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Abstract

Unusual or extreme weather and climate-related events are of great public concern and interest, yet there are often conflicting messages from scientists about whether such events can be linked to climate change. There is clear evidence that climate has changed as a result of human-induced greenhouse gas emissions, and that across the globe some aspects of extremes have changed as a result. But this does not imply that human influence has significantly altered the probability of occurrence or risk of every recently observed weather or climate-related event, or that such events are likely to become significantly more  or less frequent in the future. Conversely, it is sometimes stated that it is impossible to attribute any individual weather or climate-related event to a particular cause. Such a statement can be interpreted to mean that human-induced climate change could never be shown to be at least partly responsible for any specific weather event, either the probability of its occurrence or its magnitude.  There is clear evidence from recent case studies that individual event attribution is a feasible, if challenging, undertaking. 

We propose a way forward, through the development of carefully calibrated physically-based assessments of observed weather and climate-related events, to identify changed risk of such events attributable to particular factors including estimating the contributions of factors to event magnitude.  Although such event-specific assessments have so far only been attempted for a relatively small number of specific cases, we describe research under way, coordinated as part of the international Attribution of Climate-related Events (ACE) initiative, to develop the science needed to better respond to the demand for timely, objective, and authoritative explanations of extreme events. The paper considers the necessary components of a prospective event attribution system, reviews some specific case studies made to date (Autumn 2000 UK floods, summer 2003 European heatwave, annual 2008 cool US temperatures,  July 2010 Western Russia heatwave) and discusses the challenges involved in developing systems to provide regularly updated and reliable attribution assessments of unusual or extreme weather and climate-related events. 
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1 Introduction

Episodes of extreme weather or unusual climatic conditions often cause major economic and human losses. In the aftermath of such events, the scientific community is often faced with the challenge of generating and communicating scientifically robust and timely information about their causes, quantifying their links to human-induced climate change, if any, and evaluating the prospects for better early warning of any enhanced risk of such events a month or more in advance. 

In this paper we refer to such episodes under the general nomenclature of “weather and climate-related events”. Such events are discrete episodes of extreme weather or unusual climate conditions, often associated with deleterious impacts on society or natural systems, defined using some metric to characterize either the meteorological characteristics of the event or the consequent impact. Examples in the literature considering attribution of weather and climate-related events include the flooding of Vicarage Road in a suburb of Oxford, England (Allen, 2003), the relatively cool annual mean temperatures across North America during 2008 (Perlwitz, 2008), and the extreme summer temperatures in Europe in 2003 (Stott et al, 2004).  Events are often defined as occurring when some relevant threshold is crossed. For example, in their study of the 2003 European heatwave, Stott et al (2004) chose a threshold for mean summer temperatures averaged over a large region of Europe that before 2003 had not been exceeded since the start of the instrumental record in 1851. An attribution analysis of the event in question usually requires a consideration of aspects of the atmospheric and ocean conditions in addition to that captured by a simple metric, but the latter serves to identify the occurrence of the event in question as a discrete meteorological episode.  An event, therefore, has specificity in place and time, and event attribution is concerned with determining the changed probability of the event’s occurrence,due to various factors, or is concerned with determining how various factors contribute to the intensity of the event. 

The demand for information is often at its greatest in an event’s immediate aftermath, requiring a rapid response from the scientific community. But apparently conflicting views can confuse the public, for example that all weather events are affected by climate change (Trenberth, 2012), or that it is not possible to attribute an extreme weather event to climate change (an oft quoted statement as for example in an online answer to how many people have died from heat waves per ton of carbon emissions, http://wiki.answers.com/Q/How_many_people_have_died_from_heat_waves_per_ton_of_carbon_emissions). 
The risk is that such potential confusion could undermine the credibility of the science of climate change. As a result there is a need for climate science to better inform decision makers, keenly aware of the need to protect life and property from the impacts of extreme weather and climate, and who wish to know whether any enhanced risk of such events could have been anticipated regardless of whether there has been a human influence (Stott et al, 2011), and whether they are likely to become more or less frequent owing to future climate change (Frame et al, 2012).  

A main contributor to any adaptation strategy therefore are reliable assessments of the probabilities of such events, the likely magnitudes that climate-related events might be expected to acquire in a stationary climate, and how those might be changing in time due to human-induced climate change. 

Climate science has already provided robust evidence that human influence, dominated by emissions of greenhouse gases, has altered the climate system (eg Hegerl et al, 2007; Stott et al, 2010), in such a way as to change the occurrence of extreme temperatures (Zwiers et al, 2011; Christidis et al, 2011; Morak et al, 2011; Morak et al, 2012) and to lead to an intensification of heavy precipitation events over a large fraction of northern hemisphere continents (Min et al, 2011). However, notwithstanding the assertion that all weather events are affected to some extent by climate change (Trenberth, 2012), and recognizing that all events are in fact affected by large-scale climate conditions whether natural or anthropogenic, it is clearly not the case that the occurrence of a specific weather or climate-related event should, a priori, be assumed attributable unambiguously to human influence. Many types of such events could happen in a stationary climate, and indeed have happened in pre-industrial times (Büntgen et al, 2011) and, some types of events are set to become less not more likely in future (Massey et al, 2012; Christidis and Stott, 2012a). Therefore, attribution assessments that relate to the specific weather or climate-related event in question are required before a conclusion can be drawn about the links between that event and climate change.

Whereas detection is concerned with determining whether or not climate or a system affected by climate has changed in such a way that the change's likelihood of occurrence by chance due to internal variability alone is small, attribution is the process of evaluating the relative contributions of multiple drivers of climate to a change or event with an assignment of statistical confidence (Hegerl et al, 2010). Consequently, all attribution analyses compare what has actually happened with what would have happened if a particular climate driver had not been present, and therefore requires models as well as observations (Hegerl and Zwiers, 2011). An attribution analysis of a weather or climate-related event focuses on a specific region and time period and in the case of an extreme event focuses on the tails of distributions of variables (eg Stott et al, 2004). Attribution is inherently probabilistic and an attribution analysis applied to a specific event is no exception. While in most cases it is not possible to determine that the weather or climate-related event in question could only have happened because of a particular climate driver, it is possible to calculate how the climate driver has changed the likelihood of the event (Allen, 2003).

While regular and reliable observational assessments of recent weather and climate-related events are regularly produced (eg the annual State of the Climate report published in the Bulletin of the American Meteorological Society; Blundt and Arndt, 2012), such a regular attribution assessment has only recently been launched for a few selected events (Peterson et al, 2012). However, attribution of extreme weather and climate-related events in this way severely stretches the current state of climate science (Stott et al, 2012a).  Furthermore, mistakenly attributing an increased risk of an extreme event to climate change could, if natural variability is playing the major role, lead to poor adaptation decisions; for example, through allocating resources toward preparing for a greater frequency of such events when in fact they have become less likely (Frame et al, 2012). 

