political,
social, and economic issues (19)—and is beyond our expertise—
but confine ourselves to how the science itself can be reconfig-
ured to be more fit for purpose. Nor do we argue, as Sobel (20)
has, that climate science should be prioritized to address adap-
tation. Instead, we argue for better ways of constructing climate

information for adaptation. Our target audience is climate sci-
entists who are interested in making their research useable in
the context of climate adaptation and local climate risk. To make
things concrete, we begin with a case study which illustrates the
nature of the challenge. We then consider three distinct dimen-
sions of the challenge: grappling with complexity, the importance
of simplicity, and empowering local communities. The paper con-
cludes with a synthesis.

Case study: eastern South America
In the austral summer of 2013/14, eastern South America expe-
rienced one of its worst recorded droughts (21, 22). Associated
with the drought, extremes of air temperatures occurred over land
and at the same time an unprecedented marine heatwave devel-
oped in the western South Atlantic (23). These compound extreme
events were associated with the failure of the South American
Monsoon System, which is characterized by the development of
the South Atlantic Convergence Zone (SACZ) during austral sum-
mer (Fig. 2a). During the summer of 2013/14, however, the devel-
opment of the SACZ and its associated rainfall were inhibited,
leading to the drought (Fig. 2b). Reduced cloud cover then al-
lowed more solar radiation to reach the surface, leading to land
and marine heatwaves in the region (Fig. 2c). The anomalous at-
mospheric circulation that led to the compound extremes was
remotely caused by tropical convection in the Indian and Pacific
oceans (21, 22, 23).

This compound extreme event led to water and power short-
ages in southeast Brazil, a region that is heavily populated, home
to more than 80 million people, and responsible for 60% of the
Brazilian gross domestic product (Fig. 2d and e). It reduced Brazil-
ian soy, coffee, and sugarcane production, impacting food supplies
globally and increasing worldwide prices (24, 25). It decreased the
production of oysters and the catch of some commercially im-
portant fish species, while decimating clams along the southern
coast of Brazil (26). It affected human health by increasing the
risks of heat strokes and vector-borne diseases, causing a dengue
fever outbreak that tripled the usual number of fatalities (27). In
addition, compound events like this have a disastrous impact on
ecosystem degradation and loss of land and marine biodiversity.

Clearly, if this event is in any way a sign of things to come from
climate change (see (28)), it would have major implications for
climate adaptation in southeast Brazil. However, answering this
question is not easy. The proximate cause of the event was the
anticyclonic circulation anomaly, which inhibited the seasonal de-
velopment of the SACZ, inducing both the drought and the land
and marine heatwaves. Although such circulation anomalies ap-
pear to have become more frequent and intense in recent decades,
along with concomitant changes in precipitation (29, 30), the ob-
servational record is not long. With regard to guidance from cli-
mate models, rainfall variability in this region is not well rep-
resented in its main observed characteristics such as high per-
centiles, seasonality, and spatial variability (31). This may reflect
the fact that the models are unable to reproduce the transition be-
tween tropical and subtropical climates in this region as well as
the passage of frontal systems. Moreover, rainfall variability over
eastern South America is strongly affected by remote phenom-
ena ranging from subseasonal to decadal time scales, such as the
Madden–Julian Oscillation and El Niño–Southern Oscillation (32,
33), as was the case for this event. Yet climate models largely re-
main unable to realistically simulate these phenomena and their
teleconnections. When it comes to the expected response to cli-
mate change, the climate models give a mixed signal over this
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Fig. 2. The 2013/14 compound extreme event: (a) precipitation (mm/day) averaged over austral summer (December–March) for the period 1979–2020;
(b) anomalies of precipitation averaged over the summer of 2013/14; (c) anomalies of sea surface and air temperature (shading,◦C) and winds (vectors,
m/s) averaged over the summer of 2013/14; (d) images of the main water supplier for São Paulo city (Cantareira reservoir) and crop failure during the
summer of 2013/14; and (e) schematic of the consequences of the drought and heatwaves for the region. In (a), the SACZ is a band of strong
precipitation associated with a cyclonic circulation (low-pressure center “L”) over eastern South America that channels moisture from the Amazon
toward southeast Brazil (solid white arrow). In (b), a persistent anticyclonic circulation (high-pressure center “H”) established itself over southeast
Brazil shutting off the climatological moisture flux and leading to the drought and heatwaves. Details of the data used in this figure can be found in
the Data Availability Statement.

region in its wet summer season, with some models simulating a
robust wetting and some a robust drying (see Fig. 2a of (34)).

This situation, with limited long-term data records, a poor rep-
resentation in climate models of the relevant physical processes
behind extreme events, and ambiguous model predictions of the
forced response to climate change, is not specific to this region
and is particularly characteristic of countries in the Global South
(13, 34). This is illustrated by Figure SPM.3 of IPCC (35), which ex-
plicitly identifies the regions for which there is limited data and/or
literature on past changes, and/or low confidence in the human
contribution to those changes due to limited evidence.

