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Abstract Anthropogenic climate change has triggered impacts on natural and human systems world-wide, yet the formal scientific method of detection and attribution has been only insufficiently described. Detection and attribution of impacts
of climate change is a fundamentally cross-disciplinary issue, involving concepts,
terms, and standards spanning the varied requirements of the various disciplines. Key
problems for current assessments include the limited availability of long-term observations, the limited knowledge on processes and mechanisms involved in changing
environmental systems, and the widely different concepts applied in the scientific
literature. In order to facilitate current and future assessments, this paper describes
the current conceptual framework of the field and outlines a number of conceptual
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challenges. Based on this, it proposes workable cross-disciplinary definitions, concepts, and standards. The paper is specifically intended to serve as a baseline for continued development of a consistent cross-disciplinary framework that will facilitate
integrated assessment of the detection and attribution of climate change impacts.

1 Introduction
Anthropogenic climate change has been impacting and continues to impact the environment world-wide (Rosenzweig et al. 2007). Evidence for such effects exists from
many natural systems, influenced by increasing temperatures, notably since 1970. For
many other systems, notably human systems, such impacts have been considered to
be “. . . emerging, although many are difficult to discern due to adaptation and nonclimatic drivers” (IPCC 2007).
The rigorous investigation of change in climatic conditions and the detection
of an anthropogenic signal in the changing climate have been ongoing for several
decades (e.g. Council 1983; Wigley et al. 1990). Only more recently (Smith et al.
2001; Rosenzweig et al. 2007) a similar focus has been developed to formalise the
detection and attribution of impacts of climate change on human and natural systems
(hereafter “D&A of impacts” for brevity). The problem of detection and attribution
of changing climatic conditions and the D&A of impacts share important features,
but there are also crucial differences. Typically, the assessment demands significant
amounts of observations made over periods of several decades—a requirement that
is now met for the atmosphere. For impacts, not only are the requirements of
observed data more complex and the number of influencing drivers potentially more
numerous, but the attribution problem presents additional challenges, including
the need to synthesise information from a much broader range of disciplines with
differing terminology and types of evidence.
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Substantial stakeholder interest in information concerning the D&A of impacts
is reflected in Article 2 of the UN Framework Convention (UNFCCC), demanding
that signatories adopt measures that “prevent dangerous anthropogenic interference
with the climate system” (United Nations 1992). While the debate about the exact
definition of “dangerous” in the sense of the UNFCCC is on-going, policy-makers
and the public have clearly demanded robust information about impacts that have
already been observed and might illustrate possible current and future risks to
society, thereby creating one of the motivations for the Intergovernmental Panel
on Climate Change’s (IPCC) Working Group II (WGII) “Impacts, Adaptation and
Vulnerability”.
Evaluating whether recent climate change (anthropogenic or not) has already
caused observable damage requires assessments undertaken within a rigorous D&A
framework. Since impacts concern physical systems (such as rivers and ice-sheets),
biological systems (such as forests, grasslands, marine biota), social systems (such as
cultural values, governance practices, and livelihoods) and economic systems (such
as the production of goods and services), the framework has to cover a wide range of
ways to collect and evaluate evidence. Beyond the recognition that frameworks must
reflect the criteria established by the different disciplines concerned with the various
systems in terms of ways to establish evidence of the existence of impacts, there is also
a need for cross-disciplinary standards in order to better understand the collective
impacts of climate change. Despite the general acceptance of this need, there has
been little structured discussion concerning the fundamentals and how they translate
across such a multi-disciplinary and inter-disciplinary field.
In an attempt to start the process of filling this void, this paper is a crossdisciplinary discussion of the history, current state, and challenges in the conceptual
framework of the detection and attribution of the effects of climate change on human
and natural systems, as well as of possible ways toward a more consistent crossdisciplinary conceptual framework. In particular, we intend to provide a baseline for
further discussions, providing:
–
–
–
–

a summary of the current conceptual state of the detection and attribution of the
impacts of climate change;
a discussion of specific issues that currently challenge a coherent framework for
detection and attribution;
a set of suggested standards and definitions that address some of these issues;
a map of a way forward for further addressing these challenges, both at the level
of the specific challenges themselves and at the level of the research community.