The overarching challenge for the community is to move beyond research-mode case studies and to develop systems that can deliver regular, reliable and timely assessments in the aftermath of notable weather and climate-related events, typically in the weeks or months following (and not many years later as is the case with some research-mode studies; eg Pall et al, 2011). In this paper, potential stakeholders are identified who could benefit from such assessments and illustrations provided of specific case studies that have been carried out so far. Progress in developing attribution systems is described. We draw lessons from the research work to date and propose some future research needs. 
2 Relevance of attribution assessments of weather and climate-related  events 

Here we discuss six reasons why the development of reliable attribution assessments of weather and climate-related events could be relevant to different groups of stakeholders. We describe the potential benefits to climate science, to informing the public, to litigation, for adaptation to ongoing climate change, to geoengineering and for insurance. 

2.1 Improved climate science
The regular assessment of weather and climate-related extremes is central to a rigorous process that seeks to improve understanding and to ensure the provision of better prediction systems. This involves identifying gaps in how such events are described from the existing observing systems, in better identifying the physical processes by which extremes arise, and in evaluating the suitability of existing models that are used for near-term predictions and long-term projections (Trenberth, 2008).

Predicting, with known accuracy, the statistics of occurrence of weather or climate-related events that pose imminent and/or long-term threats to lives, property, and overall environmental health and sustainability represents a frontier of climate science (eg Smith et al, 2012; Knutti et al, 2010). At present a wide class of extreme events are not fully understood, including the physics of their causes and how those may link to human-induced climate change, nor are some classes of extremes well represented in many climate models (Seneveriatne et al, 2012).   The development of a carefully calibrated physically based assessment of observed weather and climate-related events must therefore occur in tandem with the appraisal of models, an ongoing evaluation of their suitability, and a quest to improve their representation of physical processes.

A key element in using a model for event attribution is to assess how reliably the model captures the real-world predictability of the events in question (Christidis et al, 2012). Attribution assessments are thus also central to the ongoing evaluation of predictability.   A routine question regarding extremes is whether the event could have been anticipated a month or more in advance (Dole et al, 2011). Due to the chaotic nature of the climate system many extreme events are inherently unpredictable but this does not prevent attribution provided the model is capable of reliably capturing the statistics of the event. Central to the challenge of attribution is the identification of the forced climate change signal and therefore the extent to which the signal of the climate forcing can be identified above the noise of natural chaotic weather variability (Hegerl and Zwiers, 2011).  A grand scientific challenge is to improve capacities to quantify the climate change signal at regional scales, to determine the extent to which emerging trends are a forced signal or internal variability, and to assess how the probability of extreme events is sensitive to mean climate changes.

2.2 General Public
There is growing public awareness of climate change (Leiserowitz et al, 2012a) and that this might result in not just changes in averages, but that the frequency or intensity of extremes might vary (Sampei and Aoyagi-Usoi, 2009; Leiserowitz et al, 2012b). Given climate model projections for changes in some extremes, including in some parts of the world more frequent and intense heatwaves and heavy daily rainfall, and in other places less frequent and intense cold spells and snowfall (Seneveriatne et al, 2012), there is often considerable public interest in the possible link between a particular extreme weather or climate-related event (such as a very cold or hot season or year) and climate change, interest that is often at its greatest during or in the immediate aftermath of such events (Schiermeier, 2011). 

Recent examples in the UK include, in 2010, the coldest December in the UK national temperature record from 1910 (BBC, 2011; Met Office, 2010 http://www.metoffice.gov.uk/climate/uk/ineresting/dec2010/), with considerable adverse consequences including closed airports and schools and large economic losses (http://www.guardian.co.uk/uk/2010/dec/17/snow-closes-roads-airports-travel-misery), and the particularly hot spell the following Spring, that included the warmest April in the Central England temperature record stretching back to 1659 (http://www.metoffice.gov.uk/climate/uk/interesting/2011-spring/). In the aftermath, many people were interested in knowing whether such events are expected to happen more often in the future and whether they should be seen as a sign of a changing climate or an unusual occurrence of natural weather. In such circumstances the public often receives equivocal answers (Nature, 2011). 

Given that reliable attribution of extreme weather and climate-related events is important for the public’s understanding of the effects of climate change, and can affect their willingness to support measures to mitigate greenhouse gas emissions (Schiermeier, 2011), what is often lacking in the aftermath of an extreme weather event is a fully informed and timely response based on the best available climate science that enables the public and decision makers to put such an event into the context of both natural variability and climate change. Ideally one would wish such assessments to be issued regularly, applying a pre-defined methodology, and in a timely fashion, as in the case of weather forecasting (although not necessarily to be issued as frequently). This would limit the scope for ad-hoc structural biases, post-hoc reasoning and politicization of scientific information (Frame et al, 2012). While such rapid attribution assessments may be superseded by later more detailed analyses, they are nonetheless potentially of great value, and, like weather forecasts which offer great user value despite the remaining inherent forecast errors, timely probabilistic event attribution assessments should not necessarily be embargoed barring definitive conclusions, providing appropriate validation procedures are put in place and there is careful communication of the remaining uncertainties (Stott et al, 2012b)

As with weather forecasting, a regular attribution process would potentially lead to a continued improvement in reliability and could enhance the prospects for early warning of extreme events through enhanced understanding of predictability (Dole et al, 2011). 

In addition, such a regular process meets an important need to be proactive in the attribution activity and not solely reactive to specific events, which may give an unwarranted impression of selectivity and bias (Stott et al, 2012a).

2.3 Litigation 

The extent to which a specific damaging weather event could be blamed on greenhouse gas emissions is of relevance in legal contexts. There will almost certainly be attempts to seek redress for harm caused by emissions or, as in the case of six states before the US Supreme Court, to force power companies to cut their emissions of greenhouse gases under environmental protection legislation (Adam,  2011). This would require robust evidence presented on the extent to which emissions can be linked to harmful effects (Grossman 2003). Allen et al (2007) argue that an objective operational attribution approach would be of considerable benefit to the courts since it would reduce the extent to which courts rely on expert judgement in legal contexts where the outcome often depends delicately on the exact question being asked. For example, even the same expert might agree that “human influence on climate played a substantial role in causing the European heatwave of 2003” and that “it is impossible to attribute any single weather event to human influence on climate”,  positions that could initially appear to be contradictory to a court. Therefore Allen et al (2007) argue the need for agreed objective operational assessments that could, like routine operational weather forecasts, be used by courts. These would contribute as objective testimony requiring a more minor role for expert judgement in interpretation. A number of questions need to be considered by the legal community including what a court might consider as natural climate, over what time scales are damages relevant, and what levels of reliability, neutrality and acceptability are required for attribution assessments to be successfully used in legal contexts (Allen et al, 2007). These are difficult issues and not those traditionally considered by the climate modelling community.