Grappling with complexity
We start from the point that climate-change science is anchored
in physics, which seeks general explanations based on funda-
mental physical principles such as the first law of thermodynam-
ics. This foundation underpins consensus statements on climate
change and is sufficient to justify urgent action on climate miti-
gation and the imperative to reach net zero greenhouse gas emis-
sions as soon as possible. Such a framing of climate informa-
tion corresponds to what Stirling (36) characterizes as ‘‘singular,
definitive.’’ However, when it comes to information for climate
adaptation, which is inherently local, the significant uncertainty
in the response of atmospheric circulation to climate change, in-
cluding the dynamical conditions conducive to weather or climate
extremes, precludes confident statements (37). Here, the state of
knowledge is more accurately characterized as ‘‘plural, condi-
tional’’ (36), as exemplified by our case study. The complexity is

only exacerbated for climate impacts, leading to what has been
described as a ‘‘cascade of uncertainty’’ (38). Stirling (36) argues
that under such conditions, scientists should resist the pressure
(or temptation) to create singular, definitive statements, and “keep
it complex”. Our first quotation from Schumacher echoes this call:

“G.N.M. Tyrell [a British mathematician, physicist, radio engineer,

and parapsychologist (1879–1952)] has put forward the terms ‘di-

vergent’ and ‘convergent’ to distinguish problems which cannot

be solved by logical reasoning from those that can… The physical

sciences and mathematics are concerned exclusively with conver-

gent problems… The price, however, is a heavy one. Dealing exclu-

sively with convergent problems does not lead into life but away

from it.” (p. 76; page numbers for quotations are from the 2011

Vintage version of Schumacher (39).

We can re-interpret Schumacher’s ‘‘convergent’’ problems—
not to be confused with the very different NSF concept of Conver-
gence Research (https://www.nsf.gov/od/oia/convergence/index.j
sp)—as those amenable to a ‘‘singular, definitive’’ framing of cli-
mate information, and his ‘‘divergent’’ problems as those requir-
ing a ‘‘plural, conditional’’ framing. The implication is that if cli-
mate scientists are to institutionalize research as care, they need
to be prepared to grapple with problems that do not have a clear
answer and require a ‘‘plural, conditional’’ framing of climate in-
formation, including multiple perspectives (18).

Yet, climate-change science as it is currently practiced tends
to frame the scientific questions as ‘‘singular, definitive’’ ones.
It does this by focusing on projections from climate mod-
els and emphasizing where there is consensus amongst them,
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acknowledging uncertainty but not really exploring it. Consensus
is achieved by a focus on certain kinds of phenomena (e.g. ex-
treme temperatures on either daily or seasonal timescales, rather
than on multiweek timescales, which may be more impactful but
are less reliably represented in climate models) or through spatial
aggregation. Shepherd (40) characterizes this approach as a focus
on reliability over informativeness. The use of ‘‘risk indices’’ based
on meteorological fields alone, as a proxy for climate impacts, is
another common way to achieve a ‘‘singular, definitive’’ framing,
yet it is well-recognized that extreme meteorology does not nec-
essarily correspond to extreme impact (41). Finally, homogenized
and gridded data products, whilst they facilitate scientific analysis
and certainly have their role, can lead to artefacts from temporal
inhomogeneities, such as spurious trends (42). This is indeed an
issue for precipitation trends in the region of our case study. In
that case, local station data may be more informative, although
would not be considered to be of the same scientific quality as
the homogenized and gridded products, and might be difficult to
include in scientific publications.

The focus on ‘‘singular, definitive’’ problems is also expressed
in the still common practice across most published climate-
change science to interpret ‘‘statistical significance’’ in a dichoto-
mous true/false manner, and avoid the articulation of multiple
plausible hypotheses, which would allow a ‘‘plural, conditional’’
framing of uncertainty (43). This is particularly apparent in the
practice of probabilistic event attribution, which is the most com-
mon form of event attribution. In a probabilistic event attribution
of the drought described in our case study (albeit analyzing the
longer period 2012–2016), Martins et al. (44) found “insufficient ev-
idence” that climate change increased drought risk. We might well
ask, “insufficient for whom?”. What they meant was insufficient
to reject the null hypothesis of no effect from climate change. This
conclusion was based on the fact that two of the climate models
used (which were from the same model family) predicted a de-
crease in drought risk, and that when combining estimates from
observations and models, the uncertainty straddled zero anthro-
pogenic effect (see their Fig. 13.2(i)).

However, by adopting such a ‘‘singular, definitive’’ framing, this
reasoning not only violates several logical errors (43), but also
avoids the important question, “insufficient for whom?” In fact,
the observed record suggests increasing drought risk in this region
(see Fig. SPM.3c of (35)), and both the precipitation trends shown
in Fig. 13.2(i) of Martins et al. (44), as well as the CMIP5 model re-
sults reported there, point toward increasing precipitation deficit.
Given the observed trends, and the climate models’ inability to ad-
equately represent rainfall variability in this region, can we afford
to wait until we have more confident attribution statements to
provide decision-makers with the information necessary to plan
and adapt? The focus on statistical significance rather than rel-
evance for decision-making is an example of what Schumacher
describes as “[deriving] ‘‘reality’’ from a conceptual framework,
instead of deriving a conceptual framework from reality” (p. 240).