Essentially, the desired framework is a generalisation of that developed for D&A of
climate change (Hegerl et al. 2007), one that should in fact even be usable outside of
the climate change and climate change impacts domains entirely.

2 Concepts behind detection and attribution
2.1 Hypothesis-generation, experimental setup, and external drivers
D&A of impacts evaluates whether aspects of human and natural systems are
changing in response to recent climate change. For our initial discussion, it is
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irrelevant whether “recent climate change” is caused by anthropogenic forcings such
as greenhouse gas emissions, whether in whole, in part, or not at all—the specific
attribution of impacts to anthropogenic climate change will be discussed later in this
paper though. A starting point for this discussion is the “Good Practice Guidance
Paper” arising from an IPCC Expert Meeting on Detection and Attribution Related
to Anthropogenic Climate Change (Hegerl et al. 2010), held in September 2009.
From a systems analytical perspective, the Earth system can be divided into human
systems, natural (non-climate) systems, and the climate system (Fig. 1). Each system
can be affected by the other two systems (or other external systems) through any
number of mechanisms. Hegerl et al. (2010) label all of these mechanisms as external
drivers from the point of view of the impacted system, but other terms such as factor,
inf luence, agent, and forcing are also used in various disciplines. Identifying the exact
role of these external drivers is the core of D&A. Natural systems are affected
by large numbers of forcings, many of them clearly unrelated to climate change.
The term confounding factor is frequently used to refer to this specific class of
drivers.
Human activities can affect other systems through drivers of the climate (red
arrows in the figure). For instance, emissions of carbon dioxide not only affect the climate but also result in carbon fertilization of land ecosystems and ocean acidification.
Humans also affect natural systems in ways completely independent of climate, by
anything from hunting through urbanization to water resource management (blue
arrows). In turn, natural systems and the climate system may affect each other and/or
human systems. While some of these drivers in turn may be a direct response to
an anthropogenic driver of climate change (dashed red arrows), for instance the
warming of the climate in response to anthropogenic emissions, others are unrelated
to anthropogenic climate change (blue arrows in the figure). Finally, there are drivers
which can be considered completely external to these three systems which can affect
the climate (grey arrow), such as volcanic eruptions and variations in the solar
luminosity.
To perform a detection and attribution analysis one conceptually tries to isolate
the system of interest (illustrated by the shaded circles in the figure), in which case
all of the incoming drivers can be considered external for the purpose of the study.
The analysis then involves examining how the observed behaviour of the system compares against what would be expected if various drivers were removed. Detection and
attribution studies of the physical climate system are represented by the magnifying
glass over the climate system and the isolation of the climate system from everything
else, as depicted by the grey circle. D&A of impacts of climate change essentially
considers most of the remaining permutations, which in the figure include the
magnifying glasses over the natural and human systems.
2.2 Models
The description above illustrates the experimental challenge in detection and attribution studies. We cannot perform randomised controlled experiments using multiple
Earths. Instead, the studies must be performed using conceptual models of the various systems (Sparks and Tryjanowski 2005). While the term model can have a very
specific and narrow definition or connotation within disciplines (e.g. for the physical
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Fig. 1 A schematic of the interactions in the world as viewed in detection and attribution analysis.
For the given illustrative purpose, the Earth system is divided into three broads systems that
interact through various natural and anthropogenic interactions (blue and red arrows), including
anthropogenic drivers of climate change (red arrows). Impacts of anthropogenic climate drivers can
in turn affect other systems (dashed red arrows). In detection and attribution studies the experimental
setup considers one of the shaded bubbles, analysing how changes in the various external drivers
(arrows) affect the behaviour of the system (magnifying glasses). Examples of drivers and their
impacts are given in the table

climate see Hegerl and Zwiers 2011) here we take it in its broadest sense, as a construct that interprets our understanding of the system into a behavioural outcome.
On the one extreme, models can be mechanistic or conceptual, representing the
system through a chain of logical arguments based on understanding of the processes
that together comprise the mechanics of the system. In some cases it is possible and
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feasible to represent these logical arguments numerically (Hegerl and Zwiers 2011).