2.4 Adaptation

The character of societal responses to extreme climate events often reveals details of the society's resilience and vulnerability, potentially exposing major “adaptability gaps” (Parry et al, 2007). Activities designed for adaptation to climate change can be concerned with time frames ranging from the present through to many decades into the future, while those activities designed to better deal with the rare extremes associated with natural variability may have a different character. Attribution studies can thus be usefully tailored to inform adaptation strategies encompassing natural hazard mitigation as well as to help reduce the vulnerability of societies to human induced climate change (Hoegh-Guldberg, 2011). 

By determining the causes of extreme weather events being observed now, robust information can be provided on the extent to which a specific extreme event is a harbinger of the future (eg Beniston, 2004). If a recent extreme weather or climate-related event has shown a society to be vulnerable, that society may want to develop further resilience; alternatively, if an attribution assessment concludes that the event is either likely to remain extremely rare or become less likely in the future, the society may adjust policies, for instance, by judging that such events and their impacts do not constitute a long-term adaptation priority (Hoegh-Guldberg et al., 2011). While it has been argued that attribution studies should not play a role in informing adaptation policies (Hulme et al, 2011), incorporating attribution assessments as part of a regular suite of climate services alongside weather and climate prediction systems should help avoid the misuse of attribution results through politicization and bias (Frame et al, 2012). 

2.5 Geoengineering

With greenhouse gas emissions still following a “business-as-usual” trajectory, geo-engineering, as an option for reducing the risk of dangerous climate change, is an issue rising up the climate change agenda and attribution will likely become an important component of any research and development of such technologies. A recent report by the Royal Society provided a comprehensive assessment of all geo-engineering options that are actively being considered (Royal Society, 2009). It raised a number of concerns about the possible adverse consequences on climate in some regions as a result of attempting to reduce the risks of crossing dangerous thresholds of climate change were society unable to constrain global emissions. Given that geoengineering could be beneficial to some stakeholders and damaging to others, were a damaging weather or climate-related event to occur following a geoengineering intervention, attribution assessments would be of interest to stakeholders seeking compensation for any unwelcome effects as a consequence of attempts at delivering collective overall planetary benefits. Event attribution studies could also inform the design of experiments to test geoengineering options at a local scale before planetary scale implementation, and would also be needed post-implementation to determine whether geoengineering is working in the sense of reducing the occurrence of dangerous extreme weather and climate-related events. 

2.6 Insurance

The insurance industry relies heavily on observed records and extreme value theory to assess the probability of occurrence of rare weather events (eg Smith, 2003) but both tools may yield incorrect conclusions if the location or shape of the distribution of a particular class of weather event is changing as a result of some external driver on a timescale comparable to the length of record used for model-calibration (Räisänen and Ruokolainen, 2008). Faced with uncertainty about how these risks are changing, but knowing that human influence on climate has altered the occurrence of climate extremes (as discussed above) and therefore that they should distrust historical probabilities, insurers can respond simply by withdrawing cover entirely, as has been observed in certain sectors of the US hurricane insurance market (Haufler, 2009). Providing information on how the risks are changing would thus provide insurers with the possibility to continue cover by altering premiums appropriately.
3 Development of Event Attribution 

In recent years event attribution has developed considerably, with a number of studies having been published that quantify the role of human and natural influences on specific weather and climate-related events. 

The approach of using model experiments to calculate how a particular climate driver has changed the probability of an event occurring ((Allen, 2003, Stone and Allen, 2005) has been applied to a number of different cases (eg Stott et al, 2004, Christidis et al, 2010, Pall et al, 2011). The probability of a particular event happening in an ensemble of model simulations representing current conditions is compared with a parallel ensemble of model simulations representing an alternative world that might have occurred had the particular driver been absent. Although many detection and attribution studies that analyse long term changes in climate variables do not require the climate model to simulate the correct amplitude of the responses to forcings, since they include scaling terms that can compensate for under- or over-responsive models (Hegerl and Zwiers, 2011), event attribution studies typically make stronger assumption about the correctness of models, the validity of which needs to be carefully tested (Christidis et al, 2012).

The approach for calculating the change in likelihood of an event attributable to a particular climate driver is illustrated schematically in Fig 1. The distribution shown in red represents the current probability distribution of a particular climate variable, and that in green, the equivalent probability distribution of that variable in the world that might have been in the absence of the climate driver. Then for a particular threshold, the probabilities, P1, of exceeding that threshold currently, and P0, of exceeding the threshold in the absence of the climate driver, can be calculated.

INSERT FIG 1

From these two probabilities the Fraction Attributable Risk (FAR) can be calculated, where FAR = 1-P0/P1 (Allen, 2003). FAR expresses the fraction of risk of a particular threshold being exceeded (e.g., an extreme temperature threshold associated with a heat wave) that can be attributed to a particular driver. For example if the probability that a particular threshold being exceeded has increased by a factor of 4 as a result of human influence on climate, FAR=0.75, and hence three quarters of the risk of that event is attributable to human influence. In this case, under the current climate, on average ¾ of such events could be blamed on human influence. Such a result does not indicate that human influences were responsible for 75% of the observed magnitude of the particular metric being used to define the event. 

By their very definition, the nature of most extreme events means that their probabilities need to be estimated by statistical extrapolation or modelling unless they occur sufficiently commonly that their probabilities can be estimated directly from their observed frequencies. If events are sufficiently frequent it can be possible to carry out a “single-step” attribution analysis (Hegerl et al, 2010), in which observed and modelled changes are compared directly. In this way, Stott et al (2011) detected a significant increase in the observed frequencies of warm seasonal temperatures in many regions that were attributable to human influence. 

It is always necessary to use models to generate simulations of the counter-factual world that did not happen in order to estimate P0, the probability of the event in the absence of a particular climate driver.  It is helpful to express findings in statements that are robust to modeling and observational uncertainties. A number of studies (eg Stott et al, 2004; Pall et al, 2011) have employed a particular formulation to characterize uncertainty in FAR, which states the minimum value that FAR is expected to exceed at some level of likelihood. Thus in the case of European summer temperatures, Stott et al (2004) concluded that despite uncertainty in the precise value of FAR for the threshold chosen in that study as being relevant to the 2003 European heatwave, it was "very likely" (using the IPCC definition of a >90% chance of the statement being correct) that FAR was greater than 0.5, ie that the probability of the threshold being exceeded had more than doubled as a result of human influence. Such statements are also more closely aligned with interests of many potential stakeholders listed in Section 2 who are concerned whether iconic thresholds, such as a doubling of the probability, as in Stott et al (2004), have been passed (e.g. Grossman, 2003). For the same reason, it may also be helpful to determine whether the probability of the event has likely not changed substantially.