How, then, to represent relevant knowledge in the face of such
uncertainty? As Schumacher says, “The future cannot be forecast,
but it can be explored” (p. 201). In particular:

“We can [talk with certainty] about future events only on the ba-

sis of assumptions. In other words, we can formulate conditional

statements about the future… [Such a statement is] not a fore-

cast or prediction…but an exploratory calculation, which, being

conditional, has the virtue of mathematical certainty.” (p. 190)

Since climate-change science in anchored in physics rather
than mathematics, we can replace Schumacher’s ‘‘mathematical

certainty’’ with ‘‘singular, definitive’’ knowledge. Each condi-
tional statement can be ‘‘singular, definitive’’, but together the
representation of knowledge is ‘‘plural, conditional’’. That fu-
ture climate and the space for future action are conditional on
anthropogenic climate forcings and socio-economic structures,
respectively, is not in any way controversial for climate scientists,
and is represented in the RCP–SSP scenarios (45) used by the
IPCC for its analysis. However, the standard approach of both
physicists and economists is to make general predictions (known
as projections) that are conditional on those scenarios. Schu-
macher is challenging us to go further and to represent all our
knowledge in conditional form. Such an approach grapples with
complexity by accepting that nature is governed by a patchwork
of laws (14), knitting together different kinds of knowledge within
a conditional framework. There exists a growing set of tools for
doing so, within a framework known as Decision Making under
Deep Uncertainty (46).

The importance of simplicity
Climate-change science is, without a doubt, big science. The
satellite-based measurement systems which provide a global per-
spective on the changing planet are massive scientific and tech-
nical efforts, while the climate simulation models which embody
our knowledge of physical laws represent human and technolog-
ical investments on a similar scale. No climate-change scientist
would seriously suggest that we could do without these assets.
But that does not mean they are sufficient. It is widely recog-
nized that satellite-based measurements are generally quite in-
direct inferences, heavily dependent on mathematical models of
the measurement process, and need to be complemented by in
situ measurements. When it comes to climate models, their un-
quantifiable uncertainties mean that whilst the models need to be
taken seriously, they should not be taken literally (47). Despite the
big science behind measurements and models, we are left with a
patchwork of knowledge.

Railing against big technology (rather than big science), Schu-
macher wrote:

“Today, we suffer from an almost universal idolatry of giantism. It

is therefore necessary to insist on the virtue of smallness—where

this applies.” (p. 49)

Here, we have the essence of Small is Beautiful. Yet the last
three words in the quotation are crucial: big approaches have
their place; it is just that there needs to be an appropriate
balance between big and small approaches, and the balance
will depend on the decision-making context. Schumacher ar-
gued that economics was out of balance in this respect; we ar-
gue the same today for climate-change science for adaptation.
How can such an imbalance arise? Schumacher offers several
clues:

“It is a fixation in the mind, that unless you have the latest [tech-

nology] you can’t do anything at all, and this is the thing that has

to be overcome.” (p. 182) “…it is rather more difficult to recapture

directness and simplicity than to advance in the direction of ever

more sophistication and complexity” (p. 127) “…in modern times

all too little attention has been paid to the study of ideas which

form the very instruments by which thought and observation pro-

ceed” (p. 63).

All these statements ring true in the context of climate-change
science, and point to the importance of simplicity. This might
seem like a contradiction with the call of the previous section
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Fig. 3. Causal network for the case study illustrated in Fig. 2. Arrows indicate direction of causal influence but can include the effects of feedbacks.
The purple shading indicates elements whose causality lies in the weather and climate domain, the blue shading indicates the hazards, the gray
shading exposure and vulnerability, and the green shading the impacts. Causal networks allow one to navigate the cascade of uncertainty involved in
such a complex risk landscape through the device of conditionality, which means specifying the state of some of the nodes in the network. By, thereby,
seeking conditional rather than unconditional predictions, counter-factual outcomes and system sensitivities can be explored in a targeted way. See
text for further details.

to grapple with complexity, but it is not. The point is that in
order to respect the complexity of the real world, our methods
of analysis need to remain simple enough to be interpretable and
open to interrogation, rather than offering what Parker and Ris-
bey (48) describe as ‘‘false precision’’ (see also (4)). As Schumacher
notes:

“Crude methods of forecasting…are not likely to lead into the

errors of spurious versimilitude and spurious detailing” (p. 195)

“If the forecasts were presented quite artlessly, as it were, on

the back of an envelope, [the person using the forecasts] would

have a much better chance of appreciating their tenuous char-

acter and the fact that, forecasts or no forecasts, someone

has to take an entrepreneurial decision about an unknown

future.” (p. 196)