Models may also be derived empirically, relating the response of a system to external
drivers according to relationships estimated through observations, experimentation,
or survey. This approach is common in the qualitative social sciences, where social
relations, power structures, institutions, economics, and cultural beliefs can intersect
with external drivers in complicated ways too difficult to model mechanistically. In
practice, modelling setups will almost always use a combination of mechanistic and
empirical components (e.g. Rodó et al. 2013; Zwiers and von Storch 2004): mechanistic hydrological models nevertheless represent small-scale processes through largely
empirical means, for instance, while the selection of the institutions and beliefs to
consider in an empirical study of the effects of climate change on societies will have
involved some mechanistic understanding of what might be worthy of investigation
(Ruddell et al. 2012; Howe et al. 2012).
Much recent discussion of D&A of impacts has focused on quantitative analyses
(e.g. Rosenzweig et al. 2007), but in doing so has neglected a substantial fraction
of the research in the social sciences and humanities that is qualitative in nature.
During the past two decades social sciences and humanities have developed their own
approaches through concepts that recognise fluid interactions and blurry boundaries
between human systems and natural systems, such as with approaches based in socialecological systems, coupled natural and human systems, actor network theory, and
hybrid landscapes. These approaches are generally built on complex systems theory
and identify dynamic interactions and feedbacks among an assemblage of intersecting forces in these systems. They point to internal and external variables (or drivers)
that vary across time and space. These variables are diverse and include demography,
land use, resource use and management, settlement patterns, governance structures,
policies, legislation, institutions, social relations, economic motives and practices,
worldviews, cultural values, knowledge systems, technologies, and environmental
forces. For example, the influence of climate change on human migration is mediated
by other socio-economic factors such as education levels, income variability, access
to health care and remittances. This body of social science research thus emphasises
the qualitative analysis of multiple, intersecting “impact chains” that often integrate
drivers, with climate change identified as one among many others.
2.3 Confidence assessment
Inevitably, detection and attribution studies rely on the analysis of observations.
Many of these analyses are explicitly statistical in nature, using signal detection methods in time series data, but other analyses are qualitative. Qualitative analyses incorporate a broader evaluation of research results to determine the quality of sources
and data, the number of sources and amount of data, the diversity of data sources to
reduce particular biases, and the corroboration of empirical evidence through diverse
and numerous sources. It is important to distinguish the quantitative/qualitative distinction for analysis of confidence from the modelling setup discussed above. Quantitative modelling allows both quantitative and qualitative statements of confidence.
On the other hand, if a modelling framework lacks a numerical formulation or
uses a highly simplified numerical formulation then confidence assessments must be
qualitative. In IPCC assessments, quantitative assessments are being expressed using
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either the likelihood or conf idence metrics of Mastrandrea et al. (2010), as appropriate, while the conf idence metric is appropriate for the qualitative assessments.

3 Detection
3.1 Past concepts of detection
The concept of detection in the context of climate change has evolved considerably
through time, as can be monitored through the IPCC literature (Supp. Table 1). The
definition used by IPCC Working Group I (dealing with physical climate change) in
the First Assessment Report (Wigley et al. 1990) resembles the contemporary concept of attribution (see definitions of attribution in Supp. Table 2), with a more contemporary definition, separate from attribution, appearing in the Second Assessment
Report (Santer et al. 1996). For IPCC WGII (dealing with the impacts of climate
change on human and natural systems) detection was not specifically defined until
the Fourth Assessment Report (Rosenzweig et al. 2007), and in this case was considered inseparable from attribution. The first appearance in IPCC WGII literature
of a concept of detection distinct from attribution was in Hegerl et al. (2010), which
essentially adopted the definition from IPCC WGI (Hegerl et al. 2007).
3.2 The reference for detection
The detection of climate change, without attribution of causes, provides the baseline
against which hypotheses of any anthropogenic component of climate change can be
compared. When it comes to the impacts of climate change, interpreting baseline detection of change becomes a very complex matter, due to the multiple changes in the
global environment, including human society itself (e.g. Bouwer 2011). Many human
systems (e.g. the economy) and natural systems (e.g. species ranges) would be changing in the absence of climate change—this is their plausible or expected state and due
to the impact of drivers other than climate change and in some cases the unstable
nature of the system itself.
For impacts, we propose to adjust the definition in a way that takes into account
this complexity. It must reflect the variability of the impacted system, even when this
variability is not known in all its finesse. We therefore suggest that, for impacted
systems, detection addresses the question of whether a system is changing beyond
a specif ied baseline that characterizes behaviour in the absence of climate change.