Characterising changes in the shape of tails of extreme event distributions is challenging, so it is important not to read too much into heuristic examples based on idealized distributions such as Fig 1. In some cases (eg Stott et al, 2004; Pall et al, 2011), the change in the distribution of a particular climate variable can be consistent with a constant ratio of exceedance probabilities, P0/P1, over a broad range of thresholds, a point that is important for the robustness of results from such analyses where there is ambiguity about the actual threshold that was exceeded during the event in question and where models have biases that affect the probability of exceeding absolute thresholds in the model. While some such biases can be addressed by an adjustment of the model’s baseline statistics to an observed climatology (eg Otto et al, 2012), others can be harder to correct. For example if a climate model’s representation of phenomena such as the variability of the El Niño/Southern Oscillation is inaccurate this could lead to systematic biases that may only be corrected through model improvements.

Recent attribution studies have also begun to pose the question how various factors, including human-induced climate change, contributed to the magnitude of an event (e.g. Perlwitz et al. 2009; Dole et al. 2011, Hoerling et al. 2012).  These investigations are broadly aligned with a class of studies that assess the intensity of the signal of anthropogenic climate change relative to the intensity of the background climate variability (e.g. Hawkins and Sutton 2012).  Of specific interest has been to diagnosis the relative magnitude of specific naturally occurring climate conditions within which an event developed, relative to estimates of the regional impact of human-induced climate change.   

The predictability of an event and therefore the potential for early warning (including both its amplitude and temporal characteristics) are also investigated in some attribution studies. Diagnosing the ability of a model to capture the physical and statistical properties of a particular event is an important test of its capabilities if it is to be used for attribution. While attribution is possible in the absence of predictability (from initial conditions or from knowledge of the sea-surface temperatures or from other conditions internal to the climate system), a high level of confidence in an attribution assessment can only be justified if the models used are capable of capturing the relevant processes, since anomalous atmospheric flow and unusual oceanic and land surface conditions are often associated with extreme weather (Perlwitz et al, 2009; Dole et al. 2011). An example is that climate models are often criticized for their shortcomings in representing atmospheric blocking although much of this may be related to climatological biases in models (Scaife et al, 2010). But blocking is not the only phenomenon that can challenge models and hence limit confidence in attribution assessments. Therefore attribution assessment should assess the extent to which conclusions drawn about the metrics used to represent a particular event are robust to inadequacies in the representation of such phenomena in the models used; conversely such studies can be valuable in suggesting needs for model improvements.

In many cases, the most damaging weather events will be those that are least predictable, in the sense that, even with a perfect seasonal forecasting system, there would be little basis for anticipating that they would occur when they did a month or more in advance. The 2010 Russian heatwave may be a case in point, with Dole et al (2011) observing that there was no basis for climate predictability (month or longer lead times) of the extreme blocking associated with the heatwave in two models forced by observed sea surface temperatures and sea ice or in the NOAA coupled forecast model used for seasonal predictions. This apparent lack of predictability need not imply lack of understanding: in a chaotic system, certain low-probability events occur infrequently with little warning. It also does not necessarily imply inability to attribute to human influence: as Rahmstorf and Coumou (2011) observe, the probability of occurrence of the 2010 Russian heatwave, while still low, may have been substantially increased by the large-scale warming that has occurred since the 1960s. This conclusion is not inconsistent with the statement that there was little basis for anticipating the heatwave a month or more in advance. 

The crucial test of whether models are capable of simulating specific weather events with a view to using them for attribution is the reliability of seasonal forecasts or hindcasts of the event in question based on these models: that is, when the forecasting system predicts a particular class of event will occur 10% of the time, it is observed to occur 10% of the time (Christidis et al, 2012). As noted above, attaining reliability may often require correction of biases. Whether or not forecasts of the event have any resolution (that is, whether the combination of initial and boundary conditions that obtain at the time make the forecast probability of the event any different from its climatological probability) is a separate question. Some events are intrinsically unpredictable because they are not affected either by initial conditions or by short-term changes in boundary conditions. These events will often be the most damaging precisely because of this lack of predictability. Because they occur infrequently, direct detection of a trend in occurrence-frequency is also very difficult. Given adequate models and computing resources, however, it may still be possible to assess reliably how these low probabilities are changing and hence how much of the present-day risk can be attributed to external climate drivers.

To illustrate further the challenges involved in event attribution and to describe the main progress made so far in this area, published studies carrying out attribution of specific events are outlined in the next section. 

.

4 Examples of Event Attribution for specific cases

4.1 2003 central European summer temperatures 
In their study following the 2003 European heatwave, Stott et al (2004) (and later Christidis et al, 2010a, using additional data) analysed the temperature changes averaged over summer for a large part of continental Europe and the Mediterranean. Using an optimal detection analysis of simulations of the HadCM3 coupled climate model with and without anthropgenic forcings, Stott et al (2004) showed that there had been a significant anthropogenic contribution to the observed warming of regional summer mean temperatures. They then used the model to infer the probabilities in the current world (P1) and the world without human influence on climate (P0) of exceeding a particular seasonal mean temperature threshold associated with the year 2003 event. The threshold they chose was the summer mean temperature that was exceeded in 2003 but in no other year (before that) since the start of the instrumental temperature record in 1851, a threshold somewhat lower than that reached in 2003 and a formulation designed to minimise the selection effect of choosing a threshold too closely associated with what actually occurred in 2003. 

This multi-step attribution approach yielded an estimate for the Fraction Attributable Risk (FAR) of 2003 European mean summer temperatures where in the first step, a change in the decadal background summer temperature was attributed to human influence, and then in the second step the relationship between year-to-year variability and the decadal background variability in summer temperatures was attributed to processes simulated in a climate model, allowing an inference of the probability of exceeding the threshold in that particular summer to be made. Figure 2a shows the calculated distributions of P0 (green) and P1 (red) expressed as number of occurrences per thousand years where the likelihood distribution represents their uncertainty, a combination of uncertainty in the estimate of the anthropogenic warming in the region and uncertainty in the probability of exceeding the chosen temperature threshold given a particular level of anthropogenic warming (Stott et al, 2004). The derived distribution of FAR is shown in Fig 2b (estimated from the two probability distributions shown in Fig 2a) with the median value also shown. Based on the result that the 10th percentile of the distribution (as shown by the leftmost grey band in Fig 2b) is greater than 0.5, Stott et al (2004) concluded that the probability of seasonal mean temperatures as warm as those observed in Europe in 2003 had very likely at least doubled as a result of human influence. Their conclusion that FAR for their metric is very likely greater than 0.5 serves as the first practical example of how to make a scientifically robust attribution assessment about a specific extreme event.  Many of the excess deaths in summer 2003 were associated with the period when the heatwave was at its most intense in early August in central Europe (Schar and Jendritzky, 2004). Attribution of the impacts of the heatwave of 2003 would therefore require consideration of a shorter period and a more geographically restricted region than analysed by Stott et al (2004).
INSERT FIGURE 2