The relevance of this statement in our context is obvious. In
the previous section, we argued for representing relevant knowl-
edge about climate adaptation and local climate risk in a condi-
tional manner. Shepherd (40) calls this the ‘‘storyline” approach
to regional climate information, and suggests the use of causal
networks since they are grounded in Bayesian (conditional) logic
(49). In contrast to data-driven methods such as machine learn-
ing, which are challenged by physical consistency and hence
by physical interpretability (50), causal networks incorporate do-
main knowledge and can be used to explore counter-factual sit-
uations in a straightforward manner (51). Fig. 3 represents our
case study from this perspective. The devastating impacts, which
spanned the water–energy–food security nexus, were caused by
both drought and heatwaves, which themselves were the result
of local circulation conditions, mediated by cloud cover and rain-
fall. This introduces a strong element of correlated risk, which
storylines are specifically designed to represent. For example, a
physical climate storyline with local meteorological fidelity could
be constructed to represent the possibility of a weakening SACZ

and decreasing summertime precipitation in this region, to ex-
plore high-impact outcomes and avoid the sort of false-negative
errors that the probabilistic event attribution described in the pre-
vious section is prone to (40, 52). But at the same time, the role
of nonclimatic factors such as those indicated in gray shading in
Fig. 3 could also be considered, and potentially even modeled if
suitable modeling tools were available. In this way, both local li-
ability and the value of future adaptation options for risk reduc-
tion can be considered. A strong benefit of the storyline approach
(and of Bayesian reasoning more generally) is that causality is not
represented in a dichotomous manner. Rather, the role of multi-
ple causal factors can be explicitly quantified in a logically self-
consistent manner.

Causal networks are an expression of conditional hypotheses
(53). Their structure is, thereby, explicitly subjective (i.e. depen-
dent on which hypotheses are imposed, which is a matter of ex-
pert judgement, and thus reflects the particular perspective of the
knower), which goes against the desire by climate scientists to be
objective. So-called ‘‘frequentist’’ methods of analysis may give
the appearance of objectivity, but they only achieve this by bury-
ing subjective choices and by adopting rules of inference which
have no basis in logic and can violate common sense (43). In the
end, there is no avoiding bringing values into climate-change sci-
ence, and no such thing as ‘‘pure’’ objectivity (54). The goal is,
rather, transparency and logical rigor. This argues strongly for
Bayesian approaches, the results of which are much easier for
decision-makers to interpret (55). How far one chooses to go down
the Bayesian road will depend on the context, but at the very
least, one needs to clearly specify one’s hypotheses and the evi-
dence to be considered (or not considered), and anchor the analy-
sis in physical knowledge. That makes risk assessment more than
a tick-box exercise, which aligns with Schumacher’s emphasis on
the importance of ideas over sophisticated technologies (see ear-
lier quotations).
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Empowering local communities
The impacts of climate change are global in scope, but are ul-
timately felt at a local scale. It is, therefore, essential that local
communities have the means to make sense of their own situa-
tion, and use that understanding to inform local decision-making.
However, their ability to do so depends on what is deemed to con-
stitute reliable knowledge. It follows that this issue is inseparable
from the themes of the two previous sections. The IPCC detection-
attribution framework (56) explicitly states that scientific analysis
of climate change should not be motivated by observations, but
instead by process understanding (which is generally interpreted
as model projections); and that confounding factors need to be
adequately controlled for. Both recommendations are entirely or-
thodox from a scientific perspective, but the inevitable result is
to disenfranchize local, contextual knowledge. If the only form of
reliable knowledge is considered to be general (rather than con-
ditional) and produced by sophisticated tools, then there will in-
evitably be a power imbalance between rich and poor. This is most
clearly apparent between Global North and Global South (57), but
it will also be the case within-country, and even between different
communities occupying the same region but with different levels
of vulnerability.

Exactly the same issue arises in economic development, of
course, and was of great concern to Schumacher. His first appeal
was to meaning-making (for which he used the word ‘‘intelligi-
ble’’):

“When a thing is intelligible you have a sense of participation;

when a thing is unintelligible you have a sense of estrangement.”

(p. 65)

This statement recognizes that the first step to empowerment
is a sense of participation, and therefore, of agency. And this re-
quires intelligibility, by which we mean the ability to make sense
of one’s own situation. Intelligibility (and meaning) is achieved
partly by respecting the complexity of a local risk landscape,
which values local knowledge and devalues generalized or aggre-
gate descriptions; and partly by employing simple methods of rep-
resenting knowledge. The latter corresponds to what Schumacher
calls ‘‘intermediate technology’’, by which he means methods
that are simple but not elementary:

“The idea of intermediate technology does not imply simply a ‘‘go-

ing back’’ in history to methods now outdated… The real achieve-

ment lies in the accumulation of precise knowledge, and this

knowledge can be applied in a great variety of ways, of which the

current application in a modern industry [namely using the most

sophisticated tools available] is only one.” (p. 155)

By ‘‘technology’’ Schumacher was referring to physical equip-
ment; in our case we need to re-interpret ‘‘technology’’ as meth-
ods of producing and analyzing climate information. An example
of a simple but not elementary analysis method in climate science
is the use of causal networks to understand atmospheric tele-
connections, which underpin climate variability. In their simplest
form causal networks reduce to humble regression, yet they bring
together physical and statistical understandings of teleconnec-
tions within an intelligible framework (58). They can, therefore,
provide a key component of physical climate storylines, to con-
nect global to local aspects of climate change. For example, in our
case study, both climate change and natural variability can affect
the teleconnections from the Indian and Pacific oceans that lead
to local persistent anticyclonic circulation and drought in eastern
South America (Fig. 3).

