APPENDICES

A) Different uses of attribution results
In this section, we discuss three distinct applications for attribution results. The most important aim is to determine the minimum useful information that each of these applications requires and then when it is possible to meet these requirements with past studies. This is not a comprehensive list of possible applications but covers some of the most likely uses to benefit from rapid and low-resource attribution statements, as opposed to more detailed scientific analyses. 
A.1 Raising awareness of climate change risks 
In the aftermath of an impactful weather or climate-related event, the general public, and by extension the media, increasingly raise the question of the role of climate change (Ettinger et al. 2021). It is important to provide a robust scientific answer, as often the question is answered un-scientifically, leading to either over- or under-estimating the role of climate change (Stott et al. 2016; Painter et al. 2020; van Oldenborgh et al. 2021). Attribution science shows that not all events are influenced by climate change, and in some cases a conclusive finding can’t be madebut that many are, with destructive effects (WWA 2020). This balanced view is important to promote informed awareness of the most pressing challenges and a realistic understanding of the impacts of climate change. Therefore, as a minimum for a new event, a general statement of the influence of climate change is required - whether it increased or decreased the likelihood and/or intensity of the event or played an insignificant role.
Attribution also provides an opportunity for communicating the impacts of climate change to the general public, through connecting knowledge and experience (Zanocco et al. 2019; Kubin et al. 2021; Ettinger et al. 2021). For instance, it provides a direct comparison between the event that people experienced and how a similar one would have played out in a counterfactual world of no anthropogenic interference in the climate system. This demands a numerical estimate of changes in probability or magnitude and/or use of a storyline approach (Shepherd 2016; Shepherd and Lloyd 2021). Research also suggests that incorporating vulnerability and exposure information - the other drivers of extreme impacts - is important for providing a useful narrative (Ettinger et al. 2021). Doing so demonstrates how natural hazards can trigger disasters, and may also raise awareness of how climate and society are related (Wallace 2012). 
In summary, to raise awareness and connect people’s experience of extreme weather with global climate change, qualitative assessments of its role (increase/decrease/no change) are needed as well as contextual information of the weather event and its impacts. 
 