The behavioural baseline can be set appropriately for any system being studied (e.g.
Newman et al. 2009).
3.3 Spatial and temporal scales
Any detection study must be clear about the scales in space and time analyzed
(Root and Schneider 2003; Sparks and Tryjanowski 2005). Many natural and human
systems lack links between local, regional, and global scales. Non-climatic drivers of
change may also act over different scales, and local and regional scales often intermix
with national and global forces. Effects of drivers on, for instance, agriculture,
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forestry and fisheries depend on the type of production system, which can differ quite
significantly across different countries and regions. At the same time, international
drivers of change such as trade, commodity and resource production, and politicaleconomic forces like colonialism or neoliberal economic policies act on global scales
but play out within distinct local, regional, and national settings.
A frequent characteristic of impacted systems is their delayed response to climatic
changes (Ahmad et al. 2001). The magnitude of this time lag may vary among
different impacted systems and within them, from seconds or minutes to centuries
or millennia (for examples see Supp. Table 3).
3.4 Adaptation
Besides natural and intrinsic variability, a further issue for detection studies is how
to consider autonomous and planned adaptation (Rosenzweig and Neofotis 2003;
Schneider et al. 2000). In fact, the degree of adaptation per se can be an indicator
of change. Some of the highest confidence conclusions in D&A of impacts have
concerned the poleward movement of species or shifts in their phenology (Parmesan
and Yohe 2003; Root et al. 2003, 2005): these are simply adaptative measures taken
by the organisms in response to changes in their environment. The adaptive capacity
of systems can thus be extremely relevant for detection analysis. The interpretation is
more ambiguous with human systems however. Depending on their adaptive capacity, people may also autonomously adapt to climate changes. In systems where the
precautionary principle is followed, for instance in health, any hint of detection can
trigger measures to reduce exposure and/or vulnerability, with the implicit intention
of removing any response signal (Carson et al. 2006). Detection is still possible if the
effects of the adaptation measures are well understood and they do not completely
remove the response to climate change, but any adaptation is a serious confounding
factor when it comes to detection analysis (Holland and Smit 2010).
Furthermore, human systems have the capacity for planned adaptation, using
understanding of expected future impacts to ensure that they do not in fact unfold. In
this setting, the perception of likely impacts can matter immensely. Understanding of
past impacts may reflect both real and perceived impacts, while the expectation of future impacts rests within the context of other expectations about the future. Different
people, groups, and stakeholders can detect—or believe they detect—climate change
in distinct ways. Thus their real or perceived detection can in turn trigger responses
which result in impacts.

4 Attribution
4.1 The concept of attribution
The overlying trend in the IPCC’s evolving definition of attribution has been toward
increasing the distinction of the specific procedural steps from a more generic
conceptualization (Supp. Table 2). Within the IPCC WGI Assessment Reports,
attribution only started to become a separate concept from detection in Santer et al.
(1996). By the time of Hegerl et al. (2010) the core of the attribution definition
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no longer referred to detection or to methods. Similarly within the IPCC WGII
publications, the definition in Rosenzweig et al. (2007) was procedural, while the
Hegerl et al. (2010) definition was conceptual.
Within the setting of the D&A of impacts, attribution is distinguished from detection mainly in its assessment of the magnitude of the contribution of climate. So while
detection addresses whether a system is changing beyond some reference behaviour,
attribution addresses the question of whether climate change has contributed substantially to the observed change in a system. Any assessment of attribution thus requires
a description of the magnitude considered, with an assessment of a minor role (a
small contribution relative to other drivers of the detected change) being different
from the assessment of a major role (one of the main drivers of the detected change),
for instance.
The term attribution suffers from being a commonly used term with rather
different meanings across the many disciplines involved in assessing the impacts of
climate change. For instance, attribution theory is a major area of social psychology
(Rudolph and Reisenzein 2008), but the aim of an attribution study “is not to determine the true causes of . . . an event but rather to understand people’s perceptions
of causality” (Kassin et al. 2008). Thus in interdisciplinary studies it is important to
specify the definition for clarity.
4.2 The attribution end points
A common point of confusion is a lack of clarity about the end points of attribution
analyses (Hegerl et al. 2010). The most frequently observed attribution statement is
one where a human or natural system has changed in response to observed climate
change, where climate change is any consistent long term trend in a climate variable
(no matter what the cause). The detected and attributable change is not limited to
changes in the means of climate variables but could be due for instance to changes in
the frequency of extremes.