The use of simple analysis methods such as causal net-
works and storylines not only lets ideas flourish (to return to
an earlier point of Schumacher’s), and thereby creates intelligi-
bility (or meaning-making), but also democratizes the produc-
tion of climate information, which is also an important princi-
ple for economic development. In his context, Schumacher put it
thus:

“It is therefore more important that everybody should produce

something than that a few people should each produce a great

deal.” (p. 144).

The implication for us is that climate information should be
produced by many people, spread around the world, rather than
by a small number of experts. In order to achieve this end in the
case of technology, Schumacher proposed the following modus
operandi:

“The real task may be formulated in four propositions:

- First, that workplaces have to be created in the areas where peo-

ple live…

- Second, that these workplaces must be, on average, cheap…

- Third, that the production methods employed must be relatively

simple…

- Fourth, the production should be mainly from local materials

and mainly for local use.” (p. 145)

In our case we are talking about climate information, so lo-
cal ‘‘workplaces’’ can draw on the entire worldwide storehouse
of climate information. What would Schumacher’s ‘‘four propo-
sitions’’ mean for climate-change science for adaptation? Sim-
ply put, intelligible climate-change science for local adaptation
must be created locally by the local scientific community with
the engagement of a community of users from the beginning of
the production process (7), using accessible and simple tools. Not
only does this ensure intelligibility, but most importantly it takes
into consideration forms of expert knowledge based on opera-
tional and local experience (59). An example is the Household
Economy Approach (60), which uses detailed socio-economic data
to simulate the effect of climate and other shocks on household
income and food access, and is widely used by governments in
Africa for decision-making to avoid impoverishment and erosion
of household resilience. Young et al. (61) show how this approach
can be embedded within a causal network to develop storylines
of climate-related food security risk for a particular region of
Namibia.

Deriving the conceptual framework from reality, rather than
the other way around, finesses the oft-mentioned problem of
“bridging the gap between complex risk information and decision-
making” or “translating complex risk information for decision-
makers.” In particular, climate information is brought directly into
the decision-making framework. This is particularly important for
the Global South, where human resources, funding, and system-
atic data are limited, whilst local knowledge is rich and abun-
dant. Yet the same situation arises in regions within the Global
North as well. For example, in the Canadian Arctic, the standard
data products for environmental conditions can be difficult to use
in the field or to combine with more trusted indigenous knowl-
edge (62). Incorporation of indigenous knowledge from the out-
set in co-development of data products can provide more useable
climate information, thereby empowering local communities to
make sense of their situation and argue their case in contested
decision-making contexts (63).

Challenges with regard to equity and legitimacy should be ad-
dressed by creating frameworks that enable the establishment
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of equitable partnerships. This requires a shift in perspectives
on, and processes related to, the design, implementation, and
evaluation of success (64). We propose a structure consisting of
a nonhierarchical ecosystem of communities of practice—like
a mycorrhizal network, sharing resources rather than compet-
ing for them, and anchored by ‘‘mother trees’’ (65). In this way,
long-term, equitable, and trusting partnerships can be nurtured
through a variety of mechanisms, including training, thereby
empowering local communities to produce their own climate
information and acquire a sense of intelligibility and partici-
pation. For this to happen, however, continuity is crucial. The
rapid turnover in many organizations (e.g. government ministries)
works against the use of ideas and places an emphasis on num-
bers, which are easily transferred from person to person. This
also devalues local, contextual knowledge, and thus must be
resisted.

Conclusion
We have made great progress in climate science, and today we can
comfortably say that climate change is real and is unequivocally
driven by human activity. Climate science also tells us that we
should limit human-induced global warming to a specific level,
and this requires strong reductions in greenhouse gas emissions.
Mitigation to achieve our vital goals, we know, requires in turn
global coordination and government policies. Thus ‘‘top-down’’
approaches to climate information serve us well for mitigation
goals.

However, there is a widely accepted gap between the produc-
tion and use of climate information for adaptation. It is also
widely accepted that at least part of the reason for this situation
lies in the challenge of bridging between ‘‘top-down’’ approaches
to climate information on the global scale, and local decision con-
texts which necessarily take a ‘‘bottom-up’’ perspective, in which
climate change is just one factor among many to consider. We ur-
gently need climate-change science to guide adaptation policies
that will minimize the vulnerability of societies across the world
by reducing exposure and sensitivity to climate hazards and by
enhancing the capacity of communities to proactively adapt to
evolving climate risks. We also know that many of the adaptation
policies have mitigation benefits as well.

We need to grapple with the complexity of local situations, our
local reality. However, simplicity is important when dealing with
deep uncertainty. We need to empower local communities to be
able to make sense of their own situation, which can be addressed
by developing methodologies for producing and analyzing climate
information that build trust and transparency. As Schumacher
says:

“Needless to say, wealth, education, research, and many other

things are needed for any civilization, but what is most needed

today is a revision of the ends which these means are meant to

serve.” (p. 249)

Much of climate-change science is necessarily big science. But
in order to make climate information useable for adaptation, it is
also necessary to discover the beauty of smallness. Again, Schu-
macher enlightens us:

“Science and engineering produce know-how; but know-how is

nothing by itself; it is a means without an end, a mere potentiality,

an unfinished sentence. Can education help us to finish the sen-

tence, to turn the potentiality into a reality to the benefit of man?”