A.2 Adapting to climate change risks
Attribution elucidates the degree to which climate change is driving current weather risk, for a specific class of hazards bounded by the event definition used, in a given region. As a result, it is frequently suggested that it provides a basis for planning measures to prevent further harms (Stott and Walton 2013; Otto et al. 2015; Schwab et al. 2017). For this purpose, it is of particular importance to provide a quantitative attribution statement, along with an associated uncertainty range, as it may be used as evidence to justify and optimise the allocation of finite resources (Schwab et al. 2017). Therefore, as a minimum, this usage requires an estimate of the influence of climate change on the frequency or intensity of the event. The former is derived from a probability ratio, given by
, (1)
Where  and  are the respective probabilities of an event in a climate with and without anthropogenic forcing. The latter may be derived via the same methodology used to generate (1), in which case providing both will in most cases be plausible and maximise utility. Intensity changes may also be derived using a storyline approach, conditioned on event occurrence, which may highlight anthropogenic influence on specific aspects of a given event (e.g. Reed et al., 2020). There are several arguments challenging the use of attribution in adaptation, including: the limits of hazard-only analysis; perceptions of high uncertainties in attribution results among decision makers; the lack of information about the future. Here we consider these in turn to further refine the threshold for actionable information. 
First, it has been argued that since the probability change only describes a change to meteorological risk, it has very limited utility. This is because it is understood by some scholars to be completely blind to all social structures and political and ethical factors relevant for assessing blame for the realised impacts (Hulme et al. 2011; Lusk 2017). However, event attribution studies increasingly include contextual information on exposure and vulnerability, potentially enhancing their utility (Stone et al. 2021; van Oldenborgh et al. 2021) and even in early stages used impact information to identify the event definition. For example, analysis of severe, drought-driven food insecurity in Madagascar showed that climate change did not significantly alter the likelihood of low precipitation that contributed to the disaster. Instead it showed that low rainfall struck a region with low levels of pre-existing food security, which was further compounded by Covid-19 restrictions and pest infestations (WWA 2021). The attribution result, coupled with the qualitative analysis of other drivers of impacts that is a crucial element of modern event attribution (Philip et al. 2020), therefore inherently focused attention towards understanding these other factors. In doing so, it provided a statement that may be used to enhance adaptation and resilience planning. 
In addition, even if attribution is indeed limited to purely meteorological factors, a deeper understanding of this can lead directly to risk reduction through the motivating and informing development of improved early warning systems, which can contribute to adaptation by reducing vulnerability. The degree to and time in which an event was not only forecast, but forecastable, is a crucial aspect of reducing vulnerability. While early warning systems are not a panacea for mitigating extreme weather impacts (Hillbruner and Moloney 2012; Gwimbi and Siimane 2021; Engelbrecht and Vogel 2021), they remain a key component of integrated disaster risk reduction strategies (Banwell et al. 2018). 
Second, recent studies suggest that decision makers remain doubtful about using attribution for planning, due to the perceived high uncertainties and current lack of a role for such information (Young et al. 2019; Osaka and Bellamy 2020). However, high uncertainties are found in climate projections, which are traditionally used to inform adaptation, and uncertainties in attribution studies are generally no larger. Still, quantifying the uncertainty is crucial for decision makers to determine whether the quantitative attribution suitable for their needs in allocating resources.
While stakeholders and scholars such as the authors cited above are used to uncertain projections, expectations for attribution studies have not been established and are thus consistently measured against what is desirable, not what is possible. Most importantly, attribution studies and projections are most effective in combination, as explored by recent studies (Otto et al. 2018; WWA 2021) and later in this section. 
Third, critics argue that attribution only provides a snapshot of climate-influenced risk - it does not directly provide information on future changes, which is clearly of significancefor planning (Lusk 2017). However, this view may neglect potentially important information. Clearly, it is more useful to know whether a hazard has already changed in probability, than to have no idea. For certain event types, such as extreme heat and extreme rainfall conditioned on specific synoptic circumstances, it is also often trivial, based on physical reasoning and existing climate projections, to extrapolate forwards qualitatively from an attribution statement. For these cases, we can state that the direction of change already observed (be it an increase or decrease) will most likely continue as long as the anthropogenic forcing does. An attribution statement that demonstrates a statistically significant change is not only a snapshot, but for many cases in which thermodynamic effects dominate, an indication that a trajectory of change very likely existed at the time of occurrence and plausibly will persist. 
In addition, and in accordance with the argument presented above, assessments of future changes in the same class of events have also become a more regular feature of attribution studies (Otto et al. 2018; van Oldenborgh et al. 2021). This could address potential concerns about the wider applicability of attribution results. For instance, the Brahmaputra floods of 2017 that affected millions of people were not made significantly more likely by climate change (Philip et al. 2019). However, at 2°C of global warming, the probability of such a rainfall event as brought the flood will increase by roughly 70% and the associated extreme river discharge by around 50% (Philip et al. 2019). A useful development from this would be in estimating the relative attribution statements for a class of event across multiple emissions pathways, to enable local planners to fairly evaluate possible measures for long-term resilience. This also has the added benefit of informing mitigation decisions by showing their direct implications on plausible events. 
Overall, it will be beneficial for derived statements used for adaptation to explicitly address future changes based on physical reasoning and other work such as trend analysis, and that it is likely in the case of thermodynamically-dominated events, without additional evidence to the contrary, the frequency and/or intensity increases will continue to grow over time. Where possible, derived statements should draw upon studies that have projected the change in attributable fraction, with reference to multiple global warming levels.
In summary, to inform adaptation quantitative attribution information is preferable. While the sign of change is more useful than nothing, direct quantification, including uncertainty estimates, has far greater utility. In addition, any assessment of the role of vulnerability and exposure and if and how likelihood/intensity will continue to change with higher warming levels, greatly increase the utility of attribution for adaptation. 
 