4.2 2000 UK floods 

Pall et al. (2011) considered the extensive floods that occurred during the record-wet Autumn of year 2000 in England and Wales, and estimated the change in probability of such floods occurring at that time as a result of twentieth-century anthropogenic greenhouse gas emissions. This study again followed a multi-step approach, with the first step attributing the bulk of warming in global sea surface temperatures to anthropogenic greenhouse gas emissions through the use of an established "optimal fingerprinting" regression analysis (Stott et al. 2006, Nozawa et al. 2005).  Because of the lack of observations of events this rare and recognising the largely atmospheric seasonal-timescale nature of the event, the second step used  a seasonal-forecast-resolution atmospheric climate model to generate simulations of possible Autumn 2000 weather. These simulations were conducted both under conditions observed at that time and under parallel conditions that might have been obtained at that time in the absence of increased greenhouse gases, as determined from the first attribution step. 

The observed event was relatively rare and unpredictable, so ensembles of several thousand weather simulations were generated under these two conditions (via climateprediction.net public volunteer distributed computing) to sufficiently capture such unusual flood-producing weather and its change. Results were fed into a precipitation-runoff model for England and Wales to then simulate a measure of flooding, with the probability of floods of a specific magnitude counted directly from the simulations.  The atmospheric model simulations acted as pseudo-observations for investigating the role of various mechanisms that could lead to changes in flood frequency between the two climates, noting that the reliability of the model in delineating mechanisms therefore becomes critical to the correctness of the findings of such a study. It was found that almost all differences were due to a simple thermodynamic increase in precipitable water, a mechanism that is well understood, although this conclusion is dependent on the reliability of the model in discounting non-thermodynamic changes, such as circulation changes, as major factors. Quite a large uncertainty was found in the magnitude by which the greenhouse gases increased flood risk at the threshold relevant to autumn 2000. Thus there is quite a large spread in the return times of particular values of daily runoff shown in (Fig 3a) under conditions that would have been obtained in the absence of anthropogenic greenhouse warming over the 20th century, the wide spread being largely driven by uncertainty in the change in sea surface temperatures attributable to greenhouse warming. While Pall et al (2011) found that the precise magnitude of the anthropogenic contribution to flood risk was uncertain, in nine out of ten cases their analysis indicated that twentieth-century anthropogenic greenhouse gas emissions increased the risk of floods occurring in England and Wales in autumn 2000 by more than 20%, and in two out of three cases by more than 90%.

In contrast, Kay et al. (2011) showed, using the same climate model experiments, that there was a decrease in the risk of flooding in Spring as a result of a reduced risk of snow-melt-induced run off (Fig 3b). This provides an example of a hypothetical weather-related event that has been made less likely as a result of human influence on climate (and which did not occur in Spring, 2001).  

INSERT FIG 3

4.3 2008 Cool US 

Perlwitz et al (2009) studied the nature of the very cool year 2008 climate conditions in North America that diverted strongly from the long term warming trend observed over previous years.  Based on a suite of model experiments their study showed that an anthropogenic warming of North American temperature was overwhelmed by a particularly strong bout of naturally induced cooling resulting from the continent’s sensitivity to widespread coolness of the tropical and northeastern Pacific sea surface temperatures. Fig 4 shows North American surface temperature change for 1970-2007 (left) and departures for 2008 (right) as observed and as simulated by coupled models (CMIP) and atmosphere only models (AMIP) forced with the observed 2008 sea surface temperatures. The observed pattern of temperatures in 2008 (Fig 4b) is much closer to the pattern of temperatures from the ensemble mean of the AMIP models forced with observed SSTs than the observed or modelled trends over recent decades or the 2008 departure as simulated by the mean of the CMIP models (which by averaging will have eliminated most natural internal variability components). There is expected to be a spread of patterns of temperature anomalies in different coupled model ensemble members reflecting the combined effects of external forcings and internal variability. However, the greater agreement between the observed 2008 departure and the spread of simulations in the AMIP models than between the observed 2008 departure and the spread of simulations in the CMIP models led Perlwitz et al (2009) to the conclusion that a large part of the departure from the long term trend during 2008 could be attributed to a particular anomalous state of SST conditions in 2008.  Further, it was found that such a strongly anomalous ocean state and its North American impacts are well simulated by models, indicating their potential for skillful predictions of fluctuations in large scale temperature anomalies over North America. Perlwitz et al (2009) concluded that the cool year in 2008 did not indicate that the climate was likely to embark upon a prolonged period of cooling and, on the contrary, the pace of North American warming was more likely to resume in coming years. 

INSERT FIGURE 4

4.4 2010 Russian heatwave 

Dole et al (2011) considered the relative importance of various physical factors contributing to the extreme heat wave affecting Moscow and adjacent regions, using both observational analyses and model experiments.   They showed that, in contrast to the region affected by the 2003 European heat wave, the primary region affected by the 2010 heat wave had not experienced significant long-term warming in summer over the prior 130-year period, although other studies find a warming trend in the past few decades (Rahmstorf and Coumou, 2011).  CMIP-3 models forced by increasing greenhouse gases and other external forcings showed a small mean warming over the same period, but no significant change in variability.  Ensemble model simulations forced by observed global sea surface temperatures and sea ice conditions also showed no statistically significant response over the heat wave region.  Dole et al. concluded that the extreme magnitude of the 2010 Russian heat wave was caused primarily by internal dynamical processes that led to a very strong and persistent blocking pattern over the heat wave region. They also concluded that regional land surface feedbacks were not important in explaining the heat wave's intensity. While these results did not support increasing greenhouse gases having contributed substantially to the magnitude of the 2010 Russian heat wave, model projections suggest that western Russia  is on the cusp of a period in which the probability of such extreme heatwaves will increase rapidly. Many other regions around the world are already experiencing a rapid increase in the frequency of more moderate extreme temperatures (Jones et al, 2008; Rahmstorf and Coumou, 2011).