(p. 62)

To translate this into our context: science produces climate
information; but climate information is nothing by itself; it is a
means without an end, a mere potentiality, an unfinished sen-
tence. Can this new paradigm, of climate-change science as if people
mattered, help us to finish the sentence, to turn the potentiality
into reality to the benefit of all?

Funding
T.G.S. acknowledges funding from the European Union’s Hori-
zon 2020 Research and Innovation Programme under the grant
agreement number 820712 (RECEIPT). R.R.R. is supported by Rede
CLIMA (FINEP 01.13.0353-00) and INCT-MCII (FAPESP 2014/50848-
9, CAPES 88887.136402-00, and CNPq 465501/2014-1).

Acknowledgements
The authors wish to acknowledge the World Climate Research
Programme’s lighthouse activity ‘My Climate Risk’, which led to
this collaboration. We are grateful for the constructive feedback
provided by the reviewers and the Editor.

Author Contributions
Both authors jointly conceived and wrote the piece.

Data Availability Statement
The SST and atmospheric data used in Fig. 2 are freely avail-
able from www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v
2.highres.html (66) and http://apps.ecmwf.int/datasets/data/int
erim-full-daily/levtype=sfc/ (67), respectively. The precipitation
data are provided freely at www.esrl.noaa.gov/psd/data/gridded/
(68).

References
1. Coen DR. 2021. A brief history of usable climate science. Clim

Change. 167:51.
2. Hewitt C, Mason S, Walland D. 2012. The global framework for

climate services. Nature Clim Change. 2:831–832.
3. Hewitt CD, Allis E, Mason SJ, Muth M, Pulwarty R, et al. 2020.

Making society climate resilient: International progress under
the Global Framework for Climate Services. Bull Amer Meteor
Soc. 101:E237–E252.

4. Nissan H, Goddard L, Coughlan de Perez E, Furlow J, Baethgen W,
et al. 2019. On the use and misuse of climate change projections
in international development. WIREs Clim Change. 10:e579.

5. National Research Council (NRC) of the National Academies.
2001. Board on atmospheric sciences and climate (E. J. Barron,
Chair). In: A Climate Services Vision: First Steps Toward the Fu-
ture. Washington (DC): The National Academies Press.

6. Findlater K, Webber S, Kandlikar M, Donner S. 2021. Climate ser-
vices promise better decisions but mainly focus on better data.
Nat Clim Change. 11:731–737.

7. Miller CA, Wyborn C. 2020. Co-production in global sustainabil-
ity: histories and theories. Environ Sci Policy. 113:88–95.

8. IPCC. 2014. In: Pachauri RK, Meyer LA, editors. Climate Change
2014: Synthesis Report. Contribution of Working Groups I, II
and III to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change [Core Writing Team], Geneva, Switzer-
land: IPCC, 151.

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/1/1/pgac009/6540642 by guest on 02 M

arch 2022

https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://psl.noaa.gov/data/gridded/


8 | PNAS Nexus, 2022, Vol. 1, No. 1

9. Guldi J. 2021. What kind of information does the era of climate
change require? Clim Change. 169:3.

10. Miles EL, Snover AK, Binder LW, Sarachik E, Mote P, et al. 2006.
An approach to designing a national climate service. Proc Natl
Acad Sci. 103:19616–19623.

11. Wuelser G, Adler C, Breu T, Hadorn GH, Wiesmann U, et al. 2021.
On which common ground to build? Transferable knowledge
across cases in transdisciplinary sustainability research. Sustain
Sci 16:1891–1905.

12. Szabo S, Renaud FG, Hossain MS, Sebesvári Z, Matthews Z, et al.
2015. Sustainable Development Goals offer new opportunities
for tropical delta regions. Environ Sci Pol Sustain Dev. 57(4):
16–23.

13. Shepherd TG, Sobel AH. 2020. Localness in climate change.
Comp Stud South Asia Africa Middle East. 40:7–16.

14. Cartwright N. 1999. The Dappled World: A Study of the Bound-
aries of Science. Cambridge: Cambridge University Press.

15. Mirowski P. 1989. More Heat than Light. Cambridge: Cambridge
University Press.

16. Funtowicz SO, Ravetz JR. 1993. Science for the post-normal age.
Futures 25:739–755.

17. Hulme M. 2018. “Gaps” in climate change knowledge: do they
exist? Can they be filled? Environ Humanities. 10:1.

18. Schipper ELF, Dubash NK, Mulugetta Y. 2021. Climate change re-
search and the search for solutions: rethinking interdisciplinar-
ity. Clim Change. 168:18.

19. Hulme M, O’Neill SJ, Dessai S. 2011. Is weather event attribution
necessary for adaptation funding? Science. 334:764–765.

20. Sobel AH. 2021. Usable climate science is adaptation science.
Clim Change. 166:1–11.

21. Coelho CA, de Oliveira CP, Ambrizzi T, Reboita MS, Carpenedo
CB, et al. 2015. The 2014 southeast Brazil austral summer
drought: regional scale mechanisms and teleconnections. Clim
Dyn. 46: 3737–3752.

22. Seth A, Fernandes K, Camargo SJ. 2015. Two summers of São
Paulo drought: origins in the western tropical Pacific. Geophys
Res Lett. 42:10816–10823.