A.3 Estimating climate Loss and Damage
Through its influence on extreme weather, among other factors, climate change is responsible for loss and damage to people, society and nature around the world (Masson-Delmotte, V., P. Zhai, A. Pirani et al. 2021). However, our knowledge of these growing costs is not well-defined nor compiled systematically, and its true extent is unknown (James et al. 2014; Clarke et al. 2022). Attribution provides one way to quantify the influence of climate change on the likelihood and intensity of an impactful event, and thus connect global change with individual losses in a way that could contribute to a systematic inventory of attributable impacts (Otto et al. 2020b; Clarke et al. 2021). Assessing loss and damage is therefore another potential use case for derived attribution statements. Though it is worth mentioning that this faces a number of challenges, including the unequal capacity for attribution in different regions and for different event types (Jézéquel et al. 2019)
The methodology behind attributing impacts is still in development. Direct attribution of weather impacts is challenging, often requiring multiple steps of modelling and analysis, with compounding uncertainties (Perkins-Kirkpatrick et al. 2022). For example, attributing impacts of flooding involves modelling changes in meteorological extremes, how these affect surface hydrology, and the implications for the number of flooded properties, as explored in Pall et al. (2011) and Schaller et al. (2016). Cascading impacts, such as the spread of disease and those arising due to the disruption to key services, are even more complex to causally attribute. 
The fractional attributable risk (FAR) statistic (Allen 2003) provides a very simple albeit limited method of attributing impacts (Clarke et al. 2021), as the FAR statement refers to a class of events above a certain magnitude, while the actual impacts are from a single realisation (Perkins-Kirkpatrick et al. 2022). Furthermore, the relationship between event magnitude and impacts, such as heatwave temperature and mortality, is almost never linear and may involve critical thresholds (Mitchell et al. 2016; Vicedo-Cabrera et al. 2021). Evidently, since a shift in hazard magnitude does not necessarily translate into an equivalent shift in impact magnitude, the FAR method does not constitute a causal attribution. 
Nonetheless, for the purposes of estimating attributable impacts across many events, it forms a useful first-order approximation. Therefore, as a minimum, the use case of attributing impacts requires a numerical estimate of the influence of climate change in the form of a FAR statement (or a similar method, such as a comparison of event probability density around the event threshold itself (Harrington, 2017). Additionally, it would be useful to have an attributed change in magnitude rather than probability, and to understand the nature of the relationship between the magnitude of the event and the subsequent impacts. This would show whether the FAR-based attribution of impacts was likely an over- or under-estimate and enable an order-of-magnitude estimation of the attributable impacts.
Finally, attribution may also be applied in the growing area of climate litigation, including lawsuits seeking compensation for climate change-related loss and damage or to show admissibility for inadequate mitigation (Stuart-Smith et al. 2021). In most such cases, the threshold for legal liability requires demonstrating causation; that a specific harm to the plaintiff resulted from specific actions of the defendant (typically a corporation or nation state) (Lusk 2017). Some scholars and stakeholders suggest that extreme weather attribution is insufficient to satisfy such a condition in legal systems - this is for a range of reasons including the unreliability of models, the range of methods used in attribution, and that it is difficult to trace an attribution to climate change to the specific actions of a defendant (Stott and Walton 2013; Hulme 2014; Lusk 2017). Most such lawsuits to date have been unsuccessful (Lusk 2017; Stuart-Smith et al. 2021). However, this is more often due to legal hurdles preceding the review of evidence, or because plaintiffs present evidence that does not draw upon the latest attribution science that is able to demonstrate causality in many cases (Stuart-Smith et al. 2021). Furthermore, common law in England, Wales and the US also provides precedent for probabilistic evidence when strict causal links are impossible (Marjanac and Patton 2018). Therefore, for such a use, dedicated causal attribution analysis of the impacts are required to provide a firm basis for a new case. However, an expert judgement of attribution based on past studies could add a complementary line of evidence to an existing case.
In summary, to assess loss and damage from anthropogenic climate change a quantitative attribution statement is needed as well as information on the role of vulnerability and exposure, and the relationship between event magnitude and impacts. For the purposes of attributing legal liability for the impacts of a given event, a dedicated study is most likely required. 