INSERT FIGURE 5 

No more basic question exists in climate science than “What caused the event?”  Yet, this obvious and simple query can invite a multitude of answers, which though perhaps scientifically consistent with each other, sometimes bear very different meanings. Whereas Dole et al. (2011) concluded that the Russian heatwave event was mainly caused by natural internal variability, Rahmstorf and Coumou (2011) founded a greatly increased probability of such a heatwave. Otto et al (2012) showed that these outwardly opposite conclusions are in fact reconcilable upon clear distinction of the different questions that each study asked. While Dole et al (2011) asked what factors caused the full magnitude of that heat wave, estimated by some to have been +10°C above normal over Moscow during July 2010 (e.g. Barriopedro et al. 2011), Rahmstorf and Comou (2012) asked what was the probability that a record-breaking heat wave, could have occurred in a stationary climate (see Fig 3c).  The fact that human-induced climate change very likely has increased the odds of breaking a prior record is thus consistent with the fact that most of the magnitude of the event was nonetheless the consequence of natural variability. 

5 Attribution of Climate-related Events Group 

The studies outlined above indicate the potential for event attribution, but the remaining uncertainties, even for the very small number of specific events so far considered, demonstrate that there are many scientific challenges to be faced in developing a robust assessment process for extreme events. It should also be noted that there is often an appreciable delay between the occurrence of the event in question and the appearance of the peer-reviewed studies.  Meanwhile scientists continue to face demands for more rapid reaction on the links between climate change and unusual weather events, and the number of climate litigation cases is increasing (Adam, 2011).  As a result of this demand, interested scientists from around the world have recently joined together to coordinate their efforts and consider research needs as part of the Attribution of Climate-related Events activity (ACE). The first full meeting was held in August, 2010 (hosted by NOAA and supported by funding from the UK FCO). 

In the run up to the meeting, there was no shortage of illustrations regarding the question of who cares about the causes for extreme weather and climate-related events with many media stories regarding the Russian heat wave, Pakistan floods, and China floods, and of the concerns about the implications such events held for the immediate future, for example, on food supplies and commodity prices.  The events impressed upon the attendees of this workshop the need for rapid, yet accurate, attribution information.  The attendees also concurred about the links between the development of attribution information and the development of prediction systems.  

The meeting attendees agreed that a comprehensive and authoritative attribution activity, one that meets user needs for coverage and for trustworthiness, will demand enhanced collaboration and coordination of numerous partners in order to provide a test bed for evaluating and applying data, theories, and computational methods. In this regard, the underpinning of a strong and sustained research base to provide the best possible operational systems for attribution was emphasized. The foundations of an authoritative explanation of extreme events begin with a real-time monitoring and climate analysis capability, and availability of historical data sets, such that current events can be placed into a reliable and physically consistent historical context.   Model simulations and experimentation, including the use of multiple models and perturbed physics ensembles, were likewise seen as core elements that provide an essential tool in “connecting the dots” so as to establish plausible cause-effect relationships.  The workshop attendees also emphasized that society and decision makers also need to be provided with a clear statement of the meaning and implications of the scientific findings. 

A concrete outcome of the meeting was a proposal for modelling centres to carry out a coordinated set of experiments in order to explore the importance of the experimental design, climate model design, event location and timing, and the inclusion of various anthropogenic factors to increase the robustness of attribution assessments. The experiment has also been endorsed by the CLIVAR C20C group(Kinter and Folland, 2011). Under C20C, modeling centres have already tested the ability of atmosphere only models to simulate observed climate events (Scaife et al, 2008). Under this new attribution component of C20C, several modelling centres around the world will perform time-slice experiments with atmospheric modelling, following the method developed by Pall et al. (2011).  These experiments will cover the period from 1960 to the near-future, allowing an evaluation of how anthropogenic contributions have been changing and also how estimation of these contributions depends on various aspects of the experimental setup.

6 Development of near-real time weather and climate event attribution

6.1 Coupled model approaches 

The analysis of the 2003 European heatwave by Stott et al. (2004) provided a template for how a multi-step attribution analysis using coupled models could be carried out in which changes in the frequency of a specific event under human influences can be inferred based first on an attribution analysis of mean temperatures over a region, and second, on an analysis of the expected change in frequency of exceeding thresholds of extreme temperature due to the effects of internal variability around the baseline of mean temperatures attributed in the first step. This same approach can be applied using regularly updated data to provide assessments of attributable risk immediately following a particular season. Such an approach using coupled models has also been used to estimate the change in the probabilities of exceeding a pre-defined temperature threshold for every season in Europe (Chrisitidis et al, 2010a) and extended to sub-continental scale regions throughout the world (Christidis et al, 2010b, Christidis et al, 2011b). Unlike previous studies that carried out an optimal fingerprinting analysis over the region of interest, these studies employed constraints from a global analysis to estimate the regional temperature distributions. Look-up tables, as shown in Fig 6, of the FAR of a threshold exceedence, can be computed for each region over a range of thresholds thereby providing the potential for regularly updated attribution information to be provided alongside monitoring information about the season just finished and seasonal forecasting information of the season to come. 

INSERT FIGURE 6

 6.2 Very large ensembles using distributed computing experiments

Attribution approaches that are appropriate for regional precipitation are being developed that use larger ensembles of higher resolution models. In particular the use of atmosphere-only models in which sea surface temperatures are prescribed allows a better discrimination between ensembles of models with each being tied to a particular evolution of SSTs, the approach described in section 5.2 (Pall et al., 2011). An important consideration here is that such an experimental design investigates the change in risk conditional on certain aspects of variability being tied to those observed (eg the state of ENSO) whereas ensembles of coupled models with different climate forcings are able to estimate the overall change in risk associated with the presence of a particular forcing.

In many cases interest may be in weather extremes that are extremely rare and therefore for which either very large ensembles of model simulations need to be made in order to capture the occurrence of such events, or else statistical extrapolation techniques need to be used to make inferences about changes in such extremes based on changes in that part of the distribution that can be modelled.  An important aspect of research therefore is to understand the benefits of the very large ensembles made possible by distributed computing, as well as the limitations of smaller ensembles that could be run more regularly as part of a near-real time attribution service. The climateprediction.net project which has pioneered the use of large ensembles for attribution and prediction has recently included a regional modelling component (the weatherathome.org project) to downscale global models for the Western US, Southern African and European regions. Regional models enable a better representation than global models of small scale processes that are relevant to attribution assessments, particularly of extreme rainfall events.

6.3 Analogue methods for diagnosing the influence of circulation characteristics
An approach that can be applied routinely to provide information on recent climate-related events in a timely fashion is to quantify the contribution of large-scale circulations to temperature anomalies, thereby discerning whether recent temperatures are warmer or colder than would be expected from flow-analogues from previous years (Cattiaux et al, 2010a, b, Vautard and Yiou, 2009). Such an approach has been used to show that the cold northwestern European winter of 2009/2010, associated with a very negative value of the North Atlantic Oscillation (NAO) index, would have been even colder without the effects of long-term warming (Cattiaux et al, 2010a). Such approaches do not fully answer the attribution question because they do not quantify the link to human emissions (in explaining the long term warming trend in a region) but they are helpful in putting extreme events into a climate perspective (Peterson et al, 2012).