23. Rodrigues RR, Taschetto AS, Sen Gupta A, Foltz G. 2019. Common
cause of severe droughts in South America and marine heat-
waves in the South Atlantic. Nature Geosci. 12:620–626.

24. Terazono E. 2014. Brazil drought drives up coffee prices. Fi-
nancial Times. https://www.ft.com/content/a256d21a-4d3c-11e
4-bf60-00144feab7de, last access February 18, 2022.

25. Wexler A, Lewis JT, Josephs L. 2014. Brazil drought jolts com-
modities’ prices. NY Times. https://www.wsj.com/articles/SB100
01424052702304585004579419473654460330, last access Febru
ary 18, 2022.

26. Carneiro AP, Soares CHL, Manso PRJ, Pagliosa PR. 2020. Im-
pact of marine heat waves and cold spell events on the bivalve
Anomalocardia flexuosa: a seasonal comparison. Mar Environ Res.
156:104898.

27. BBC. 2015. Brazil faces surge in number of dengue fever cases.
BBC News. www.bbc.com/news/world-latin-america-32589268,
last access February 18, 2022

28. Getirana A, Libonati R, Cataldi M. 2021. Brazil is in water crisis—
it needs a drought plan. Nature 600:218–220.

29. Rodrigues RR, Woollings T. 2017. Impact of atmospheric
blocking on South America in austral summer. J Clim. 30:
1821–1837.

30. Zilli MT, Carvalho LM, Liebmann B, Silva Dias MA. 2017.
A comprehensive analysis of trends in extreme precipi-
tation over southeastern coast of Brazil. Int J Clim. 37:
2269–2279.

31. Pereima MFR, Chaffe PLB, Amorim PB, Rodrigues RR. 2021. A
systematic analysis of climate model precipitation in southern
Brazil. Int J Clim. in press, https://doi.org/10.1002/joc.7460.

32. Cai W, McPhaden M, Grimm A, Rodrigues RR, Taschetto A, et al.
2020. Impact of El Niño-Southern Oscillation on South America
in a changing climate. Nature Rev Earth Environ. 1:215–231.

33. Carvalho LMV, Jones C, Liebmann B. 2004. The South Atlantic
convergence zone: Intensity, form, persistence, and relation-
ships with intraseasonal to interannual activity and extreme
rainfall. J Clim. 17:88–108.

34. Zappa G, Bevacqua E, Shepherd TG. 2021. Communicating po-
tentially large but non-robust changes in multi-model projec-
tions of future climate. Int J Clim. 41:3657–3669.

35. IPCC. 2021. Summary for policymakers. In: Masson-Delmotte V
et al., editors. Climate Change 2021: The Physical Science Basis.
Contribution of Working Group I to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change, Cambridge:
Cambridge University Press. In press.

36. Stirling A. 2010. Keep it complex. Nature 468:1029–1031.
37. Shepherd TG. 2014. Atmospheric circulation as a source of un-

certainty in climate change projections. Nat Geosci. 7:703–708.
38. Wilby RL, Dessai S. 2010. Robust adaptation to climate change.

Weather. 65:180–185.
39. Schumacher EF. 1973. Small is Beautiful: A Study of Economics

as if People Mattered. London:Blond & Briggs Ltd.
40. Shepherd TG. 2019. Storyline approach to the construction of re-

gional climate change information. Proc R Soc A. 475:20190013.
41. van der Wiel K, Selten FM, Bintanja R, Blackport R, Screen

JA. 2020. Ensemble climate-impact modelling: extreme impacts
from moderate meteorological conditions. Environ Res Lett.
15:034050.

42. Carvalho LMV. 2020. Assessing precipitation trends in the Amer-
icas with historical data: a review. WIREs Clim Change. 11:e627.

43. Shepherd TG. 2021. Bringing physical reasoning into statistical
practice in climate-change science. Clim Change. 169:2.

44. Martins E, Coelho CAS, Haarsma R, Otto FEL, King AD, et al. 2017.
A multimethod attribution analysis of the prolonged northeast
Brazil hydrometeorological drought (2012-16). [in “Explaining
Extreme Events of 2016 from a Climate Perspective”]. Bull Amer
Meteor Soc. 99:S65–S69.

45. O’Neill BC, Tebaldi C, van Vuuren DP, Eyring V, Friedlingstein P,
Hurtt G, Knutti R, Kriegler E, Lamarque J-F, Lowe J, Meehl GA,
Moss R, Riahl K, Sanderson BM. 2016. The Scenario Model Inter-
comparison Project (ScenarioMIP) for CMIP6. Geosci Model Dev.
9:3461–3482.

46. Marchau VAWJ, Walker WE, Bloemen PJTM, Popper SW. 2019. De-
cision Making under Deep Uncertainty. Cham (CH): Springer.

47. Saravanan R. 2022. The Climate Demon: Past, Present and Future
of Climate Prediction. Cambridge: Cambridge University Press.

48. Parker WS, Risbey JS. 2015. False precision, surprise and im-
proved uncertainty assessment. Phil Trans R Soc Lond A.
373:20140453.

49. Fenton N, Neil M. 2019. Risk Assessment and Decision Analysis
with Bayesian Networks. 2nd ed. Boca Raton (FL): CRC Press.