B) Case Study: Drought in East Africa
In 2022 Kenya, Uganda, South Sudan, Somalia, Ethiopia and Djibouti all experienced severe droughts, with a fourth rainy season in a row failing. 2022 is not an uncommon year, as droughts in East Africa are frequent and devastating, often resulting in severe humanitarian consequences. In recent decades, major disasters linked to drought occurred in 1974-75, in Ethiopia and Sudan in 1984-85, and more recently in the Horn of Africa in 2010-11, 2014 and 2016, Ethiopia in 2015, Kenya in 2016, and the ongoing region-wide drought in 2022, to name a few (EMDAT 2019; Gebremeskel et al. 2019; Toreti 2022). 
While some scholars suggest that drought is broadly becoming more frequent in East Africa (Lyon and Dewitt 2012; Nicholson 2017; Gebremeskel et al. 2019; Funk et al. 2019; Haile et al. 2020), overall trends in drought indicators are both very local and seasonal if they exist at all (Seneviratne et al. 2021). The relationship to potential climate change influences is therefore unclear, while the ongoing severe impacts are undoubtedly related to the high vulnerability in the region (Uhe et al. 2018; Haile et al. 2020). To begin to untangle this simultaneously important and complex picture, several of the most impactful events in the most recent decade have been studied for their link with climate change. Of the 10 attribution studies that broadly cover drought events in the region, the results are highly diverse and largely inconclusive.
B.1 Relevant past studies
Some studies found evidence of anthropogenic influence in aspects of the assessed droughts. For instance, anthropogenically-amplified temperatures in East Africa itself and across the Western Pacific were found to have contributed to rainfall, evaporation and soil moisture deficits in an area comprising much of Ethiopia, Kenya and Somalia, based on both observations and CMIP5 models (Funk et al. 2015). Further, while ensemble modelling shows no attributable change in rainfall deficits during the 2014 long rains (March-May), anthropogenic climate change did increase temperatures and net incoming radiation both were not excluded to have played a role in the observed drought over a border region between Ethiopia, Kenya and Somalia (Marthews et al. 2015). In 2017, the failure of the long rains from March-June was forecast well in advance, and according to a single-model study the probability of such a drought was doubled due to anthropogenic warming of Western Pacific SSTs (Funk et al. 2019).
Assessments of the role of climate change for the drought in Ethiopia in 2015, in which tens of millions of people required urgent humanitarian assistance due to severe food insecurity, are inconclusive. The strong El Nino increased the severity of the drought, but anthropogenic forcing was found to have played no role in the precipitation deficit observed across the “belg” (February-May) and “kiremt” (June-September, JJAS) rains in northern and central Ethiopia (Philip et al. 2018). A separate study focusing on rainfall reductions in northern Ethiopia, for the JJAS period only, found that anthropogenic warming of El Nino SSTs and local air temperatures did enhance this deficit and the ensuing runoff, thus amplifying food insecurity (Funk et al. 2016). Mixed results also arise from studies of the 2011 drought across the region. While Lott et al. (2013) show that human influence made the dry long rains more probable across Kenya and Somalia in the Hadley Centre model, Funk (2012) did not find an attributable influence for dry regions covering parts of several nations in south-central East Africa.
Other droughts in the region have not been found to be influenced substantially by climate change. The includes the very dry July 2010 – June 2011 in Somalia, which resulted in a record death toll due to famine (Otto et al. 2018), as well as the dry short rains (October-December) in 2016 in southeast and northwest Kenya, in which over 3 million people required food aid. In the latter case, a strong La Nina did have a significant influence on the low rainfall, while the influence of higher temperatures on soil moisture through evaporation was not significant, though other effects of temperature such as on water demand were not accounted for (Uhe et al. 2018).
Finally, some studies were unable to produce conclusive results either way. Across Kenya and Somalia in 2012, below average March-May rainfall hampered recovery from the severe droughts of 2011 and before, compounding the impacts further. This rainfall deficit could not be explained by the observed ENSO SST variations alone, thus suggesting but not directly attributing an anthropogenic influence (Peterson et al. 2013). And in Somalia and Somaliland (a climatologically-distinct region of northwestern Somalia) in 2016, failures of the autumn rains, which resulted in a rapid onset of food insecurity, were linked partially to the La Nina conditions but not to anthropogenic influence (WWA 2016).
 