A second, more challenging, end point is attribution to anthropogenic climate
change, i.e. to anthropogenic climate drivers. Climate change consists of the combination of responses to anthropogenic forcings of climate change (e.g. greenhouse gas
concentrations, land use change), responses to natural forcings (e.g. explosive volcanic eruptions), and natural unforced fluctuations in the climate. Thus attribution to
climate change is not equivalent to attribution to anthropogenic climate change: going from the former to the latter requires the decomposition of the observed climate
change into the various components.
D&A is straightforward to conceptualise when the impacts of various drivers are
additive, that is if they add linearly to produce the cumulative observed change.
Assessment of the magnitude of the climate change contribution is nuanced however
when the impact of climate change is modified through the presence of another
driver. For instance while an increased frequency of heat waves may have resulted
in a large excess mortality, it may also have been within the context of a slow
responsiveness of health services, which themselves depend on economic constraints,
cultural norms, and legislation (Lalande et al. 2003). Thus, discussion of the sensitivity to the ceteris paribus assumption should be considered a vital component of D&A
of impacts studies.
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4.3 Methodological approaches
There have been a large number of terms used within the D&A of impacts literature
to classify different types of methodological approaches to attribution (e.g. Hegerl
et al. 2010; Rosenzweig et al. 2007; Stone et al. 2009), with little standardization across
disciplines. With concern over how a large taxonomy may lead to confusion, Hegerl
et al. (2010) proposed a small harmonised set of categories.
The major distinction is between single-step and multi-step approaches (Fig. 2).
The single-step approach uses a single modelling setup to relate changes in drivers
to changes in some aspect of a climate, natural, or human system. A multi-step
approach, on the other hand, links separate single-step approaches into an overall
attribution assessment. For instance, one single-step analysis may relate the retreat
of a particular European glacier to local summer warming, while another single-step
analysis might relate annual warming over Europe to anthropogenic emissions. A
multi-step analysis would combine these two studies into an assessment of the impact
of anthropogenic emissions on that glacier. By contrast, a single-step approach for
the full assessment would have used a modelling setup that had a glacial model
responding directly to the local high-frequency output of a climate model driven

Fig. 2 Schematic of the procedures behind single-step and multi-step (here two-step) approaches to
attribution for the case study of an ecological system.
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by anthropogenic emissions (Reichert et al. 2002; Mölg et al. 2012). The difference
is that the multi-step approach includes a logical disconnect, in the example above
relating annual continental warming to seasonal local warming. However, any singlestep modelling framework will also have some approximations made at the various
interfaces between different components of the models as well as between system
models, so the distinction involves an informed judgment as to whether the disconnects that exist could reasonably matter, rather than being a fundamental property
of the experimental setup.
At face value, the single-step approach might be expected to be more appropriate,
but this is not necessarily the case. A single-step approach might involve a modelling
setup that is technologically impractical without resorting to highly simple models,
while more complex models can be used with a multi-step approach (Pall et al. 2011).
Additionally, it may be difficult to link qualitative and quantitative models in a singlestep approach.
4.4 Synthesis assessments
Hegerl et al. (2010) also identified an associative pattern approach to attribution as
the “synthesis of large numbers of results . . . using spatial and temporal measures
of association” (which, nevertheless, would still need to be carried out through a
single- or multi-step approach). The intention of this category was to cover syntheses
across different systems, for instance across multiple species. For these synthesis assessments, confidence in conclusions concerning individual results must be combined
into one overarching assessment of confidence (Ahmad et al. 2001). One way, championed by ecologists (Parmesan and Yohe 2003; Root et al. 2003, 2005; Rosenzweig
et al. 2008), is through meta-analysis of the existing literature, testing for changes consistent with warming and discussing (and perhaps excluding) potential contributions
from other drivers (Rosenzweig and Neofotis 2003). In the case of Rosenzweig et al.
(2008) the spatial pattern of results of a meta-analysis was correlated with the actual
pattern of observed warming. Formally, meta-analyses can allow for covariability of
errors and natural variability across studies, but the assumption is required that these
will cancel out given a large enough sample of studies (Hockey et al. 2011; Parmesan
et al. 2011; Rosenzweig and Neofotis 2003; Zwiers and Hegerl 2008).