6.4 A near-real time attribution capability linked to seasonal forecasting 

Stone et al. (2012) have implemented a pilot version of an attribution forecast system that runs in parallel with an existing seasonal forecasting service, following a simplified version of the Pall et al. (2011) experimental design (http://www.csag.uct.ac.za/~daithi/forecast).  Along with the real seasonal forecast, a parallel forecast is run of a non-greenhouse gas world in which human activities had never released greenhouse gases to the atmosphere and the ocean had not warmed in response to those emissions.  Currently this simple implementation mainly serves as an apparatus for learning about how such a linked system can function when using multiple models and as a demonstration to aid in ascertaining the requirements and characteristics that potential users of such a system might demand.  It has however revealed seasonal and regional variations in attributable risk, as well as some apparently robust similarities and differences between attribution and seasonal forecasting products, for instance in that the relative predictability of temperature versus precipitation events can be different in an attribution system when sea surface temperatures are known than in a standard seasonal forecast when sea surface temperatures are predicted.  This system has also provided insights into the advantages and limitations of a pro-active approach.  Pre-defined event definitions have inevitably not conformed to what users might wish to know about after the fact, revealing the need to refine definitions in a balance between relevance and systematic objectivity.  The use of confidence statements involving thresholds of attributable risk, such as that the chance of the event has at least doubled or halved, have provided a clear framework in communication sessions with potential users of such information.  Just as important for such users, though, is the provision of statements of when we can say that any influence is less than a certain threshold.

The development of a more rigorous near-real time attribution capability is underway at the Met Office Hadley Centre with a focus on system evaluation and validation, and based on ensembles of simulations of the atmosphere version of the seasonal forecasting model with atmosphere-only GCMs and prescribed SSTs (Christidis et al, 2012). The ensembles using the HadGEM3-A atmospheric model are generated using a) random perturbations that represent the uncertainty in a number of parameters (Murphy et al., 2004; Collins et al., 2006) and b) vorticity perturbations that counteract the damping of small scale features introduced by the semi-Lagrangian advection scheme (Bowler et al., 2009). Simulations of the ‘actual’ world employ the anthropogenic and natural forcings used in previous experiments with the HadGEM1 model (Stott et al., 2006) and sea surface temperature (SST) and sea-ice data from the HadISST dataset (Rayner et al., 2003). Simulations for the climate without human influences include natural forcings only (from changes in solar output and due to explosive volcanic eruptions) and remove an estimate of the anthropogenic change in the SSTs and sea-ice from the prescribed HadISST data. Experiments to date have been carried out using an estimate of SST change from the HadGEM1, HadGEM2 and HadCM3 models, while the change in the sea-ice is computed based on empirical relationships derived with HadISST data, a similar approach to Pall et al. (2011).  Notably, the setup of this real-time system is closely aligned to the design of the ACE C20C experiments.

A useful tool in the validation of ensembles for seasonal forecasting is the reliability diagram which plots the observed frequency of an event against the forecast probabilities (Wilks, 1995). Reliability is indicated by the proximity of the plotted curve to the diagonal. Points above/below the diagonal indicate that the forecast model is under/over-forecasting at the respective probability threshold. Reliability diagrams can be constructed for a number of regions to examine the model skill in simulating high and low temperature and precipitation events. An illustrative example is shown in Fig. 7 for forecasts of upper tercile temperature and precipitation events in Europe. The results suggest that the model has much better skill in capturing the predictability of temperature than of precipitation in the chosen region. Such reliability diagrams, supplemented by comparisons of observed and modeled distributions of the variable being attributed, can be used to inform the confidence that can be placed in attribution assessments. In situations where there is a high degree of predictability, for example in the case of the large scale pattern of North American temperatures in 2008 as analysed by Perlwitz (2010) and discussed above, a necessary component of model fidelity is that it is able to capture the predictable features of the weather or climate-related event in question. Where there is little predictability, the model should be able to capture the main impacts that attributable changes in climate could have on the statistics of the event in question. 

7 Discussion: Lessons learned and future research needs

Based on the requirements for attribution assessments outlined in section 2 

it is clear that attribution forms a key part of any climate service, the essential bridge between monitoring and prediction services, that puts recent weather and climate-related events into a long term context . An important benefit of well defined attribution assessments is in avoiding the apparent discrepancies that can arise between the conclusions of different attribution studies, for example those of the Russian heatwave of 2010 discussed above. While a variety of stakeholders require reliable information in the immediate aftermath of extreme events (section 2), for other purposes, for example to inform litigation, more complete information could be required at a later date . It will be important to identify the tolerance of potential decision-making processes to uncertainties and errors in observations and models, and therefore the levels of confidence attached to attribution assessments . Some extreme events are amenable for a priori analysis of their probability of occurrence (for instance, droughts and heat waves), given expectations of near-term changes in sea surface conditions or external radiative forcings. Thus attribution assessments for the coming season, year, or decade could be conducted for regional scales with suitable methods

Observational records of sufficient length and quality are required to define extreme events in relevant contexts and to characterise the range of variability in the particular climate variable and region of interest. In many regions observational data are not available over multi-decadal timescales or the data contains unphysical jumps or trends (inhomogeneities) related to measurement errors, changes in observational systems, or other non-physical factors (eg Stott and Thorne, 2010). In many regions therefore extending the type of study made by Pall et al (2011) of extreme river flow in the UK will be very challenging given the large gaps in many observational datasets. For example, the study showing human contribution to more intense precipitation extremes by Min et al (2011) was restricted to limited regions of the Northern Hemisphere.  Improvements in the robustness of the climate observing system, including improvements in in-situ observations, supported by remote observations and weather-forecast-related products (e.g. climate quality reanalyses), will be required to develop more reliable monitoring and attribution systems (Trenberth, 2008). Estimates of remaining observational uncertainties including their time dependence will also be a very important ingredient for robust event attribution assessments (Thorne et al, 2011).

Physical understanding complements a statistical modelling approach and is essential for developing confidence in modelling and statistically based approaches.  The 2010 Russian heat wave and the 2011 Texas heat wave/drought were  examples of  climate extremes in which dynamical processes played a dominant role in the event’s origin, with its extreme intensity likely aided by land surface feedbacks (Dole et al. 2011, Hoerling et al. 2012).  Many climate extremes typically reflect regional climate controls (eg Alexander, 2011) as well as remote linkages (teleconnections) to global climate.  Rigorous attribution assessments will therefore require validation that physical and dynamical processes are sufficiently well represented in the models being used . 