B.2 Deriving useful statements
a)    Direction of change
Clearly, there is no overarching pattern of change in East African drought that is currently attributable to climate change (Seneviratne et al. 2021). By looking at individual climate-related drivers, we can state that there is limited evidence that anthropogenically-amplified sea surface temperatures in the Western Pacific could lead to a causal reduction in East African rainfall, and amplified temperatures in the region itself result in increased evaporation (Dai 2011; Marthews et al. 2015; Funk et al. 2016, 2019). However, the former is a highly conditional attribution and thus not easily generalisable, and the latter is a minor effect given the aridity of the region (Kew et al. 2021). The effect of increased water demand due to temperature rises may also contribute to impacts but remains poorly understood (Gebrechorkos et al. 2018).
Additionally, there is high natural variability at the scales of individual nations and even subnational regions (Gebrechorkos et al. 2020). Further, any detected and attributed signals are minor in comparison with this natural variability, suggesting that anthropogenic forcing is likely not a major driver of recent droughts and their impacts. Thus, at current warming levels, it is possible to say without undertaking an attribution study that while anthropogenic influences cannot be excluded to play a role in exaggerating the impacts, they are small compared to natural variability. The severe impacts of these droughts are largely driven by the high vulnerability and exposure in the region. 
b)    Quantification
The high natural variability in the region, comparable lack of observational data and adequate climate models make the derivation of concrete attribution statements, quantitatively and qualitatively, impossible (Otto et al. 2020a). Bespoke studies are required in each case, incorporating an understanding of the underlying dynamical mechanisms and their representations (Otto et al. 2018). Uhe et al. (2018) state as much from their study of the 2016 Kenya drought: “this indicates attribution results for a particular drought cannot be easily generalised to other droughts and highlights the importance of a case-based approach to an attribution analysis of individual events.”
However, this exercise remains useful. The intractable nature of attribution for drought in the region highlights other drivers of impacts. In addition, weak signals in the present may yet become more significant depending on future emissions pathways, so are important to identify.  
c)    Future changes and/or trajectory
The IPCC AR6 WG1 report states that there is low confidence in the attribution of changes for all types of drought (Seneviratne et al. 2021). Studies looking at future changes of drought corroborate these findings. At 1.5 oC and 2 oC of global warming, the probability ratios for low rainfall in Somalia like that observed in 2010/11 show no clear signal. However, this is split by season, with a drying Jan-June and a wetting July-December, suggesting that various dynamical mechanisms may be at play (Otto et al. 2018). Similarly, rainfall anomalies for February-September in north and central Ethiopia are not projected to become significantly more probable by 2050 under an RCP8.5 scenario (Philip et al. 2018).
For the Greater Horn of Africa, projections show that by 2100 the area experiencing drought conditions may increase by 16%, 36%, and 54% under RCP 2.6, 4.5, and 8.5, respectively, alongside increases in drought intensity (Haile et al. 2020). Many of the countries showing an increase are those outside of the area considered in the studies above, such as Djibouti, South Sudan, Sudan and parts of Tanzania. However, increases in drought conditions are also anticipated in Somalia, large parts of Ethiopia and eastern and northwestern Kenya. These changes are especially pronounced for drought conditions characterised by the Standardised Precipitation-Evapotranspiration Index (SPEI), which unlike the Standardised Precipitation Index (SPI) considers the effect of rising temperatures upon evaporation. On the other hand, decreases are expected for wetter regions such as Rwanda, Uganda, the Ethiopian highlands and southwestern Kenya (Haile et al. 2020). In many parts of the Horn of Africa, increasing drought is only observed in projections when the effect of temperatures is included; otherwise drought mostly decreases (Spinoni et al. 2020).
Global climate models show sub-regional variations in trends of meteorological drought in broad agreement with attribution studies, which show results that are highly conditional on the event definition, the region and the time of year. The pattern of change broadly follows the “wet gets wetter, dry gets drier” paradigm (Haile et al. 2020; Ayugi et al. 2022), and there is limited evidence of major changes in drought hazards around mid-century (Haile et al. 2020; Seneviratne et al. 2021). Understanding location- and event-specific changes continues to require tailored attribution studies (Uhe et al. 2018).
 