Associative pattern approaches have restrictions on the type of information that
can be input, most particularly in that the information must come from studies of
similar formats. This excludes information from research that does not fit neatly into
formal “detection” or “attribution” analysis yet that is relevant to D&A assessment.
It is difficult, for instance, to see how qualitative social science conclusions can be
incorporated into the various existing associative pattern methods. In order to obtain
a more complete synthesis, therefore, future approaches will need to be able to
incorporate information beyond the subclass of prototypical D&A studies.
In general, confidence in attribution in a synthesis assessment depends on the
quality, coverage, and independence of the various input studies, their agreement,
and the confidence in the individual attribution assessments. One common temptation in synthesis assessments is to go for the least common denominator, by simply
assigning the lowest confidence level of any single study included in the synthesis
(Rosenzweig and Neofotis 2003), while another option is to take the “middle” study,
essentially averaging the confidence assessments of the individual studies. But these
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assessments of confidence are generally inappropriate: for instance, taken to the
extreme they would require consideration of the myriad systems for which there
is a lack of evidence for the existence of climate-induced change. The confidence
in a synthesis assessment depends on the nature of the evidence of the individual
studies and on their agreement. For instance, aggregation may lead to higher overall
confidence if there is strong agreement between the individual studies (Parmesan
et al. 2011), but this would not be the case if agreement is weak.

5 The way forward
A number of challenges in the D&A of impacts have been noted in this paper, both
at the level of individual studies and when synthesizing across studies. But it has
not been possible to address all issues. The issue of how to consider D&A within
a risk-based framework was not treated head-on, for instance, with the risk-related
discussion instead focusing on component issues, such as the role of adaptation. The
treatment of extreme events from an impacts perspective (e.g. loss and damage) was
not discussed at all, but in this case there is already an active discussion (e.g. Bouwer
2011; Huggel et al. 2013).
The number of studies analyzing the D&A of impacts is growing markedly. With
this growth, many standards, including terminology, definitions, and methods, will
develop naturally as each study places itself within the context of its predecessors.
However, with such a multi-disciplinary topic there is a strong possibility that this will
lead to many isolated sets of standards, with one for each discipline. To some degree
that may be an advantage, inasmuch as the conclusions of these studies are considered within disciplinary decision-making bodies with compatible standards. However, the existence of multiple concepts and standards will pose a major problem for
informing decisions with consequences across human and natural systems. Moreover,
this natural development of concepts and standards may occur only over a relatively
long period.
As evidenced by Rosenzweig and Neofotis (2003) and Hegerl et al. (2010), the
IPCC assessment process has provided a helpful forum for discussing and developing
concepts and standards for D&A of impacts. This opportunity waxes and wanes
with the IPCC assessment cycle, however, and in any case it is not intended or
designed to provide a workshop environment conducive to conceptual discussion.
Considering this, we argue that there is a need for a venue explicitly designed for
voluntary and sustained multi-disciplinary discussion of the concepts, standards, and
methods behind the D&A of impacts. One possible model would be an impacts
mirror of IDAG (the International ad hoc Detection and Attribution Group), a
voluntary group discussing the theory and practice of the D&A of physical climate
change for two decades (IDAG 2005). Specific topics are already being addressed
in some other fora, for instance extreme events within the Attribution of Climaterelated Events activity (Stott and Trenberth 2009, ACE). But a broader venue,
interacting with ACE and other activities, would provide a vital cross-disciplinary
opportunity to not only evaluate and discuss the sorts of issues raised in this
paper, but to propose concepts and methods which fit within various disciplinary
frameworks and match the discussions of the more focused fora. Whatever the
venue, some particular tasks would be the development of protocols for defining
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the “behavioural baseline” for detection analysis, the setting of workable crossdisciplinary standards for assessing the confidence in D&A results, and the development of a framework for assessing the D&A of risk (including extreme impact events), as well as discussion concerning how D&A assessments can better
address the needs of society and decision-makers. More attention to the specifics
of the D&A of impacts among climate change researchers in general would help
refine climate change studies, sharpen awareness about actual changes taking place
(and the drivers of those changes), illuminate the best areas and approaches for
effective adaptation, and expand understanding of how coupled natural and human
systems work.
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