Models are required in order to generate the counterfactual worlds in which particular factors are absent. Multiple models help assess structural modelling uncertainty and large ensembles help sample the tails of distributions. Ensemble sizes need to be tailored for the application, recognising that not all event attribution requires very large ensembles. For example Perlwitz et al (2009)  and Dole et al (2011) find that 50 member ensembles are adequate for identifying a shift in the mean. However, larger ensembles or statistical models may be required to indentify changes in the tails of distributions. To the extent that causal factors can be identified and model deficiencies addressed, the development of event attribution could lead to improved predictions of such events in the future.

Pre-agreed procedures and regular assessments conducted regardless of whether extreme weather events occur in a particular region or not favour largely objective results not distorted by selection effects (Stott et al, 2012a). Nevertheless, some level of expert judgement will always be necessary for defining those procedures and in interpreting the robustness of and confidence in results. Any such judgement can only be based on a careful consideration of the reliability of an attribution assessment and therefore on the extent to which there is a good physical understanding of the causal links behind the event in question.
Human influences have increased the risk of some extreme weather- and climate-related events, reduced the risk of others, and for some may not have affected the risk substantially. A few published studies have made assessments of particular events, reporting an attributable human influence on the probability of some (including the Autumn 2000 flooding in the UK, the 2003 European heatwave),  the magnitude of others as being attributable to natural variability (the Russian heatwave of 2010 and the Texas heat wave of 2011) and showing that some cold events are consistent with the interplay of on-going global warming and internal variability (eg the cold North American temperatures in 2008, the cold European winter of 2009-2010). While such initial studies demonstrate the potential for event attribution they also highlight many of the challenges still to be faced, as discussed in this article. An important consideration is that regional attribution resulting from one region is not necessarily portable to another region even when the two regions are relatively close geographically. Therefore future research will need to consider a wider range of regions and event types as well as investigate the robustness of attribution results for events already considered.

The potential of weather and climate-related event attribution to societies can only be realised with the further underpinning of research needed to develop physical understanding, and improve the observational and modelling basis. As the scientific underpinning develops, it will be important to have realistic expectations of what can be achieved. While it is possible for an event attribution service to provide quantitative results, it is much harder to provide carefully assessed results that include sufficiently well calibrated information that would enable a user to fully understand the qualities and limitations of the information provided. Therefore future progress in serving the needs of the public, policy makers and other stakeholders depends on further development of the underpinning climate science and effective communication of attribution results, including their remaining uncertainties.
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Fig. 1 A schematic illustration of the distributions of a climatic variable with (red) and without (green) the effect of anthropogenic forcings. The hatched areas mark the probability of exceeding a threshold value in the two climates. The FAR is the fractional change in the probability 1 - ( P0 / P1 ).
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Fig 2: Change in risk of mean European summer temperatures exceeding the 1.6 K

threshold. a, Histograms of instantaneous return periods under late-twentieth-century

conditions in the absence of anthropogenic climate change (green line) and with

anthropogenic climate change (red line). b, Fraction attributable risk (FAR). Also shown, as the vertical line, is the ‘best estimate’ FAR, the mean risk attributable to anthropogenic factors averaged over the distribution. From Stott et al (2004). Bands of white and shade underneath the curve represent ten percent bands of the distribution (ie 0 to 10%, 10-20% etc).
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Figure 3. (a) and (b) Return times for precipitation-induced floods aggregated over England and Wales for (a) conditions corresponding to October to December 2000 and (b) conditions corresponding to January to March 2001 with (for both panels) boundary conditions as observed (blue) and under a range of simulations of the conditions that would have obtained in the absence of anthropogenic greenhouse warming over the 20th century (green) – adapted from from Pall et al. (2011) and Kay et al., 2011). (c) Return periods of temperature-geopotential height conditions estimated for the 1960s (green) and the 2000s (blue). The vertical black arrow shows the anomaly of the Russian heatwave 2010 (black horizontal line) compared to the July mean temperatures of the 1960s (dashed line). The vertical red arrow gives the increase in temperature for the event whereas the horizontal red arrow shows the change in the return period. From Otto et al (2012).
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Fig 4 : (left) North American surface temperature change for 1970–2007 [K/38 yr] and (right) departures for 2008 (in [K] relative to 1971–2000 mean) based on (a and b) observations, (c and d) ensemble CMIP simulations, and (e and f) ensemble AMIP simulations. Inset in Figures 1d and 1f are probability distribution functions of the individual simulated annual 2008 surface temperature departures area-averaged over North America. The observed 2008 departure was near zero. (Figure 1 from Perlwitz et al. 2009) "Reproduced by permission of American Geophysical Union."
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Fig 5 : (top) Daily Moscow temperature record from November 1 2009 to October 31 2010, with daily departures computed with respect to the climatological seasonal cycle. Data are from the Global Summary of the Day produced by National Climatic Data Center. (middle) Observed time series

of western Russia July temperature anomalies for the period 1880 to 2010 indicated as positive (red) and negative (blue) temperature anomalies relative to the base period from 1880 to 2009. Numbers indicate the years of the ten most extreme positive anomalies. The red asterisk indicates year 2010. The light and dark shaded areas represents the envelopes of positive and negative monthly mean temperature extremes based on 22 CMIP3 model simulations for normalized and non‐ normalized anomaly time series respectively. (bottom) Map of observed July temperature trend [o C/130yrs] for July 1880– 2009. Box shows the area used to define “ western Russia”  surface temperatures. "Reproduced by permission of American Geophysical Union."
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Fig. 6 Estimates of the FAR in nine different regions measuring how much anthropogenic forcings have increased the likelihood of exceeding a pre-specified annual mean temperature anomaly threshold during 2000-2009. Results are shown for a range of thresholds increasing from zero by multiples of the standard deviation which represents the effect of internal climate variability. The green and the black hatched areas illustrate the 5-95% range of the FAR computed with HadGEM1 and MIROC fingerprints respectively. The vertical blue line marks the annual mean temperature anomaly in 2000-2009. The vertical black line corresponds to the maximum annual mean temperature anomaly since 1900. The horizontal grey lines mark the FAR values which correspond to an increase in the likelihood of exceeding a threshold by a factor of 2, 3 and 4. Regions are : Global (GLB), Northern Australia (NAU), Southern South America (SSA), Central North America (CAN), Northern Europe (NEU), Southeast Asia (SEA), Southern Africa (SAF), Greenland (GRN), Antarctica (ANT). From Christidis et al, 2011b.
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Fig 7: Reliability diagrams that assess the forecast skill of the model in predicting seasonal mean temperature (left panel) and precipitation (right panel) values averaged over Europe above the upper tercile of the 1971-2000 climatology. The NCEP/NCAR reanalysis was used to compute the observed frequency (Kalnay et al., 1996).