d)    Vulnerability and exposure context
East Africa has a rapidly increasing population and is extremely vulnerable to frequent drought. High natural variability of seasonal rainfall can make drought unpredictable and result in compounding events when multiple rainy seasons fail, such as in Kenya and Somalia in 2012 and ongoing in 2022 in several countries. Vulnerability arises due to existing extreme poverty, high endemic rates of malnutrition, poor governance and an array of other factors across the region (Peterson et al. 2013). For instance, in Kenya, the majority of livestock and a significant minority of the population live in arid or semi-arid areas (Uhe et al. 2018). Across Somalia, decades of conflict and unstable regimes have resulted in very low resilience of households to shortages and global food price rises, as well as restrictions to the flow of aid, compounded by underlying structural issues (Maxwell and Fitzpatrick 2012; WWA 2016). In Ethiopia, high population growth and density makes the area increasingly vulnerable to hydrological drought as the potential for water storage is limited and increasing extraction stretches resources (Philip et al. 2018). Currently, ongoing conflict around the Tigray region is responsible for a growing humanitarian crisis, compounded by repeated failures of the rainy season in the Somali region of Ethiopia and global food and fuel price rises triggered by the conflict in Ukraine (UN News 2022).
Early warnings can help to alleviate the impacts of drought. For instance, in 2017, an effective humanitarian response was put in place early due to a successful forecast of drought conditions (Harrison 2019; Funk et al. 2019). However, in 2011 in Somalia, despite their timeliness and quality, early warnings were not sufficient to mitigate the widespread famine. In part, this was because the response was hampered by conflict and restrictions placed upon aid by the ‘Al-Shabaab’ militant group, and partly because the warning system did not capture the magnitude of the potential crisis due to factors beyond the failed rains, among other reasons (Hillbruner and Moloney 2012).
To conclude, attribution shows that the anthropogenic signal on drought is mostly much smaller than natural variability; the severe impacts of drought are driven largely by high exposure and vulnerability to this variability. In informing the public about ongoing events, accurate messaging would encapsulate this complexity by highlighting the many factors contributing to disasters in the region and the negligible role of climate change today, while (limited) evidence points to a growing role of climate change from mid-century in the already-drier subregions.
Furthermore, while any anthropogenically-driven change in drought hazards would certainly result in a large absolute increase in impacts, any measures taken to reduce the impacts should first focus on reducing vulnerability and exposure. This should be the main takeaway for the purpose of adapting to climate extremes in the region. Finally, we cannot derive any statement about loss and damage due to climate change with any confidence. Moving forwards, attribution studies in this region should aim to understand the key changing drivers of drought, use several event definitions, and project future changes in the anthropogenic forcing component to identify when climate change may begin to play a major role. 

C) SUMMARY OF RESULTS
	Region/Hazard Case Study
	Derived Probability Ratio (PR)
	Derived Magnitude Change (∆M)
	Future changes (across RCPs, by 2100)
	Vulnerability and exposure context
	More studies needed?

	UK Heatwave (2006 example)
	1-day
	≥ 2.9
	N/A
	∆M > GWL*
	· Heatwave plan in place, iterated in 2012
· Elderly most affected
	No


	
	10-day
	≥ 3.2
	N/A
	∆M > GWL*
	
	

	
	90-day
	1 < PR << 84
	N/A
	∆M > GWL*
	
	

	Tropical Storms in Puerto Rico
	Rainfall
	
1 ≤ PR ≤ 12
	7% ≤ ∆M < 38%
	∆M ≥ 10-15%
	· High poverty rates
· Resilience planned for storms < category 4 only
· Historical underfunding of health services
	No

	
	Intensity 
	≈ 1
	≈ 0 
	6.0 ≤ ∆M ≤ 13.8 kt (knots)
	
	

	
	Storm surge
	> 1
	>> SLR**
	∆M >> SLR**
	
	

	Drought in East Africa
	Variable
	Variable
	Average affected area +16-54%
[bookmark: _GoBack](Greater Horn of Africa)
	· Very high poverty rates
· Rapidly increasing population
· Widespread political instability
· Low resilience to food price shocks and high reliance on agriculture
	Yes (based on user needs)


Table 1: A summary of the derived attribution results for the three case studies presented in the paper and appendix. The relevant contextual information is highly summarised here and readers are directed to the individual case studies for further detail and accompanying references. *GWL = Global Warming Level, **SLR = Sea Level Rise.
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