50. Reichstein M, Camps-Valls G, Stevens B, Jung M, Denzler J, et al.
2019. Deep learning and process understanding for data-driven
Earth system science. Nature. 566:195–204.

51. Pearl J, Mackenzie D. 2018. The Book of Why. New York (NY):
Basic Books.

52. Lloyd EA, Oreskes N. 2018. Climate change attribution: when is
it appropriate to accept new methods? Earth’s Future 6:311–325.

53. Pearl J. 2009. Causal inference in statistics: an overview. Stat
Surv. 3:96–146.

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/1/1/pgac009/6540642 by guest on 02 M

arch 2022

https://www.ft.com/content/a256d21a-4d3c-11e4-bf60-00144feab7de
https:\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \protect \begingroup \def \MessageBreak {
               }\immediate \write \@unused {
LaTeX Warning: Unicode entity `&#x002F;' undefined.
}\endgroup \immediate \write \@entityout {\UnicodeCharacter{x002F}{}
}\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \protect \begingroup \def \MessageBreak {
               }\immediate \write \@unused {
LaTeX Warning: Unicode entity `&#x002F;' undefined.
}\endgroup \immediate \write \@entityout {\UnicodeCharacter{x002F}{}
}www.wsj.com\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \protect \begingroup \def \MessageBreak {
               }\immediate \write \@unused {
LaTeX Warning: Unicode entity `&#x002F;' undefined.
}\endgroup \immediate \write \@entityout {\UnicodeCharacter{x002F}{}
}articles\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \protect \begingroup \def \MessageBreak {
               }\immediate \write \@unused {
LaTeX Warning: Unicode entity `&#x002F;' undefined.
}\endgroup \immediate \write \@entityout {\UnicodeCharacter{x002F}{}
}SB10001424052702304585004579419473654460330, \ignorespaces last \ignorespaces access \ignorespaces February \ignorespaces 18, \ignorespaces 2022
http://www.bbc.com/news/world-latin-america-32589268
https://rmets.onlinelibrary.wiley.com/doi/10.1002/joc.7460


Rodrigues and Shepherd | 9

54. Pulkkinen K, Undorf S, Bender F, Wikman-Svahn P, Doblas-Reyes
F, et al. 2022. The value of values in climate science. Nat Clim
Change. 12:4–6.

55. Ellison AM. 1996. An introduction to Bayesian inference for eco-
logical research and environmental decision-making. Ecol Appl.
6:1036–1046.

56. Hegerl GC, Hoegh-Guldberg O, Casassa G, Hoerling M, Kovats S,
et al. 2010. Good practice guidance paper on detection and at-
tribution related to anthropogenic climate change. In Report of
the IPCC Expert Meeting on Detection and Attribution Related
to Anthropogenic Climate Change. Geneva: World Meteorologi-
cal Organization.

57. Rodrigues RR. 2021. Downside up: science matters equally to the
Global South. Commun Earth Environ. 2:100.

58. Kretschmer M, Adams SV, Arribas A, Prudden R, Robinson N,
et al. 2021. Quantifying causal pathways of teleconnections. Bull
Amer Meteor Soc. 102:E2247–E2263.

59. Lloyd EA, Shepherd TG. 2020. Environmental catastrophes,
climate change, and attribution. Ann N Y Acad Sci. 1469:
105–124.

60. Seaman JA, Sawdon GE, Acidri J, Petty C. 2014. The household
economy approach. Managing the impact of climate change on
poverty and food security in developing countries. Clim Risk
Management. 4-5:59–68.

61. Young H, Shepherd TG, Acidri J, Cornforth RJ, Petty C, et al.
2021. Storylines for decision-making: climate and food security
in Namibia. Clim Dev. 13:515–528.

62. Simonee N, Alooloo J, Carter NA, Ljubicic G, Dawson J. 2021.
Sila Qanuippa? (How’s the weather?): integrating Inuit Qaujima-
jatuqangit and environmental forecasting products to support
travel safety around Pond Inlet, Nunavut, in a changing climate.
Wea Clim Soc. 13: 933–962.

63. Wilson K, Arreak A, Bell T, Ljubicic G. 2021. The Mittimatalik
siku asijjipallianinga (sea ice climate atlas): how Inuit knowl-
edge, Earth observations and sea ice charts can fill IPCC climate
knowledge gaps. Front Clim. 3:715105.

64. Vincent K, Carter S, Steynor A, Visman E, Wågsæther KL.
2020. Addressing power imbalances in co-production. Nat Clim
Change. 10:877–878.

65. Simard S. 2021. Finding the Mother Tree. London:Allen Lane.
66. Reynolds RW, et al. 2007. Daily high-resolution-blended analyses

for sea surface temperature. J Clim. 20:5473–5496.
67. Dee DP, et al. 2011. The ERA-Interim reanalysis: configuration

and performance of the data assimilation system. Q J R Meteo-
rolog Soc. 137:553–597.

68. Huffman GJ, et al. 2001. Global precipitation at one-degree daily
resolution from multisatellite observations. J Hydrometeorol.
2:36–50.

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/1/1/pgac009/6540642 by guest on 02 M

arch 2022


